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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 t\vo of the most challenging areas of 
research and development for electric machines and drives. 

The automotive industry has in the last years a ver\ 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 producîion. 

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 mandator>' 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, powerftil synthesis and analysis methods) 
were implemented in an advanced design tooh 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 nvo of the most challenging areas of research and development 
for electric machines and drives. 

Study motivation 

The automotive industr) 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 fiiture. 

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 flilly 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 fmd a proper motor technology solution(s), 

- ofier a comprehensive and criticai 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, 

ofTer 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, EMK etc., are touched on. 

Outiine (organization) of the thesis 

The thesis is organized in chapters following the above-presented objectives. 

The firsî 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 mandator>^ 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 cairied out to fmd 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, anal\ sed, 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 chapîer four several case studies of automotive appiications will be considered in 
order to find industrial solutions for the implementation in series production. The 
automotive appiications 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 ach^anced design îooL which allows the finding of competitive 
design solutions in a quick and efficient design process, well suited for the industrial 
practice. 

Chapîer fixe is dedicated to the experimental analysis of permanent magnet 
synchronous machines. A set of comprehensive testing methods will be introduced and 
documented. The necessary laborator> 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. 

Chapîer 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 nr 
B - flux density T 

- back-emf of stator phases a, b. and c V 

iaM - currents of stator phases a, b, and c A 
- currents of stator d-, and q-axis phases A 

Jr - rotor (stack, PM. and shaft) moment of inerţia k g m " 

La^h^k - seif inductance of stator phases a, b. and c H 

^ah ' ^bc' ^ca - mutual inductance between stator phases a and b. b and c. 
and c and a, respectively H 

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

P - number of pole pairs -

- resistance of stator phases a, b, and c Q 
R - resistance of stator phase (if symmetric) Q 
ten, - electromagnetic instantaneous torque (without cogging) Nm 

- voltages of stator phases a, b, and c V 
- voltages of stator d-, and q-axis phases V 

Greek letters 

- electrical angular speed 

Oin, - mechanical angular speed 
- electrical rotor angle coordinate (position) 

«9. - mechanical rotor angle coordinate (position) 

Km - mutual flux linkage due the permanent magnet 
- flux linkage of stator phases a, b, and c 
- flux linkage of stator d-, and q-axis phases 

Âo - permeability of vacuum {4n 10"^) 

- relative permeability 

rad I s 
rad / s 
rad 
rad 
Wb 
Wb 
Wb 
Wb 
A m 

BUPT



XIV 

Indices / Subscripts 

a.b.c 

e 
m 

- indices for stator phases a, b, and c 
- electrical quantity 
- mechanical quantity 

Abbreviations 

AFS - active front steering 
ARS - active rear steering 
BDCM - brushed DC machine 
BLAC - brushless AC (machine) 
BLDC - brushless DC (machine) 
CVT - continuously variable transmission 
DSP - digital signal processor 
EMF - electromotive force 
EPS - electric power steering 
EV - electric vehicle 
FE - finite elements 
FEA - finite elements analysis 
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GS - grid search 
HEV - hybrid electric vehicle 
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* • * 

lEEE-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 inerţia, 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 oflfers benefits, including reliabilit>% 
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 ftiel 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 vvear of 
the brushes and the lower power density make it improper for some actual high 
performance applications. 
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18 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]: 

• 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 fliel 

cell vehicles (FCEV). 

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 

Tpeak Hbase Umax 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 <2.5 15000 17000 DC, PMSM 

Starter/generator <300 250 6000 IM, PMSM 

Traction 40...180 3000 9000 IM, PMSM 
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l .2 Actual high perfoimance automotive electric drives appiications 19 

HVAC 

Steerine 
f Fuel cells air 
^v^^mpressor^ 

Variable 
valve timing 

Turbochargers ) 

(^^^tch / shift ) 
Variable ^ 

transmission 

(^ottle-by-wire ) 

Suspension. 
damping 

stabilization 

Braking Traction 

F'ig. 1-1 Schematic ovenieu' of automotive appiications 

1.2.1 Steering systems 

1.2.1.1 Definition and basic principie 

The steering systern (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 

r. -
' 5. 

( l - l ) 

where: r, - steering transmission ratio, 
<5̂ ,. - front wheel steer angle, 

- steering wheel steer angle. 
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20 Chapter 1 Automotive electric actuation technologies 

- front wheei steer angle 
\ I 

ZXÎ 

pinion 
F^ - rack stroke force 

V - H m n i r a i 

- rack stroke ^ 
^^ • ^ 

^ rack 

r, - Steer torque 

- steer angle 

steering shaft 

steering wheeI 

Fig. 1-2 Basic principie of a steering systern 

1.2.1.2 Classificatlon of steering systems 

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

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

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

• power-assisted steering systems in w^hich 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: 

• steering systems with mechanical connection (classical solution), 
• steer-by-wire systems without a mechanical connection. 
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l .2 Actual high perfoimance automotive electric drives appiications 21 

Manual steering 

mechanical 

MS 

Full power steering 
(steer-by-wire) 

hydraulical electrical 

r 
HPS 

1 
EPS 

I 
EHPS 

Power-assisted steering 

electrical hydraulical 

^ ^ L a ţ a J ^ ^ S l ^ M uJM 

EPAS-column EPAS-pinion HPAS EHPAS 

EPAS-dual-pinion EPAS-rack EAS-HPAS 

Fig. 1-3 Classification of steering systems 

) I T U A C E N T R A l > 
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22 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: 

• torque assisted 
• angle assisted 

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

• hydraulic power-assisted (HPAS) in which a hydraulic system is involved in the 
development of assistance torque, 

• electro-hydraulic power-assisted (EHPAS) in which a hydraulic system with 
electric assistance is involved in the development of assistance torque, 

• electric 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. 

Steerng 
functjon 

ICE 
control 

Battery 

Power 
end-stage 

Current 
measurement 

Motor shaft position 
and speed sensor Electric motor 

Torque sensor 

Gearbox 

Fig. 1-4 Schemath diagram of an electric power-assisted steering system 
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l .2 Actual high perfoimance automotive electric drives appiications 23 

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 V 12 
Dut>' cycle - S3-5% 
Environment temperature OQ -40 ... 125 

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

„ 7 
E 
5 - 6 
O) 
3 

f = 
0) 
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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 efflciency. 
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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1.2.1.4 Active steering 

Active steering systems offer steering angle assistance in order to enhance the driving 
comfort. The system allovvs 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: 

• electric (assisted) active front steering (EAFS), 
• electric (assisted) active rear steering (EARS), 
• 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 planetar}^ gear set, and an electric drive system for the angle assistance as 
shown in Fig. 1-6. 
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Fig. 1-6 Principie of an active front steering system 
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The specification data for the electric motor of an electric active front steering as 
described in the literature [16], [17], [6] is given belovv 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 V 12 
Dut>̂  cycle - S3-5% 
Environment temperature °c -40 ... 125 

Table 1-3 Specification data for the electric motor of an electric active fi-ont steering system 
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Fig. 1-7 Torque vs. speed ctirve for an electric active front steering system 
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The key performance parameters for this appiication 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 
controlled permanent magnet synchronous motor. 
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1.2.1.5 (Full) Power steering (Steer-by-wire) 

Two t>'pes of steer-by-wire systems were considered in practice up to now: 

- hydraulically actuated systems, 
- electrically actuated systems. 

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

1.2.1.5.1 Hydraulic steer-by-wire systems 

This t\pe 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. 

- front wheel steer angle 
\ / 

- steering wheel steer torque 

<5,, - steering wheel steer angle 

Fig. 1-8 Hydraulic steer-by-wire system 
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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 shovvn 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. 

- front wheel steer angle 
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Fig. J-9 Electrical steer-by-w ire system 
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1.2.2 Braking systems 

1.2.2.1 Definition, principles, and classification 

The braking sv stern of a vehicle has the flinction to reduce its speed or to bring it to a 
halt, or to hold the vehicle stationar>' if already halted [15]. 

The basic components of a braking s> stern are: 
• Energy supply, 
• Control device, 
• Transmission device for the brake force, 
• Wheel brakes. 

Depending on the type of energy applied to control the braking system following 
systems can be distinguished: 

• Muscular-energy braking systems, 
• Energy-assisted braking systems, 
• Non-muscular-energy braking systems, 
• Inerţia braking systems. 

The medium employed to transmit energy within braking system may be: 
• Mechanical, 
• Hydraulic, 
• Pneumatic, 
• 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. 

Fig. 1-10 Braking system block diagram 
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1.2.2.2 Wheelbrakes 

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 

C' = 

Fig. 1-11 Types of wheel brakes 

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

Fs 
(1-2) 

where 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 internai 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 funcţional principie. 
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Fig. FI4 Drum brakes 
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Disc brakes systems represent the only solution for high speed and heavy vehicles. in 
comparison to drum brakes the disc brakes present foilowing 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 lovver value corresponds to a simplex drum brake and 
the highest value to a duo-servo drum brake. 

1.2.2.3 Convenţional brake systems 

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

Energy 

Information 

F'ig. 1-15 Convenţional 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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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 criticai 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 svstems. 

1.2.2,4 Brake-bv-wire svstems 

These braking systems are characterized due the absence of any mechanical or hydraulic 
backup that means there is no mechanical or hydraulic coupling betw^een 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 
Externai signals 

Energy 
suppiy 

(battery) 

Power end-stage 
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ECU 

Wheel brakes 

Energy 

Information 

Fig. 1'16 Brake-by-wire system configiiraîion 

Tvvo 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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Fig. 1-17 Classification of hrake-by-yvire systems 

1.2.2.4.1 Electro-hydraul ic 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-hy draulic brake-by-wire system. 
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Fig. 1-18 Layout of an electro-hydraulic brake-by-wire system 
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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. 

Power 
management 

TTP-bus#1 

Brake-by-wire 
management 

TTP-bus #2 

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

The specification of an electric motor used in a special t> pe 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 V 12 
Duty cycle - S3-5% 
Environment temperature -40 ... 125 

Table 1-4 Specification of an electric mac hi ne for an electromechanical brake 
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Fig. 1-20 Torque-speed characteristic of an electric motor for electromechanical brake 
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Fig. 1-21 Principie 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: 
• Assistance flinctions (ABS, BA, ESP, ...) can be realized only by software and 

sensors without additional mechanical or hydraulic components, 
• 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 betvveen the brake components and the engine 

compartment improving passive safety, 
• No perceptible noise emission during braking, 
• Reduced costs for assembly during line production. 

For by-vvire systems (without mechanical or hydraulic backup) the safety requirements 
are ver\ 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 ver\' important components of the power train. The 
ftinction 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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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 

CJS-i 

Engine 
speed 

Gas pedal 

Clutch pedal 

Fig. 1-22 Electro-hydraulic clutch actuation 
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1.2.3.3 Clutch- and shift-b>-vvire 

In this case the mechanical or hydraulic links are replaced by t\vo 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 
inFig. 1-23.^ 

Shift actuator 

Fig. 1-23 Pow er train hlock 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-w ire actuator [20]. The system consists of a rotary electric motor, a set of gears, 
and a manual override. AII these components are built into the transmission. The block 
diagram shown in Fig. 1 -24 illustrates the funcţional principie 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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Linear force 
(movement) 

Fig. 1-24 Shift-b}-\vire actuator principie 

This electric machine for this shift-by-vvire 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 X >100 

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

Key requirements are the high povver density and the capacity to vvithstand 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-s> stems more powerftjl, higher eflficiently, smaller and quieter [24]. 

The fiinction 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 windshieid, 
- Remove partide (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, altematively from the engine's lubrication circuit. The heater core consists of tubes 
and fms and is similarly to the engine radiator. Coolant flows through the core's tubes 
while air flows through its fms. 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. 

l .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 refrigeram, 
which heats up in the process and is then directed to the condenser where it cools and 
liquefles. 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 - SI 
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 
fiiel 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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Pa ram eter Units Value 
Rated torque Nm 11 
Rated speed 1/min 12000 
Output power W 14000 
Dut> cycle - SI 
Cooling system - Water cooling 
Environment temperature >100 

Table 1-'/ Specification of an electric machine for air compressors for fuel cells 
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Fig. 1-28 Torquespeed demand of an electric motor for air compressors for fiiel 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 
appiication. 
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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 internai 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, oii, fueK and charge-air. However, vvater 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 vvater (coolant) pump. 

Heater 

Externai cooling air 

Fig. 1-29 Block diagram of an engine M ater-cooling system 
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In the foilowing only the electric driven water pump will be discussed [28]. An electric, 
variable speed water pump offers advantages over convenţional water pump with a 
rotational speed proporţional 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 tumed ofî, and the elimination of 
a mechanical belt drive. 

The speciflcation of an electric actuator for an electric driven water (coolant) pump 
given in [28] is presented in Table 1-8. 

Parameter Units Value 
Peak torque Nm 0.955 
Peak operating speed rpm 5000 
Nominal DC-bus voltage V 42 
Dur\ cvcle - SI 
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 povver density. PMSM and the switched 
reluctance machines seem to be good candidates for this application. 

1.2.7 Electronic throttie control (throttle-by-wire) 

Electronic throttie 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 throttie valve is to control the air-flow and thus the 
power of an internai 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 flinctions 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 funcţional scheme of an electronic throttie system is shown in Fig. 1-30. The 
system consists of an electric (rotary) actuator which provides precise positioning of the 
throttie plate. 
The presented system does not have an inner current control loop. The throttie position 
is measured with a resolution of about 0.1 degree. The throttie plate is constrained by a 
dual retum spring, which returns the plate into its iniţial position (so-called limp-home 
position) in the case of power supply failure. 

