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ABSTRACT

The present thesis is devoted to high-performance automotive electric actuation
technologies, offering therefor solutions based on permanent magnet synchronous
motors. The electric actuation for automotive applications and the permanent magnet
synchronous motors represent at the moment two of the most challenging areas of
research and development for electric machines and drives.

The automotive industry has in the last years a very high demand for electric drives.
This trend to introduce decentralized electric drive systems with high-performance
actuators will grow dramatically in the future.

The motivation of this thesis is fully derived from the industrial practice with the target
to offer concrete design solutions for actual automotive applications. Several design
solutions have already been implemented in series production.

The offered analysis of the high-performance automotive applications — as candidates
for the electric actuation, represents, so far as known. the first comprehensive overview
of the state of the art in automotive electric actuation. Detailed mandatory information
for the design of electric machines and drives is given for almost all actual high-
performance applications.

A very important topic of the thesis represents the synthesis methods for permanent
magnet synchronous motors, as favourite motor type for the scope. As far as known, a
new approach for electric machines synthesis (design) - the global topological
optimization, was introduced. This method considers a design solution as a set
consisting of topological structure, geometry (shapes and dimensions) and materials.

The theoretical results (modelling techniques, powerful synthesis and analysis methods)
were implemented in an advanced design tool, which allows the finding of competitive
design solutions in a quick and efficient design process, well suited for the industrial
practice.

Several solutions based on permanent magnet synchronous motors are offered for
concrete automotive applications, like electric-assisted active front steering. electric-
assisted power steering, and electric-assisted active rear steering. For all these
considered case studies detailed experimental results are presented.

Index terms / Keywords — automotive electric actuation, permanent magnet
synchronous motor, electric machine synthesis (design), electric machine topological
(structural) optimization, electric machine optimal design, optimization algorithms.
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PREFACE

The present thesis represents an approach, based on permanent magnet synchronous
motors. to high-performance automotive electric actuation technologies. The electric
actuation for automotive applications and the permanent magnet synchronous motors
represent at the moment two of the most challenging areas of research and development
for electric machines and drives.

Study motivation

The automotive industry has in the last years a very high demand for electric drives.
This trend to introduce decentralized electric drive systems with high-performance
actuators will grow dramatically in the future.

The hard competition on the market of electric drives for automotive applications has
prompted the research and development engineers to look for advanced synthesis
methods for electric machines.

The motivation of the work for the present thesis is fully based on industrial practice.
The most of the considered applications were subject of industrial research and
development studies. The target of the thesis was to offer concrete design solutions for
actual automotive applications. Several of the design solutions have already been
implemented in series production for some types of cars.

The documented work was carried out in the last years in the R&D Laboratory for
Electric Drives at ebm-papst St. Georgen GmbH & Co. KG (formerly PAPST-
MOTOREN GmbH & Co. KG).

Objectives of the thesis
The major objectives of the thesis are to:

- offer an overview of high-performance automotive applications as candidates for
electric actuation technologies.

- analyse the requirements of the applications for the electric actuation systems
and to find a proper motor technology solution(s),

- offer a comprehensive and critical overview of the selected motor technology.

- offer a theoretical analysis methodology, adequate for the efficient and accurate
parameter and performance calculation of the design solutions,

- offer an advanced powerful synthesis (design) methodology for the industrial
practice,
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- implement the theoretical synthesis methodology in an efficient design tool,

- offer solutions based on permanent magnet synchronous motors, as favourite
selected motor technology for the scope, for some concrete automotive
applications. like electric-assisted active front steering. electric-assisted power
steering. and electric-assisted active rear steering,

- to introduce and document a set of comprehensive testing methods for
permanent magnet synchronous machines.

- to proof the design methodology and solutions through intensive experimental
methods.

The present thesis stresses the electromagnetic aspects of the permanent magnet
synchronous machine and puts the accent on their synthesis methodology. Thermal and
mechanical aspects are considered in a proper manner for the analysis included in the
optimization process. Other topics, like motor control. power and signal electronics,
sensors, EMI. etc.. are touched on.

Outline (organization) of the thesis
The thesis is organized in chapters following the above-presented objectives.

The first chapter presents a comprehensive overview of actual high-performance
automotive applications, as imminent candidates for the electric actuation technologies.
So far as known, this represents the first comprehensive overview of the state of the art
in automotive electric actuation. Detailed mandatory information for the design of
electric machines and drives is given for almost all actual high-performance
applications.

In a first step the automotive applications are presented. Up to now, these systems are
mostly based on mechanical or hydraulic actuators. Alternative actuation systems based
on electric actuators will be presented as case studies. Detailed technical information
will be given for all applications as input specification for the electric drive system
design.

In the second chapter, an overview of the permanent magnet synchronous motor
technology, as favourite candidate for automotive drive systems, will be presented. The
theoretical analysis methodology, which will be later used for parameters and
performance calculations of the design solutions, will be introduced. Different
electromagnetic modelling techniques and analysis methods will be presented. Also
thermal, mechanical, and acoustic issues will be touched on.

Chapter three will introduce a synthesis (design) methodology for permanent magnet
synchronous motors, as favourite motor type for the scope. So far as known, the
introduced global topological optimization method is a new approach for electric
machines synthesis (design).

This method considers a design solution as a set consisting of topological structure,
geometry (shapes and dimensions) and materials, and represents an advanced alternative
to the traditional design method based on experience (empirical, intuitive, heuristic).
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The implementation of the topological optimization was carried out to find proper rotor
solutions for interior permanent magnet synchronous motors. A coupled grid-search —
finite elements method was employed for this scope.

Three optimization (search) algorithms (Hooke-Jeeves, genetic algorithms, and grid-
search) are presented. analysed. and compared. The results (design solutions) obtained
using both design approaches - traditional (experience-based) and optimization design,
are presented and compared for a considered case study.

In chapter four several case studies of automotive applications will be considered in
order to find industrial solutions for the implementation in series production. The
automotive applications were: electric-assisted active front steering, electric-assisted
power steering, and electric-assisted active rear steering. The solutions are based on
permanent magnet synchronous motors. The case studies illustrate the whole synthesis
(design) methodology and make use of the analysis methodology. Detailed experimental
results are presented in order to proof the quality of the design solutions.

The theoretical results (modelling techniques, powerful synthesis and analysis methods)
were implemented in an advanced design tool. which allows the finding of competitive
design solutions in a quick and efficient design process, well suited for the industrial
practice.

Chapter five is dedicated to the experimental analysis of permanent magnet
synchronous machines. A set of comprehensive testing methods will be introduced and
documented. The necessary laboratory equipment for the testing is described first.
Standstill and running tests are presented with all technical details. Also the testing of
faulted machines is presented in a special section. The thermal and vibro-acoustic
experimental analysis will be treated finally.

Chapter six summarises the work and underlines the original contribution of the thesis.
Also the intentions for the further work are presented.
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NOMENCLATURE

Roman letters

A - area

B - flux density

e,e,e. - back-emf of stator phases a. b. and ¢

i, - currents of stator phases a, b, and ¢

A - currents of stator d-, and g-axis phases

J, - rotor (stack., PM. and shaft) moment of inertia

L,.L, L - self inductance of stator phases a. b. and ¢

L,.L_,L, -mutual inductance between stator phases a and b, b and c.
and c and a, respectively

L,L, - inductances of d-, and q-axis phase

p - number of pole pairs

R,R..R - resistance of stator phases a, b, and ¢

R - resistance of stator phase (if symmetric)

t, - electromagnetic instantaneous torque (without cogging)

V. V,, V. - voltages of stator phases a, b, and ¢

VsV, - voltages of stator d-, and g-axis phases

Greek letters

o, - electrical angular speed

w, - mechanical angular speed

3 - electrical rotor angle coordinate (position)

3, - mechanical rotor angle coordinate (position)

Apys - mutual flux linkage due the permanent magnet

A Ay, A - flux linkage of stator phases a, b, and ¢

Aas A, - flux linkage of stator d-, and g-axis phases

H, - permeability of vacuum (47r 10'7)

U, - relative permeability

ta

rad/s
rad/s
rad
rad
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Indices / Subscripts

a.b.c - indices for stator phases a, b, and ¢
e - electrical quantity
m - mechanical quantity
Abbreviations
AFS - active front steering
ARS - active rear steering
BDCM - brushed DC machine
BLAC - brushless AC (machine)
BLDC - brushless DC (machine)
CVvT - continuously variable transmission
DSP - digital signal processor
EMF - electromotive force
EPS - electric power steering
EV - electric vehicle
FE - finite elements
FEA - finite elements analysis
FEM - finite elements method
GA - genetic algorithms
GS - grid search
HEV - hybrid electric vehicle
HJ - Hooke-Jeeves (method)
ICE - internal combustion engine
IM - induction machine
RSM - reluctance synchronous machine
PM - permanent magnet
PWM - pulse width modulation
PMSM - permanent magnet synchronous machine
SBW - steer-by-wire
SRM - switched reluctance machine
* k%
IEEE-MDL - IEEE Member Digital Library
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1 Automotive electric actuation technologies

Abstract

This chapter presents an overview of actual high performance electric drives for
automotive applications. The field of applications spans a broad range from active
steering. power steering, electromechanical brakes. clutch and shift actuators.
suspension, damping and stabilization actuators, heating, ventilation, and air
conditioning up to starter-generators and traction, including x-by-wire (e.g. steer-by-
wire, brake-by-wire). Most of these applications require high performance motors with
a high torque/volume (mass) ratio, low inertia, high dynamics, good field-weakening
and high temperature capability.

In the actual situation on the global automotive market the demands for the electric
actuators become more stringent.

1.1 Introduction

Electric actuation is a proven technology and offers benefits. including reliability,
energy efficiency, and precise controllability.

One of the actual trends in the automotive industry is to introduce a lot of decentralized
electric drive systems in the vehicles. The main motivation aspects are [1]:

enhancement of the vehicle performance,
enhancement of the driving comfort,

rise of the safety on the road,
improvement of the fuel economy,
reduction of the emissions.

The average number of electric motor per car today is about 30 and it will increase to
over 100 by the end of this decade. The advances in electric motor technology for
automotive applications are resulting from advances in permanent magnet materials,
power electronics and motor control.

Most of the electric automotive drives today are based on DC brushed permanent
magnet motors [2]. The limitations of this type of motor mainly regarding the wear of
the brushes and the lower power density make it improper for some actual high
performance applications.

BUPT



9

Chapter 1 Automotive electric actuation technologies

1.2 Actual high performance automotive electric drives

applications

The field of actual. high performance applications spans a broad range including [3],

[4]):

A coarse classification of some of the actual high performance automotive electric
drives - considering the area of application, the demanded torque-speed characteristics,
and the used electric motor technology - is presented in Table I. At the end of this
chapter a comprehensive schematic overview will be given for all automotive

applications presented in the following sections.

Table 1-1 Electric drives automotive applications

active steering, power steering, including steer-by-wire,
clutch- and shift-by wire actuators,

electromechanical brakes. including brake-by-wire,
heating. ventilation. and air conditioning,
suspension, damping and stabilization actuators,
starter-generators (integrated and belt driven),
traction motors for electric vehicles (EV), hybrid electric vehicles (HEV), and fuel
cell vehicles (FCEV).

Tpeak Npase Nmax Motor

Nm rpm rpm technology
Active steering <1 3000 6000 DC, IM, PMSM
Power steering 3...10 500 2000 DC, IM, PMSM
Clutch/shift <2 3000 6000 DC, PMSM
Braking 1...3 1000 3000 DC, PMSM
Heating, ventilation <25 15000 17000 DC, PMSM
Starter/generator <300 250 6000 IM, PMSM
Traction 40...180 3000 9000 IM, PMSM
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1.2 Actual high performance automotive electric drives applications 3
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Fig 1-1 Schematic overview of automotive applications

1.2.1  Steering systems

1.2.1.1 Definition and basic principle

The steering system (mechanism) converts the driver’s rotational movement of the
steering wheel (steering angle) into a displacement of the vehicle steering wheels [15].
The steering ratio is defined as the ratio of steering wheel angle to rack travel

¥ =— (1-1)

where: r, - steering transmission ratio,
3 ;.- front wheel steer angle,

d,, - steering wheel steer angle.
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4 Chapter 1 Automotive electric actuation technologies

8, - front wheel steer angle
\ !

. F, - rack stroke force %
pinion g , u

/

s, -rack stroke

N rack
/ \v T. - steertorque
y/\v 6, - steerangle

steering shaft

* steering wheel

Fig. 1-2 Basic principle of a steering system

1.2.1.2 Classification of steering systems

According to the source of energy for the steering process three types of steering
systems can be distinguished for front wheels:

e manual (muscular-energy) steering systems in which the steering torque / force
is produced exclusively by the driver,

e power steering systems (full power steering or steer-by-wire steering) in which
the steering torque / force is produced exclusively by an energy source in the
vehicle,

e power-assisted steering systems in which the steering torque / force is produced
by the muscular energy of the driver and by an energy source.

Another classification of the steering systems can be made considering the mechanical
connection between the steering wheel and the wheels:

e steering systems with mechanical connection (classical solution),
e steer-by-wire systems without a mechanical connection.

BUPT



1.2 Actual high performance automotive electric drives applications

Manual steering Full power steering
(steer-by-wire)
mechanical hydraulical electrical
MS HPS EPS
EHPS
Power-assisted steering

electrical hydraulical

EPAS-column EPAS-pinion HPAS EHPAS

EPAS-dual-pinion  EPAS-rack EAS-HPAS

Fig. 1-3 Classification of steering systems
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6 Chapter 1 Automotive electric actuation technologies

1.2.1.3 Power-assisted steering systems

Considering the steering parameters (steering torque and steering angle) two types of

power-assisted steering systems can be distinguished:

e torque assisted

e anglea

Considering the source of energy for the assistance three types of systems can be

distinguished:

e hydraulic power-assisted (HPAS) in which a hydraulic system is involved in the
development of assistance torque.
e electro-hydraulic power-assisted (EHPAS) in which a hydraulic system with

ssisted

electric assistance is involved in the development of assistance torque,

o celectric power-assisted (EPAS) in which an electric motor is used to develop the

assistance torque.

Fig. 1-4 presents the schematic diagram of an electric power-assisted steering system.

=

Steerirg
funcoon
Sensor
-—1 evaluation
S I / Battery Current Torque sensor
measurement A/
| [ ] / —
ICE Power A
control end-stage T Gearbox

«

Motor shaft position

and speed sensor

7

Electric motor

H

71N

N
b=

Fig. 1-4 Schematic diagram of an electric power-assisted steering system
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1.2 Actual high performance automotive electric drives applications

The specification data for the electric motor of an electric power-assisted steering
system as described in the literature [18] is given below in Table 1-2. The demanded
torque-speed curve is also depicted in Fig. 1-5.

Parameter Units Value
Peak stall torque Nm 7

Base speed 1/min 500

peak torque at max. speed | 2 Nm
Maximal speed 1/min 2000
DC-bus voltage \ 12

Duty cycle - S3-5%
Environment temperature | °C -40... 125

Table 1-2 Specification data for the electric motor of an electric power assisted steering system

Electric machine torque [Nm]

0 500

1000

1500 2000
Speed [1/min]

2500

3000

3500

Fig. 1-5 Torque vs. speed curve for an electric power assisted steering system

The key performance parameters for this application are the high torque density, very
low cogging torque (below 20 mNm peak-to-peak), low torque pulsations, low acoustic
noise and high energy efficiency.
The sinusoidal vector current controlled permanent magnet synchronous motor seems to
be the only proper candidate for this drive. For lower demanded peak torque values also

the induction motor can be applied but its energy efficiency is poor.
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8 Chapter 1 Automotive electric actuation technologies

1.2.1.4 Active steering

Active steering systems offer steering angle assistance in order to enhance the driving
comfort. The system allows also driver-independent steering intervention. The
mechanical coupling between the steering wheel and the front axle is further present
(mechanical back-up). Another actuation system is necessary for the torque assistance.
Following solutions for the active steering systems can be considered:

e electric (assisted) active front steering (EAFS),
e electric (assisted) active rear steering (EARS),
e electric (assisted) active four wheel steering (EA4WS).

One solution for the active front steering system will be presented in the following [16],
[17].

The steering system consists of a rack and pinion hydraulic steering gear for the torque
assistance, a planetary gear set. and an electric drive system for the angle assistance as
shown in Fig. 1-6.

8, -front wheel steer angle
\ !

F,, - rack stroke force L

¥

—>

/A

s, - rack stroke

T

el

\v T - steertorque
L\v 6, -steerangle

do—

\v T, - steering wheel steer torque

‘ ]

/Wl

hydraulic actuator

electromechanical actuator
gearbox

’\’\X'\‘\

\1 6,, - steering wheel steer angle

&

Fig. 1-6 Principle of an active front steering system
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1.2 Actual high performance automotive electric drives applications

The specification data for the electric motor of an electric active front steering as
described in the literature [16]. [17]. [6] is given below in Table 1-3. The demanded

torque-speed curve is also depicted in Fig. 1-7.

Parameter Units Value
Peak stall torque Nm 0.9

Base speed 1/min 3000
Maximal speed 1/min 6000
DC-bus voltage \ 12

Duty cycle - S3-5%
Environment temperature | °C -40... 125

Table 1-3 Specification data for the electric motor of an electric active front steering system

o
O -

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Electric machine torque [Nm]

0 1000 2000 3000 4000 5000 6000 7000

Fig. 1-7 Torque vs. speed curve for an electric active front steering system

The key performance parameters for this application are the high torque density, very
low cogging torque (below 20 mNm peak-to-peak), low torque pulsations and low

acoustic noise.

The only proper candidate for this system seems to be the sinusoidal vector current

Speed [1/min]

controlled permanent magnet synchronous motor.
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10 Chapter 1 Automotive electric actuation technologies

1.2.1.5 (Full) Power steering (Steer-by-wire)
Two types of steer-by-wire systems were considered in practice up to now:

- hydraulically actuated systems,
- electrically actuated systems.

In the following the principles of these two systems will be presented.

1.2.1.5.1 Hydraulic steer-by-wire systems

This type of power steering system involves a hydraulic actuator for the stroke force
production on the rack as shown in Fig. 1-8. The mechanical backup is not available,
only a feedback is present due the steering wheel actuator.

5, - front wheel steer angle
!
Y

\

F_ -rack stroke force Vol

sr

—>

s, - rack stroke
—p

/

hydraulic actuator

(,B,,
Nt
N

ECU

T,, - steering wheel steer torque

W

., - steering wheel steer an le

Fig. 1-8 Hydraulic steer-by-wire system
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1.2 Actual high performance automotive electric drives applications 11

1.2.1.5.2 Electrical steer-by-wire systems

The electrical actuated steer-by-wire system involves an electrical actuator for the
steering torque development as shown in Fig. 1-9. Also in this case the mechanical
backup is not available. and the feedback is given by the steering wheel actuator.
Considering the absence of any hydraulically linkage. this steering system seems to be
the best solution regarding the energy efficiency. Major problems related to the safety
must be solved before the introduction in large scale.

8, - front wheel steer angle
\ [

vy
! !

\ !
Al

F,, - rack stroke force

—>
N\ y

s, - rack stroke
—p

A
11T} ~

N|¢

T. - steer torque

8, - steerangle

ECU

T, - steering wheel steer torque

é., - steering wheel steer angle

Fig. 1-9 Electrical steer-by-wire system
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1.2.2  Braking systems

1.2.2.1 Definition, principles. and classification

The braking system of a vehicle has the function to reduce its speed or to bring it to a
halt. or to hold the vehicle stationary if already halted [15].

The basic components of a braking system are:
e Energy supply,
e Control device.
¢ Transmission device for the brake force.
e Wheel brakes.

Depending on the type of energy applied to control the braking system following
systems can be distinguished:
e Muscular-energy braking systems.
Energy-assisted braking systems,
Non-muscular-energy braking systems,
[nertia braking systems.

The medium employed to transmit energy within braking system may be:

e Mechanical,

e Hydraulic.

e Pneumatic,

e Electric/electronic.
Hybrid systems may also be used in transmitting the force to the wheel brakes.
Electric/electronic transmission mechanisms will play an important role in the
electronic-pneumatic. electronic-hydraulic, and electromechanical braking systems for
the next generations of vehicles.

The above described aspects are presented in Fig. 1-10.

Energy supply = Control device p—p»{ Transmissions | Wheel brakes

e Muscular e Brake pedal e Mechanical
e Hydraulic e Valves, e Hoses

¢ Pneumatic booster e Cables

®

Electric ¢ ECU (inverter)

Fig. 1-10 Braking system block diagram
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1.2 Actual high performance automotive electric drives applications 13

1.2.2.2 Wheel brakes
For small passenger cars and commercial vehicles various types of drum brakes fulfil
the demands satisfactorily. For heavy high-speed passenger cars disc brakes represent

the only solution. The disc brakes can have fixed callipers or floating callipers. The two
wheel brake types in different designs are presented in Fig. 1-11.

Disk brake Drum brake

Fe

Fig. 1-11 Types of wheel brakes

The brake factor defines the relationship between the total circumferential force of a
given brake and the respective brake’s application force

F
C' =L (1-2)
F

where F, represents the total circumferential braking force and F, the application

force. The brake factor is an assessment criterion for the brake performance. This value
takes into account the influence of the internal transmission ratio of the brake as well as
the friction coefficient, which is mainly dependent on the parameters speed, brake
pressure and temperature.

The forces which are applied on a braked wheel are shown in Fig. 1-12. The two types
of disc brakes are represented in Fig. 1-13. Also a few types of drum brakes are
presented in Fig. 1-14 in order to illustrate the functional principle.
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Fixed caliper Floating caliper
o ~ Support
Friction pads Pistons Friction pads -~
' Caliper __ ~
Caliper - Piston
(_

Rotating shoe

OO

w - angular sp
I — wheel radiu

Fig 1-12 Forces at the braked wheel

"~ Brake disc

G - force due to weigth
Fg — Braking force

V, — vehicle speed

eed
s

A — —

™~ .
™ Brake disc

Fig. 1-13 Disc brakes

Wedge

Fig. 1-14 Drum brakes

S-cam
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1.2 Actual high performance automotive electric drives applications 15

Disc brakes systems represent the only solution for high speed and heavy vehicles. In
comparison to drum brakes the disc brakes present following advantages:

- much higher control sensitivity,

- equal wear of inner and outer brake pads.

- less tendency to develop noise,

- relative constant characteristics with minimal fade tendency.

The disadvantages of disc brakes are:
- shorter brake-lining life.
- usually higher acquisition and operating costs compared with drum brakes.

The brake factor of a disc brake is C' =0.76, referred to the value of u =0.38.

Floating-calliper disc brakes are replacing fixed-calliper brakes as a result of the efforts
to design lighter and cheaper brake systems.

The drum brakes have the advantage of a higher value for the brake

factorC" = 2.0---5.0. where the lower value corresponds to a simplex drum brake and
the highest value to a duo-servo drum brake.

1.2.2.3 Conventional brake systems

The braking equipment employed today is based on the hydraulic transmission of the
braking force from brake pedal to the wheel brakes. Such a braking system is shown in
Fig. 1-15.

Brake pedal

|

Hydraulics

3

ECU

Wheel brakes

<P  Energy

<+«—— |nformation

Fig. 1-15 Conventional braking system

During the development of braking systems in the last decade additional components
such as force assistance units and force proportioning devices have been employed
within the hydraulic transmission paths in order to increase the driving safety. These
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16 Chapter | Automotive electric actuation technologies

additional devices belong to the intelligent assistance systems, such as anti blocking
system (ABS), brake assistant (BA), electronic stability program (EPS), which are able
to help the driver to cope with critical driving situations.

Several electromechanical and electronic components belong now to the braking
system. These braking systems became complicated thus the time came for a new
solution - brake-by-wire systems.

1.2.2.4 Brake-by-wire systems

These braking systems are characterized due the absence of any mechanical or hydraulic
backup that means there is no mechanical or hydraulic coupling between the pedal and
the wheel brakes. Only electrical signals are transmitted from the actuation device
(pedal) and the electronic control unit (ECU) of the wheel brakes as shown in Fig.
1-16.

Brake pedal | .
_____ External signals
Energy Power end-stage
Supply | for ECU
(battery) EHB or EMB
4
Wheel brakes

<P Energy

<+«—— |pformation

Fig. 1-16 Brake-by-wire system configuration

Two technical solutions can be considered for brake-by-wire systems as shown in Fig.
1-17. The first one involves an electro-hydraulic system, the second one considers an
electromechanical actuator.
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1.2 Actual high performance automotive electric drives applications 17

Brake-by-wire

systems
hydraulic wuthouf(
backup hydraulic
backup
EHB EMB
(electrohydraulic brakes) {electromechanical brakes)

Fig. I-17 Classification of brake-by-wire systems

1.2.2.4.1 Electro-hydraulic brakes

The first solution — electro-hydraulic brake (EHB) system - is based on a traditional
hydraulic brake system. The by-wire function is realized through hydraulic pumps and
additional electric controlled valves. In an EHB system a hydraulic backup is possible.
After one fault is detected the complete electro-hydraulic system will be shut down and
with help of some valves a direct hydraulic brake circuit will be closed. The hydraulic
backup system can only deliver an emergency function with reduced brake force.

In Fig. 1-18 is shown a possible layout of an electro-hydraulic brake-by-wire system.

enslégst:tc;;)w Brake pedal

(battery) External signals

Hycraulic
energy supply " R
(electric driven »| Control valves ECU

pump) I :
Wheel brakes
<4 Energy

<«—— |nformation

Fig. 1-18 Layout of an electro-hydraulic brake-by-wire system
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18 Chapter 1 Automotive electric actuation technologies

1.2.2.4.2 Electromechanical brakes

The second solution — electromechanical brake (EMB) system — is based on
electromechanical actuators. In an EMB system the brake force and brake control are
realized by electric components. Neither mechanical nor hydraulic backup can be
realized. Thus the system must be fault-operational after one fault. Fig. 1-19 shows an
example of an electromechanical brake-by-wire system.

Brake #1

Pow-r
management

Brake #3

TTP-bus #1

Brake #2

=e==ace=

Brake-by-wire
m_n_g.m.nt

TTP-bus #2

Brake #4

Fig. 1-19 Lavout of an electromechanical brake-by-wire system

The specification of an electric motor used in a special type of a brake concept [19] as
shown in Fig. 1-21 is presented in Table 1-4. The torque-speed characteristic is

depicted in Fig. 1-20.

Parameter Units Value
Peak stall torque Nm 3.0

Base speed 1/min 1000
Maximal speed 1/min 3000
DC-bus voltage \ 12

Duty cycle - S3-5%
Environment temperature | °C -40...125

Table 1-4 Specification of an electric machine for an electromechanical brake
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T =f(speed)

4000

4.0
3.0
5 20
-
1.0
0.0
(0] 1000 2000 3000
speed [rpm]
Fig. 1-20 Torque-speed characteristic of an electric motor for electromechanical brake
Wedge brake
Friction pads
Caliper [ le
__— Wedge
Fn
w
. 2Up
e L C =
tana — L,

[~

Brake disc

|

Fig. 1-21 Principle of wedge brake
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1.2.2.4.3 Advantages and safety aspects for brake-by-wire systems

The advantages of brake-by wire systems are:
e Assistance functions (ABS, BA, ESP, ...) can be realized only by software and
sensors without additional mechanical or hydraulic components,
o Electrical interfaces instead of hydraulic interfaces allow easier adapting of
assistance systems,
Reduction of packaging problems.
No brake fluid. no bleeding. simple maintenance, ecological,
Nearly rest torque free,
No mechanical links between the brake components and the engine
compartment improving passive safety,
No perceptible noise emission during braking,
e Reduced costs for assembly during line production.

For by-wire systems (without mechanical or hydraulic backup) the safety requirements
are very high. After one fault the system has to be fail-operational until a safe state (e.g.
vehicle stands) will be reached. In order to reach the fail-operational requirements an
additional effort for redundancy in the control components, sensors, software, power
supply. and the communication system is mandatory. This redundancy can be seen in
the system shown in Fig. 1-19. A special requirement for the brake-by-wire actuator is
the absence of braking torque in case of power failure.

1.2.3  Clutch- and shift actuation systems

1.2.3.1 Basics

Clutch and transmission are two very important components of the power train. The
function of the power train is to provide the thrust and traction forces required to induce
motion [15]. The energy in chemical (fuels) or electrical (batteries) form is converted
into mechanical energy. But the mechanical energy has parameters - torque and speed —
which do not match to the requirements of the vehicles. Thus a conversion is necessary
in order to adapt the torque and speed to the actual demand. The components of the
power train must perform following functions:

- assure that the vehicle remains stationary even with the engine running,

- achieve the transition from a stationary to a mobile state,

- convert torque and rotational speed,

- provide forward and reverse motion,

- compensate wheel speed variations in curves,

- ensure that the power unit remains within an optimal range of the operating curve,
considering the fuel consumption and the emissions.

The clutch assures stationary idle, transition to motion and interruption of the power
flow. The transmission transforms the mechanical parameters torque and speed,
assuring an optimal adaptation to the demands.
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1.2 Actual high performance automotive electric drives applications 21

Electric actuation offers crucial advantage also for the clutch- and shift-assistance. In
the following two actuation systems will be presented. The first of them considers only
the clutch actuation, while the second will present a full-by-wire clutch and shift

actuation.

1.2.3.2 Electro-hydraulic-assisted automatic clutch actuation

This solution considers an electro-hydraulic clutch actuator [15]. as shown in Fig. 1-22.
An electric motor assures the pressure needed by a hydraulic actuator to move the
clutch. This system offers energy saving. since it works only on demand during the
actuation of the clutch.

Clutch
ICE [ K_ Transmission
| 3
avtutor «—

Electric
motor
Vehicle
speed
Gas pedal
x.
Engine
speed ECU
Clutch pedal

Fig 1-22 Electro-hydraulic clutch actuation
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1.2.3.3 Clutch- and shift-by-wire

In this case the mechanical or hydraulic links are replaced by two electric actuators, one
for the clutch and one for the transmission. The block diagram of a part of the power
train including engine. electric-assisted clutch and automatic transmission can be seen

in Fig. 1-23.

Shift actuator

Electric

C I UtCh Spindle moior
—) I

|

ICE —

Electric

Clutch actuator motor Splndlew—b

TransmisSSioN fr—

<

ECU

Fig. 1-23 Power train block diagram including engine. electric-assisted clutch and transmission

1.2.3.4 A shift-by-wire actuator

An example will be considered in the following in order to show some details for a
shift-by-wire actuator [20]. The system consists of a rotary electric motor, a set of gears.
and a manual override. All these components are built into the transmission. The block
diagram shown in Fig. 1-24 illustrates the functional principle of the system. The rotary
movement of the electric motor is transformed into linear movement due a combination

of bevel and worm gear sets.
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23

y

Bevel gear

L

Electric motor

Worm gear
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L

(@ |

Linear force
{movement)
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Fig. 1-24 Shift-by-wire actuator principle

This electric machine for this shift-by-wire system described in the literature [20] has
following specification, as shown in Table 1-5. The torque-speed envelope is also

presented in Fig. 1-25.

Parameter Units Value
Peak stall torque Nm 0.950
Maximal speed 1/min 6000
Torque at maximal speed 1/min 0.170
Duty cycle - S2-5%
Environment temperature | °C >100

Table 1-5 Specification of an electric machine for a shifi-by-wire actuator
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Fig 1-25 Torque-speed demand of an electric motor for a shift-by-wire actuator

Key requirements are the high power density and the capacity to withstand high
temperatures.

The dc-brushed machine and permanent magnet synchronous machine (even with
rectangular current control) seem to be proper candidates for this application.

1.2.4  Climate-control systems (heating, ventilation and air conditioning)

1.2.4.1 Introduction

Heating. ventilation and air conditioning represents a large and important area of
application in the automotive industry. The trend is to make the components of the
HVAC-systems more powerful, higher efficiently, smaller and quieter [24].

The function of a climate-control system is to offer [15]:
- A comfortable climate for the passengers,
- An environment that minimize the driver stress and fatigue,

- A good visibility through all windows and windshield,
- Remove particle (pollen. dust) and odours from the air using filters.
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The climate-control systems can be classified in two types. considering the source for
the thermal energy used for the temperature control of the passenger compartment:

- Systems deriving heat from the engine,
- Air-conditioners.

1.2.4.2 Systems deriving heat from the engine

In the case of vehicles with liquid-cooled engines, the engine heat. produced by the
combustion process. contained in the coolant is used to warm the passenger
compartment. In the case of air-cooled engines. engine heat is taken from the exhaust
or, alternatively from the engine’s lubrication circuit. The heater core consists of tubes
and fins and is similarly to the engine radiator. Coolant flows through the core’s tubes
while air flows through its fins. There are two design concepts available for the
regulation of the heater’s thermal output:

- Coolant-side heater control.
- Air-side heater control.

In a coolant-side heater control system the entire air flow is usually directed through the
heater core while a valve controls the heating output by regulating the flow of coolant
through the unit. This system requires an extreme precision from the valves, which must
be capable of providing consistent, stable settings for accurate control at the minimal
flow rates. A disadvantage lies in the fact that the heating output varies according to the
coolant’s pressure and temperature, so that the heater performance is dependent on the
engine speed and load.

In an air-side heater control system the flow of coolant through the heater core is
unrestricted. The heat regulation is done by dividing the air flow before it reaches the
core. In this case the control is less sensitive to fluctuations in engine load. and air-
temperature adjustments take effect immediately. A disadvantage of the air-side control
systems lies in the larger installation volume required for housing the two air currents.
The air-ventilation current is provided by a constant-speed or adjustable-speed air
electric blower at a minimum air-flow rate of 30 m? per person.

1.2.4.3 Air conditioners

It is not possible for the heater unit alone to provide a comfortable environment at all
times. When the outside temperature takes values above 20°C, the air must be cooled to
achieve the required interior temperatures. In this case a compressor-driven refrigerator
is used to reduce the air temperature. The compressor can be driven by the engine or by
a separate electric drive [25]. The compressor compresses the vaporous refrigerant,
which heats up in the process and is then directed to the condenser where it cools and
liquefies. The energy supplied in the compressor and the heat absorbed in the
evaporator is dissipated to the environment. An expansion valve sprays the cooled
liquid into the evaporator where the evaporation process extracts the required
evaporation heat from the incoming stream of fresh air and cools it. Moisture is
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extracted from the air as condensation, and the air’s humidity is reduced to the desired
level. The layout of an air-conditioning system with the coolant circuit is presented in

Fig. 1-26.
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Fig 1-26 Layout of an air-conditioning system

1.2.4.4 An electric-drive compressor for an air-conditioner

An electric drive for an air-conditioning system is described in the literature [26]. For
the electric machine following specification can be given, as shown in Table 1-6. The

torque-speed envelope is also

presented in Fig. 1-27.