Fig. 1-30 Schematic of an electronic throttie system 

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

Parameter Units Value 
Peak torque Nm 0.6 
Rotational movement o 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 throttie valve control 

Key requirements are the high operating temperature and the capability to withstand to 
hard operaţional conditions. The single-phase reluctance actuator seems to be a good 
candidate for this application. 
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1.2.8 Electric continuousiy variable transmission systems 

The transmission of torque and speed with variable ratios represents another important 
automotive technology. Mechanically and hydrostatic continuousiy variable 
transmissions (CVT) belong to the aiready implemented solutions in vehicles. 
While a convenţional 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 convenţional automatic transmission by 
continuousiy changing the gear ratio to keep the engine running in its most efficient 
speed range considering the driver demands. 
The CVT-system consists in principie 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 
vvidth, 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 
transmission ratio and the clamping force can be set independently. 

Electric motor 

ICE Torque 
converter 

Primary 
pulley 

Spindle 

Actuation force 

Actuation force 

Vehicle 
wheel 

Secondary 
pulley 

Electric motor 

Fig. J'31 Principie diagram of an electromechanical actuated CVT-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. 

Ti. 101 

Fig. 1-32 l Sl-controHed 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 t>pes 
of permanent magnet synchronous machines have to be used. 

TI. OJI 

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 V 250 
Dutv cvcle - SI 
Environment temperature °C >100 

TaNe l-lO Specification for an electric mac hi ne for an electric gearbox 
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Fig. 1-34 Torque-speed demandfor 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 Suspension, damping and stabilization actuation 

1.2.9.1 Basics 

The suspension system composed of springs, dampers (shock absorber), and various 
structural linkages, as shown in [23], has foilowing functions: 

- 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 oflFer increased handling and riding comfort. 

Cbt - spring constants (body, and tire and axle, respective) 
k - damping constants (body. and tire and axle. respective) 
nrit, - body mass 
m, - tire and axle mass 

/ / / / / / / 
Real suspension system (one quarter-vehicle) 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. J-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 
difiTicult to achieve the conflicting requirements, since the principie vehicle dynamics 
modes, which influence the ride comfort and manoeuvrability - bounce, pitch and roll -
must have diflferent natural fi-equencies 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 flilly-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 
practicai 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 ov^n 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 vvith a central hydraulic-
pressure source. 

Fig. 1-37 Electro-hydraulic active suspension system 

For the electric machine following 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 1/min +/- 5000 
Duty cycle - SI 
Environment temperature >100 

Table 1-J1 Specificalion 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) 
rotar> 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 
inFig. 1-39. 

EM linear actuator 

Tire 

Rotary electric machine 
A 

Spring damper Rack and pinion 

Tire 

Spring damper 

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 -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 demandfor an electromechanical active suspension systern 

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 Eiectrical assisted turbochargers 

1.2.10.1 Basics of air supply for internai 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, 
- Electrica! 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 centriftigal 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 fiilly 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 retum 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. 

Internai Combustion 
Engine (ICE) 

Drive shaft 

j 

Turbocharger 

Inlet air 

EM - electric machine 
C - compressor 
T - turbine 

} f 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]. 

Internai Connbustion 
Engine (ICE) 

Turbocharger 

Inlet air 

Dnve shaft 

i 
Energy 
Storage 

EM - electric machine 
C - compressor 
T - turbine 

PT - power turbine 
ISA - integrated starter-alternator 

Fig. 1-42 Energy rec ove ring 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 > 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 îiirbocharger 

Key requirements are the high operating speed, high operating temperature, and the 
need for sensorless operation. Field weakening combined with good efTiciency and 
power factor in order to minimize the input povver 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 efTiciency 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 suflfer to various degrees from high seating 
velocities, i.e. the valve at the end of the closing motion hits its metal 1 ic 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 nevv concept, which eliminates these drawbacks, was proposed in [43], [48]. The 
basic concept is shown in Fig. 1-44. 

Disc cam 

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, proporţional by the ratio of actual motor speed to half the engine speed. To 
maintain synchronism bet\veen 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. 
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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-lifl and the valve-event duration can be 
changed, there is complete valve timing freedom. Furthermore, it is possible to stop the 
valve between tvvo valve events, thus making cylinder deactivation possible. 
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 iniţial 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 fiinction of the timing, duration and magnitude of the various control commands. They 
are also a fijnction of the iniţial angular position, i.e. where the electric motor was 
stopped prior to being cycled. 
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I Cam goes back 
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Fig. 1-46 Part-lift operation principie 
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For a variable valve actuation system [49] following specification can be found in the 
literature for the electric machine as shovvn in Table 1-14. The torque-speed envelope is 
also represented in Fig. 1-47. It must be mentioned that this system actuates tw ô valves. 

Parameter Units Value 
Peak torque Nm 4 
Base speed 1/min 1000 
Maximal speed 1/min 4000 
Dut> cycle - SI (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 demandfor 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 
appiication. 
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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 
capacit>' 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 vveight 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 fiinction vvithout 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, w ith no interruption of the 

traction power to the wheels, 
- torsionai vibration damping for driveline dynamics. 

1.2.12.2 Drive train configurations 

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

Flywheel ciutch 

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

The flywheel coupled ISG taking the location of the convenţional 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 convenţional 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 
possibilit\ 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 torsionai vibrations. 

ICE 

Flywheel ciutch 

m 
Mi] 

m \ 
Clutch 

a) b) 

Clutch Clutch Clutch 

c) d) 

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

An integrated starter-generator system is presented in [51]. Foilowing 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 -25 ...180 

Table 1-15 Specification of an electric machine for an integrated starter-generator 
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Fig. 1-50 Torque-speed demandfor 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 internai 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: 

- Internai 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: 

- Batterv', 
- 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 batter>, 
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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Fig. 1-51 Block diagram representation of the trac t ion system for an battery-powered electric driven 
vehicle 

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

Front or rear drive Tandem drive WheeI drive 

Fig. 1-52 Possible configuration of the traction system of electric drive n 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. 

BUPT



54 Chapter 1 Automotive electric actuation technologies 

Parameter Units Value 
Peak torque Nm 180 
Base speed I/min 3000 
Rated torque Nm 85 
Maximal speed l/min 9000 
Environment temperature -25 ... 125 

I ah!e 1-16 Specificaiion for an electric mac hi ne for an electric driven vehicle 
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Fig. 1-53 Torque-speed demandfor an electric drive for traction systems 

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 appiication the permanent magnet synchronous machine 
(with embedded magnets), reluctance synchronous machine (also permanent magnet 
assisted), induction machine, and switched reluctance machine can be mentioned. 
Ilowever, 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 povver 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 
possibilit} to switch on both drive sources if the demanded power is high and to recover 
energy into the batterv' if the generated povver is higher than the demanded. 
The main advantages of the hybrid drive technology include: 

- Reduction of fliel 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. 
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Fig. 1-54 Basic traction concepts for hybrid-driven vehicles 
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The specifîcation of an electric machine for an electric driven vehicle is given in [53]. 
Following specifîcation 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 1/min 5000 
Rated torque Nm 10...20 
Maximal speed 1/min 10000 
Environment temperature -25 ... 125 

Table 1-17 Speci fîcation 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 (O2). The most 
common fliels are hydrogen (H2), methanol (CH3OH), and methane (at very high 
temperatures). Because convenţional fuels can not be used directly, they must be 
converted into H2 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 convenţional methods of generating 
electric power from the point of view of environmental protection and conservation of 
resources. 
The global energy efficiency for the fliel cells in automotive drives is about 30% (from 
the H2 storage tank to the wheels). The losses can be attributed in part to the auxiliar> 
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 secondar>' 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 fliel 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 H2 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 vveight, 
• 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 inerţia, 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 ver\' 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. 

BUPT



1.4 Competing machine technologies for automotive appiications 59 

Table 1-18 Machine technologies compar ison 

DC IM PMSM 
BLDC 

PMSM 
BLAC 

SR RS 

Torque density - - -h + - -

Torque/Amp - - -h + - -

Peak to continuous torque 
capability 

- - + -h - -

Variable speed control + - - - - -

Torque/inertia ratio - - + -h -

Energy efficiency - - + + - -

Speed range - + - - + + 

Torque pulsations - + - + - + 

Cogging torque - + - - + + 

Temperature sensitivity 
(PM demagnetization) 

- + - - + + 

Robustness - + - - + + 

Fault tolerance / Failure 
modes + - - - + -

Acoustic noise - + - + - + 

Power converter 
requirements 

+ - - - - -

Machine construction - - + + -h + 

Manufacturing technology - + + -1- -

Reliability - + + + + + 
Design and manufacturing 
experience H- + - - - -

Customer acceptance + + - - - -

Motor cost + - - - + -

Drive system 
cost + - + - - -
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Thought all machine types have advantages, for the considered high performance 
automotive appiications the PMSM represent one of the best candidates. Facts like high 
torque densitv. negligible rotor core losses. and high power factor make them perhaps to 
an absolute winner. 
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Fig. 1-56 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 highiighted, 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 appiications 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 OvenieM' 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 geart)ox 

EHAS Electro-hydraulic active suspension 

EMAS Electromechanical active suspension 

EAT Electrical assisted turt>ochargers 

W T Variable valve timing 

SG Starter-generators 

EV Electric vehicle traction 

HEV Hybrid electric vehicle traction 

Table 1-19 Abbreviations 
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Permanent magnet synchronous machine 
technologies 

Abstract 

This chapter presents an overvievv 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 t>'pes 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 defmition a convenţional synchronous machine is a machine with îime synchronous 
stator voltages and currents. The considered permanent magnet synchronous machine in 
this work is by defmition seif-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 
convenţional electrically excited synchronous machine: 

• no copper losses in the rotor (and also reduced iron losses), 
• 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 convenţional electrically excited 
synchronous machine leading to increased energy efficiency. 

However, the dravvbacks of the permanent magnet excitation are: 

high cost of the permanent magnets, 
demagnetization at high temperature, 
increased constructive efTort for permanent magnet fixture on/in rotor, 
additional control etTort 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 vvindings 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 mac hi nes. 
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Fig. 2-3 Inner vs. outer rotor PMSM 

Both stator excitation types, vvith trapezoidal or sinusoidal currents are used depending 
on application. 
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TrapezoUkd PSfSM - or brushless DC (BLOC) - have a trapezoidal back-EMF shape 
and must be fed with trapezoidal current in order to get optimal torque qualit>. The 
trapezoidal back-EMF is induced in the most cases in concentrated windings in the 
stator usualh b> surface permanent magnets (rings or segments). The trapezoidal 
PMSM is driven in t\%o-phase-on modus. A simpler rotor position sensor, with a 
resolution of six instants per electrical period, ma> be used for the commutation. Also a 
single current sensor is needed for a possible control of the current in the tw o 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 strateg> is ver\ often employed in low performance applications, in 
which the required torque qualit> 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 
w indings are emplo> ed in the stator. For the rotor mostl> skewed surface permanent 
magnets are used in order to induce a sinusoidal back-EMF. Complex, cost-intensive 
hi^-resolution rotor position sensors like encoder or resolver are mandator> for the 
sinusoidal current control. Also at least two current sensors are necessar> to impose the 
shape of the phase currents. 
Hiis sinusoidal PMSM drive due the low torque ripple is the only proper technology^ for 
high performance applications. In this work only the sinusoidal PMSM technologv 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. 
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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 andphase 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: 

• safet\^ - the robustness of the rotor can be combined with robust non-overlapped 
concentrated stator windings, 

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

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

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

2.3 IVIaterials used for PMSIVI 

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 t>pes 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 NdPeB-
magnets can be considered. 
Major criticai aspects for the permanent magnet selection are: 

• Cost 
• Corrosion 
• Temperature influence (demagnetization) 

Table 2-1 Main properties for hard magnetic materials. 

residual intrinsic maximum 

flux cx)ercivity energy 

density 
jHc 

product 

T 
kA/m 

kJ/m^ 

sintered ferrite 0.4 300 40 

bonded NdFeB 0.7 800 80 

sintered NdFeB 1.2 1900 280 
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Fig. 2- Range of properties for diţferent 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 ofîer major 
advantages, especially due 3-D design and manufacturing capabilities, there is no actual 
possibility to replace the convenţional 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 

density 

permeability 
(1.5 Tpea.. 

50 Hz) 

T 
- W/kg 

CRML steel 2.0 2000-3000 2.7-8.0 

SMC 1.8 -500 10 
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Fig. 2-8 Comparison of typical B-H curxes for laminat ion steei and S\fC material. 

2.4 Construction and manufacturing technologies for PMSM 

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

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

The transition from the convenţional 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 tums 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: 

• teeth and yoke stator segments, 
• two-part stators, 
• rolled stator. 
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0=12, m=3. 2p=4 Y|| 

Fig. 2-9 Orerlapped Mînding. 
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Fig. 2-10 Non-overlapped winding. 
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These three modular stator constructive solutions are shovvn in Fig. 2-11 [33], Fig. 
2-12, Fig. 2-13 [33], Fig. 2-14, and Fig. 2-15 [35]. 

The rotor design solutions with interior (embedded) permanent magnets vvere shovvn 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 vvere introduced: 

• moulded hair-pin winding [36], 
• single-turn vvave litz v\ inding, 
• (moulded) concentrated winding s\ stem for slotless PMSM. 

These three winding s\ stems applied to experimental prototypes are presented belovv in 
Fig. 2-16, Fig. 2-17, and Fig. 2-18. 
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Fig. 2-11 Sheldon's single tooth stator segment constructive solution. 
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Fig. 2-12 Tooih-yoke segments solution. 

Fig. 2-13 Assembly methodfor tooth-yoke solution. 
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Fig. 2-14 Tw O'parts stator solution. 

Fig. 2-15 Yamada 's rol led stator. 

Fig. 2-16 Moiilded hair-pin winding. 
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/ Single-turn u ave lifz \\ ifnlin^. 

Fi^. 2-IiS II ifu/ing system for slotless P.\ÎS.\/. 
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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 criticai applications the drive must 
be capable of rated output afler the occurrence of any one fault. An overview of the 
fauh-tolerance aspects regarding drive-by-w ire systems is given in [24]. 

The main electric machine faults which may occur are: 

• winding phase-phase short circuit, 
• winding inter-tum (tum-to-tum 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]. 