Parameter Units Value
Peak torque Nm 2.5
Base speed 1/min 15000
Maximal speed 1/min 17500
Duty cycle J - S1
Environment temperature | °C >100

Table 1-6 Specification of an electric machine for an air-conditioner compressor drive
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Fig. 1-27 Torque-speed demand of an electric motor for an air-conditioner compressor

Key requirements are a high efficiency and power factor in order to minimize the input
power apparent (kVA) for the continuous duty cycle.

The permanent magnet synchronous machine seems to be the only candidate for this
application.

1.2.5  Air compressors for fuel cells

In the last years the demand for electric energy in vehicles has grown up dramatically.
One of the solutions, which promise to satisfy this requirement, is represented by the
fuel cells, which are high-efficiency electrochemical converters. Some details regarding
the fuel cells technologies are given in a following paragraph.

The chemo-electrical energy conversion process within the fuel cells needs high
performance air compressors. This represents a new challenge for the electromechanical
actuation.

The specification of such a rotary high-speed motor for an air-compressor for energy
conversion in fuel cells in a hybrid electric vehicle as mentioned in the literature [27], is
presented in Table 1-7. The toque-speed envelope is also shown in Fig. 1-28.
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Parameter Units Value

Rated torque Nm 11

Rated speed 1/min 12000

Output power W 14000

Duty cvcle - Sl

Cooling system - Water cooling
Environment temperature | °C >100

Table 1-7 Specification of an electric machine for air compressors for fuel cells
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Fig. 1-28 Torque-speed demand of an electric motor for air compressors for fuel cells

Key requirements are the high speed, high efficiency and power density for continuous

duty cycle.

The permanent magnet synchronous machine seems to be the only candidate for this

application.
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1.2.6 Engine cooling systems

The function of engine cooling system is to extract the heat produced by combustion
from the internal combustion engine (ICE) and to transmit it to the environment,
maintaining a proper operating temperature for all vehicle components. Several coolants
can be employed such as air, water. oil, fuel, and charge-air. However. water cooling
systems represent up to now the standard solution in both passenger and heavy-duty
vehicles.

The block diagram of an engine water cooling system is depicted in Fig. 1-29. Also two
additional components can be observed. which belong to other cooling systems: the
transmission cooler. and the engine-oil cooler. Two of the components represent proper
candidates for electric drives: the cooling-air blower and the water (coolant) pump.

Heater
v
Thermostat Electric driven water
(coolant) pump
Fluid (coolant)
reservoir
Engine-oil Transmission
cooler Engine coolant radiator fluid cooler

Electric driven cooling-air

T T blower

External cooling air

Fig. 1-29 Block diagram of an engine water-cooling system
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In the following only the electric driven water pump will be discussed {28]. An electric,
variable speed water pump offers advantages over conventional water pump with a
rotational speed proportional to the engine speed [29]. These advantages include the
optimization of the engine’s thermal performance by regulating the coolant flow, the
ability to continue cooling the engine after it has been turned off, and the elimination of
a mechanical belt drive.

The specification of an electric actuator for an electric driven water (coolant) pump
given in [28] is presented in Table -8.

Parameter Units Value

Peak torque Nm 0.955

Peak operating speed rpm 5000
Nominal DC-bus voltage |V 42

Duty cycle - S1
Environment temperature | °C -40 ... +120

Table 1-8 Specification for an electric motor for an electric water (coolant) pump

Key requirements are the high operating temperature. the capability to withstand harsh
environmental conditions. and the high power density. PMSM and the switched
reluctance machines seem to be good candidates for this application.

1.2.7  Electronic throttle control (throttle-by-wire)

Electronic throttle control (or throttle-by-wire) is used increasingly in automotive power
trains in order to improve the vehicle performances, fuel economy, and to reduce the
emissions [30].

The role of the electrically actuated throttle valve is to control the air-flow and thus the
power of an internal combustion engine.

The main advantages of such a system in comparison to a mechanical solution using a
Bowden-cable are [31]:
- improved driving comfort,
integration of operating functions as:
o idle speed control,
o cruise control,
o traction control ASR/ASC,
- reduced emissions,
- reduced fuel consumption,
- simplified engine packaging
- cost reduction.
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The functional scheme of an electronic throttle system is shown in Fig.
system consists of an electric (rotary) actuator which provides precise positioning of the

throttle plate.

The presented system does not have an inner current control loop. The throttle position
is measured with a resolution of about 0.1 degree. The throttle plate is constrained by a
dual return spring. which returns the plate into its initial position (so-called limp-home

position) in the case of power supply failure.

Position
reference

:’[Controller —’I

Power
stage

Position feed-back

Electric
actuator

Throttle

Gearbox
valve

Fig. 1-30 Schematic of an electronic throtile system

The specification of an electric actuator for an electronic throttle valve control system
given in [31] is presented in Table 1-9.

1-30. The

Return
spring

Parameter Units Value

Peak torque Nm 0.6
Rotational movement ° 80
Acceleration time ms 100

Duty cycle - S3-5%
Environment temperature | °C -40 ... +140

Table 1-9 Specification for an electric actuator for an electronic throttle valve control

Key requirements are the high operating temperature and the capability to withstand to
hard operational conditions. The single-phase reluctance actuator seems to be a good

candidate for this application.
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1.2.8  Electric continuously variable transmission systems

The transmission of torque and speed with variable ratios represents another important
automotive technology. Mechanically and hydrostatic continuously variable
transmissions (CVT) belong to the already implemented solutions in vehicles.

While a conventional automatic transmission discretely shifts among up to five gear
ratios, a CVT uses the continuous range between low and high gears. Thus a CVT
achieves better fuel economy and comfort than conventional automatic transmission by
continuously changing the gear ratio to keep the engine running in its most efficient
speed range considering the driver demands.

The CVT-system consists in principle of a primary pulley indirectly linked to the engine
through a torque converter, and a second pulley leading to the final drive gears and
wheel. The changing of the transmission ratio is realized due the variation of the pulleys
width. which forces the belt to ride on a higher or lower radius. The applied axial forces
assure also a slip-preventing belt clamping force. The control system of a CVT has the
objective to track the gear ratio and to assure the required clamping force.

In the following two solutions. which employ electromechanical actuators, will be
presented.

1.2.8.1 Electromechanical CVT

The first system is an electromechanical push-belt or chain type CVT [32], in which the
pulleys are axially displaced using an electric motor on a spindle as shown in Fig. 1-31
Electromechanical systems have the advantage to operate economical only during the
shifting and when clamping force is needed. Another advantage is that the CVT
transmisston ratio and the clamping force can be set independently.

Electric motor

Primary
puIIey\
Tp, w
ICE Torque . -4——P  Actuation force
converte
m s
N
Spindle
Spindie
+_n T. w. Vehicle
Actuation force  <———P _E_i.g, wheel

a Secondary
pulley

Electric motor

Fig. 1-31 Principle diagram of an electromechanical actuated C1T-system
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1.2.8.2 Automatic full electric gearbox

This continuously variable transmission system consists of two electric machines
controlled by separate inverters. which are used for the adjustment of the torque and
speed. employing an intermediary electric power conversion stage. Two configurations
are presented in the literature [33].

The first of them employs a common dc-link for the two voltage-source inverters (VSI)
as shown in Fig. 1-32. A storage battery can be connected on the dc-link. The inverters
can work in step-up and step-down regime on both sides. This allows the operation in a
wide range of speed with change of energy flow direction. The used electric machines
can be induction machines as well as synchronous machines.

T w .
" Electric \ Tz w2

machine

Electric
machine

Fig. 1-32 1 Sl-controlled electric gearbox

The second solution the two electric machines are connected to a matrix converter as
shown in Fig. 1-33. As the matrix converter can only work in step-down (inductive
load) or step up (capacitive load) regime, a limited application range of speed or torque
relations exists. Furthermore the electric machines have to be permanent magnet
synchronous machines. If both energy flow directions should be possible the same types
of permanent magnet synchronous machines have to be used.

Ty, W . .

"9 [ Electric \ 2 Electric

machine J 7 machine
3

Fig. 1-33 Matrix converter controlled electric gearbox

Both electric machines for such an electric gearbox as shown in the literature [33] have
the specification presented in Table 1-10. The torque-speed envelope is also presented
in Fig. 1-34.
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Parameter Units Value
Rated torque Nm 35
Rated speed 1/min 3000
Peak torque Nm 120
Maximal speed 1/min 6000
Rated voltage \% 250
Duty cvcle - S1

| Environment temperature | °C >100

Table 1-10 Specification for an electric machine for an electric gearbox
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Fig. 1-34 Torque-speed demand for an electric gearbox

Key requirements are the high operating temperature, and the need to operate with a
good efficiency and power factor in order to minimize the input apparent power (kVA)

for the continuous duty cycle.

The permanent magnet synchronous machine and eventually the induction machine
seem to be the only candidates for this application.
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1.2.9

1.2.9.1

The suspension system composed of springs, dampers (shock absorber), and various

Suspension, damping and stabilization actuation

Basics

structural linkages. as shown in [23]. has following functions:

Real suspension system (one quarter-vehicle)

Mp
Co J— ky
Suspension element

sustaining (holding) the vehicle in order to offer a good contact of the tires with

the road for driving, steering and braking (security)
reduce the shocks and vibration in order to offer riding comfort,

stabilize the vehicle through correction of the height of each tire and of the

whole vehicle in order to offer increased handling and riding comfort.

my

Tire _J_

G K,

Ce: — Spring constants (body, and tire and axle, respective)
k — damping constants (body. and tire and axle, respective)
m, — body mass

m, — tire and axle mass

Two-mass model of a suspension system

Fig. 1-35 Basic suspension system

1.2.9.2 Classification of suspension systems

Four different classes of suspension systems can be distinguished [34] as shown in Fig.
1-36:

Passive
Adaptive
Semi-active
(Fully-) active
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Fig. 1-36 Classification of suspension systems
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Passive suspension

A passive suspension system is simply a traditional suspension system composed of
springs. dampers (shock absorber). and various structural linkages. The spring and
dampers of a passive system are appropriate tuned for the expected input frequency, to
attenuate the terrain input (due the tires). The purpose of the shock absorbers (dampers)
is to dissipate the energy that is input into the chassis by the ground through the
suspension system.

The passive suspension systems in automotive have physical constraints (fixed
parameters). what leads to a limitation of their performance. With these systems it is
difficult to achieve the conflicting requirements. since the principle vehicle dynamics
modes. which influence the ride comfort and manoeuvrability - bounce. pitch and roll -
must have different natural frequencies and damping for optimum suspension design.

Adaptive suspension

This kind of suspension system is a passive one, which has adaptive damping
characteristics. The system has traditional springs and dampers. but the vehicle motion
is constantly monitored, and the damper characteristics are reduced (or set to zero)
when the damping forces would increase chassis motion. It has been demonstrated that
adaptive suspension systems can moderately increase the ride quality of a vehicle while
simultaneously slightly decreasing the energy dissipated by the suspension system.

Semi-active suspension

These systems include fast, continuously-variable shock absorbers (dampers) and can
offer the possibility to approach the ride comfort and handling performances of the
theoretical fully-active suspension systems without many of their inherent problems in
the implementation. Semi-active suspensions are currently being commercialized by
several companies. Each of these systems uses electromechanical valves (electro-
hydraulic actuators) in the shock absorbers to achieve the variable damping.

Active suspension

Active suspension systems are currently of great interest in the field of automotive
research. An active suspension system represents a distinct departure from traditional
suspension system concepts. Springs and damper are no longer required (though for
practical reasons springs are often still included). The suspension forces that are
normally provided by the springs and dampers are now provided by some actuators (e.g.
hydraulic, pneumatic, or electromechanical) based on the output of vehicle motion
control algorithms.

Producing control force determined by control logic, active suspension systems can
achieve better ride and handling performances than passive systems. One of the
functions of the active control is to minimize heave, pitch and roll motions of the
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vehicle. The control logic is based several factors including the road influence and
driver’s behaviour.

In the following two different active suspension systems based on electric actuators will
be presented.

1.2.9.3 Electro-hydraulic active suspension system

An electro-hydraulic active suspension system is described in the literature [35]. The
configuration of such a system is depicted below in Fig. 1-37. This system involves
four localised electro-hydraulic actuators, each of them having an own electric motor
driven pump in order to minimize the complexity of the hydraulic installation, to
improve the mounting flexibility and to offer a higher energy efficiency. Also the costs
of such a system are reduced in comparison with systems with a central hydraulic-
pressure source.

Hydraulic — presure
source
Sensors l
information
—P Presure - control
ECU >
—_ > actuator

Steering and
braking data

Tire _J

Fig. 1-37 Electro-hydraulic active suspension system

For the electric machine follbwing specification can be given, as shown in Table 1-11.
The torque-speed envelope is also represented in Fig. 1-38.
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Parameter Units Value
Peak torque Nm 9.0

Base speed 1/min 1500
Maximal speed I/min +/- 5000
Duty cycle - S1
Environment temperature | °C >100

Table 1-11 Specification for an electric machine for an electro-hydraulic active suspension system
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Fig. 1-38 Torque-speed demand for an electro-hydraulic suspension system

Key requirements are the high operating temperature, and the need to operate with a
good efficiency and power factor in order to minimize the input apparent power (kVA)

for the continuous duty cycle.

The permanent magnet synchronous machine seems to be the only candidate for this

application.
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1.2.9.4 Electromechanical active suspension system

An electromechanical active suspension system is presented in [36] and [37]. In these
papers two different solutions are presented. They are based on a linear and on a rotary
electromechanical actuator respectively. For the linear actuator a geared (screw drive)
rotary electric machine was considered. but also a linear machine can be a possible a
solution. The rotary actuator involves a rotating electric machine in connection with a
single gear reduction and using a rack and pinion transmission to convert the linear
displacement into a rotating movement. The two active suspension systems are depicted
in Fig. 1-39.

Rotary electric machine

N
>~ Sprun
Sprung mass Ty prung
ot mass
EM linear actuator Spning damper Rack and pinion Spring damper
Tire Tire
EM - linear actuator active suspension EM - rotary actuator active suspension

Fig. 1-39 Electromechanical active suspension systems

Following specification can be given for the electric machine as shown in Table 1-12.
The torque-speed envelope is also presented in Fig. 1-40.

Parameter Units Value
Peak torque Nm 56

Base speed 1/min 1500

Duty cycle - S3-30%
Max. angular acceleration | rad/s’ 10800
Environment temperature | °C -40 ... 125

Table 1-12 Specification for an electric machine for an electric machine for an active suspension system
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Fig. 1-40 Torque-speed demand for an electromechanical active suspension system

Key requirements are the high operating temperature, and the high torque density. A
good efficiency and power factor in order to minimize the input apparent power (kVA).
are also important requirements.

The permanent magnet synchronous machine seems to be the only candidate for this
application.

1.2.10 Electrical assisted turbochargers

1.2.10.1 Basics of air supply for internal combustion engines (ICE)

The output obtained for a given displacement at a given engine speed can be increased
by compressing the air inducted for combustion in the ICE due the increase of the air
mass density [15]. The compression devices used for ICE can be classified in four

types:

- Mechanically-driven superchargers,
- Exhaust-gas driven turbochargers,

- Pressure-wave driven superchargers,
- Electrical assisted turbochargers.
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Mechanical superchargers compress the air using power supplied by the engine
crankshaft (mechanical coupling between engine and supercharger), while the exhaust-
gas turbocharger is powered by the engine’s exhaust gases (fluid coupling between
engine and turbocharger). The pressure-wave supercharger also derives its compression
force from the exhausted gases, but it requires a supplementary mechanical drive
(combination of mechanical and fluid coupling).

These compression devices do not deliver the target boost pressure until a speed of
60000-100000 rpm is reached. when the centrifugal compressor can fully compress the
inlet air charge. Typically the turbocharger can take up to 3 seconds to run-up to this
speed so that there is a significant time delay between the driver’s demand and engine
torque availability. referred also as turbo-lag. As the efficiency and emissions control in
an ICE is fully dependent on the proper air-flow and air-pressure feeding, a significant
improvement can be obtained using a new method for the air compression as shown
below.

1.2.10.2 Electrically driven turbochargers

A new approach for the air supply of ICE considers electrical assisted turbochargers,
which involve electric machines for the compression process. These systems have an
incorporated electric motor within the turbocharger between the turbine and the
compressor as shown in Fig. 1-41.

The turbine can provide at high speed and load too much torque for the uncontrolled
turbocharger unit. which would over-speed. This behaviour can be avoided by operating
the electric machines as a generator in order to return the energy to the electrical system.
Another way to improve further the efficiency is to install an additional power turbine
downstream of the turbocharger to extract waste energy from the exhaust gases, method
referred as turbo-compounding. The recovered power is fed back mechanically onto the
drive shaft by a set of gears.

. Dri haft
Internal Combustion ve s I
Engine (ICE)
\
Turbocharger C T EM — electric machine
C - compressor
A ™~ T - turbine
Inlet air Y Exhausted gases

Fig. 1-41 System schematic for an ICE with an electrical assisted turbocharger
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This pure mechanically energy conversion can be replaced by an electrical turbo-
compound system with energy feed-back onto the drive shaft through an integrated

starter-alternator (damper) (ISAD). This complex system is shown in Fig. 1-42 [38].

Turbocharger
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Internal Combustion
Engine (ICE)
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Drive shaft

-
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@

I
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Y

Energy
St-r-g-

EM - electric machine

C - compressor

T - turbine

PT - power turbine

ISA - integrated starter-alternator

Fig. 1-42 Energy recovering air- supply system using an electrical assisted turbocharger

For an electrically assisted turbocharger following specification can be found in the
literature [38] for the electric machine as shown in Table 1-13. The torque-speed

envelope is also presented in Fig. 1-43.

Parameter Units Value
Rated torque (motor) Nm 1

Rated base speed (motor) 1/min 60000
Rated power (motor) W 6280
Duty cycle (motor) - S3-15%
Cycle period (motor) s 20
Rated torque (generator) Nm 0.6
Rated speed (generator) 1/min 120000
Environment temperature | °C > 100

Table 1-13 Specification for an electric machine for electrically assisted turbocharger
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Fig. 1-43 Torque-speed demand for an electrically assisted turbocharger

Key requirements are the high operating speed, high operating temperature, and the
need for sensorless operation. Field weakening combined with good efficiency and
power factor in order to minimize the input power apparent (kVA), are also important
requirements.

Several electric machine technologies were considered up to now in the literature as
induction [38], switched reluctance [39], [40], and permanent magnet machines [41].
The favourite machine technologies seem to be the induction and the switched
reluctance machines due their robustness and the absence of permanent magnets at the
high temperature in this application.

A reduction of about 50% can be achieved for the turbo-lag by using an electrically
assisted turbocharger.

1.2.11 Variable valve timing actuation systems

1.2.11.1 General concept

The variation of the engine valve event duration, lift and phasing is a possible way to
improve engine performance, particularly increase fuel efficiency and lower emissions
[42], [43]. These topics have been the object of considerable work in the last decades,
and this trend continues.
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The most flexible actuators usually entail the separate actuation of each valve. The
actuator can use hydraulic [44]. pneumatic [45] or electromagnetic [46], [47] means to
move the valve. A fast valve motion is a crucial requirement and that leads in the most
cases to a high energy requirement too. Only some regenerative schemes are able to
work with an acceptable energy level, converting the kinetic energy in potential energy
at the end of the valve travel. An example for these devices is a two-spring system [46],
[47]. However, all of these devices suffer to various degrees from high seating
velocities. i.e. the valve at the end of the closing motion hits its metallic seat at
velocities that produce unacceptable levels of stress and audible noise.

1.2.11.2 Variable valve timing systems using rotating electric machines

A new concept. which eliminates these drawbacks. was proposed in [43], [48]. The
basic concept is shown in Fig. 1-44.

Disc cam

- Electric motor

= =
. -t -1
Springs — )
\..-l-:b _—EI-
= =
- -1
r— r’
[ ) [ —)
V4 Vo4 /7 V4
Valve

Fig. 1-44 Basic concept for a variable valve actuation system using a rotating electric actuator

The actuation system includes one mechanism per engine valve. There are three
possible operating modes, which will be described below:

- Valve-timing variations
- Valve phasing
- Part lift-operation.
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Valve-timing variations

If the electric motor runs all the time at half the engine speed, the valve will behave
exactly as it does in usual engines, and the valve-event duration is then equal to the time
taken to span the cam circumference as shown in Fig. 1-45. If the electric motor runs
faster than one half of the engine speed while the valve is open, the valve event duration
will shorter. proportional by the ratio of actual motor speed to half the engine speed. To
maintain synchronism between the valve and the engine. the motor must be slowed
down after the valve is closed so that. overall, the motor makes one revolution while the
engine makes two. If longer valve-event duration is desired, the electric motor is slowed
down and runs at a lower speed while the valve is open. After that, the motor must be
accelerated while the valve is closed in order to maintain the valve/engine synchronism.
The average speed of the electric motor over one engine cycle has to be equal to the half
of the engine speed.

Motor velocity Valve displacement
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Fig. 1-45 Variable valve timing operation principles
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Valve phasing

Phasing is achieved by changing the instant at which the valve opens by slowing down
the electric motor until the desired crankshaft angle is reached. Since both the phasing
with respect to the engine of the valve start-of-lift and the valve-event duration can be
changed. there is complete valve timing freedom. Furthermore, it is possible to stop the
valve between two valve events, thus making cylinder deactivation possibie.

The system flexibility is influenced by the electric motor/mechanism bandwidth, i.e. by
how fast can react to commands, and also by the maximum available motor torque. The
fast response of the motor is given by its torque/inertia ratio.

Part-lift operation

The electromechanical system can also be operated in part lift. The cam is run in an
oscillatory mode around either the valve opening or valve closing position. Assuming
the valve opening position is chosen, part-lift operation is done by setting the electric
motor first at standstill with the cam positioned ahead of the start of lift. At some
desired time during the engine cycle. a command is sent to the motor which starts
running and opens the valve, as shown in Fig. 1-46. At some point while the valve is
partially opened. another command is sent to the motor in order to make the motor stop
and reverse direction. The valve then closes and the motor stops. For regular operation
on an engine, an appropriate closed-loop position control of the electric motor must then
take the cam mechanism back to its initial position, waiting for the next engine cycle to
repeat the motion. How high the lift is and how long the valve-event duration is will be
a function of the timing, duration and magnitude of the various control commands. They
are also a function of the initial angular position, i.e. where the electric motor was
stopped prior to being cycled.
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e =

! !

Cam stans
moving

Cam stops

Fig. 1-46 Part-lift operation principle
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For a variable valve actuation system [49] following specification can be found in the
literature for the electric machine as shown in Table 1-14. The torque-speed envelope is
also represented in Fig. 1-47. It must be mentioned that this system actuates two valves.

Parameter Units Value

Peak torque Nm 4

Base speed 1/min 1000

Maximal speed 1/min 4000

Duty cycle - S1 (rated torque)
Environment temperature | °C -40 ... 125

Table 1-14 Specification for an electric machine for a variable valve actuation system
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Fig. 1-47 Torque-speed demand for a variable valve actuation system

Key requirements are the high operating temperature, and the need for sensored position
control. A good efficiency and power factor in order to minimize the input apparent
power (kVA), are also important requirements.

The permanent magnet synchronous machine seems to be a proper candidate for this

application.
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1.2.12 Starter-generators

1.2.12.1 Introduction

The actual trend to increase the installed number of electric power consumers lead to a
mandatory demand of increase of the generated electric power. The existing generating
capacity of about 2 kW today is projected to rise to 20 KW or higher in the future [50].
[51]. [52].

The use of high power density and high efficiency electric machines offers the
advantages of size and weight reduction and fuel economy improvement.

Another important issue is the possible combination of two functionalities — generating
and starting — in one electric machine. so called integrated starter-generator (ISG) or
integrated starter-alternator (ISA). which allows a four quadrant operation.

An integrated starter-generator is also an electric machine. which has the rotor (directly)
coupled with (or on) the crankshaft.

The integrated starter-generator must satisfy several requirements [50]:

- high generated power at high energy efficiency.

- start/stop function without remarkable noise when vehicle coasts or stops.

- power boost or assist during driving,

- energy recovery during coasting (regenerative braking),

- active synchronization of engine and transmission, with no interruption of the
traction power to the wheels,

- torsional vibration damping for driveline dynamics.

1.2.12.2 Drive train configurations

The conventional electric power generating system uses a belt driven generator (called
also alternator) at the front of internal combustion engine (ICE). The second electric
machine in this conventional system is the starter, which is geared to the flywheel at the
rear of the ICE, as presented in Fig. 1-48.

—]
— :ﬂ— Alternator -l |— Starter motor
—| 1 ICE ﬂ— Transmission}—

Flywheel Clutch

Fig. 1-48 Conventional configuration for belt-driven fiynvheel geared alternator and starter motor
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For the new electric power generating systems based on integrated starter-generators
different configurations are possible. as show in Fig. 1-49. A comparison of these
different solutions. taking into account the grade in which the requirements are satisfied
and including also the system costs, is offered in [50].

The flywheel coupled ISG taking the location of the conventional starter-motor offers
the advantage of minimal changes required to the other drive train components like ICE,
clutch. and transmission. However, this solution has the drawback. that the ISG is larger
that the conventional starter-motor, despite an optimal gearing.

The solution. which considers the ISG directly coupled on the crankshaft, requires
significant changes regarding the other drive train components. However, due the
possibility to remove the flywheel, the volume envelope of the system does not
increase. The role of the flywheel is taken by the ISG. Further advantages of this
solution are the higher generator output and the possibility to control and damping of
the torsional vibrations.

ol g HHLS:
D
T H
— ICE — Transmissionf— — ICE -ll!“i Transmission f—
/N N\
Flywheel Clutch Clutch
a) b)

— ICE —‘:[ §¢ﬂ:|_ Transmission}— — ICE Transmissionf—

Clutch Clutch Clutch

c) d)

Fig. 1-49 Drive train configurations for electric power systems with integrated starter-generators
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1.2.12.3 An integrated starter-generator

An integrated starter-generator system is presented in [51]. Following specification can
be given for the electric machine as shown in Table 1-15. The torque-speed envelope is
also represented in Fig. 1-50.

Parameter Units Value
Peak torque (starter) Nm 140

Base speed (starter) 1/min 100

Peak power (generator) W 8000
Maximal speed (generator) | 1/min 6000
Environment temperature | °C -25...180

Table 1-15 Specification of an electric machine for an integrated starter-generator
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Fig. 1-350 Torque-speed demand for an starter-generator
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Key requirements are the high operating temperature, and the high torque density. A
good efficiency and power factor in order to minimize the input apparent power (kVA),
are also important requirements.

The permanent magnet synchronous and the induction machines seem to be the
favourite candidates for this application.

1.2.13 Electric traction

1.2.13.1 Introduction

The internal combustion engine (ICE) has reached a high grade of development until
now [15], [23]. In terms of available performance and range the ICE as drive source is
superior by now to all other drive systems. However, its disadvantages like the drop in
efficiency at part load (from a maximum efficiency of more than 40% to about 20% at
part load). and the generation of toxic emissions, led to research and developments of
pure electric drives and hybrid drives (using a combination of electric drive and ICE) as
alternative solutions for the traction systems. Mainly two drive sources can be
mentioned for the automotive traction drives:

- Internal combustion engine (ICE),

- Electric machine (EM).

For the traction systems which involve an electric machine, such as pure electric driven
or hybrid driven vehicles. also two energy sources can be mentioned:

- Battery,

- Fuel cells (FC).

1.2.13.2 Electric driven vehicles (EV)

In this case the only drive source is an electric machine. The drive system of an electric
vehicle consists of:

- Traction battery,

- Electric machine(s),

- Transmission.

The schematic of such a traction system of an electric driven vehicle is depicted in Fig.
1-51 as presented in [15].
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Traction Traction Electric e
. Transmission
battery control machine
Mechanical
DC/DC braking
system
converter

Accelerator Brake pedal
pedal

Electrical-
system
battery

Fig. 1-31 Block diagram representation of the traction system for an batterv-powered electric driven
vehicle

There are several possible configuration of the traction system for electric vehicles as
shown in Fig. 1-52.

Traction
battery
Traction Traction
battery battery
Electric
machine
Electnc
Front or rear drive Tandem drive Wheel drive

Fig. 1-52 Possible configuration of the traction system of electric driven vehicles

The specification of an electric machine for an electric driven vehicle is given in [23].
Following specification can be given for the electric machine as shown in Table 1-16.
The torque-speed envelope is also represented in Fig. 1-53.
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Parameter Units Value
Peak torque Nm 180

Base speed 1/min 3000
Rated torque Nm 85
Maximal speed 1/min 9000
Environment temperature | °C -25... 125

Table 1-16 Specification for an electric machine for an electric driven vehicle
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Fig. 1-53 Torque-speed demand for an electric drive for traction systems
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Important key parameters are a high torque density, low weight, low volume, high
energy efficiency, good control capability within wide torque-speed areas, low noise,

low cost, and low maintenance effort.

As favourite candidates for this application the permanent magnet synchronous machine
(with embedded magnets), reluctance synchronous machine (also permanent magnet
assisted), induction machine, and switched reluctance machine can be mentioned.
However, all of them have assets and drawbacks.
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1.2.13.3 Hybrid electric driven vehicles (HEV)

Hybrid drives are vehicle drives with more than one drive source. Hybrid drives can use
several similar or different types of energy storage devices and/or power converters.
The goal of hybrid-drives technologies is to combine different drive components.
utilizing the advantages of each of them in different operating conditions in order to get
an advantage (optimum) for the traction system.
The electric drive is used in some hybrid driven traction systems in the low-power range
and the ICE is used in the medium and high power range. These systems offer the
possibility to switch on both drive sources if the demanded power is high and to recover
energy into the battery if the generated power is higher than the demanded.
The main advantages of the hybrid drive technology include:

- Reduction of fuel consumption,

- Reduction of toxic emissions.

- Reduction of acoustic pollution,

- Enhancement of driving comfort.

- Enhancement of driving safety.

There are three possible basic traction concepts for hybrid driven vehicles, as shown in
Fig. 1-54:

- Parallel hybrid drives,

- Series hybrid drives,

- Mixed hybrid drives.

| Tra=sm ssion
Electnc Electnc
generator motor
Fuel tank Battery Fuel tank Fuel tank Battery
Electnc
motor

Series hybrid Parallel hybrid Mixed hybrid

Fig. 1-54 Basic traction concepts for hybrid-driven vehicles
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The specification of an electric machine for an electric driven vehicle is given in [53].
Following specification can be given for the electric machine as shown in Table 1-17.
The torque-speed envelope is also represented in Fig. 1-55.

Parameter Units Value
Peak torque Nm 85

Base speed I/min 5000
Rated torque Nm 10...20
Maximal speed 1/min 10000
Environment temperature | °C -25...125

Table 1-17 Specification for an electric machine for a hybrid-driven vehicle
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Fig. 1-55 Torque-speed demand for an electric machine for a hybrid-driven vehicle
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For this application the same key parameters of the electric machines are demanded like
for the electric vehicle traction. Thus a high torque density, low weight, low volume,
high energy efficiency. good control capability within wide torque-speed areas, low
noise. low cost. and low maintenance effort are mandatory.

Accordingly the favourite candidates this application are the permanent magnet
synchronous machine (with embedded magnets). reluctance synchronous machine (also
permanent magnet assisted). induction machine, and switched reluctance machine can
be mentioned.

1.2.13.4 Fuel cells electric driven vehicles (FCEV)

Fuel cells are electrochemical cells in which the chemical energy of a suitable fuel is
continuously converted into electrical energy using atmospheric oxygen (O). The most
common fuels are hydrogen (H:). methanol (CH3;OH). and methane (at very high
temperatures). Because conventional fuels can not be used directly, they must be
converted into H> in a chemical gas-reforming reaction. Fuel-cell operation is very
efficient, and produces low levels of toxic emissions.
Fuel cells represent an interesting alternative to the conventional methods of generating
electric power from the point of view of environmental protection and conservation of
resources.
The global energy efficiency for the fuel cells in automotive drives is about 30% (from
the H; storage tank to the wheels). The losses can be attributed in part to the auxiliary
systems required for the operation of the fuel cells (e.g. air compressor, coolant pump,
fan cooler, control equipment). The electrical power required by these secondary loads
can represent up to 25% of the delivered fuel-cell output. Other losses which must be
taken into account for the calculation of the global efficiency are the losses in the
electromechanical energy conversion, i.e. in the electric drive.
Also some of the disadvantages of the fuel cell should be mentioned here:

- High cost of the cells and necessary infrastructure,

- High power density is given only if the storage is done in pressurized or

liquefied form,
- Risks regarding the storage of H, for private cars.
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1.3 Special automotive requirements and implications for electric
actuators

At this stage an extract of the key demands for automotive electric actuators can be
given. The technical and economical parameters include:

high reliability.

low costs,

compact size.

low weight.

low acoustic noise level.

long life cycle.

variable speed control in wide torque-speed areas.
integrated protection functions. and

high energy efficiency.

The reliability and the costs of the drive systems are the most important aspects which
should be considered during the whole design process.

Most of the applications require high performance motors with a high torque/volume
(mass) ratio. low inertia, high dynamics, good field-weakening and high temperature
capability.

The drive systems are fed at the moment from the dc-bus with a voltage of 12V. Until
the transition to the 42V bus voltage there is a severe limitation of the maximal
absorbed current. A special attention should be dedicated to the energy efficiency.
Another very important design issues are the thermal and acoustic behaviour of the
systems. Further requirements are the capacity to withstand vibrations, chemical agents
and over voltage transients (for the electronic control unit).

1.4 Competing machine technologies for automotive applications

Brushed and brushless drive systems based on permanent magnet brushed dc (DC),
induction (IM), permanent magnet trapezoidal (BLDC) and sinusoidal (BLAC)
synchronous, switched-reluctance (SR), and reluctance synchronous (RS) machines
were analysed in several papers as potential candidates for automotive applications.
Table 1-18 gives a comparison of the different machine technologies considering
automotive applications.
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Table 1-18 Machine technologies comparison

COst

DC IM | PMSM | PMSM SR RS
BLDC | BLAC
Torque density - - + + - -
Torque/Amp - - + + - -
Peak to continuous torque
.- - - + + - -
capability
Variable speed control + - - - - -
Torque/inertia ratio - - + + + -
Energy efficiency - - + + - -
Speed range - + - - + +
Torque pulsations - + - + - +
Cogging torque - + - - + +
Temperature sensitivity + + .
(PM demagnetization)
Robustness - + - - + +
Fault tolerance / Failure
+ - - - + -
modes
Acoustic noise - + - + - +
Power converter +
requirements ) ) ) ) }
Machine construction - - + + + +
Manufacturing technology + - + + + -
Reliability - + + + + +
Design and manufacturing + +
experience ) ) ) }
Customer acceptance + + - - - -
Motor cost + - - - + -
Dri
rive system + ) + i i i
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Thought all machine types have advantages, for the considered high performance
automotive applications the PMSM represent one of the best candidates. Facts like high
torque density. negligible rotor core losses. and high power factor make them perhaps to
an absolute winner.