< 3 ^ - a 

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. 

position 
feedback 

Fig. 2-20 PMSXf 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, vvhere a high quality of the torque output is crucial, closed-loop sinusoidal 
vector current control is mandator>\ For the IPMSM several optimal control strategies 
can be emplo\ ed. A maximal torque-per-ampere operation can be achieved in the whole 
speed range if the torque angle (between the current and the q-axis) will be control led 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 

d axis 

Fig. 2-2 J 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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rWlvl 
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Fig. 2-22 Open-loop I f control methodfor PMSM ^\ ith 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. Hovveven 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 
angular 
position 

Gr 

Fig. 2-23 V f closed-loop for PMSM MÎthout 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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Current 
feedback 

Rotor 
angular 
position 

Fig. 2-24 Block diagram for P\fS\f torque and speed control. 

2.6.1.3 Position sensorless control 

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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Voltage 
calculation 

Fig 2-25 l' f closed-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 

Speed command ^ ^ Q , 

Cx)r_est 

PWM Speed 
Te* 

Torque Vs- PWM 
controller Te* controller VSI 

0r est V. I 
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 vvill 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 a\es (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 

a-axis 

c-axis 

Fig. 2-2 7 PMSM abc-frame of reference. 
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Following voltage equations can be written for each phase 

" "" dl 

= (2-J) 
' dt 

where v , , /?,, and i//, are the voltage, current , resistance, and flux linkage of each 
phase winding, respectively. 

In matrix notation the equation system becomes 

F = + —(i//) (2-2) 
di — 

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 

(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 

1 7 - — (2-4) 
h 

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

d\iJ R 
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The dynamic equation is 

—^ = —V n, - ) (2-6) j j \ vnt ml./ '' at J ̂  

where J^ is the polar moment of inerţia of the rotor, B the coefficient of viscous 
friction, and t̂  the load torque. 

The last tvvo 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 

^ J/ ^ di. ^ di^, . dL. . dL. . dL. 
dt dt dt dS^ dS^ 

r» . r T ^h T . dL . dL, . dL^c 
V, = + - - ^ ^ ~ - 'O,. * ^ - ^ . ™ 

where , a n d L^^.L^j are the voltage, current , resistance, seif and mutual 

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

The phase back-EMF induced by the permanent magnet can be written as 
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'^a l'.U 

^b PM 

m 

dt dS, dt 

dWb^Ps, dO^. 
dt dS. dt 

dWc ps, ^V^c PS, de^. 

= C0-

= 0)^ 
PM (2-8) 

dt d9^, dt 
PM 

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

- - - - d t ' de. 
(2-9) 

The state space transient CSV-model in phase coordinates becomes 

dLieS 

dt 
R + o). 

de. 
(2-10) 

The same dynamic equation as mentioned before can be written 

d(o„, 1 / „ X 
dt J^ 

(2-II) 

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 dqO) taking the phase voltages as example can be 
written as 
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2 

v„cos(0j+v,cos 0..-

' ' ' 1 n —v,+—V.+—i' = 0 
u 2 " 2 ' j 

In 
+ . cos 

4n 

' 3 

e. -V sin 
/ 

e. t' 
\ 3 ; 

c i' 
\ 3 ; 

The power in dq-coordinates is given by 

The inverse transformation [dqO abc) as 

v̂  = v ^ c o s ( d J - v sin(dJ+Vo 

n = Vj cos 

v̂  = Vj cos 

5 -

S -

1 

3 
4n 

' 3 

- V, sin 

- V, sin 

5 -
' 3 j 

5 -
4n 

(2-12) 

(2-13) 

(2-14) 

q-axis 
b-axis 

d-axis 

c-axis 

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

dt '' LY 

n 
= V' - A — - (0X1/ I dt ' LŢ 

(2-15) 

where the voltages and current represent instantaneous values. 

The instantaneous electromagnetic torque is given by following equation 

(2-16) 

The same dynamic equation as mentioned before can be written 

= (2-17) 
dt J, 

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 

(2-18) 

where the fluxes of the d-, and q-axis are 

^cl = id 

V/ Yq ^q 

BUPT



2.7 Electromagnetic analysis 91^ 

Rph WeLqlq 

-h 

Rph WoLdId 

Fig. 2-29 dq-axes equivalent circuit model ofP\ÎS\t 

The state space transient CSV-model becomes: 

di d _ ""d R . . « . C . 
dî 
di. <j_ _ 
dt 

Ţine Ţine d jinc 'cj 
^d ^d ^d 

\ (^eLj . 
Ţine Ţine V Ţine d Ţine 
% ^ S % 

(2-20) 

The electromagnetic torque is given by 

(2-20 

The same dynamic equation as mentioned before can be vvritten 

d(o„, 1 / ^ X 
— - = — ( / -Bco - / , ) (2-22) 
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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 foilows 

where the voltages and current represent rms-values. 

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

(2-24) 

The steady state the electromagnetic torque equals the viscous friction and load torque 

T,n,=B(0„, + 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 
foilows 

where the voltages and current represent rms-values. 

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

(2-27) 
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The steady state the electromagnetic torque equals the viscous friction and load torque 

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 (spaţial and time harmonics) for several physical quantities, 
- temperature effects (modification of machine parameters vvith 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, = c/. 
(2-29) 

L, - ct, 

and the dependence of the corresponding fluxes on the currents is linear 

with 

(2-31) 
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But in the most PMSM the magnetic loading is high and the dependence between fluxes 
and currents becomes noniinear. This can be taken into account by current-dependent 
inductances 

or for the fluxes 

with 

=ct, (2^34) 

In this first case it is necessarv 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 

The fluxes can be written 

. (2-36) 

with 

y^!'M=Ct. (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 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 

' ' dt 
dWo 

V =Ri (2-38) 
^ ^ dt 

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 

PFe = + ^ec^^.VL ( 

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 shafl torque which 
corresponds to the iron core losses divided by the shaft rotational speed 
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T.M'O = 
(2-40) 

CO. 

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

(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. 
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+ 
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Fig. 2-30FMSM model considehng iron losses as electrical losses 

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

p,. = (2-42) 
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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 foilowing the two types of harmonics vvill be presented with some details regarding 
oniy 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 foilows: 

- for the stator flux linkage of phase / due the permanent magnet 

M^PM i^e ) = A " J ^ 2-43) 
rt = 1 n = \ 

where Â  is the magnitude, and cp,, is the phase angle of the n -th harmonic. 

- for the induced emf in phase / 

n=\ dU^ 

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 

<jj 
L, (e J = A + Z ^n + (P J r 2-45) 

where A^ and cp^ are the magnitude and phase angle of the n -th harmonic of the ij -th 
cyclic inductance, respectively. 
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2.7.2.1.6 Temperature inf luence 

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

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

Ho2) = )[' + «p.. (O2 - )J 
where a^, 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 . 

(2-47) 

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

The model complexity grows with the number of considered special phenomena. Also 
the diflficulty 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 vvhich 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. 

Load machine (geometrical) 
constraints: 
Volume (DxL) 

Performance demands: 
T-n load points 

T_max/J 
Acceleration/deceleration 

T_cogg, T_puls 
Acx)ustic behaviour 

EMI 
Control (torque. speed, position) 

/ Cost constraints: \ 
( Material type (PM) ) 
V Material type (laminations) J 

Inverter constraints: 
U_nms_max 
I rms max 

Ambient constraints: 
Temperature (min, max) 

Humidity 
Pollution 

E lec t r ic m a c h i n e E lec t r ic m a c h i n e 1 

/ Materials constraints: \ 
{ Temperature_winding_max j 
V Demagnetization (PM) J 

Constructive/mechanical constraints: 
Stator_tooth_width_min 
Width_bridge_rotor_min 
Stator_yoke_heigth_min 

Tolerances 

>/Standards c o m p l i a n c e \ 
r constraints: 

Manufacturing constraints 
D_wire_max 

Slot_width_min 
Stator_yoke_heigth_min 

F/g. 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 phs sical quantities (duty cycle) [8]: 

M t ) (2-49) 

(2-50) 

where is the torque demand and the speed demand of the load machine. 

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

nmax - -

Tacc 

Tstat - -

tcycle 
-tb -td 

Tdec- -
- t a 

tcycle 
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Fig. 2-32 Drive load torque and speed variation V5. time 

BUPT



2.8 Electric drives design aspects 101 

Another method for the specification of the load torque and speed demands is to give 
some ^^comer 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 follow ing data: 

• T b a s e - required maximal torque up to base-speed (between standstill 
an base-speed) 

• ri base - required maximal speed at which the r_/?ase_max can be 
achieved 

• r _ / 7 _ m a x - required torque at the maximum speed 

• A7_max - required maximum speed 

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

1 " 

Tmax 

- nmax nmax n 

r 
- Tmax 

Fig. 2-33 Torque \s. 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 SI) must be considered in order to define the thermal (heating-
cooling) aspects: 

• ^ " continuous torque as rms value 

• n ^ - continuous speed as average value 

• ^ s\ rms ' continuous speed as irns value 

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

T ^ M mis 
1 

TLAt)dt (2-51) 

— \n{t)dt (2-52) 
^cycU' O 

S I rms 
i 

— fn'iOdt 
T ^ cy cle O 

(2-53) 

2.8.2 Performance indexes imposed by application 

Performance defmition of variable speed drives considering the motor, power 
electronics and closed loop control is related to the following main groups of topics 
[11]: 

• Energy conversion efficiency 

a) Power efficiency 
b) Energy efficiency 
c) Losses/torque [W/Nm] ratio 
d) RMS kW/kVA ratio 
e) Peak kW/kVA ratio 

• Response performance 

a) Peak torque/inertia ratio 
b) Field weakening speed range (cô ^̂  
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c) Variable speed ratio / w„„„) 
d) Torque rise time (/, ) 

• Torque qualit> 

a) Cogging torque ratio ^̂  / ) 

b) Torque pulsations ratio (T. ^^ / ) 

• Noiselevel 

• Drive motion control precision 

a t ; / r . 

Aco^ /co^. 

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

AT^ / Aparameter, 
ATJAJ, 

^TJAT,^, 

• Robustness 

a) Thermal limitations for the winding temperature 

• 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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Synthesis (design) techniques for electrical machines 

Abstract 

This chapter presents an overview of advanced electromagnetic design techniques for electric 
machines. Convenţional (experience-based) and optimization design are presented vvith 
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 novei global approach for electric machines. 
EflTicient optimization (search) algorithms were considered: Hooke-Jeeves (HJ), genetic 
algorithms (GA) and grid-search (OS). 

3.1 Introduction 

Electric machines design is a multi-disciplinar> subject. It involves electromagnetic, thermaK 
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 fevv 
details regarding mechanical and acoustic design will be given. 
Convenţional 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 computaţional 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 defme 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, 
duK cvcle, and rating, and between specific loadings and performance characteristics [1], [2], 
[ 3 M 4 i [5], [6], [7], [8], [9]. 

The convenţional design process of an electric motor includes foilowing topics: 

- anal) sis 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 geometr>', 

parameter and performance calculation, 
- choice of the manufacturing technologies, 
- costs prediction. 

In the engineering process there are t\vo important tasks: analysis and synthesis (design) as 
shovvn 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 appiication. 

Performance parameters 
(speti fi cat ion) 

Design solution 

Design solution Performance parameters 

Fig. 3-1 Synthesis analysis 
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A global design solution (A) is a set consisting of matehals{M), topological structure {T), 
and geomeîry - shapes and dimensions - (F) of the motor for a given excitation (currents or 
voltages) as represented in Fig. 3-2 

A = A ( M , I T ) (3-1) 

Topological structura 
siructunng 

Design solution 

Excitation: ^ 
currents / 

Fig. 3-2 Design solution 

Two electromagnetic design methods can be distinguished for electric machines as shovvn in 
Fig. 3-3: 

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

(Global) design methods 

(Convenţional desig 
- experience-based 

- heuristics 

/ Advanced design: \ 
V - optimization design J 

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

- materialing (defmition of materials due properties assignment), 
- sizing, 
- shaping, 
- topological structuring. 

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

< SIZING > 

< SHAPING > 

< STRUCTURING > 

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 defme the 
problem. Which kind of ph> sical 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 fmd 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 convenţional synthesis (design) process for electric 
machines, although based on a highly-developed theory and affording extended mathematical 
skills, has a ftizzy 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 fmd 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 convenţional 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 vvinding system (one or two layers, overlapped/distributed or non-

overlapped/concentrated, electrically balanced or non-balanced, fiilly wounded or partially 
wounded stator). 

The decision between a radial, axial, or transversal fieid configurations is done based on 
several criteria like: 
- Application, 
- Torque or power density, 
- Dimensional design constraints (outer diameter and length), 
- Cooling. 

Dynamics, 
- Manufacturing aspects, 
- Cost aspects. 
For high performance appiications mostly radial fieid machines are taken into account. But 

sometimes axial or transversal flux machines have visible advantages. 
Considering radial fieid machines, the interior rotor structure is the most used in the fieid of 
high performance appiications due the robust mechanical structure and better cooling capacity 
for enclosed constructions. 
Three-phase machines dominate the fieid of appiications. For fault-tolerant appiications, 
where a magnetic decoupling of the phases is necessary, mostly more than three phases are 
mandatory. 
A ver>' 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 

(3-2) 

where 
n̂  is the number of stator slots 
m is the number of stator phases 

- g i san integer (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 shouid 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 shouid 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 tums, wire section area, end-tum 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 vvithout 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) 

vvhere 
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^ = 2,4,6,8,10,12,14,16,18,20,22,24,... (3-5) 

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

- operaţional 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 

(3-6) 

where represents the least common multiple of the number of stator slots and 

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

1 
OC (3-7) 

'«e 

As an example for a 6-slots/4-poIes 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 vvill 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 flilly 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 Coeeins torgue fac tors for different combinations of numbers of stator slots and rotor poles. 

np 

ns 
8 10 12 14 16 

12 

15 

18 

21 

12 

12 

36 18 

30 

24 

72 

24 

120 

72 

168 

30 

90 

60 

30 

90 

210 

36 

60 

36 

84 

126 

84 

210 

126 

42 

144 

48 

240 

144 

336 

24 120 168 48 
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Table 3-2 Fundamental M'inding factors for different combinations of numbers of stator slots and rotor poles for 
electrically-balancedjull' wounded three-phase machines with single-laver concentrated 
MÎndings. 

np 
2 4 6 8 10 12 14 16 

ns 
2 4 6 8 10 12 14 16 

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 Qualitv factors for different combinations of numbers of stator slots and rotor poles for electrically-
balanced 

np 
2 4 6 8 10 12 14 16 

ns 
2 4 6 8 10 12 14 16 

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 
electricali y-balancedfiiU- wounded three-phase machines with two-lavers concentrated windings. 

np 
2 4 6 8 10 12 14 16 

ns 
2 4 6 8 10 12 14 16 

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 Oualitx' factors for different combinations of numbers of stator slots and rotor poles for electrically-

np 
2 4 6 8 10 12 14 16 

ns 
2 4 6 8 10 12 14 16 

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 convenţional approach in the dimensioning process is based on experience. 
a set of knovvn key design parameters it is possible to determine the complete 
key design parameters can be dimensional proportions, mechanical, electric, 
loadings. The number of these key design parameters can vary. it is possible to 
number by introducing proper additional design constraints and a few "given 
dimensions (e.g. airgap length). One possible way to choose the key design 
[10]: 

Starting with 
design. These 
and magnetic 
minimize this 
" geometrical 
parameters is 

andy (3-8) 

where: 
fsa\ 
A 
B 

B, 

B. 

B. 

j 

- average surface force density, 
- ratio outer rotor diameter to stack length, 
- amplitude of the first harmonic of the airgap flux density, 

- maximal stator yoke flux density, 

- maximal stator tooth flux density, 
- maximal rotor yoke flux density, 
- current density in the stator vvinding. 

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. 

Loew-

Fig. 3-5 Key geometrical dimensions of an electric machine 
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The average surface force density is defined as 

(3-9) 
nDL 

where: T - electromagnetic torque, 
D̂ ^ - outer rotor diameter, 
L - stack length. 

The ratio outer rotor diameter to stack length is 

(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 

= (3-11) 

and the stack length 

(3-12) 

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 vvell vvith 
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 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 defmed generally with a set 

(3-13) 

for each cell / in the design domain, where 
p - mass density, 
G - conductivity, 
ji^ - 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 excitaîion 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 subdomaim 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 carry ing 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 practicai 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 flinction(s)) needs powerful optimization (search) algorithms and immense 
computaţional capacity. 
The evaluation of the objective function can be done using fmite-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 computaţional accuracy, 
only the FE-method can be used. 
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Fig. 3-7 Synthesis of an electric machine iising topologica! optimizat ion 

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 computaţional 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 follovving 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 

and j 

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

- amplitude of the first harmonic of the airgap flux density, 
Bŷ  - maximal stator yoke flux density, 
B̂^ - maximal stator tooth flux density, 
Bŷ  - maximal rotor yoke flux density. 

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

fsa\' = 1...5 [N/cm^^ 
A = 0.25... 1.0 [-] 
j = 2...20 [A/mm^] 

= 0.25... 1.0 [T] 
= 0.25...2.2 [T] 
= 0.25...2.1 [T] 

K = 0.25...2.2 [T] 
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Objective functions 

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

- energy efficienc>, 
- 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 

A M - n (3-14) 

f J x ) = C-' , (3-15) 
2 V I / mulSu.chnoJ ^ ^ 

for the efficiency and cost of the materials and technology respectively. .v̂  represents the 
vector of the design variables. For the multiobjective optimization design follovving function 
has to be maximized 

= (3-16) 

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

CoDstraints 

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 
meaningfiilly 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 <D \o — \ ( 

L.. < T, 

specifwations (3-17) 

K ^ K _ m i n 

K ^ , 

Ki 

d <d wirc — Mire ma.\ 

technology (3-18) 

comfort (3-19) 

Also it is verv important to check the demagnetization of the permanent magnet at maximum 
inverter current, maximal ambient temperature and maximal magnet temperature rise for the 
specified dut>̂  cycle and to eliminate the solutions which do not fiilfils this requirement 

check: (h,,, e M . dut}' cycle) (3-20) 

Also a very eflTicient 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 

3 <& (3-21) 

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 
fmite-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 speofication data: 
-load 
- ambient 
- constraints 
- inverter 

Direct design Optimization design 

Hooke-Jeeves 
optimization 

- O 

Sizing algorithnr 1 (SYNTHESIS) 

r 

Objectivefijnction cal Iculation (ANALYSIS) 

Parameter and 
perfonnance 
calculation 

DESIGN 
SOLUTION 

Opt imum^-^ ^ 
achieved 

Genetic algorithm 
optimization 

1 1 

Grid-search 
optimization 

y \ 

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

The optimization of electric machines is a multivariable, noniinear 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. AII 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 
fmd 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 geometr>' 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 

1 = 
abc^c. 

An{97tab^ + 671a b + ) 
y i (3^22) 

where: 
Cj = 10000 represents the length of the wire (in mm), 
ĉ  = 1 is the coil area (in mm^), and 

0.8 . 
c . = 

25.4 
is a constant related to a permeance coefficient and a metric transformation. 

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 necessar>. 

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 diflferent points in the feasible region 

^ - the precedent point, 
X̂ ^̂  - the actual point, 

- the new accepted point, 

the two kinds of search-moving can be explained. 

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

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

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

a (X"'^ - X^-'^J, (3-23) 

where a is an acceleration factor in order to speed up the search. 

Finding the new point X̂ "̂̂ ^̂  a new exploratory move is initiated. In order to achieve a shorter 
computing time a modified method can be applied. A second pattem search is made in the 
known direction from the precedent move to the new point 

The objective ftinction will be calculated here and this new point X̂ "̂̂ ^̂  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 

Pj(x) - lmax(0,gj(x))J' ( 3-25) 

and the extended objective function becomes 

F(x.r) = F(x) + | ; r P / x ) (3-26) 

where gj(x) are the constraints and rj is a penalty factor. 

It is important to mention here also the major drawbacks of the method: 

- a good iniţial 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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START Hooke-Jeeves 

X(k+1) 
as 

X(k)? 

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 UI) 
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Fig. 3-13 Evolution of objective function and design variables vs. iteration step (Start-point U3) 
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3.2.3.2 Genetic algorithms method 

The genetic algorithms (GA) [16] are one of the most powerflil 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 povverful heuristic of GA is effective in solving complex, high-dimensional problems. 
Genetic algorithms do not require a good iniţial design as a starting point. They are able to 
start w ith a poor iniţial 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 fmd 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. 

2. A population of n individuals (e.g. n 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/(.r,). The best, and the average and the global fitness 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 

f ( x ) 
p, —^— ) or a deterministic sampling (by which the best individuals are 

I 

selected and the worst ones excluded). 

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 p̂  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. 

- Mutaîion: a bit of the string of the new population is randomly selected, according 
to a defined probabilit> , 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. AII 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 vvell as high crossover probability (/? >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 

( > 0 . 0 5 ) can compromise the convergence of the procedure. 

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

I Genes | 

dv i 

Design variables (dvi) 
(physicăl quantities, 

loadings, 
geometrical proportions) 

1 0 1 1 

dV2 

0 0 1 1 

dV3 

1 1 1 0 

ChromosornB 

dvr dV2- - dV3 

1 0 1 1 0 0 1 1 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: 

p̂ ^ - mutation probability variation in Fig. 3-19, 
crossover probability variation in Fig. 3-20, 

Psize' 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: 
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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. 3-18 Mechanism of the genetic algorithms 
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Fig. 3-19 Influence of the mutation 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 \vhole 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. 

dV2 

4 • • • f • • 

• ' • • ' • • • f 
• • 4 i 

• • • * t • t 

4 » # i ; # # 

dv dv i 

Fig. 3-23 Design domain meshingfor grid-search 

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

^calc ~ ^ueps ^ (3-27) 

where n^^ is the number of design variables, the average number of steps for each 
design variable within the feasible domain. 

The probabilit> to fmd the global optimum is very high, but depends also on the fmeness 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 refme 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 j^H. The number of calculations of the objective 
flinction was 81^ = 6561. A new refined search was carried out with a step size of 0.05 mm. 
The value of the optimum was 279.7073 iaH , which means an insignificant change. 
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Fig. 3-24 SD-representation of the objective function for the grid-search method 

40 

35 

L = L(a. b) 

10!- , 
279.7073 uH 

5 -

Fig. 3-25 2D-representation of the objective function for the grid-search method 
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3.3 Conclusions 

In this chapter an overview of the design methods for electrical machines were presented. The 
convenţional method is based on a lot of experience and leads in most of the cases to a good 
design solution. The advanced approach, based on optimization techniques, finds the best 
design solution for a priori defined objective function. However, both design approaches 
require experience. 
The convenţional design method needs the experience in order to set the values of the key 
design parameters. Starting with these key design parameters, the complete design solution 
can be obtained by (iterative) calculations using the theory expressed in mathematical 
equations (mathematical model). 
The optimization design method tries to avoid the experience and searches without prejudice 
in a wide range of the design space for the optimal design solution. Different optimization or 
search algorithms were proposed in the literature. Three of them - Hook-Jeeves, genetic 
algorithms, and grid-search - were presented with details and compared. 
But the optimization design has also a few drawbacks. It is difficult to '"design" an 
optimization design program. The implementation of one or more optimization algorithms is a 
difficult and time expensive matter. For the industrial practice the problem becomes more 
difficult, as specific design constraint must be embedded in the optimization routines. 

The existence of an optimum which respects the constraints cannot be mathematically proven. 
But an experience-based first design solution within the feasible domain can help here. The 
optimization algorithm should converge, that means an optimum should be certainly founded. 
As seen before, the genetic algorithms have here a problem. The Hook-Jeeves and grid-search 
methods converge better. 

Another problem is the computing time. With a good starting point the Hook-Jeeves method 
finds the optimum within a few minutes. The genetic algorithms need a longer time for the 
search. A fine meshed grid-search needs perhaps a few weeks to fmd the optimum. But they 
are ver>' usefiil for the search in restricted areas. 

The robusîness of the genetic algorithms and grid-search methods is very good. They can fmd 
the global optimum and are able to jump over the local optimum points. But the genetic 
algorithms are probabilistic, that means that they maybe fmd the optimum, but it is not sure 
that they do it certainly. The grid-search method's success depends also on the fmeness of the 
mesh. The Hooke-Jeeves method can get stuck in local optimum points. They need anyway a 
starting point within the feasible region and it is advisable to start the optimization from 
several points. 

A combination of the three methods seems to have success. The Hooke-Jeeves and genetic 
algorithms methods should be used for the global search and a fine grid-search should be done 
around the optimum given be the first two methods. 

A compromise must be found between the accuracy and the computaţional effort during the 
optimization design process. Analytical models are quick but have a lower accuracy. Finite 
elements models are accurate but slow(er). A good compromise solution seems to be a two 
steps method: in the first step to localize with an analytical model the area of the optimum, 
and then in a second step to apply in the analytically restricted area a refmed grid-search 
based on a FE-model in order to achieve the ''real" optimum. 
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PMSM-solutions for automotive applications 

Abstract 

This chapter presents the implementation of advanced electromagnetic design techniques for 
PMSM in order to find solutions for automotive applications. Examples considering 
convenţional (experience-based) and optimization design are presented vvith important related 
details. 
The optimization design method includes three different approaches: sizing, shaping, and 
topology optimization. Efficient optimization (search) algorithms were considered: Hooke-
Jeeves (HJ), genetic algorithms (GA) and grid-search (GS). 
Three case studies are considered for an interior permanent magnet synchronous motor 
(IPMSM) in order to emphasize the optimization design methods: 
- sizing (dimensioning) is done based on experience, and in comparison, using the (multi-

objective) optimization design method, 
- synthesis of the sinusoidal back-emf shape was done using a coupled fmite-element (FE) 

grid-search method, 
- two novei rotor topologies were generated, in the first case in order to minimize the 

cogging torque and in the second one in order to maximize the pole flux keeping the 
minimal level of the cogging torque simultaneously. 

Experimental results to back up the theory are available too. 

4.1 Introduction 

The overview of high performance automotive applications presented in a precedent chapter 
has emphasized the increasing importance of electric actuation in the automotive industry. 
Some of these applications represent at the moment only subject of research work in academic 
institutions and industrial companies. 

However, some applications were developed during the last years up to a maturity level thus 
they could be already implemented in series cars. The electric assisted steering systems 
belong to this class of applications. 

In the following, IPMSM-based solutions for three steering applications will be presented 
with design and analysis details (including experimental analysis): 

- electric assisted front steering (EAFS), 
- electric assisted power steering (EPS), 
- electric assisted active rear steering (EARS). 
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The decision to choose IPMSM for the automotive steering appiications was made taking into 
account the major advantages of this electric machine type regarding following application 
aspects: 

- safet\' (the robustness of the rotor can be combined with robust non-overlapped 
concentrated stator windings), 

- reliabilit>' (brushless motor technology), 
- technical performance parameters (high torque density, high dynamics, wide speed 

range due good field-vveakening capability), 
- manufacturing technology (easy to manufacture due to simple motor topology and the 

absence of any kind of skewing) 
- cost (lowest cost of the permanent magnets due to their simple shape. 

4.2 Case study #1 - An IPMSM for an electric-assisted active front 
steering drive systern 

4.2.1 Specification data 

This case study will show a comparison between the experience-based and sizing 
optimization method for an IPMSM with the specification data given in [6], and [7] and listed 
in Table 4-1. 

Parameter Value Measure unit 

peak torque at base speed 0.9 Nm 

base speed 3000 1/min 

peak torque at max. speed 0.3 Nm 

max. speed 6000 1/min 

equiv. duty cycle 5 % 
ambient temperature -40... 125 °C 

dc-bus voltage 12 V 

max. line-line inverter output 
voltage (rms) 

7.2 V 

max. line current (rms) 60 A 
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4.2.2 Global topologv selection 

Several motor topologies vvere analyzed during the design process. The global topology 
represents a set vvhich describes the structure of the machine: 

- inner or outer rotor PMSM, 
- slotted or slotless stator, 
- embedded or surface permanent magnets, 
- number of stator slots, 
- number of rotor poles. 