 BLAC

10

DC

Fig 1-36 Competing machine technologies comparison

1.5 Conclusions

In this chapter background information regarding automotive electric actuation was
provided. Once the important aspects of this area were highlighted, it is possible to look
for competitive PMSM-based solutions.

At the end of this chapter a schematic overview showing all in this work described
automotive applications is presented in Fig. 1-57. The descriptions of the used
abbreviations are given below in Table 1-19.
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Fig. 1-57 Overview of electric drives for automotive applications

Application

Description

EPAS

Electric power assisted steering

EAFS

Electric assisted front steering

EMB

Electromechanical brake (wedge)

SBW

Shift-by-wire

HVAC

Air compressor for air conditioner

FC-AC

Air compressor for fuel cells

EG

Electric gearbox

EHAS

Electro-hydraulic active suspension

EMAS

Electromechanical active suspension

Electrical assisted turbochargers

Variable valve timing

SG

Starter-generators

EV

Electric vehicle traction

HEV

Hybnd electric vehicle traction

Table 1-19 Abbreviations
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2 Permanent magnet synchronous machine
technologies
Abstract

This chapter presents an overview of permanent magnet synchronous machine
technologies as favourite candidate for automotive electric actuators. A classification of
the PMSM is presented first. In the second part the two main types of PMSM -
trapezoidal and sinusoidal excited - are treated. Relevant aspects related to materials.
construction, manufacturing technology. fault tolerance. and motor control follow in the
third part. Finally. modelling techniques and analysis methods for the PMSM are
introduced. Also some aspects of PMSM drives design are mentioned in order to make
the link to the applications.

2.1 Introduction

A competitive solution for the considered spectrum of actual high performance
automotive applications represents systems based on PMSM.
The technical advantages of the permanent magnet synchronous motors have
determined in the last years the extension of their area of application also in the
automotive industry.
Rotating PMSM are brushless doubly excited electromechanically energy converters.
The currents carried by a stator winding system and the rotor field excited by permanent
magnets are interacting during the energy conversion [1].
By definition a conventional synchronous machine is a machine with time synchronous
stator voltages and currents. The considered permanent magnet synchronous machine in
this work is by definition self-synchronous permanent magnet machine with rotor
position synchronous voltages and/or currents.
Actually, the only correct description for this type of electromechanical energy
converter is “self-synchronous permanent magnet AC machine™.
This electric machine type has two main advantages in comparison with the
conventional electrically excited synchronous machine:

e no copper losses in the rotor (and also reduced iron losses),

e low-volume and low-weight design due the permanent magnet excitation.
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The total copper losses are reduced in comparison to a conventional electrically excited
svnchronous machine leading to increased energy efficiency.

However. the drawbacks of the permanent magnet excitation are:

high cost of the permanent magnets.

demagnetization at high temperature.

increased constructive effort for permanent magnet fixture on/in rotor,
additional control effort for field weakening control.

2.2 PMSM types and topologies

The PMSM can have various configurations (topologies). The major classification
criteria are:

airgap flux orientation.
relative stator-rotor position.
back-EMF and currents shape,
permanent magnets location,
stator core construction,

stator windings configuration.

Using these criteria a classification of PMSM can be done as presented schematically in
Fig. 2-1[1], [13], [15]. [16].

Radial field machines with inner and outer rotor, both with surface or interior PM, and
axial field machines with single or double sided rotor, are proper candidates for
different automotive applications.

In Fig. 2-2 the two different machine configurations, with axial and radial airgap flux,
are presented.

Axial field machines offer major advantages in applications in which the axial length is
limited. Regarding the automotive applications the traction seems to be a proper
candidate for axial field machines.

Fig. 2-3 presents the two possible configurations taking into account the relative stator-
rotor position — inner rotor and outer rotor machines.
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Fig. 2-1 Classification of PMSM AC machines.

BUPT



68 Chapter 2 Permanent magnet synchronous machine technologies

7 7 777 P,

4 72 7 1% 7

] &K D % ATITAT Y

é i i
7

| C l ]
7

Z N Il i N

Z ZIMI% ATTTUT T

A= 7 o

LIS A, SN
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Fig. 2-3 Inner vs. outer rotor PMSM.

Both stator excitation types, with trapezoidal or sinusoidal currents are used depending
on application.
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Trape-oidal PMSM — or brushless DC (BLDC) — have a trapezoidal back-EMF shape
and must be fed with trapezoidal current in order to get optimal torque quality. The
trapezoidal back-EMF is induced in the most cases in concentrated windings in the
stator usually by surface permanent magnets (rings or segments). The trapezoidal
PMSM is driven in two-phase-on modus. A simpler rotor position sensor, with a
resolution of six instants per electrical period. may be used for the commutation. Also a
single current sensor is needed for a possible control of the current in the two motor
phases. It should be mentioned. that the torque pulsations can be high due the current
commutation and back-EMF shapes with remarkable distortions

This simple control strategy is very often emploved in low performance applications. in
which the required torque quality is not to high.

Sinusoidal PMSM — or PMAC - have a sinusoidal back-EMF shape and must be fed by
sinusoidal currents in order to get optimal torque quality. In the most cases overlapped
windings are employed in the stator. For the rotor mostly skewed surface permanent
magnets are used in order to induce a sinusoidal back-EMF. Complex. cost-intensive
high-resolution rotor position sensors like encoder or resolver are mandatory for the
sinusoidal current control. Also at least two current sensors are necessary to impose the
shape of the phase currents.

This sinusoidal PMSM drive due the low torque ripple is the only proper technology for
high performance applications. In this work only the sinusoidal PMSM technology will
be treated.

Fig. 2-4 and Fig. 2-5 present the ideal phase back-EMF and phase current shape for the
sinusoidal and trapezoidal PMSM respectively.

15 el el

A5 - . [ e
D

Fig. 2-4 ideal phase back-EMF and phase current shapes for sinusoidal PMSM
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Fig. 2-5 Ideal phase back-EMF and phase current shapes for trapezoidal PMSM.

Fig. 2-6 presents different locations for the permanent magnets of inner rotor machines.

&

Fig. 2-6 PMSM with different PM locations.
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The selection of the motor construction and topology is influenced by the gearing and
mounting in the application. and leads to a full or hollow shaft solution.

One of the most attractive solutions represents the PMSM with interior permanent
magnets (IPMSM). The advantages of the IPMSM [10], [12], [13] for automotive
applications can be classified using different criteria as following:

e safety - the robustness of the rotor can be combined with robust non-overlapped
concentrated stator windings.

e performance parameters - high torque/volume (mass) ratio, high dynamics, high
speed due good field-weakening capability,

e technology - easy to manufacture due to simple motor topology and the absence of
any kind of skewing.

e costs - lowest cost of the permanent magnets due to their simple shape.

2.3 Materials used for PMSM

Regarding the materials for the active components of an electric machine, most of the
major developments in the last two decades have been made in permanent magnets [18].

2.3.1 Permanent magnet materials

Two types of permanent magnets materials are widely used in automotive applications:
ferrites and Neodymium-Iron-Boron (NdFeB). Both magnet types can be manufactured
by injection or compression moulding or sintering. The main magnetic properties are
given in Table Table 2-1. For high torque density applications only sintered NdFeB-
magnets can be considered.

Major critical aspects for the permanent magnet selection are:

e Cost
e Corrosion
e Temperature influence (demagnetization)

Table 2-1 Main properties for hard magnetic materials.

residual intrinsic maximum
flux coercivity energy
density product
JHe
T kJ/im®
kA/m
sintered ferrite 0.4 300 40
bonded NdFeB 0.7 800 80
sintered NdFeB 1.2 1900 280
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Hi (kOe)

Fig. 2-7 Range of properties for different magnet grades.

2.3.2 Iron core materials

Classical soft magnetic materials - cold rolled magnetic lamination (CRML) steel - are
still widely used. Soft magnetic composites (SMC) were considered recently in several
designs for automotive applications [19], [20], [21]. Though SMC materials offer major
advantages, especially due 3-D design and manufacturing capabilities, there is no actual
possibility to replace the conventional lamination steel for high torque density
applications. Table 2-2 gives an overview of the main properties for soft magnetic
materials.

Table 2-2 Main properties for soft magnetic materials.

saturation relative core loss
flux ermeabili
P Y (15 T
densit
y 50 Hz)
T
- Wikg
CRML steel 20 2000-3000 27-80
SMC 1.8 ~ 500 10
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Fig. 2-8 Comparison of typical B-H curves for lamination stee! and SMC material.

2.4 Construction and manufacturing technologies for PMSM

Regarding the construction and manufacturing technologies for (automotive) PMSM
following major trends can be observed:

e transition from overlapped to non-overlapped windings,
e use of modular stator constructions,
e use of rotors with interior (¢embedded) permanent magnets.

The transition from the conventional overlapped windings to non-overlapped
(concentrated or tooth wounded) windings is one of the trends which can be observed in
the automotive and also in the industrial PMSM. The difference of the two winding
topologies is illustrated in Fig. 2-9 and Fig. 2-10. The short end turns of the
concentrated winding lead to a reduction of the copper losses. Also the used needle
winding technology offers major advantages for coils with lower number of turns and
higher wire diameter, like in PMSM for automotive applications.

In order to increase the slot fill factor, especially for coils with higher wire diameter,
some new modular stator construction are emerging the area of small PMSM:

e teeth and yoke stator segments,
e two-part stators,
o rolled stator.
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Fig. 2-9 Overlapped winding.
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Fig. 2-10 Non-overlapped winding.
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These three modular stator constructive solutions are shown in Fig. 2-11 [33]. Fig.
2-12. Fig. 2-13[33]. Fig. 2-14. and Fig. 2-15[335].

The rotor design solutions with interior (embedded) permanent magnets were shown in
Fig. 2-6. These solutions have. as already mentioned. the advantage of a robust
mechanical behaviour and easier manufacturing technology.
During this work three new winding techniques were introduced:

¢ moulded hair-pin winding [36].

e single-turn wave litz winding,

e (moulded) concentrated winding system for slotless PMSM.

These three winding systems applied to experimental prototypes are presented below in
Fig. 2-16. Fig. 2-17. and Fig. 2-18.

Fr5 3

30

<
=] © INVENTOR,
“ANALD F SHALDON
s sy
Alsonge ff Frdan.

Fig. 2-11 Sheldon's single tooth stator segment constructive solution.
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Fig. 2-12 Tooth-yoke segments solution.

Fig. 2-13 Assembly method for tooth-yoke solution.
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Fig. 2-16 Moulded hair-pin winding.
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Fig 2-17 Single-turn wave litz winding.

Fig: 2-18 Winding system for slotless PMSA
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2.5 Fault-tolerance issues

A fault-tolerant machine is able to operate with a minimum level of performance after
sustaining a fault [21]. The degree of fault that must be sustained should be related to
the probability of occurrence. so that for most safety critical applications the drive must
be capable of rated output after the occurrence of any one fault. An overview of the
fault-tolerance aspects regarding drive-by-wire systems is given in [24].

The main electric machine faults which may occur are:

winding phase-phase short circuit.

winding inter-turn (turn-to-turn for one phase) short circuit,
winding to frame short-circuit.

winding open-circuit.

A fault-tolerant machine should have a minimal electrical. magnetic, and thermal phase
coupling [21], [22], {23].

Considering an electric drive system with the configuration as presented in Fig. 2-19
following power converter/controller faults can be mentioned:

machine terminal 3-phase symmetrical short circuit,
machine terminal phase-to-phase short circuit,
machine single-phase short circuit,

DC-link capacitor fault.

Considering the power converter, several remedial strategies can be developed in order
to drive a faulted machine [25], [26], [27], [28]. [29].

L3 £ 4z Y

bC ——t—

1E LF A5 :

Fig. 2-19 Electric drive system configuration.
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2.6 Fundamental control issues

The accurate stator current synchronization with the rotor position is mandatory for a
PMSM in order to develop good quality torque. The fundamental requirement of the
PMSM drive controller is therefore the accurate synchronization of stator currents and
rotor position.

The direct approach is the continuous measurement of the absolute rotor angular
position and the current excitation.

In Fig. 2-20 the basic configuration of a drive system with a three-phase permanent
magnets synchronous machine is presented. This structure is used for both types of
PMSM machines: For a trapezoidal machine the rotor position feedback is represented
by three Hall-elements (with a resolution of 60 electrical degrees). A higher resolution
rotor position sensor is required for a sinusoidal PMSM-drive. In this case encoder or
resolver can be employed.

Drive
Voo —— power end o
stage
O— n
currents
feedback
‘_‘ -t-
. U osition
Drive s P
control feedback

Fig. 2-20 PAISM drive system.

2.6.1 Basic control methods

Two different major classes of control techniques are available for the two PMSM
types: trapezoidal control for trapezoidal excited machines, and sinusoidal control for
sinusoidal machines [30], [31]. The different applications require torque, speed or
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position control. and therefore a wide range of controller types may be used (e.g.
classical proportional-integral. adaptive. or intelligent). For high performance
applications, where a high quality of the torque output is crucial. closed-loop sinusoidal
vector current control is mandatory. For the IPMSM several optimal control strategies
can be employed. A maximal torque-per-ampere operation can be achieved in the whole
speed range if the torque angle (between the current and the g-axis) will be controlled as
shown in [8].

Other advanced optimal control techniques may be used, e. g. in order to optimize the
acoustic behaviour of the drive.

In the following only the control methods for sinusoidal PMSM will be presented in an
overview. In Fig. 2-21 the basic phasor diagram of an PMSM is shown.

q axis

Fig. 2-21 Basic phasor diagram of IPMSM.

2.6.1.1 V/s (scalar) control

This control method can be applied with success only for PMSM with rotor damper
cage. This cage, like in an induction machine with a squirrel cage rotor, is able to
produce asynchronous torque and to resynchronize the rotor, ensuring synchronism all
the time. For such a PMSM with rotor cage a simple open-loop V/f control method as
shown in Fig. 2-22 can be employed to achieve speed control for some applications like
pumps and fans that do not require fast dynamic response.
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command ¥ VS|

A 4

Fig. 2-22 Open-loop V" f control method for PASM with rotor cage.

For PMSM without rotor cage another control scheme as shown in Fig. 2-23 can be
employed. In this case speed information is required for the synchronization of the
currents and rotor frequency. However. in this closed-loop control approach only the
rotor frequency and not the rotor position is monitored and the performance is also low
as for the precedent open-loop control approach.

Voltage
calculation
Rotor
.

Frequency > lf > [ PWM angular
command F VSl 3ph position
+ PMSM

f
Or
+
af

af 1. o Tdnat

calculation [¥

Fig. 2-23 ¥ fclosed-loop for PNISAM without rotor cage.

2.6.1.2 Closed-loop speed and torque control

In order to obtain better performance torque and speed control can be employed. Such a
control structure is presented in Fig. 2-24. As the torque production is related to the
stator currents, the torque controller needs current feedback. For the synchronization of
stator currents and rotor position rotor angular position feedback is mandatory for the
torque controller. As the stator current control is made in field-oriented frame by the
torque controller, this control approach is also referred as field-oriented control.

For the speed control a second speed control loop is necessary as shown in the same
Fig. 2-24. The rotor speed information is obtained by deriving the rotor position
information from the rotor angular position sensor.
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Fig. 2-24 Block diagram for PMIS\ torque and speed control.

2.6.1.3 Position sensorless control

Rotor
angular
position

In the two above presented closed-loop control methods (V/f closed-loop speed control
and closed-loop speed and torque control) the presence of the rotor angular position
sensor is mandatory for the stator current excitation synchronization with the rotor
position. This rotor position sensor mounted on the motor shaft is undesired. The

reasons for this are:

Costs,

Mechanical mounting needed,
Temperature and vibration sensitive,
Wired connection to the controller needed.

In the last decade a lot of research work was done in order to find control methods
which can work properly without rotor position sensors — position sensorless control.
For the V/f speed control approach a possible scheme is shown in Fig. 2-25. The
measurement of currents and voltages at the motor terminals or DC-link are used to
calculate the error in the synchronization of the stator current excitation and the rotor

speed.
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Fig. 2-25 1" fclosed-loop position-sensorless speed control.

A closed-loop position-sensorless torque and speed control approach using an accurate
rotor angular position and speed estimation from the measured voltages and currents at
the motor terminals or DC-link is presented in Fig. 2-26.

Current

feedback

y
ot N Speed ot Torque Vs® PWM ®
S co nd + ux bt

peed comma 9? controller controiler > VSI

wr_est J Y
{ )
Or_est V.1

¥ measurements
Rotor position and
speed
estimator

Fig. 2-26 Position-sensorless closed-loop torque and speed control.
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2.7 Electromagnetic analysis

2.7.1  Basics of PMSM modelling for experimental analysis

In the following the modelling approaches for PMSM will be presented in a concise but
profound manner. Taking into account only the modelling approaches with concentrated
parameters for the PMSM, from the point of view of the experimental analysis the
employed machine models can be classified considering following three criteria:

- the chosen modelling reference coordinates:
o phase coordinates modelling (natural coordinates or abc-frame of reference)
o synchronous axes (dq) coordinates modelling

- the nature of the states variables:
o current state variables (CSV) modelling
o flux state variables (FSV) modelling

- the nature of the modelling domain

o frequency domain (steady state modelling)
o time domain (transient modelling)

2.7.1.1 Transient FSV-model in phase coordinates for PMSM

In Fig. 2-27 is presented the PMSM abc-frame of reference with stationary phase axes.
b-axis

g-axis

a-axis

c-axis

Fig. 2-27 PMSM abc-frame of reference.
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Following voltage equations can be written for each phase

v, =Ri + av,
dr
. dy,
v, = Ry + (21
» = Ry, di
v.=Ri + c_l_w_(
t

where v .i , R . and y, are the voltage, current , resistance, and flux linkage of each

phase winding. respectively.