The decision for one topology was based on the comparative overview presented in a 
precedent chapter. Howeven in order to assure a cost-competitive solution for the automotive 
market a 6-slots / 4-poles topology as shown in Fig. 4-1 was preferred. 

Fig. 4-1 Cross section of IPMSM 

The quality of this topology, as introduced in a precedent chapter, can be expressed as follows 

cogging torque factor 

k, = = ICA/(6,4) = 12 (4-1) 
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winding factor (equal with the pitch factor for the unskewed, two-layers, 6-slots / 4-
poles winding with a coil pitch of one slot) 

= = sin 
n y 

2 V . 

= Sin 
2 2 7 r / 

V 

= 0.866 (4-2) 

topological qualit> factor (with a weighting coefTicient of 0.5 for the cogging torque 
and 0.5 for the winding factor) 

50 50 = ^'Ar cwe + = 0.5 • 12 + 0.5 • 0.866 - 6.433. (4-3) 

The topological qualit\ factor of the chosen solution is rather not extremely high, but this 
configuration assures, due a low number of active components (coils and permanent 
magnets), a low material and manufacturing cost. 

4.23 Materials selection 

In the following the selection of the materials for the active parts will be presented. This will 
be done based on experience. 

4.2.3.1 Iron core laminations 

Based on experience the material for the stator and rotor cores was chosen to be laminated 
non-oriented silicon M400-50A electric steel. For the rotor of the PMSM also a massive iron 
core could be chosen. The inner parts provided by the stamping process of the stator 
laminations can be used economically for the rotor core. Table 4-2 presents the main material 
properties of the iron core laminations. 

Pa ram eter Symbol Value Unit 

Saturation induction 1.0 T 

Coercivity @ 1.0 T ^ 1.07 190 A/m 

Specific total losses 

@ 1.5 T(peak) and 50 Hz 

PFe J ir iOHz 4 W/kg 

Hysteresis loss coeffîcient Chy Ws/r^/kg 

Eddy currents loss coefficient Ce. Wŝ AT /̂kg 

Mass density P,e 7800 kg/m' 

The DC magnetization curve and the dependence of the relative permeability with the 
magnetic flux density are shown in Fig. 4-2 and Fig. 4-3 respectively. The variation of the 
specific total losses versus frequency at 1.5 T (peak), and versus peak flux density at 100 Hz 
is presented in Fig. 4-4, and Fig. 4-5 respectively. 
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BM ourves of dlfferent Steels 
• H4Q0-S0A 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 
H (A/m)*le5 

0.70 0.80 0.90 1.00 

Fig. 4-2 DC magneîization curve. 

B/H curves of dlfferent Steels 
|«M400-50A I 

0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 
B(T) 

Fig. 4-3 Relative permeability \s. flux demiîy. 
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Loss vs frequency for dtfferent Steels 
B ^ i>5 Cr) 
I-W400-50A I 

90 100 110 120 130 140 150 160 170180190200 
Frequency (Hz) 

F/g. 4-4 Specific total losses versus frequency at L5T(peak). 

loss vs flux denslty for different Steels 
Frequency = 1(X) (Hz) 

F^M400-50A I 

0.2Q 0.40 0.60 0.8Q l.OQ 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.BD 3.00 
B(T) 

Fig. 4-5 Specific total losses versus peak flux density at 100Hz. 
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4.2.3.2 The permanent magnets 

For the actual high-performance application high-energy permanent magnet material is 
required. As Neodymium-Iron-Boron magnets fulfil the technical requirements and have an 
acceptable price they will be chosen for the actual design. 

Parameter Symbol Value Unit 

Remanent induction Br 1.2 T 

Intrinsic coercivity Hj 810 10̂  A/m 

Recoil permeability 1.1 -

Maximal energy product 220 kJ/m^ 

Magnetizing force TT 
magn 2300 10̂  A/m 

Temperature coefficient of the remanent induction -0.001 1/°C 

Temperature coefficient of the intrinsic coercivity -0.0006 1/°C 

Curie temperature T ( une 310 

Mass density PHM 7400 Kg/m^ 

The demagnetization curve of the magnetic material at 20 °C is shown in Fig. 4-6. 

D e m a g n e t i z a t i o n c u r v e s a t 2 0 ' ' C 

I m - N t f e 6 _ & . 1 3 T _ 2 0 d e g c | 

13 

12 

0 5 

08 

- 0 . 7 

- 0 . 6 

~0S 

- 0 . 4 

03 

-02 

- 0 1 

O 

B{T) 

-900 ,000 - 8 0 0 . 0 0 0 .lOOfiCO -800 ,000 -SOO.OOO -400 ,000 -300 .000 -200 ,000 -100 ,000 O 

H(A/m) 

Fig. 4-6 Demagnetization curve at 20 °C 
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4.2.4 Sizing 

Based on the general aspects regarding the sizing of electric machines as presented in a 
previous chapter, this paragraph will present the selection of the key design quantities 
(parameters - for the convenţional design approach, and variables - for the optimization 
design approach), and the dimensioning procedure for the actual case study IPMSM. 

4.2.4.1 Key design quantities selection 

In the present work follovving key design quantities were chosen: 

(4-4) 

where: 

j 
A 

B 

B. 

B.S 
B, 

' average surface force density, 
- current densit> in the stator winding, 
- ratio outer rotor diameter to stack length, 
- amplitude of the first harmonic of the airgap flux density, 

- maximal stator yoke flux density, 

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

4.2.4.2 Dimensioning procedure (algorithm) 

With known specification data and key design quantities, the dimensioning process can be 
defmed algorithmically. The different geometrical dimensions are presented in Fig. 4-7 for 
the whole motor, Fig. 4-8 for the stator, and Fig. 4-9 for the rotor with interior permanent 
magnets. 

The dimensioning steps are as follows: 

Step 1. Outer rotor diameter 

A . = V 
2XT 

^sar 
(4-5) 

Step 2. 

where: 71 

Stack length 

fsav 

Dr. 
X 

electromagnetic torque, 
average surface force density, 
outer rotor diameter, 
ration outer rotor diameter to stack length. 

(4-17) 
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(SYaka) 

8 Lot 

K I G - u m -t- BBP 
Rad2 - R I G + SD 
S U A M t a r s in b r a c t e t s 
are cal cula ted by 
t b a 

Fig. 4- 7 Motor cross-section geometry. 

Step 3. Peak airgap pole flux 

f-f-^) 

with: 

A, = D^. + 25 (4-8) 

2p 
(4-9) 

B =—B , (4-10) 

where: r^ - pole pitch, 
D,, - inner stator diameter, 
B^ - average value of the airgap flux density. 

5 - airgap, (dimensioned by experience). 
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Step 4. Number of tums per phase 

_ 'ph_rnv^ / / ; ; i 

with: 

(4-12) 

(4-13) 
2n 

k.A = kpi (4-14) 

kp\ = sin 
' 11 y 
v 2 

(4-15) 

where: „„ - phase EMF, 

- base frequency, 
, - winding factor for the first harmonic, 

- reactance voltage drop factor 

- phase voltage 
G)„, - mechanical angular speed 
p - number of pole pairs 

- pitch factor for the first harmonic 
y - winding pitch 
y^ - winding diametrical pitch. 

Step 5. Phase back-EMF constant (peak value) 

PK\n,_ph^,^peok (4-16) 

Step 6. Torque constant (peak value, Y-connection of the phases) 

(4-17) 
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Step 7. 

Step 8. 

Step 9. 

Peak line current 

T. 
1, k '^ i n 

Phase current (rms, Y-connection of the phases) 

j _ ^I.^peak 
ph rnis 

Wire area 

(•f-18) 

(4-19) 

^Mirc - j aJ 

where: a J - number of parallel current paths, 
- rms of the current density. 

( 4-20) 

Fig. 4-8 Stator slot geometry. 

Step 10. Slot area 

^sht -
^ f ill^layers 

(4-21) 

where: - slot fill factor 

• slot winding layers 

Step 11. Stator tooth width 

'••^TT-b-
(4-22) 

where: N^ - number of stator slots 
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Step 12. Slotwidth 

Step 13. 

Step 16. 

where: k̂ ^ - ratio slot width to tooth width 
Slot height 

A. 
h. = 

slot 

b. 
with: 

where: b̂  

bs2 

- mean slot width, 
- upper slot width, 
- lower slot width. 

Step 14. Tooth height 

where: h.. 

s bonom 

- tooth tip height 
- height slot bottom 

Step 15. Stator yoke height 

\ V 5 

Stator outer diameter 

Step 17. Rotor yoke height 

(4-23) 

(4-24) 

(4-25) 

(4-26) 

(4-27) 

(4-28) 

(4-29) 

Step 18. Magnet width (magnet pole arc « one slot pitch for minimal cogging torque) 

(4-30) b^ - 2 sin 
h n 

v 6 . 

ro pole piece 

where: h pole piece - height of the magnet pole piece 

BUPT



4.2 Case study #1 - A n I P M S M for aii electric-assisted active front steering drive systern 157 

Step 19. Magnet area 

.4,, =b„L 

Magnet 

Bridge 

(4-3 h 

MagWid 

Fig. 4-9 Rotor geomeny. 

Step 20. Airgap area 

A 

Step 21. Magnet flux density 

^ v / -
flK. A M 

where: - leakage factor 

Step 22. Permanent magnet coercivity 

/ / w -
"rin 

(4-32) 

( 4-33) 

(4-34) 
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Step 23. Airgap coercivity 

(4-35) 

Step 24. Stator tooth coercivit> (obtained from the B-H iron curve) 

f f , s = f { B j (4-36) 
Step 25. Stator yoke (obtained from the B-H iron curve) 

Step 26. Rotor yoke coercivity (obtained from the B-H iron curve) 

(4-38) 

Step 27. Lengths of the magnetic circuit sections for the airgap 

Step 28. Lengths of the magnetic circuit sections for the stator tooth 
h = K 

Step 29. Lengths of the magnetic circuit sections for the stator yoke 

Ip 

Step 30. Lengths of the magnetic circuit sections for the rotor yoke 

" 2 2p 
(4-4!) 

Step 31. S u m o f t h e m m f s 

e = HX + HJ^^ + + HJ^ (4-42) 

Step 32. Permanent magnet length (in radial direction) 

(4-43) 
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4.2.4.3 Experience-based sizing 

The dimensioning procedure presented in the previous paragraph were appiied for the 
foilowing set of key design parameters (known by experience) 

fsa\' •• 1.75 
N 

cm' 

j = = 15 
A 

mm' 
A = : 0.6 

= 0.8 [r] 

= 1.0 [T] 

= 1.2 Y 

Byr = 1.0 [T] 

(4-44) 

The obtained geometrical dimensions of the IPMSM are presented below: 

Step 1. Outer rotor diameter 

Step 2. 

2XT 2 0.6 0.9 

^ s a ^ V 

Stack length 

n 1.74 
= 27 IO"' [w] (4-45) 

0.6 
m\ (4-46) 
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Step 3. Peak airgap pole flux 

r,ak = ^pl^^, o. = 22 • 10"' 45 • 10"' 0.51 = 504 • 10^ ^ 

5 =0.5 1 0 ' [w] 

A, = A., + 25 = 27 • 10"' + 2 0.5 • IO"' = 28 • 10"' [m] 

2p 22 

^,.=-^.,=-0.8 = 0.51 [T 
n n 

(4-47) 

(4-48) 

(4-49) 

(4-50) 

(4-51) 

Step 4. Number of turns per phase 

12 0.6 0.8 V 
n. ' ph _ rms 73 

' _ V2 ;r 100 0.866 504 • 10"^ 
= 11.95 = 12 (4-52) 

K , = 0 . 8 6 6 (4-53) 

Step 7. 

Step 8. 

Step 5. Phase back-EMF constant (peak value) 

K _ p. = p K a _ = 2 0.866 12 504 • 10"^ = 0.0105 

Step 6. Torque constant (peak value, Y-connection of the phases) 

K j . , = = ^ 0 . 0 1 0 5 V 3 = 0.0157 [ % 

Peak line current 

/ / peak 
kr 0.0157 \Apeak 

Phase current (rms, Y-connection of the phases) 

J, neak 57.3 
ph rms ^^^- — -40 5 \a 1 

(4-54) 

(4-55) 

(4-56) 

(4-57) 
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Step 9. Wire area 

= ^ ^ ^ ^ = — ^ ^ ^ = 1 - 3 5 • 1 0 - " 
aJ 2 1 5 1 0 ' 

m' (4-58) 

<,..=13 10-^ [m 

A , . , = 1 . 3 2 7 - 1 0 - ' m-

Step 10. Slot area 

^S/Of ~ 

W, . A w 1 2 1 . 3 2 7 - 1 0 -.pi' 

^ fill'^hyen 0 . 2 7 2 
= 2 9 . 5 - 1 0 

- 6 m' ( 4-59) 

Step 11. Stator tooth width 

Step 12. 

^ s K 6 1 . 2 ^ 

Slot width 

0 . 6 7 1 0 - ^ = 4 . 2 - 1 0 - ^ [ m 

Step 13. Slotheight 

h 4.2 10-̂  ^ 
m 

(4-60) 

(4-61) 

(4-62) 

Step 14. Tooth height 

Step 16. 

h, = = 7 -10-^ + 1.5 • 10-^+1.5 -10-^ = 10 • 10-̂  [m] (4-63) 

Step 15. Stator yoke height 

' N ^ 6 2 1 . 0 ^ ^ 
(4-64) 

Stator outer diameter 

= + / ! „ ) = 2 8 • 1 0 - ' + 2 ( 4 - 1 0 - ' + 1 0 • 1 0 - ' ) = 5 6 - 1 0 - ' [m] (4-65) 

Step 17. Rotor yoke height 

27-10-' 
^^ 4p B^^ 4 2 1 . 0 ^ ^ 

(4-66) 

BUPT



162 Chapter 4 PMSM-solutions for automotive appiications 

Step 18. Magnet width (magnet pole arc ^^one slot pitch for minimal cogging torque) 

b̂ f = 2 sin 
/ 

n ^ro ^pole _ piece = 2 sin 
27 10"' 2.5 

v ^ / 
1 2 . 6 I O ' = 1 2 1 0 ' [ w ] 

(4-67) 

Step 19. Magnet area 

= b„L = 12 • 10- 45 • 10"̂  = 540 • 10" m 

Step 20. Airgap area 

= = 9 5 4 . 1 0 -
2p 22 

m' 

(4-68) 

(4-69) 

Step 21. Magnet flux density 

f , , , 0.9 540 10-^ ^ ^ 
(4-70) 

Step 22. Permanent magnet coercivity 

^ ^ ^ ^ - B^,, ^ ^ _ I 5 9 2 3 6 
4 ; r I O " ' 1 . 1 m (4-71) 

Step 2 3. A i rgap coerc i V ity 

0.51 
4 ; r l 0 

- 7 = 405732 
m 

Step 24. Stator tooth coercivity (obtained from the B-H iron curve) 

H,^=f(B,:)=f(\.2)=2\i [y^ 

Step 25. Stator yoke (obtained from the B-H iron curve) 

Step 26. Rotor yoke coercivity (obtained from the B-H iron curve) 

/ / , . = / ( 5 j = / ( l O ) = 1 7 7 

Step 27. Lengths of the magnetic circuit sections for the airgap 

= k,.g = 1.03 0.5 • 10"' = 0.515 • 10"' [m 

(4-72) 

(4-73) 

(4-74) 

(4-75) 

(4-76) 

BUPT



4.2 Case study #1 - A n I P M S M for aii electric-assisted active front steering drive systern 163 

Step 28. Lengths of the magnetic circuit sections for the stator tooth 

= 1 0 1 0 - m {•f-^V 

Step 29. Lengths of the magnetic circuit sections for the stator yoke 

^ _ 2 ;r(D,, _ 2 ;r(56 • 10'' - 4 • 10"') _ ^^ ^ 
2p 2 2 

1 0 " ' m (4-^8) 

Step 30. Lengths of the magnetic circuit sections for the rotor yoke 

(4-^9) 

Step 31. Sum of the mmf s 

-9 = //„/„ + //.A. + + H^g = 
217 0.010 +177 0.0272 +177 0.0071 + 405732 0.00515 = 217.2 [A] 

(4-80) 

Step 32. Permanent magnet length (in radial direction) 

h, = -

6 
H Xî 

217.2 
-159236 

= 1 .3610" '=3 .5 10"' [, m (4-81) 

The cross section of the IPMSM is shown in Fig. 4-10 and the dimensions and properties are 
listed in Table 4-3. 

Fig. 4-10 Cross section of the convenţionali)' dimensioned IPMSM. 
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Parameter Value Measure unit 

Topology 

inner rotor IPMSM 

number of phases 3 -

number of stator slots 6 -

number of rotor poles 4 -

Geometry 

stator outer diameter 56 mm 

stator inner diameter 28 mm 

airgap (minimal) 0.5 mm 

stator tooth width 7 mm 

stator yoke height 4 mm 

rotor yoke height 5 mm 

stack length 45 mm 

magnet width 12 mm 

magnet height 3.5 mm 

slot opening 2.3 mm 

tooth tip height 1.5 mm 

slot depth 10 mm 

rotor bridge and wedge width 0.5 mm 

Winding 

nb. slots/pole/phase 0.5 -

nb. winding layer 2 -

nb. tums per phase 12 -

wire diameter 1.30 mm 

phase connection Y -

number of parallel paths 2 -

slot fill factor 0.27 -

Materials 

core material M400-50A -

magnet type NdFeB(1.2T) -
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4.2.4.4 Sizing optimization 

To fulfil this task tbllovving is necessary to get or choose an objective function, to chose the 
design variables, and to respect the constraints and to implement one or more optimization 
algorithms in a computer program. 

4.2.4.4.1 The objective function 

The target of the present work was a multiobjective optimization. The efficiency and the cost 
of the active materials were considered as fltness functions. A weighted sum of these two 
objective functions was build. Several constraints were considered. These will be mentioned 
in the next paragraph. The objective functions can be mathematically expressed as 

f i M = ri (4-82) 

for the efficiency, which has to be maximized, and 

c 
\ y 

(4-83) 

for the cost of the materials, which has to be minimized. jc, represents the vector of the design 
variables. For the multiobjective optimization design following function has to be maximized 

f M ^ ^ x f x ) + ̂ 2̂/2 ) ( 

where and ŵ  are two weighting factors. These weighting factors were considered as 
inputs in the optimization process (e.g. w, = 0.8, ŵ  = 0.2). 

4.2.4.4.2 The design variables 

In the actual approach, as mentioned in a precedent chapter, the key design parameters used in 
the general design were chosen also as design variables in the optimal design as following 

where: f^^. - average surface force density, 
j - current density in the stator winding, 
A - ratio outer rotor diameter to stack length, 
B̂ ^ - amplitude of the first harmonic of the airgap flux density, 
Bŷ  - maximal stator yoke flux density, 
B̂^ - maximal stator tooth flux density, 
Bŷ  - maximal rotor yoke flux density. 
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The domains for these design variables are chosen as following 

f\a\' •- 0.5.. . 3 
N 

c/w' 

j = = 10... 25 
A 

j = 
mm 

A = : 0.5.. .1.0 -

= 0.5. ..1.2 Ir] 
By. = I.O. ..2.0 Y 

= 1.0. ..2.0 [T] 

Byr = 1.0. ..2.0 [r] 

(4-86) 

4.2.4.4.3 The constraints 

Several constraints on geometrical dimensions and temperatures are applied. They are 
embedded in the design program and allow to consider only geometrical meaningfuliy design 
solutions. Only design solutions, which respect the maximal allowable temperatures, are 
selected. 
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 most important constraints for all optimization methods used in the case study can be 
mathematically expressed as inequalities as follows 

D <D so Si 

L<L 

T <T ^CO — ^ co 

specifications (4-87) 

K ^ K _ m . n 

h >h "ys — ">'v_niin 

Kl ^ ^ / . m i n 

d <d 

technology (4-88) 

M /rc max 

comfort (4-89) 
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Also it is ver> important to check the demagnetization of the permanent magnet at maximum 
inverter current, maximal ambient temperature and maximal magnet temperature rise for the 
specified dut> cycle and to eliminate the solutions which do not fulfils this requirement 

check: (h^f. . . dufy cycle) ( 4-90) 

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 

4.2,4.4.4 The computer optimization program 

As one major task of this vvork was the implementation of the advanced design techniques -
only the optimal dimensioning at begin of the work - into an efficient design tool. The 
developed program includes two different design approaches: 

• convenţional design (experience-based), 
• optimal design. 

After introducing the specification data (including the chosen motor topology) the user has the 
possibility to select one of the two above mentioned design approaches. 

For the convenţional design method the user needs to introduce the values of the key design 
parameîers, The implemented dimensioning routine based on the above presented 
dimensioning algorithm offers the complete geometrical dimensions of the machine for the 
actual specification. In a further step the machine parameters and other design related 
information is offered. 

For the optimal design approach the user has to introduce the specification of the machine and 
now the ranges for each key design variable, Three different optimization methods presented 
in the previous chapter have been implemented in the program in order to fmd the optimum of 
the objective function, which is in the actual stage of development a linear combination of the 
efficiency of the motor and materials cost. In addition to the efficiency and cost of the 
materials the materials weight is calculated. 
One run includes only an optimal design process using only one optimization method. For 
several runs using the same method or for design employing different optimization methods 
the user has to start the program again and to select the method. 
It should be mentioned that in the actual stage the evaluation of the fitness function is done 
analytically. However, this analytical procedure includes corrections derived from FE-
calculations and measurement results for some machine topologies. Mainly, these correction 
were implemented as correction factors for important physical quantities (flux linkage) and 
for machine parameters (phase resistance and inductances, iron losses, friction torque). This 
way is considered to be the only practicable way for an industrial design tool. 

This computer program was developed in MATLAB. The structure of the program is shown 
in Fig. 4-11. 
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PMSM-SIZING PROGRAM 

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

Direct design Optimization design 

£ 

o 
I 
I 

Sizing algorithrr 1 (SYNTHESIS) 

Objective function cal Iculation (ANALYSIS) 

Opt imun iX^ N 
achieved 

Parame 
perfon 
calcu 

»ter and 
Tiance 
latlon 

DESIGN 
SOLUTION 

• 1 
! 

Direct design j 
Hooke-Jeeves 
optimization 

Genetic algorittim 
optimization 

Grid-searcti 
optimization 

^ \ 

Fig. 4-11 Structure of the sizing program. 
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4.2.4.4.5 Design optimization by Hook-Jeeves-method 

The parameters for the actual optimization design with the Hook-Jeeves-method were: 

number of variables 

penalt}^ coefficient values 

absolute search step value 

minimum step value 

step reducing factor 

acceleration factor 

max. number of iterations 

1 10' 

[O.KO.5,0.1, 0.1,0.1,0.1,0.1] 

[le-3, 5e-3, le-3, le-3, le-3, le-3, le-3] 

[0.75, 0.75, 0.75, 0.75, 0.75, 0.75, 0.75] 

[1.25, 1.25, 1.25,1.25,1.25,1.25,1.25] 

300 

In order to be sure that the global optimum for the objective function was achieved, six 
difFerent starting points within the feasible domain of the design variables were chosen. 

These randomly generated starting points are presented in Table 4-4. 

Variable 

#1 

Variable 

#2 

Variable 

#3 

Variable 

#4 

Variable 

#5 

Variable 

#6 

Variable 

#7 

Point#l 1.5 10 0.6 0.7 1.5 1.3 1.3 

Point #2 1.0 15 0.5 0.5 1.0 1.0 1.0 

Point#3 2.8 15 0.9 0.8 1.0 1.0 1.3 

Point #4 0.5 15 0.5 0.9 1.8 1.8 1.8 

Point #5 1.0 15 0.9 0.6 1.6 1.3 1.3 

Point #6 1.5 10 0.8 0.5 1.8 1.8 1.8 

; TIMIî^MKa 
^ !:̂ IBLIOTFCCA CENTRALĂ 

BUPT



170 Chapter 4 P M S M - s o l u t i o n s for au tomot ive appi icat ions 

In the following the results for the multi-objective optimization using the Hooke-Jeeves 
search algorithm will be presented. The evolution of the objective function given by 

/ ( . r j = 0 . 8 ^ 7 - f 0 . 2 
C 
C 

(4-92) 

is presented in Fig. 4-14 versus iteration step. The evolution of the eflTiciency and materials 
cost versus iteration step are shown in Fig. 4-15and Fig. 4-16. 
In Fig. 4-17, Fig. 4-18, and Fig. 4-19 the evolution of following quantities is presented 
versus iteration step: 

• machine dimensions. 

• design variables. 

Fig. 4-12 Compar ison between hest Hooke-Jeeves midîi-objectire optimization design (left) and convenţional 
design (right). 

Fig. 4-13 Flux density loading and field lines distribution at no load in compar ison. 
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Fig. 4-14 Evolution of multi-objecîive function vs. itîeration step. 
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Fig. 4-15 Evolution of efficiency vs. iteration step. 
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Fig, 4-16 Evolution of materials cost vs. iteration step. 
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Fig. 4-17 Evolution of machine dimensions vs. iteration step. 
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Fig. 4-18 Evolution of mac hi ne dimensions vs. iteration step. 
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Fig. 4-19 Evoliition of design vahables vs. iteration step. 
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4.2.4.4.6 Design optimization by genetic algorithms method 

For the same specification data a second optimal design approach was carried out using 
genetic algorithms. 

The used optimization parameters for this method were as follovvs: 

• number of variables = 7 

• number of encoding bits =[6 7 6 6 6 6 6] 

• population size = 100 

• mutation probabilit>' = 0.05 

• number of generations = 100 

The results of the multi-objective optimization using the genetic algorithms will be shown 
now. The evolution of the objective flinction given by 

0.877+0.2 
/ 

c 
( 4-93) 

is presented in Fig. 4-22 versus generation. The evolution of the efficiency and materials cost 
versus generation are shown in Fig. 4-23 and Fig. 4-24 . 

In Fig. 4-25, Fig. 4-26, and Fig. 4-27 the evolution of following quantities is presented 
versus iteration step: 

• machine dimensions, 

• design variables. 

The computing time to find the optimal solution took between 60 seconds and 10 minutes, 
depending how quick the search converges. 

In Fig. 4-20 the design solution obtained with the GA is shown in comparison with the 
solution obtained using the convenţional design approach. The flux density loading and the 
field lines distribution at no-load is presented in Fig. 4-21. 
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Fig. 4-20 Companson benveen hest GA multi-ohjective opfimizafion design (lefi) and convenţional design 
(right). 

Fig. 4-21 Flux density loading and field li nes dis tribut ion at no load in companson. 
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Fig. 4-22 Evolution of multi-objective function vs. generation. 
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Fig. 4-23 Evolution of effîciency vs. generation. 
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Fig. 4-24 Evolution of materials cost vs. generation. 
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Fig. 4-25 Evolution of machine dimensions vs. generation. 
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Fig. 4-26 Evolution of machine dimensions vs. generation. 
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Fig. 4-27 Evolution of design variables vs. generaţion. 
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4.2.4.4.7 Design optimization by grid-search method 

This method vvas applied in a reduced range of the design variables, given by the other tvvo 
precedent methods: 

. c = 1.0... 3 
N 

cm' 

j = 17... 19 .4 
mm' 

X = 0.6.. .0.8 [-1 
= 0.7 . ..0.9 [r] 
= 1.3.. .1.6 r 

B,. = 0.9. ..1.5 [î-1 
B.r = 1.0., .. 1.6 

i 4-94) 

The computing time vvas below 8 hours for the search in this range of the design domain in 
308,700 points of the mesh. 