In matrix notation the equation system becomes

| =
it
=
I~
+

(‘4_’) (2-2)

SRS

The flux linkage vector is a complicated function of the machine topology. materials,
geometry, excitation (currents). relative position of different windings and permanent
magnet, temperature of the permanent magnet, and can be mathematically formal
expressed for a rotating machine as

u_/ = g(!—"er L'IL'("E)I’,\/) (2-3)
A possible characterization of these flux linkages can be made using experimental

analysis as shown in a following paragraph.

Substituting the currents using the definition of the apparent inductance

a W k
Ly == (2-4)
L

the state-space transient FSV-model in phase coordinates becomes

dy _, R
@ - mr (2-5)
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The dynamic equation is

where J,is the polar moment of inertia of the rotor, B the coefficient of viscous

friction, and ¢, the load torque.

The last two differential equations are the system of coupled differential equations
representing the dynamics of the electromechanical system.

2.7.1.2 Transient CSV-model in phase coordinates for PMSM

Neglecting the core and friction losses, the machine model (equations) in phase
coordinates can be derived from the general state-space model in current frame of
reference.

In the first step the phase voltage equations can be written as

va = Raia + Laa ﬂ + Lab ﬂ + Lac dll' + weia dLaa + weih dLab + weic dLU“ + eu Py
dt dr ds, ds. dg, "
di di di dL dL L
v, =R, +L,—2+L,~—2+L, —~+0,i —2+0,i—+0,i—X+e, ,, (2-7)
b b*h b d[ bb dt b d[ eta d‘ge eth a'Se ec dSe h _PA
v.=Ri +L, diy +L, iy +L, di; + o, dL,, + o, Lo +@,i, dL.. +e,
dr dr ds, ds, dg, <"

where v,,i , R, and L ,L , are the voltage, current , resistance, self and mutual

n?°

inductance of each phase winding, and o, the electric angular speed, respectively.

The phase back-EMF induced by the permanent magnet can be written as
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_ dWa_ ne dy, py dB, . dWa_PM

ot =0 T as a T as

0 - de_i'M _ dWh_R\/ de, . dWh_I’M (2-8)
P dt s, dr ° ds,

e - dV/c_PM _ lecJ'.w de, - dWc'I’M
- dr ds, d ° d$

¢ 4

Introducing the expressions written above for the back-EMF and the matrix formulation
the equation system becomes

V= B'l+Lwi(l)+w ! dL(O() +.€/’.w (2-9)

- dt T de,

The state space transient CSV-model in phase coordinates becomes

57(1) = —(LW )][iB + o, i{%:):'! + (Lmr Tl (K -E,, ) (2-10)

The same dynamic equation as mentioned before can be written

-Bo, —t,) (2-11)

2.7.1.3 Transient FSV-model in synchronous coordinates for PMSM

The Park coordinate transformation used to eliminate the rotor position dependence of
the inductances is presented below as it will be applied intensively during the modelling
and measurement procedure.

The direct transformation (abc — dg0) taking the phase voltages as example can be

written as
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v, = 2 v,cos(B,)+v, cos(@v —2—n)+v(_ cos(Oe —ﬂ)
3 3 3
2[ 2 4n
v =—|-v,sin(0,)-v,sin|§, —— |-v_ sin| O, - — (2-12)
) 6.)-v, ( 3 ) ( 3 ﬂ
2(1 1 1 j
v,=—|=v,+=v,+—v [=0
3 2 2 2

The power in dg-coordinates is given by
B 3( vy o+0vi ) 213
Py = 5 Vg Vi, + 2Vl (2-13)

The inverse transformation (dg0 — abc) as

v, = v, cos(9 )—vq sin(8,)+ v,

¢

v, =V, cos(&, _2%)_‘)" sin(Se —277[)+v0 (2-14)

V.=V, 005(99 —4%] -V, sin(Se —4%) +v,

b-axis

c-axis

Fig. 2-28 PMSM dq-frame of reference
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The state space transient FSV-model in synchronous coordinates becomes

d;:d =v, -R (V/d ~ Yoy ) roy,

L‘;I’l’
dy, R v,
dt v L
q

(2-15)

- wt’w d

where the voltages and current represent instantaneous values.

The instantaneous electromagnetic torque is given by following equation

lm = ép(wd'}, - l//qid) (2-16)

2

The same dynamic equation as mentioned before can be written

d:;;’" = —}—(tm ~Bow, —1,) (2-17)

2.7.1.4 Transient CSV-model in synchronous coordinates for PMSM

Considering the equivalent circuit presented in Fig. 2-29 following equations can be
written

d
v, = Ri, + Wa ~0y,
(2-18)
v, =Ri +a,
q q dt (OR,
where the fluxes of the d-, and g-axis are
W =Lty
(2-19)

—_— mc »
Ve = Lq L
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Fig 2-29 dg-axes equivalent circuit model of PMS\

The state space transient CSV-model becomes:

@_ Va _ R i w"L’:(,’
P A N
ﬂ: Ve R i _wel‘d I-J_“%an
dt Lq Lq ¢ Lq Lq

The electromagnetic torque is given by

L,, = %p(ly[{\liq ( q = L'm )d' )

The same dynamic equation as mentioned before can be written

(2-20)
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2.7.1.5 Steady state FSV-model in synchronous coordinates for PMSM

For the steady state the time derivatives become zero and the voltage equations can be
written as follows

V,=Rl, -0V,

] . (2-23)
V,=Rl, +o0. ¥,

where the voltages and current represent rms-values.

The mean value of the electromagnetic torque for steady-state is given by following
equation

vm

T, =%p(‘1’d14 -¥,1,) (2-24)

The steady state the electromagnetic torque equals the viscous friction and load torque
I, =Bo, +T, (2-25)
2.7.1.6 Steady state CSV-model in synchronous coordinates for PMSM

With zero time derivatives for the steady state the voltage equations can be written as
follows

V,=Rl,-o,L,[,
(2-26)

V,=RIl, +w,L,1,+E,,

where the voltages and current represent rms-values.

The mean value of the electromagnetic torque for steady-state is given by following
equation

3
I, = Ep[‘f‘m 1, - (L,/ -L, )Idldl (2-27)
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The steady state the electromagnetic torque equals the viscous friction and load torque

I, =Bo,+T, (2-28)

ent

2.7.2  Special physical phenomena in PMSM and their modelling approaches

The estimation of the above mentioned machine parameters — resistances, inductances
and fluxes — is influenced by several special physical phenomena within the PMSM
like:

- saturation of iron core.

- losses of iron core.

- cross-saturation between the two axes in the dq-model.

- harmonics (spatial and time harmonics) for several physical quantities.

- temperature effects (modification of machine parameters with temperature).

These special effects can be taken into account by the dependence of the machine
parameters of one ore more of the state variables. An overview of some of the possible
approaches to consider the dependence of machine parameters of the above mentioned
special physical phenomena is given in the following.

2.7.2.1.1 Iron core saturation

The influence of the saturation of the iron core can be neglected in a first modelling
approach. In this case considering the dq-model the inductances have constant values

L,=ct.
(2-29)
L, =ct
and the dependence of the corresponding fluxes on the currents is linear
=L, +
Vi d.d lrUPM. (2:30)
l’U’l = L‘Ilq
with
Wy = Cl. (2-31)
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But in the most PMSM the magnetic loading is high and the dependence between fluxes
and currents becomes nonlinear. This can be taken into account by current-dependent

inductances

L, =L,
y d(.d)' (2-32)
Lq = Lq(lq)
or for the fluxes
y, =L, (i), +y,
v, d(.d) 0 Ty (2-33)
y, = L)
with
Yy = cl. (239

In this first case it is necessary to measure the inductances considering only one current
value (dc or ac). For the measuring of current dependent inductances several current
values must be taken into account starting with small values and increasing until the
saturation appears.

2.7.2.1.2 Cross-saturation effects

Highly saturated. salient poles PMSM., especially with interior permanent magnets have
a mutual influence of the two synchronous axes. Although the physical quantities of the
two axis were considered decoupled, the coupling appear in practice.

Thus considering the cross-coupling and the saturation as mentioned in the precedent
paragraph the synchronous inductances can be written as following

L, = Ld(id9iq)

L, =L(i,i) (239
The fluxes can be written

wy = LG+

v, = L,(,) (239
with
Wy, = CL. (2-37)
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2.7.2.1.3 Armature reaction

In all precedent approaches the permanent magnet flux linkage (permanent magnet -
phase winding) was considered to be a constant. This was only an assumption made in
order to simplify the modelling. However. even if impossible to measure this effect, the
PM flux linkage cannot be supposed to be constant. The variation of the PM flux
linkage y,,, with the stator phase current is denoted as armature reaction.

The only realistic and accurate way to take into account together effects like saturation,
cross-saturation. and armature reaction is to consider following global modelling
approach

dy
v, = Ri, + d
d d d[
. dy
v, =Ri + dzq (2-38)
3 X .
tem = TP(Wqu - qud)

without trying to separate any further physical quantities. This means that the flux
linkages should be measured or calculated (depending on the experimental or analytical
analysis approach). This approach will be presented in a following paragraph.

2.7.2.1.4 Iron core losses

Iron losses calculation is a very difficult and inaccurate process. In this paragraph an
experimental analysis approach for the estimation of iron losses will be presented.

The specific iron losses can be estimated as presented in [37] with

- a 2.2
Pre =Cp@Wpy +C, .0, py (2-39)

where ¢, and c,are coefficients of the hysteresis and eddy currents losses
respectively.

The influence of iron core losses can be considered as mechanical or electrical losses.
In the first approach the iron losses can be modelled as an additional shaft torque which
corresponds to the iron core losses divided by the shaft rotational speed
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P
TL{-(('),") = —“—S-(OL') (2-40)
0

m

A way to estimate the iron core losses is to separate them from a measurement of the
total losses by subtracting the mechanical losses (bearing and windage losses).

P":' ((")m ) = })h)la/ (a)m ) - I)IU\\U\ _ mech (a)m ) (2-41)

This method is applied in the industrial practice for small PMSM. This approach will be
shown in a following paragraph.

The second approach is to consider the iron losses as part of the electrical losses. For
this purpose an additional resistance must be introduced in the equivalent circuit of the
PMSM as shown in Fig. 2-30.

Rph Ly weLq'Oq

o

Fig. 2-30PMSM model considering iron losses as electrical losses

The estimation of the additional fictitious equivalent resistance can be done by

P

P, =—~= ;;)_;[(Wm: +L,1y, )2 + (Lq 1y, )2] (2-42)

Fe Fv
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2.7.2.1.5 Harmonics modelling in PMSM

To take into account harmonics during the modelling process is a very difficult task.
Also in the experimental analysis. the measurement of harmonics is not a trivial task. In
the following the two types of harmonics will be presented with some details regarding
only to the aspects related to experimental analysis.

Generally. the different state quantities do not have a local sinusoidal distribution. thus
they can be expressed in Fourier series as follows:

— for the stator flux linkage of phase i due the permanent magnet

ll/P\l ZWI A _n c’) = z An cos(nee - (pn) (2'43)

n=1

where A4, is the magnitude, and ¢, is the phase angle of the » -th harmonic,

— for the induced emf in phase i

= d
z——- Y pus _n e) ( 2-44)

Also the state-space model parameters, which are usually non-sinusoidal, can be
decomposed in Fourier series. Thus for the cyclic inductances of the machine the
expression takes the form

L,(6.)=4,+3 4, cos(nb, +9,) (2-45)

n=1

where A and ¢, are the magnitude and phase angle of the »-th harmonic of the ij -th
cyclic inductance, respectively.
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2.7.2.1.6 Temperature influence

The phase resistance and the phase flux linkage with the permanent magnet are
depending on temperature.

For variation of the phase resistance with the temperature is given by

R(gz ) = R(el )ll ta, (91 -6, )J (2-46)

where o, is the temperature coefficient of the resistivity (for copper winding).

The phase flux linkage with the permanent magnet is depending indirectly on the
temperature. The real temperature dependent parameter is the remanence of the
permanent magnets due the temperature coefficient a, .

B, (9:): B, (91 )l] +ay, (92 -9, )J (2-47)

Thus the same relationship can be written also for the phase flux linkage with the
permanent magnet

V bt (91 ) =W (91 )ll tay (92 -6, )j (2-48)

* % ¥

The model compliexity grows with the number of considered special phenomena. Also
the difficulty to estimate the machine parameters may rise at the same time. For some
tests the consideration of detailed machine models can lead to plausible and even more
accurate estimated machine parameters.

However, a closed interaction between the machine identification process and the
machine parameters estimation is necessary in order to obtain accurate results within
system simulations and real-time control. The scope which is followed must be clearly
defined at the begin of any theoretical or experimental work. The complexity of the
models depends on the purpose of the analysis process.
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2.8 Electric drives design aspects

In this section some important drive design aspects will be presented in order to get a
complete specification of the electric motor which has to be designed. This electric
motor specification (i.e. description of the application requirements which represents
the input for the motor design process) must be as accurate as possible. However, in the
present work this input for the motor design process is considered to be given a priori.
The general case of (high performance) variable speed drives (servo-drives) will be
considered as they are characterized by high dynamic performance. The constant speed
drives (power-drives) can be considered as a special case of variable speed drives.

Fig. 2-31 gives an overview of the topics which have to be considered in a specification
of an electric motor considering only the electromagnetic and thermal design aspects.

Performance ‘'eman 's:
T-n load points
T_max/J
Acceleration/deceleration
T_cogg, T_puls
Acoustic behaviour
EMI
Control (torque, speed, position)

Inverter constraints:
U_rmms_max
I_rms_max

Load machine (geometrical)
constraints:
Volume (DxL)

Ambient constraints:
Temperature (min, max)
Humidity
Poliution

Cost constraints:
Material type (PM)
Material type (laminations)

Electric machine
Standards compliance

constraints:

Materials constraints:
Temperature_winding_max
Demagnetization (PM)

Manufacturing constraints:
D_wire_max
Slot_width_min
Stator_yoke_heigth_min

Constructive/mechanical constraints:
Stator_tooth_width_min
Width_bridge_rotor_min
Stator_yoke_heigth_min

Tolerances

Fig. 2-31 Specification of an electric motor
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2.8.1 Load machine demands

The torque-speed demands of the load machine are described due the time variation
curves of these physical quantities (duty cycle) [8]:

s = S (1) (2-49)

My = 12 (1) (2-50)
where 1, , is the torque demand and n,, the speed demand of the load machine.

Fig. 2-32 presents an example for a characteristic description of the drive load torque
and speed demands.

n 4
nmax =+ p —
t
4>
teycle
<+t >t —th— ——— >atc-r- td >
T A
Tace
Tstat +
stat t
>
Tdec+ | ‘ ‘ tcycle
D e S P D

Fig 2-32 Drive load torque and speed variation vs. time
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Another method for the specification of the load torque and speed demands is to give
some “corner points” in the torque-speed plane. These extreme operating points must be
achieved for a short time. which has to be defined.

Such a description of the requirement include following data:

e T base max — required maximal torque up to base-speed (between standstill
an base-speed)

e n_base — required maximal speed at which the 7T bhase max can be
achieved

e [ n_max —required torque at the maximum speed

e n_max —required maximum speed

Fig. 2-33 illustrates this description of the torque/speed requirements for the electric
machine [17].

7 A
Tmax
- Nmax nmax n
\
- Tmax

Fig. 2-33 Torque vs. speed loads demands

It is important to mention that this way too describe the load demands does not take into
account any thermal aspects. Thus following equivalent load parameters for continuous
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duty cycle (100% or S1) must be considered in order to define the thermal (heating-
cooling) aspects:

o T

_St_rmms

- continuous torque as rms value
® n . -continuous speed as average value

* n - continuous speed as rms value

S _rms

These can be calculated from the time variation of the load machine torque and speed as
follows:

i
T _NT _rms = _]— J.T‘I::ud(’)d’ (2'51)
T\ch 0
1
Sl ST f (t)dt (2-52)
T
1 Tacic
n__\'l_rms = J— J‘nz(’)dt (2'53)
chlv 0

2.8.2 Performance indexes imposed by application

Performance definition of variable speed drives considering the motor, power
electronics and closed loop control is related to the following main groups of topics

(11]:
e Energy conversion efficiency

a) Power efficiency

b) Energy efficiency

¢) Losses/torque [W/Nm)] ratio
d) RMS kW/kVA ratio

e) Peak kW/kVA ratio

e Response performance

a) Peak torque/inertia ratio
b) Field weakening speed range (o, /®,,,)
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¢) Variable speed ratio (o__ /@, )

max

d) Torque rise time (¢

I base _max _av )
e Torque quality

a) Cogging torque ratio (7. IT i)

cogR . pp
b) Torque pulsations ratio (T, . /T,,.,)

e Noise level L, [dB]

noise
e Drive motion control precision

AT, /T,

v_rated ®

Aw, /@,
omech

AS, (™)

e Motion control robustness (torque, speed or position error with respect
parameter detuning, inertia and load perturbations)

AT, / Aparameter,
AT,/ AJ,
ATe /AT'IOad

e Robustness
a) Thermal limitations for the winding temperature
e Specific costs and weights

o overall costs of the electric drive (device, losses and maintenance)
o motor specific weight (peak torque/weight) Nm/kg

The way to reconcile these requirements, often conflicting, depends on application.