Fig. 4-28 Comparison between best GS mulîi-objectixe optimization design (left) and convenţional design 
(right). 

Fig. 4-29 Flux density loading and field lines distribution at no load in comparison. 
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Overview of the results, comments and conclusions 

In the following an overview of the optimal design process will be presented for all employed 
methods: 

• HJ six starting points, 
• GA six program starts, 
• GS one program stars in a restricted area of the design domain as mentioned before. 

The best solution (FF=0.837) for the multi-objective optimization was given by GA as can be 
seen in Table 4-6. This best result was obtained with four design solutions (design solutions 
#1, #2, #5, #6), which have very similar geometries. 

The results of the optimal design process with the efficiency as single-objective fitness 
flinction are presented in Table 4-5. In this case the best result (0.772) was ofFered by HJ 
(design solution #4). 

In Fig. 4-30 a comparison of the best efficient machine with the convenţional design solution 
is presented. A higher rotor outer diameter to stack length ratio and a higher joke height can 
be observed. 

Fig. 4-30 Comparison between best single-objective (efficiency) optimization design (left) and convenţional 
design (right). 

The best-efficient design solution presents a higher efficiency at rated load with about 2.0 % 
in comparison to the convenţional design solution. 
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Table 4-5 Optima! dimensionin^ results (single-objective efficiency). 

wf_l=1.0 

wf_2=0.0 

GA GS EXP wf_l=1.0 

wf_2=0.0 #1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6 - -

FF=Eff [-] 754 .754 758 .772 .759 766 758 752 .755 .759 763 761 766 756 

Cost_rel [%] 105 112 111 149 98 127 117 105 100 99 124 99 152 100 

f_sav [N/cm-] 1.83 1.23 1 82 1.37 1 47 1.56 l 54 1.54 1 51 1 48 l 35 1 41 1 25 1 75 

j [A/mm^] 172 177 172 17.5 17.7 173 178 18.5 18 2 17 6 179 17.5 185 15 0 

lambda [-] 0.60 0.73 0.63 0.73 069 068 0.71 0.66 065 066 069 0.70 0.75 0.60 

m 086 0.85 0.87 0.90 0.84 0.89 088 086 084 0.83 088 082 090 080 

B_ts m 1.50 1.29 1.57 1.58 1.57 1.58 1.53 1.58 1 59 1.56 1.50 1.59 1.60 1 20 

B ^ s m 0.93 1.0 1.04 1.15 1.20 1.06 1.23 1.06 1.24 1.22 1 39 1 37 1.20 1.00 

Bjyr m 1 30 1.0 1.4 1.35 1.37 1 35 1.37 1.39 1.4 1 36 1 37 1.37 1 50 1 00 

Dso [mm] 56.0 56.0 56.0 56.0 558 56.0 54.9 55.4 546 55.3 53.5 55.9 55.9 56.0 

D_ro [mm] 26.6 32.4 27.0 31.5 29.9 29.2 29.7 29.1 29.1 295 30.9 30.5 32.5 27.0 

L [mm] 44.3 44.7 43.2 43.5 43.5 43.2 42.1 44.1 44.8 447 447 437 43.3 45.0 

b_ts [mm] 5.3 7.4 5.2 6.2 5.5 5.7 5.9 5.4 5.3 54 6.2 5.4 63 7.0 

h_ys [mm] 4.3 4.8 3.9 4.2 3.6 4.2 3.7 4.0 3.4 3.5 3.3 3.1 4.2 4.0 

h_yr [mm] 4.4 6.9 4.2 5.3 4.6 4.8 4.7 4.5 4.4 4.5 49 46 4.9 5.0 

b_M [mm] 12.0 14.8 12.2 14.4 13.6 13.2 13.5 13.2 132 13 4 14.0 139 148 12.0 

h_M [mm] 2.4 2.0 2.8 3.5 2.0 3.1 2.8 2.3 2.1 20 2.7 2.0 3.5 3.5 

nt_ph [-] 12 10 12 10 11 11 11 11 11 11 10 11 9 12 

d_wire [mm] 1.20 1.18 1.20 1.18 1.19 1.19 1.19 1 16 1.17 1 19 1.18 1 20 1.20 1.30 
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Table 4-6 Optimal dimetisioning results (ntulii-objective efficiency, cost). 

wf_l=0.8 

wf_2=0.2 

H-J GA GS EXP wf_l=0.8 

wf_2=0.2 #1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6 - -

MFF 1-1 .827 807 833 .752 788 817 .837 .837 831 834 .837 .837 .832 .805 

Efr 1-] .743 770 736 766 .769 758 0.703 .694 .696 .705 .694 .700 .707 .756 

Cost_rel [%1 86 105 82 144 116 95 73 71 73 74 71 72 75 100 

f s a v [N/cnr] 1.95 1.23 2.10 1 40 1.03 1.50 2.68 2.62 2.81 2.56 2.90 2.65 2.5 1.75 

j [A/mm-J 177 17.7 17.6 178 17.6 17.9 18.9 19.9 18.2 18.2 18,7 18.8 19 15 

lambda [-] 063 0.73 063 0.74 0.79 0.68 0.62 0.71 0.67 0.73 0.64 0.71 0.60 0.6 

[T] 083 083 081 090 085 0.83 0.82 0.83 0.82 0.83 0.82 0.83 0.80 0.8 

B_ts [T] 1.57 1 65 1.54 1.58 1 43 1 65 1.46 1.47 1.30 1.35 1.36 139 1.5 1.2 

B ^ s [T] 1.24 1 49 1 50 1 14 1 44 1.48 1.40 \31 1 29 1.39 \39 133 1.5 1.0 

B_>r m 1.30 1.00 1.50 1.35 1 30 1.57 I.IS 121 1 33 1.22 1.08 1.19 1.0 1.0 

Dso [mm] 558 55.8 56.0 56.0 560 55.3 55.7 55.7 55.8 55.7 55.9 55.8 55.9 56 

D_ro [mm] 26.4 32.4 25.8 31 2 35.3 29.6 23.7 25.0 23.9 25.4 23.3 24.8 24.0 27 

L [mm] 42 2 44.7 41 2 422 44.9 43.8 38.2 35.0 35.8 34.8 36.3 35.1 40.0 45 

b_ts [mm] 49 5.6 4.7 6.1 7.2 5 1 4.6 4.9 5.2 5.4 4.9 5.2 4.4 7 

h_ys [mm] 3.1 3.1 2.4 4.2 3.6 2.8 2.4 2.6 2.6 2.6 2.4 2.7 2.2 4 

h_yr [mm] 4.2 6.8 3.5 5.2 5.8 3.9 4.2 4.1 3.7 4.3 4.4 4 3 4.8 5 

b_M [mm] 11.9 14.8 11.6 14.2 16.2 13.4 10.5 11.2 10.6 11.4 10.4 11.1 10.7 

h_M [mm] 2.0 2.0 2.0 3.5 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 3.5 

nt_ph [-] 13 10 14 10 9 11 16 16 17 16 17 16 15 12 

dwire [mm] 1.19 1.19 1 19 1.20 1.19 1.20 1.15 1.14 1.17 1 18 1.16 1.17 1.17 1.30 

BUPT



4.2 Case study #1 - An IPMSM for aii electric-assisted active front steering drive systern 185 

4.2.5 Shaping 

For a good designed sinusoidal current controlled PMSM with a smooth output torque the 
shape of the BEMF must be sinusoidal (from no-load up to the maximal load operation). 
The method proposed below for the back-EMF synthesis for IPMSM with non-overlapping 
winding relays on FE-numerical analysis, as analytically methods don't have the accuracy 
needed for this task. However, in the following, oniy the no-load back-EMF vvas considered. 
Considering an inner-rotor electric machine, shaping is related mainly to the synthesis of the 
ouîer surface of the rotor and inner surface of the stator. Many technical solutions can be 
found in the literature, many of them being patented. The main technical aspects of shaping 
are related to the synthesis of the shape of the (no-load) back-EMF and cogging torque 
minimizations. In the last case, some of the modifications of the mentioned surfaces can be 
considered as new structural solutions. 
The boundar)^ bet^^een shaping and topological structuring can be defmed as follows: shaping 
can be done with already^ existing geomeîrical dimemiom which can be considered as design 
variables, topological structuring is working without variables and leads to new geometrical 
dimensions in the machine. 
In the following an example of shaping design for an IPMSM will be given. 

4.2.5.1 Back-EMF synthesis using rotor pole shaping for an IPMSM 

The synthesis of a sinusoidal back-EMF for an IPMSM with concentrated winding and 
without skewing using a shaping strategy of the rotor pole will be presented below. This 
approach considers a non-uniform airgap (experience-based) [4]. 
The search for the optimal shape of the rotor considers only one design variable - the radius 
of the rotor surface R^ related to an eccentrically centre - x - as shown in Fig. 4-31. 

/ / < X 
K / 

\ 
X 

^ \ 

Fig. 4-31 Design variable for rotor shaping. 
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The height of the pole shoe and the maximal width can be approximated for maximal pole 
flux (considered as design constraint). The height of the permanent magnet was considered to 
be constant (given by the sizing procedure). The goal of the optimization was to obtain a 
back-EMF with a maximal amplitude and low distortion. 
The objective function was defined as 

(4-95) 

where THD{U^) is the total harmonic distortion factor of the (no-load) induced voltage. 
A coupled FE-grid-search algorithm was implemented in order to synthesize the shape of the 
rotor surface. The optimization results are presented in Fig. 4-32, and Fig. 4-33. 

THD.Psi = f(Rx) 

0.00 

0.80 0.85 0.90 0.95 

R-rel H 
1.00 1.05 

Fig. 4-32 Back-emf total harmonic distortion factor vs. rotor radius. 

T.cogg = f(Rx) 

1.05 

Fig. 4-33 Cogging torqne xs. rotor radius. 
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A prototype motor was build using this rotor solution. The measured shape of the phase back-
EMF and its harmonic content are shown in Fig. 4-34, and Fig. 4-35. 

BEMFj^h @ 955 rpm 

-BEMF _ph_U 
-BEMF _ph_V 
-BEMF j ) h _ W 

Rotor position [deg_elec] 

Fig. 4-34 Shape of the phase back-emf (phase back-emf vs. electrica! rotor position at 955 rpm: 20 

Fig. 4-35 Harmonics content of the phase back-emf (ampli tude of the first harmonic: 0.913 l': 20 °C). 
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4.2.6 Topological optimization 

As presented in a previous chapter the global topological optimization is a very challenging 
area of research. The global approach is very computaţional intensive. 
In this work was succeeded to apply this method locally for the rotor of an IPMSM v^ith the 
configuration as presented in Fig. 4-36. This approach will be described in the following. 

Fig. 4-36 IPMSM configuration as case study for rotor topological optimization. 

Rotor topology optimization 

Using the pole shaping, the content of harmonics in the back-EMF can be reduced as show^n 
before. However, the cogging torque minimization was not considered in the precedent 
approach. The amplitude of the cogging torque obtained with the shaping optimization 
method for the back-EMF synthesis can be too high for some criticai applications. 

In the following, two local topological optimization approaches will be presented. The design 
domain is restricted to the rotor of an IPMSM. Both cases are related to a very important 
design issue for PMSM - cogging torque (at zero current) minimization. Using the pole shape 
synthesis the content of harmonics in the back-EMF can be minimized as shown before. 
However, the cogging torque was not considered in the precedent approach. The amplitude of 
the cogging torque obtained with the shaping optimization method for the back-EMF 
synthesis can be too high for some criticai applications like steering system drives. 
Knowing the crucial role of torque pulsations (under load) a multi-objective optimization 
including this aspect will be subject of a further work. 
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4.2.6.1 Rotor topology optimization using a grid-search technique in polar coordinates 

This example shows the minimization of the cogging torque for an IPMSM by rotor topology 
optimization. Starting vvith a rotor pole shape given by the no-load back-emf optimization 
method shown above, the cogging torque minimization procedure is searching for a proper 
rotor topology. 
The geometr) and position of the permanent magnets in the rotor are kept constant. Using a 
grid-search method, the optimal distribution of iron core material or air within the meshed 
domain in the pole pieces is determined. Initially, in the region around the permanent magnets 
is placed air. In this approach, vvhich uses polar coordinates, the design domain mesh may be 
chosen to correspond with the FE-mesh. 
During the search procedure, all mesh elements are set to air or iron core material. As the 
number of elements a restricted area is not too high, the number of FE-calculations 
given by 

allows to apply the grid search method. However, some experience can be used in order to 
restrict the design domain for the cogging torque minimization and thus the processing time. 
Only geometrical and technological feasible solutions can be accepted. A penalty factor must 
be introduced to eliminate mesh elements with iron core material which are not connected 
wiîh all oîher iron core elements. 
Fig. 4-37 shows the first rotor solution obtained by topological optimization. The presence of 
iron shoulders at the upper comers of the permanent magnets can be seen. The minimized 
cogging torque is lower, but also a reduced flux linkage can be observed as a consequence of 
the permanent magnet width reduction. 

Fig. 4-37 Rotor solution ni obtained ^vith topology optimization (cogging torque 16 mNm peak-peak. flux 
linkage 8.2 mWb). 
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After the search in polar coordinates, the surface of the rotor must be defined using a 
smoothing function (e.g. spline-function) and the permanent magnets will be transformed in 
real rectangular geometries. 
A protot> pe motor was build using this rotor solution. The measured variation of the cogging 
torque with the rotor position is shown in Fig. 4-38. 