2.9 Conclusions

An overview of permanent magnet synchronous machine technologies as favourite
candidate for automotive electric actuators was presented in order to be able to treat
their design (synthesis) methods in the following chapter.
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3 Synthesis (design) techniques for electrical machines

Abstract

This chapter presents an overview of advanced electromagnetic design techniques for electric
machines. Conventional (experience-based) and optimization design are presented with
important related details.

The global design method (GDM) includes three different approaches: sizing, shaping, and
topological structuring. Topological structuring is a concept, which is considered to be
introduced in this work as a novel global approach for electric machines.

Efficient optimization (search) algorithms were considered: Hooke-Jeeves (HJ), genetic
algorithms (GA) and grid-search (GS).

3.1 Introduction

Electric machines design is a multi-disciplinary subject. It involves electromagnetic. thermal,
mechanical, and acoustic design. Technological and cost aspects must be also taken into
account. In the industrial practice it is important to focus on all these aspects.

However, in this chapter the electromagnetic analysis and synthesis (design) will be
considered in depth. Thermal aspects will be considered only as design constraints. A few
details regarding mechanical and acoustic design will be given.

Conventional electrical machine design is seen by many young engineers as an old-fashioned
working area. The hard competition on the market in the last decade has prompted the
engineers to use advanced design techniques. One of the most important approaches is
represented by the optimization design method.

Many design laboratories posses the expertise and the computational tools necessary to design
motors for specific applications. However, a quick response time is essential and a design
optimization program becomes indispensable to reduce the design cycle time and to minimize
the number of design iterations. The design process involves a high number of variables, thus
an optimization program is much faster than an individual trying various possibilities. But the
designer’s expertise is still needed in order to define and implement the optimization design
algorithms and to check the plausibility of the results.

Advanced electromagnetic design of electrical machines represents a complex and very
interesting task which will preoccupy researchers also in the future.
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3.2 Electromagnetic design

The general concepts and constraints of the machine design are the relationship between size,
duty cycle, and rating. and between specific loadings and performance characteristics [1], [2],

[3]. [41. [5]). [6]. [7]. [8]. [9].
The conventional design process of an electric motor includes following topics:

- analysis of the specifications.

- selection (experience-based) of the topological structure,

- selection (experience-based) of the active materials (soft magnetic, hard magnetic,
conducting) and passive materials (insulating),

- dimensioning (experience-based) of the geometry,

- parameter and performance calculation,

- choice of the manufacturing technologies,

- costs prediction.

In the engineering process there are two important tasks: analysis and synthesis (design) as
shown in Fig. 3-1. In the first case, a technical system is given and the operation parameters
have to be calculated. In the second case, the operation parameters are imposed and the (best)
design solution is required.

The goal of the electromagnetic design is to offer a design solution (not necessarily the
optimal/best one) for a specific application.

P=rform~nc-= pa: dcta: S . .
Design solution

(specification)

VN
AN
>
2
&
<
v,
wn

Synthesis

Design solution

Performance parameters

Fig. 3-1 Synthesis vs. analysis
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A global design solution (A) is a set consisting of materials (M), topological structure (Z),
and geometry - shapes and dimensions - (I') of the motor for a given excitation (currents or

voltages) as represented in Fig. 3-2

Topological structure

structunng

Excitation:
currents / voltages

Geometry:
- shapes: shaping
- dimensions. dimensioning

Materials

matenaling

Fig. 3-2 Design solution

(3-1}

Two electromagnetic design methods can be distinguished for electric machines as shown in

Fig. 3-3:

- conventional (experience-based) design and
- optimization design.

(Global) design methods

Conventional design:
- experience-based
- heuristics

Advanced design:
- optimization design

Fig. 3-3 Electromagnetic design methods
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The crucial issues of the design process are as shown in:

- materialing (definition of materials due properties assignment),
- sizing,

- shaping,

- topological structuring.

An advanced (global) electromagnetic (optimization) design process includes all these topics.

: < SIZING > @ .
o < SHAPING > . . e

: ~. <STRUCTURING > _ _ e

Fig. 3-4 Optimization issues for electric machines: sizing, shaping, topological structuring
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The (electromagnetic) design uses a few important (key) quantities in order to define the
problem. Which kind of physical quantities are considered as key quantities is supposed to be
known a priori. Then the dimensioning of the machine can be done based on physical laws.
These key quantities represent key design parameters in the experience-based design approach
and key design variables in the optimization design approach.

There are two ways to select the key quantities as:

- loadings and dimensional proportions,
- geometrical dimensions.

The first method is used in the experience-based method. The optimization design method can
use with success both methods.

In the following the design methods for sizing. shaping, and topological structuring will be
presented in a general way. In the next chapter these design methods will be applied for some
case studies related to IPMSM showing there all necessary details for understanding.

3.2.1 Experience-based design

The motor design problem is to find a set consisting of topological structure, materials. and
geometry (shapes and dimensions) for a specific application.

The traditional method uses the experience of the design engineers. This approach involves an
immense effort, since it assumes the mastering of a wide area of technical knowledge. The
forming process for an expert can take between one and two decades or even longer.

It is important to underline that the conventional synthesis (design) process for electric
machines, although based on a highly-developed theory and affording extended mathematical
skills, has a fuzzy and heuristic nature, as it can not be carried out in a straightforward, closed
way.

In the following a few aspects of the experience-based design topics like topology selection,
materials selection, and sizing (shaping and dimensioning) will be presented.

3.2.1.1 Experience-based topology selection

The selection of the proper motor topology (configuration or structure) for a specific

application is the most difficult problem to be solved during the design process.

The global design method (GDM) proposed in the next paragraph offers a way to find an

optimal topological solution. However, this method is very difficult to be implemented as a

global design approach for the industrial practice. Thus the experience-based topology

selection represent even today a nearly exclusively used method.

The conventional topological structuring approach based on experience includes the choosing

of:

- Direction of the airgap field (radial, axial, or transversal field structure),

- Relative rotor-stator position (interior or exterior rotor structure).

- Number of phases in stator (usually three or even more phases for high performance
applications),

- Number of stator slots,
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- Number of rotor poles,

- Structure of the winding system (one or two layers, overlapped/distributed or non-
overlapped/concentrated. electrically balanced or non-balanced, fully wounded or partially
wounded stator).

The decision between a radial, axial. or transversal field configurations is done based on
several criteria like:

- Application,

- Torque or power density,

- Dimensional design constraints (outer diameter and length),

- Cooling.

- Dvnamics.

- Manufacturing aspects.

- Cost aspects.

For high performance applications mostly radial field machines are taken into account. But
sometimes axial or transversal flux machines have visible advantages.

Considering radial field machines, the interior rotor structure is the most used in the field of
high performance applications due the robust mechanical structure and better cooling capacity
for enclosed constructions.

Three-phase machines dominate the field of applications. For fault-tolerant applications,
where a magnetic decoupling of the phases is necessary, mostly more than three phases are
mandatory.

A very chalanging task is the selection of the proper combination of the number of stator slots
and the number of rotor magnetic poles. For an electrical-balanced m-phase machine the
number of stator slots is given by

n,=mg (3-2)

where
- n, is the number of stator slots

- m s the number of stator phases
- gisaninteger (1,2,...)

For an electrically-balanced three-phase machine the number of stator may be

n, =3,6.9.12.15,18,21,24.27,30,33,36,... (3-3)

This number of slots should be not too high in order to have a low number of coils in the
winding systems and low manufacturing costs. However, all other necessarily technical
criteria should be fulfilled by the choosing of the number of slots.

Some important criteria for the selection of the number of stator slots are:

- harmonics content (shape) of the back-emf,

- amplitude of the back-emf,

- corresponding rotor pole number,

- manufacturing, construction, and costs related aspects regarding the topology of the
winding system (number of turns, wire section area, end-turn dimensions and end-
connections of the coils within a phase and the connections between the phases),
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- torque quality (low pulsations at no load — cogging torque and under load — torque
pulsations),

- acoustic behaviour related mainly to the radial forces on the stator teeth and transmitted to
the stator yoke.

- experience of the design engineers with some stator topologies.

- already existing laminations.

Of course. the selection of the proper number of stator slots based on the above criteria can
not be done without considering the number of magnetic poles for the rotor.

Regarding the number of magnetic poles of the rotor. the first constraint is that must be an
even number

n,=2p (3-4)

where
- n,is the number of magnetic poles of the rotor

- p is the number of magnetic pole pairs of the rotor (an integer).

Thus the possible pole numbers for electric machines are

n, =2,4,6810,12,14,16,18.20,22,24,... (3-3)

The selection of the number of poles is based on some important criteria as

- operational speed of the motor in the application (core losses. which increase with the pole
number for a given speed),

- torque and power density aspects,

- corresponding stator slot number,

- motor control aspects (switching frequency, inductances).

Actually it can be stated that the selection of the proper motor topology can be done only for a
combination of the numbers of stator slots and rotor poles.

At this stage two criteria will be considered for the comparison of different combination of
numbers of stator slots and rotor poles. The first criterion - the winding factor - is giving
information about the quality of the topology regarding the flux utilization, actually being a
measure for the flux linkage between the permanent magnet and phase coils. The second
criterion is giving information about the cogging torque natural behaviour. This factor was
called cogging torque factor and represents actually the number of periods of the cogging per
one mechanical rotor rotation. In the literature was shown that the amplitude of the cogging
torque is decreasing with the reduction of it’s the period.

For fractionally windings, which are often considered for their advantages for high
performance motors, there is no possibility to express the winding factors of the stator mmf-
harmonics for all topologies in a closed form. An elegant way to calculate the winding factors
is to use a Fourier transformation of the stator-mmf.
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The cogging torque factor as mentioned before as an expression of the numbers of periods per
mechanical rotor rotation can be expressed as

Ky e = LCM(n,,n). (3-6)

I _cugg

where LCM(n,,n ) represents the least common multiple of the number of stator slots and

rotor poles.
The natural amplitude of the cogging torque is inverse proportional to this cogging torque
factor

1

T

. oC
_coge _ peak

(3-7)

I cogg

As an example for a 6-slots/4-poles topology has a cogging torque factor equal to 12 and
another topology. e.g. a 9-slots/8-poles one, has a cogging factor equal to 72. That means that
the natural amplitude of the second topology will be lower.

That is the natural behaviour of the cogging torque. In the following paragraph it will be
shown that this natural behaviour can be modified, and important reduction of the cogging
torque can be obtained due structural optimization (of the rotor) without changing the
combination of the number of stator slots and rotor poles.

In the following an overview of all possible combinations of numbers of stator slots and rotor
poles will be given for three-phase, electrically-balanced machines, with fully wounded
stators. in one and two layers, with concentrated windings (tooth-coils), considering as quality
criteria the above-mentioned factors - winding factor an cogging torque factor.

Table 3-1 Cogging torque factors for different combinations of numbers of stator slots and rotor poles.

np
2 4 6 8 10 12 14 16
ns

3 6 12
6 12 24 30
9 36 18 72 90 36 126 144
12 24 60 84 48
15 30 120 30 60 210 240
18 72 90 36 126 144
21 168 210 84 42 336
24 120 168 48
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Table 3-2 Fundamental winding factors for different combinations of numbers of stator slots and rotor poles for

electrically-balanced full- wounded three-phase machines with single-layer concentrated

windings.
op 2 4 6 8 10 12 14 16
ns

3
6 0.866 0.866 0.500
9 0.736 0.667 0.960 0.960 0.667 0.218 0.177
12 0.866 0.966 0.966 0.866
15 0.247 0.383 0.866 0.808 0.957 0.957
18 0.473 0.676 0.866 0.844 0.906
21 0.248 0.397 0.622 0.866 0.793
24 0.43 0.561 0.866

Table 3-3 Quality factors for different combinations of numbers of stator slots and rotor poles for electrically-

balanced full- wounded three-phase machines with single-layer concentrated windings.

i 2 4 6 8 10 12 14 16
ns

3
6 10 21 15
9 27 12 69 86 24 28 26
12 21 58 81 42
15 7 46 26 49 201 230
18 34 61 31 106 131
21 42 83 52 36 266
24 52 94 42
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Table 3-4 Fundamental winding factors for different combinations of numbers of stator slots and rotor poles for
electrically-balanced full- wounded three-phase machines with two-layers concentrated windings.

e 2 4 6 8 10 12 14 16
ns

3 0.866 0.866

6 0.866 0.866 0.866

9 0.617 0.866 0.965 0.945 0.764 0.473 0.675
12 0.866 0.933 0.933 0.866
15 0.481 0.621 0.866 0.906 0.951 0.951
18 0.543 0.647 0.866 0.902 0.931
21 0.468 0.565 0.521 0.866 0.851
24 0.463 0.760 0.866

Table 3-5 Quality factors for different combinations of numbers of stator slots and rotor poles for electrically-

balanced full- wounded three-phase machines with two-layers concentrated windings.

P 2 4 6 8 10 12 14 16
ns

3 5 10
6 10 21 26
9 22 16 70 84 28 60 97
12 21 56 78 42
15 14 75 26 54 200 228
18 39 58 31 114 134
21 79 119 44 36 289
24 56 128 42
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3.2.1.2 Experienced-based sizing

The conventional approach in the dimensioning process is based on experience. Starting with
a set of known key design parameters it is possible to determine the complete design. These
key design parameters can be dimensional proportions, mechanical. electric. and magnetic
loadings. The number of these key design parameters can vary. It is possible to minimize this
number by introducing proper additional design constraints and a few “given” geometrical
dimensions (e.g. airgap length). One possible way to choose the key design parameters is
[10]:

Sen-A-By.B . BB, and j (3-8)
where:
f... - average surface force density,
A - ratio outer rotor diameter to stack length.
B, - amplitude of the first harmonic of the airgap flux density,

B, - maximal stator yoke flux density,

B, - maximal stator tooth flux density,
B, - maximal rotor yoke flux density.

j - current density in the stator winding.

These key design parameters may also be chosen as design variables in an optimization
design process. This approach will be shown in the next paragraph.

Only some important steps of the dimensioning process will be shown here. As already
mentioned, a detailed dimensioning process for an IPMSM will be shown in next chapter.

Fig. 3-5 shows the key geometrical dimensions of an electrical machine. These dimensions
will be referred in the following example for a dimensioning (sizing) process.
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Fig. 3-5 Key geometrical dimensions of an electric machine

osQg
010 -
(us@
vag

BUPT



Chapter 3 Synthesis (design) techniques for electrical machines 118

The average surface force density is defined as

S =—= (3-9)
T

where: T - electromagnetic torque,
D, - outer rotor diameter,

L - stack length.
The ratio outer rotor diameter to stack length is

A== (3-10)

Given the required electromagnetic torque in the specification and knowing (experience) the
values of the two key design parameters the dimensioning process can be started with the
calculation of the outer rotor diameter

D, = ;/ AL (3-11)
nf;uv

and the stack length

D
L ==r 3-12
- (-12

With adopted values for the magnetic and electric loadings in the stator and rotor, it is
possible to dimension the motor geometry.

With determined geometry, the parameter and performances of the motor can be calculated.
This includes also the calculation of losses, efficiency. temperature rise, weight, and the cost.
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3.2.2  Optimization design

In the literature the optimization of electric machines is seen as a typical problem of nonlinear
programming. This approach considers only the dimensioning process. Not even the shaping,
as geometrical issue. is taken into account. Topological structuring and topological
optimization seem to be an absolutely new area of research in electric machines design
(synthesis).

3.2.2.1 Topology optimization issues for electric machines

Considering technical devices. topology optimization is the most advanced and general class
of optimization design methods. This approach considers not only the sizes (geometrical
dimensioning) or the shapes (geometrical shaping) but also the global structure of the system.
Topology optimization methods can include sizing and shaping optimization.

Structural topology optimization generates the distribution of the materials within the design
domain.

In an automated design process, topology optimization can be combined very well with
material optimization. Material optimization means the generation (synthesis as result of an
optimization) of optimal material properties (magnetic permeability, electric conductivity.
thermal capacitance and conductivity, etc.).

An advanced electromagnetic design process should consider simultaneously the topology
and materials optimization and then, if necessary (because of the low resolution of the grid
within the design domain) the shape and sizing optimization.

However, if there is no severe limitation of the computing capacity only a simultaneously
topology and materials optimization is required for a global optimization design process.

In this paragraph, topology optimization will be applied to electromagnetic design of
electrical machines. Some preliminaries aspects will be introduced in the following. In a case
study, this method will be applied for topology optimization in a design subdomain — rotor of
an IPMSM - for torque minimization and pole flux maximization.

The design domain Q is a region - surface or space in R* or R’. In a first step the design
domain has no material distribution as shown in Fig. 3-6.

The design domain is divided in small cells due a proper grid as shown in the same Fig. 3-6.
Several materials types can be attributed to each element. For electrical machines these
materials can be iron, copper, permanent magnets, and air.

The material properties can be defined generally with a set

(p,a,y,,M,J), (3-13)

for each cell /in the design domain, where
p - mass density,

o - conductivity,

u, - relative permeability,

M - magnetization,

J - current density.
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Fig. 3-6 Design domain for topology optimization of rotating electrical machines (grid is represented)

As excitation sources currents and magnetization will be attributed to each cell. For a rotating
machine in order to allow a rotation. an interface - airgap - should be introduced as a
constraint by the optimization algorithm. This interface separates a fixed part — stator - from
the rotating part — rotor.

During the optimization some subdomains will be generated as union of neighboured
elements with similar material properties. Iron paths in radial direction — teeth — and
tangential direction — yokes — will be generated in stator and rotor. Coils will be considered as
current carrying cell unions. For permanent magnet machines also magnetization-carrying cell
unions will generate poles.

A set consisting of a number of teeth, poles, coils and the connections (topological
connectedness) between them represents the global structural topology, which is free in the
most general approach. The “genesis” of an electric machine considering topological
structuring (optimization) is presented in Fig. 3-7.

However, this global design approach even if offers the best design solution for a specific
application is very difficult to be implemented. A practical way is to consider prior
information (designer’s experience) about the motor topology and materials, and to focus on
the geometrical optimization. With this simplification of the problem, the optimization may
lead to very good solutions around the “real global optimum™.

The optimization (the changes to be done within the design domain and the evaluation of the
objective function(s)) needs powerful optimization (search) algorithms and immense
computational capacity.

The evaluation of the objective function can be done using finite-elements (FE) [17] or non-
linear magnetic equivalent circuits (NMEC). Both methods can use the discretization offered
by the design domain grid. For an approach, which demands high computational accuracy,
only the FE-method can be used.
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=

Fig. 3-7 Synthesis of an electric machine using topological optimization

The topology optimization has already been recently implemented for restricted domains of
electric machines [18], [19], [20], [21], [22].

The first paper reporting an electromagnetic topology optimization for magnetic bearing was
[23].

Cogging torque minimization and back-emf (BEMF) shape optimization have been reported
in [24], [25]-

In the next chapter a case study will be presented, which considers the simultaneously
cogging torque minimization and pole flux maximization using topology optimization for the
rotor of an IPMSM.

Following optimization methods can be used for topological structuring:

- homogenization design method (HDM) [26],
- design sensitivity analysis (DSA) [27],
- direct search methods.

The first two methods imply a high computational effort. The direct search methods allow
topology optimization based only on the evaluation of the objective function without any
derivative calculations for it.

We mention here two direct search methods suitable for topology optimization:
- grid-search (GS) for low-resolution grids in restricted subdomains, e.g. cogging torque
minimization or BEMF-shaping,

- genetic algorithms (GA) for the global search.

Both search methods will be presented in the following paragraph.
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3.2.2.2 Sizing optimization

A typical sizing optimization for an electric machine requires to:

- get or chose an objective function,

- choose the design variables,

- respect the constraints, and

- implement one or more optimization methods in a computer program.

The sizing optimization can consider only the transversal geometry (2D) or both the
transversal and longitudinal geometry (3D).

In the following a few aspects of the sizing optimization will be shown considering an
example.

Design variables

One possible approach is. as mentioned in a precedent paragraph, to choose as design
variables the same quantities as the key design parameters used in the general as following

.f(m"l'/B

g1’

B .B..B, and j

where: f,

sayv

- average surface force density,
J - current density in the stator winding
A -ratio outer rotor diameter to stack length,

B,, - amplitude of the first harmonic of the airgap flux density,
B, - maximal stator yoke flux density,

B, - maximal stator tooth flux density,

B,, - maximal rotor yoke flux density.

As example they can take values within the domains as shown below:

fe  =1.5 [N/cm?

A =0.25..1.0 []

j =2...20 [A/mm?]
B, =025.1.0 [T)

B, =025.22 [T]

B, =025.22 [T]

B, =025.22 [T
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Objective functions

Some general design optimization issues (objective functions) can be mentioned here:

- energy efficiency.

- costs (material. manufacturing. life cost).
- technological aspects.

- weight. volume.

In some special applications other additional issues are very important too:

- torque pulsations (cogging torque for zero current. and torque ripple as current
dependent component),
- acoustic noise level.

The chosen objective functions can be mathematically expressed as follows

fi(x)=n (3-14)

filx)=Cc__ .., (3-15)

for the efficiency and cost of the materials and technology respectively. x represents the

vector of the design variables. For the multiobjective optimization design following function
has to be maximized

f(x)=wfi(x)+w, fi(x), (3-16)

where w, and w,are two weighting factors. These weighting factors were considered as
inputs in the optimization process (e.g. w, =0.7 w, =0.3).

Constraints

Several constraints on geometrical dimensions and temperatures must be taken into account.
These constraints have different reasons, the most of them are imposed by the technological
process, other ones are derived from the specifications or can be additionally imposed in the
design process in order to speed-up the search.

The constraints are embedded in the design program and allow to consider only geometrical
meaningfully design solutions. Also only design solutions which respect the maximal
allowable temperatures are selected.
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The most important constraints for all the optimization methods used in the case study can be
mathematically expressed as inequalities as follows

D
L<L specifications (3-17)
T

b >b ~~

s —min

h\s 2 h,\:\. min

h\r 2 h\'ri min >-

h,>h

A= "M mun

technology (3-18)

d,,.<d . =

wire wire max

N21_ e comfort (3-19)

Also it is very important to check the demagnetization of the permanent magnet at maximum
inverter current. maximal ambient temperature and maximal magnet temperature rise for the
specified duty cycle and to eliminate the solutions which do not fulfils this requirement

check: (hy,. 1. . 8, .dutycycle) ( 3-20)

max

Also a very efficient way for the optimization is to impose the winding temperature as a
constraint. Thus only these design solutions will be taken into account, which satisfy the
relationship

9, <8 (3-21)

w _ max

Implementation

Every optimization method needs a fast and accurate routine for the evaluation of the
objective function. For all physical domains considered in the optimization are required
proper models. As mentioned in the precedent chapter, three types of models can be employed
for the electromagnetic design: lumped-circuits, non-linear magnetic equivalent circuits, and
finite-elements. Calculations based on analytical models are very quick but also less accurate.
Finite-element models offer higher accuracy but the computation effort is also higher.

In Fig. 3-8 the structure of the design program, which was used in the present work, is
presented.
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PMSM-SIZING PROGRAM

INPUT specification data:
- load
- ambient
- constraints
- inverter

Direct

Direct design (experience- Optimization design

Direct design

based) /
optimization
design

|
i
-

Hooke-Jeeves
optimization

Genetic algorithm
optimization

Grid-search
optimization

)

—C} ]

Sizing algorithm (SYNTHESIS)

Objective function calculation (ANALYSIS)

Iteration ?

"
N

Parameter and
performance
calculation

DESIGN
SOLUTION

Optimum
achieved ?

Fig. 3-8 Structure of the sizing program
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3.2.3 Optimization (search) algorithms

The optimization of electric machines is a multivariable, nonlinear problem with constraints.
As the objective functions cannot be expressed in a closed form, it is only possible to choose
optimization methods, which do not use derivatives of these objective functions. Many
optimization methods - so-called direct search methods [11] - fulfil this requirement. All of
them have advantages and disadvantages, taking into account the computing time, the
easiness of formulation of the problem and an implementation, and the convergence, which
means the certitude to find the optimum.

From the different optimization methods, three will be presented below: a deterministic one,
the Hook-Jeeves method. a stochastic one, the genetic algorithm method, and a
“systematically™ one. the grid-search method. Using a combination of them, the chance to
find the optimum is estimated to be very high.

In the following. a physical model — an air-cored multilayer solenoid with rectangular cross-
section — will be considered as example for the optimization process employing three search
algorithms.

This design optimization problem, which was first put by J. C. Maxwell [12], and later
presented in [13] and [14], was modified in the actual example in order to get a dependence of
the inductance, as objective function, on only two design variables.

Based on the geometry of the solenoid presented Fig. 3-9, and after the elimination through
mathematical transformations of the constraints imposed in the original problem the
inductance of the air-cored solenoid can be expressed as

abc,‘c3 [’J_H] (3-22)

47 (9mab’ +6ma’h + 5c,c,)

where:
c, =10000 represents the length of the wire (in mm),

¢, =1 is the coil area (in mm2), and

c; = m is a constant related to a permeance coefficient and a metric transformation.

e
b 4

Fig. 3-9 Air-cored solenoid
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3.2.3.1 Hook-Jeeves method

The Hook-Jeeves-method [15] is an optimization method for nonlinear problems without
constraints. This optimization method belongs to the direct search methods. Thus, the
calculation of the derivatives of the objective functions is not necessary.

To treat problems with constraints is necessary to transform them in unconstrained ones. This
can be done for example by the sequential unconstrained minimization technique (SUMT).
The constraints are embedded in the objective function. thus the Hooke-Jeeves method does
not handle with the constraints.

The search for the optimum is done by comparing, the objective function is evaluated in a
sequence of points respecting a ,.pattern™ within the feasible region. Thus a new point is

accepted if the objective function for this point is better that the precedent one.

Denoting the different points in the feasible region

X*1 _ the precedent point.
X”‘” - the actual point,
X®*1 _ the new accepted point,

the two kinds of search-moving can be explained.

The exploratory search is done starting from an initial known point which is situated inside of
the feasible region. For each design variable are investigated both directions with a given
initial step.

The best under the three points mentioned above, two of them are known from precedent
exploratory moves, is chosen as new starting point X*\..

The pattern search is done in the direction given by the precedent and the actual point. Thus
the new point is

XEU =XV - aqx®-x*), (3-23)
where ais an acceleration factor in order to speed up the search.
Finding the new point X***!" a new exploratory move is initiated. In order to achieve a shorter

computing time a modified method can be applied. A second pattern search is made in the
known direction from the precedent move to the new point

X*D = x* U+ qx® V- x®) (3-24)

The objective function will be calculated here and this new point X" will be accepted only
if the search was successful. If not the precedent point will be the start for a new search with a
smaller step. The search will be stopped if the step achieves a given inferior limit.
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To treat problems with constraints is necessary to transform them in unconstrained ones. This
can be done for example by SUMT- sequential unconstrained minimization technique. The
constraints are embedded in the objective function, thus the Hooke-Jeeves does not see the
constraints at all.

A penalty function is introduced

P(x) = [max(0.g(x))]" (3-25)

and the extended objective function becomes

F(x.r)=F(x)+ Zm: I‘J-P,(x) ( 3-26)
)=l

where g;(x) are the constraints and r; is a penalty factor.
It is important to mention here also the major drawbacks of the method:
- agood initial design is required
- attraction to local optimum points.
The algorithm for the Hook-Jeeves-method is shown in Fig. 3-10.
In the following figures the results of several optimizations are presented in order check if the
algorithm is not sensitive to the start-point within the feasible domain of the design variables.

One can conclude, for the considered optimization problem, that the algorithm offers good
results regarding the robustness, convergence, and computation time.
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Fig. 3-10 Hooke-Jeeves search algorithm
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Fig. 3-11 Evolution of objective function and design variables vs. iteration step (Start-point #1)
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Fig. 3-12 Evolution of objective function and design variables vs. iteration step (Start-point #2)
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Fig. 3-13 Evolution of objective function and design variables vs. iteration step (Start-point #3)

HOOKE - JEEVES METHOD L ox(@ b) = L(15.8, 10.5) = 279.7 uH
Ewvolution of objective function vs. iteration step Start-point: P(100, 100)
300"~ " T T TT o R ST -
. 200 - -
I
2
100~ - e
o . - . - R N
0 100 200 300 400 500 600 700 800 900
Ewolution of design variable a . iteration step
00 — - - - LT T )
E
E s0-
@
0 o e el e e e e
0 100 200 300 400 500 600 700 800 900
Ewolution of design variable b vs. iteration step
w0 T/ T -
E
E 50
a ~
0 100 200 300 400 500 600 700 800 900

Fig. 3-14 Evolution of objective function and design variables vs. iteration step (Start-point #4)
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3.2.3.2 Genetic algorithms method

The genetic algorithms (GA) [16] are one of the most powerful and efficient optimization
methods. GA optimizers are robust, stochastic search methods, which emulate the mechanism
of natural selection and natural genetics. The genetic algorithms explore the feasible variable
domain by means of mechanism of reproduction. crossover, and mutation, with the aim to
optimize the motor design.

The powerful heuristic of GA is effective in solving complex, high-dimensional problems.
Genetic algorithms do not require a good initial design as a starting point. They are able to
start with a poor initial design. given from a random generator, in order to evolve to the global
optimum point in a life-game of survival of the fittest. The most important advantage of the
genetic algorithms is that they are able to find a global optimum point.

In fact, genetic algorithms manipulate strings of binary digits. which are the representation of
the design variables. They work with a set of designs and they compare these considering
values of their objective function. The better strings of design variables are propagated in the
next generation and they mate with other designs variable strings.

The main steps of the genetic algorithms are described in the following:

1. The first step is to build a fitness (or objective) function.

1o

A population of n individuals (e.g. » motor-designs) is randomly generated; each of
them is binary described in strings with a suitable accuracy. The strings represented all

design variables are concatenated. The encoding mechanism is represented in Fig.
3-15.

3. All the individuals of the population are evaluated by means of the fitness
function f(x ). The best, and the average and the global fitness Z f(x,) of the

population are calculated.

4. The rules of the genetic algorithms are applied in order to generate a new population
of the same number of individual n. This reproduction process is fulfilled in three
steps:

- Selection: individuals of the old population are selected and put in the new
population, according to a rule that favours those with higher fitness. The selection
can be a stochastic sampling (by which the best individual can be selected several
times, while the worst one can be excluded, according to a selection probability

_ fx)
P TS

selected and the worst ones excluded).

) or a deterministic sampling (by which the best individuals are

- Crossover: two randomly selected strings, among those selected in the previous
step, are mated. A position along one string is again randomly selected and all
binary digits following this position are swapped with those of the second string.
Then the two entirely new strings move on to the new generation. This operation
takes place with a defined probability p_which statistically represents the number
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of individuals taking part to the crossover process with respect to the total number
of individuals. The crossover mechanism is represented in Fig. 3-16.

- Mutation: a bit of the string of the new population is randomly selected. according
to a defined probability p, . and its value is binary complemented. This process

explores new solutions in the feasible domain. protecting against the loss of useful
genetic information. The mutation mechanism is presented in Fig. 3-17.

5. All individuals of the new population are evaluated as described above and the
reproduction cycle is repeated. The procedure is stopped in following situations:

- after a prefixed number of generations have been reached.

- the best average fitness value have reached a satisfactory level,

- the average fitness has no improvement within a few generations.

A particular attention may be given to the choice of the process parameters. Small populations
(n<10) as well as high crossover probability ( p.>0.7) increase the convergence speed but

similar individuals invade the population, representing often a local optimum. Extremely low
mutation probability ( p, <0.001) inhibit the search toward new areas, while high values

( p,,>0.05) can compromise the convergence of the procedure.

The mechanism of the genetic algorithms is shown in Fig. 3-18.

dv,
1({0]1}1 ‘
Design variables (dv;) ; " ; Chiomosoms
(physical quantities, ! 2 ; |
loadings, > lolol114 i->§ < dvi—sie dvy—ee dv;—>
geometrical proportions) ‘ ; 11/ol111lolol11[111]1lo
i dvs ‘ ( ‘
1{1]1]0

Fig. 3-15 Encoding mechanism of genetic algorithms

In the following figures the results of several optimizations are presented in order to underline
the influence of the GA-parameters:

- p, - mutation probability variation in Fig. 3-19,
- p.- crossover probability variation in Fig. 3-20,
- p,. - population size variation in Fig. 3-21.

One can conclude, for the considered optimization problem, that following GA-parameters
offer good results regarding the robustness, convergence, and computation time:

- p, =0.01..0.1,
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Fig. 3-16 Crossover mechanism of genetic algorithms
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Fig. 3-17 Mutation mechanism of genetic algorithms

In order to analyze the reliability of the search with a defined set of GA-parameters several
(six) starts of the optimization routine were carried out. The results are presented in Fig. 3-22.
In all the cases the same optimum was found, which allows to affirm that the GA as search
method as well as the considered GA-parameters are working properly.
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Fig. 3-19 Influence of the mutation probability
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Fig. 3-20 Influence of the crossover probability
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Fig. 3-22 Evolution of the optimization process for six starts with same parameters
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3.2.3.3 Grid-search method

This traditional direct search method [11] seems to be the most accurate way to search for the
global optimum. The whole feasible domain of all design variables is meshed with a given
step length for each variable and the algorithm scans all nodes of the mesh and evaluates the
objective function for all this designs, as shown in Fig. 3-23.
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Fig. 3-23 Design domain meshing for grid-search

The major drawback is the very high number of calculations of the objective function in order
to find the global optimum:

n

calc = n:l:;u‘ . (3'27)

where n_ is the number of design variables, n,

steps

the average number of steps for each
design variable within the feasible domain.

The probability to find the global optimum is very high, but depends also on the fineness of
the mesh.

This method can be applied with success only local, in restricted areas of the feasible domain
of design variables, in order to refine the search, after other methods have identified the
region of the global optimum.

The results for the same considered optimization problem, as for the previous HJ and GA
methods, are presented in Fig. 3-24, and Fig. 3-25. The search was carried out in the domain
0...40 mm for both design variables using a step size of 0.5 mm. The optimal (maximal)
value of the inductance was 279.7007 uH . The number of calculations of the objective

function was 81° = 6561. A new refined search was carried out with a step size of 0.05 mm.
The value of the optimum was 279.7<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>