C o g g i n g t o r q u e v s . r o t o r p o s i t i o n 

c o g g i n g t o r q u e [ m N m ] 

30 60 90 1 20 1 50 1 80 2 1 0 240 270 300 330 360 
O 

-5 

A n 9 le [m ec h .d eg ] 

Fig. 4-38 Measured cogging torque for the rotor solution 

4.2.6.2 Rotor topology optimization using a coupled FE-GA technique in orthogonal 
coordinates 

In the follovving a muhi-objective rotor topology optimization for the same IPMSM will be 
presented. The objective function / ( ^ / J depending on the material distribution in the Aîmesh 
elements was defined as a weighted sum of amplitude of the phase flux linkage first harmonic 
and reciprocal value of the cogging torque amplitude 

1 
(4-97) 

cogg 

In a first approach the weighting factors can be chosen as 

IV, =0.95 and vv̂  =0.05 (4-98) 

in order to increase the torque density of the motor. In a second step a refined search can be 
done with the cogging torque as single objective and the phase flux linkage first harmonic as a 
penalty criterion. 
This method used 2D-FE nonlinear calculations of the objective fiinctions. In order to reduce 
the computaţional time the domain a rough discretization was used first. In this approach 
using orthogonal coordinates, the mesh elements of the design domain are not the same with 
the FE-mesh. 
As the rotor topology optimization is based on the optimal distribution of iron core material 
and air within the design domain (mesh), the same design connectivity problem appears. Also, 
in this case a penalty factor was used to eliminate the geometrical and technological 
unfeasible solutions. 
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As search method were chosen genetic algorithms with a bit-array representation [5]. For the 
rotor of the 6-slots/4-poles IPMSM presented before a design domain of 45 mech was 
considered and meshed using 49 elements as shown in Fig. 4-39. 
These elements were first grouped in 10 sub-regions in order to reduce the computaţional 
efifort. A 10-bit chromosome representation was used as shown exemplarily in Fig. 4-40. 

Fig. 4-39 Meshed design domain (permanent magnet and constrained iron core regions are represented). 

Chromosome: 10 0 1 1 1 1 0 11 

Fig. 4-40 Decoding example for o ne chromosome. 
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The number of individuals for one generation was set to 10. The number of generations was 
restricted to 20 to get results within a time of 1-2 days. The first generation was randomly 
generated. 
Based on these results the search could be restricted in a domain around the upper comers of 
the permanent magnets (white mesh elements - as shown in Fig. 4-41). The other elements 
were maintained as in the best solution in the first optimization step. 

Fig. 4-41 Refined design domain (\vhite mesh). 

Also the weighting factors in the objective flinction were changed in order to minimize the 
cogging torque 

c, =0.85and c, =0.15. (4-99) 

The evolution of the fitness function for the two optimization steps is presented in Fig. 4-42. 
The results for the best individual, shown in Fig. 4-43, are presented in Fig. 4-44, Fig. 4-45, 
Fig. 4-46, and Fig. 4-47. . 

Even with such a small number of individuals and generations, the obtained results are good 
and motivate to further work. 
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Fig. 4-42 Evolution of the fitness fundion. 

Fig. 4-43 Best individual. 
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No-load phase fluxiinkage 

Rotor position [mech. deg] 

Fig. 4-44 No-load phase flux linkage vs. rotor position. 
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Fig. 4-45 Harmonic content of the no-load phase flux linkage. 
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No-load BEMF @ 3000 rpm 

Rotor position [mech. deg] 

Fig. 4-46 \o-loadback-EMF vs. rotor position ( a 3000 rpm). 

Cogging torque vs. rotor position 
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Fig. 4-47 Cogging torque vs. rotor position. 
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4.2.7 Analytical analysis 

In the follovving, the analysis of the PMSM - based on an analytical model - will be 
presented. The steady-state model will be introduced, followed by the calculation of the 
machine parameters and operaţional parameters (characteristics). The algorithm presented in 
this section was used for the calculation of the fitness function in the optimization design 
program. 

4.2.7.1 Steady-state salient-pole PM-SM model 

The steady-state d-q model for the salient-pole PM-SM is based on equivalent circuits for the 
two axes show n in Fig. 4-48. 

Vd 

UieLqlq 

p̂h U)eLdld 

1 + 

Fig. 4-48 Equivalent circuits for the d and q axis. 

The two d and q-axis voltage equations, the torque and the motion equation are 

l'M 
(4-100) 

= B(o„, + T, 

(4-101) 

(4-102) 
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vvhere: " phase rms-values of the d and q-axis voltages, 

I j J ^ - phase rms-values of the d and q-axis currents, 

- phase rms-value of the induced voltage due the permanent magnet, 
R - phase resistance, 
Lj - d-axis phase inductance, 
L̂  - q-axis phase inductance, 

- electrical angular speed, 
- permanent magnet phase rms-value of the flux linkage, 

- electromagnetic torque, 
T̂  - load torque, 
B - viscous friction coefficient, 
(o^ - mechanical angular speed 

The electrical angular speed is 

(4-103) 

and the phase induced voltage due the permanent magnet can be written as 

(4-104) 

The phase diagram is shown in Fig. 4-49. 

Fig. 4-49 Salient pole PMSM phasor diagram. 
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The dq-currents are related to the phase current 

= / c o s y 

w here y is the torque angle. 

Similarly the dq-voltages are related to the phase voltage 

= -Vsin5 

r - V cos s 

(4-105) 

(4-106) 

vvhere 5 is the load angle. 

The power factor angle is related to the previous two angles as 

(p = 5 - y (4-107) 

4.2.7.2 Model parameters calculation 

The parameters of the steady state model are the stator phase resistance and the synchronous 
inductances. 

The phase resistance was calculated in the previous chapter. The expression is 

R - ^ 

^ph 10 ~ Pco lO 

The calculation of th^ d and q phase inductances follows 

where L^ - leakage inductance 
L^ j ' magnetizing d-inductance 
L̂ ,̂  - magnetizing q-inductance 
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The synchronous reactances are 

with 

^nui - ^J^mO 

where 

np-g ^ ' 

is the magnetizing reactance with a smooth cylindrical airgap g = k^ g. 

The scaling factors for the reactances are 

r 
gci 

Sa 

where g] - effective airgap in d-axis 

g^ - effective airgap in q-axis. 

The expressions for these two factors are given in [11]. 

The phase leakage inductance is 

where A ,̂ A, and are the specific permeance of the slot, zigzag and end tums 
respectively. 

The specific slot permeance is given by 

where ĥ  and b̂  are the height and width of the different parts of the stator slot. 

BUPT



200 Chapter 4 PMSM-solutions for automotive appiications 

The zigzag specific permeance is 

5g A . = 
vO 

The specific permeance of the end tums is 

Knd - 2 
4D end 

D. 
- 2 

geom y 

\\ here the diameter of the end tums is 

An. = 
2n_ 

N. 

and is the geometric mean distance between the conductors in the cross-section. 

Materials weights and costs 

The weights of the stator teeth, stator yoke and rotor yoke are 

nDl 
- ^ p K A u 

where ŷ .̂  is the specific mass of the laminations. 

The weights of the permanent magnets and of the copper for the windings are 

where and are the specific mass of the permanent magnets and copper respectively. 

The total weight of the active materials becomes 
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The costs of the active materials can be written as 

where C,.^ are the specific costs fore the laminations, copper and permanent 
magnets respectively. 

Losses calculaîion 

For the calculation of the phase resistance the length of the phase winding is required 

/ c = 2 ( i 

where the end turn length of one coil on one side of the stack. 

The cold phase resistance (at 20°C) is 

R - n 

and the warm phase resistance (at the maximum allowable operating temperature 
becomes 

^ph - ^ph_20 

where «20 ^̂  ^^^ temperature coefTicient of the specific resistance at 20'̂ C and p̂ ^̂  ô ^̂  ^he 
specific resistance of the copper at 20''C. 

The copper losses can be written as 

Ko ~ ^^ph^ph rms 

The mechanical losses (friction and windage) are known as a function of the angular speed 

^mech - fiPmech) 

The iron losses in the stator teeth are 

' f V J base 
/ ^ M .7 

17, 
V JU y 

where p̂ ^ is the specific iron loss coefficient at 1.5T (peak value). 
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The iron losses in the stator yoke 

J ha se 
50 

The total iron losses is the sum of the teeth and the stator yoke losses 

The total losses is the sum of the copper, iron and mechanical losses 
^hiss ~ Ko ^l e ^mech 

At this point it is possible to calculate the efficiency of the machine as 

P. P. 

where P. is the mechanical output power at the shaft and /J is the electrical input power. 

For the power factor the relation is 

P. 
COS0 = 

^^ph_rnJph_rm.sn 

For the design solution presented in Table 4-7 the machine parameters were calculated 
analytically using the above presented algorithm. The results are shown in Table 4-8. 
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Parameter Value Measure unit 

Topology 

inner rotor IPMSM 

number of phases 3 -

number of stator slots 6 -

number of rotor poles 4 -

Geometry 

stator outer diameter 56 mm 

stator inner diameter 28 mm 

airgap (minimal) 0.5 mm 

stator tooth width 7 mm 

stator yoke height 4 mm 

rotor yoke height 5 mm 

stack length 45 mm 

magnet width 12 mm 

magnet height 3.5 mm 

slot opening 2.3 mm 

tooth tip height 1.5 mm 

slot depth 10 mm 

rotor bridge and wedge width 0.5 mm 

Winding 

nb. slots/pole/phase 0.5 -

nb. winding layer 2 -

nb. tums per phase 12 -

wire diameter 1.30 mm 

phase connection Y -

number of parallel paths 2 -

slot fill factor 0.27 -
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Parameter Symbol Value Measure unit 

Phase resistance (operating 
temperature) 

0.0178 

Phase resistance (20'^C) 20 13.7 10-̂  [ O ] 

d-axis inductance (unsaturated) 29.3 e-6 [H] 

q-axis inductance (unsaturated) 62.3 e-6 [H] 

Phase back-EMF constant (peak) ^f: _ ph 0.0106 [Vsimd] 

Line-to-line torque constant 
(peak) 

k 0.01597 [NmlA] 

Rated phase current (rms) 40.6 [A] 

Rated phase voltage (rms) 3.5 [V] 

Rated output power P, 282.7 [W] 

Rated power factor C0S(P 0.88 [-] 
Rated efficiency 0.75 [-] 
Rated winding temperature 109 [°C] 

PM temperature 95 r c ] 

Frame temperature 57 [°C] 

Rated copper losses Pco 93.4 [W] 

Rated iron losses in stator teeth 1.0 [W] 

Rated iron losses in stator yoke 1.3 [W] 

Rated total iron losses 2.3 [W] 

Rated friction losses (bearing, 
windage) 

Pfr 3.1 [W] 
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4.2. 3 Thermal model ami aualwsis 

Based on a one body (one source of losses) thermal model the temperatures for the different 
parts of the machine can be calculated. 

Fig. 4-50 Thermal equivalenf circuit. 

The temperature rises of the winding, permanent magnet and frame are as follovvs 

^̂ C-O ~ ^duty^loss^th co amh 

M amh 

^^fr ~ ^duty^loss^lh fr amh 
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where kĵ ^̂  - factor taking into account the duty cycle, 

^h co amb ' thermal resistance winding-ambient, 

^h />.v/ amb ' thermal resistance permanent magnet-ambient 

^h fr amb " thenual resistance frame-ambient. 

The thermal resistance frame-ambient can be calculated as follows 

ih fr amb j » 
^fr^tr_fr_amb 

where Aĵ  - area of the frame and 

K fr amb' h^at transfcr coefficient through conduction, convection and radiation. 

Similarly the thermal resistance winding-ambient and permanent magnet-ambient are 

n 1 
\h co amb 

"^fr^ir co amb 

^h PM amb 
"^frK^PM _amb 

where the frame are can be calculated as 

where k^̂ ^ takes into account the difference between the stator outer geometry and the frame 
geometry (eventually also cooling fins). 

The absolute temperatures of the winding, permanent magnet and frame are 

'^PM ~ '^amb ^'^PM . 
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4.2,8 FE-analvsis 

In the following an in-depth FE-analysis of the considered case study design solution will be 
presented. The calculations in this section were carried on with the 2D-FE-program FEMAG 
(Prof. K. Reichert, ETH-ZUrich) [8]. AII calculations considered nonlinear material properties 
for the iron core. 

4.2.8.1 TheFE-model 

Using FEMAG, the FE-modelling includes following steps: 

• geometn defmition by user or CAD-import, 
• automatic/manual node chains generation, 
• automatic/manual mesh generation, 
• boundaries defmition, 
• sub-regions defmition, 
• materials property defmition, 
• winding system defmition. 
• excitations (currents, permanent magnets) defmition. 

FEMAG is a FE-program dedicated to the analysis of electric machines. Thus powerful post-
processing tools are embedded into the core and ofFer the direct results for: 

• back-EMF at no-load and load, 
• cogging torque (zero current) 
• torque pulsations, 
• iron losses, 
• demagnetization analysis, 
• torque-speed characteristics for different currents and (pre)defmed torque-angle. 

The sub-regions of the FE-model are presented in Fig. 4-51. The machine model was build 
using modules in order to speed-up the modelling process. Thus a half of a slot (30 deg. 
mech.) for the stator is enough to defme the model. Also for the rotor a module (45 deg. 
mech.) was used. 
In the rotor the model has a grid-geometry in an area of the permanent magnets which ofFers 
the possibility to optimize the shape of the back-EMF. This approach was not presented in 
this work until now. Once the "variable geometry"-model is meshed, different design 
solutions can be generated by changing the materials defmition in the considered design 
domain. This approach was the basis for the global topological optimization method. 
Fig. 4-52 presents the mesh of the complete machine model. The reduced number of elements 
(5787 elements, 3084 nodes) should be observed. This is enough for an accurate FE-
modelling of a machine with this dimension. 
The winding defmition is presented in Fig. 4-53. This distribution corresponds to the winding 
scheme of the 6-slots/4-poles machine using a two-layer winding with star-parallel phase 
connection as shown in Fig. 4-54. 
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Fig. 4-51 2D'model sub- regions. 

Fig. 4-52 Mesh (5786 elements, 3084 nodes). 
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Fig. 4-53 Windings with polarity. 
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Fig. 4-54Wmding scheme. 
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4.2.8.2 Field distribution 

The first step in a FE-analysis is the field distribution at no-load and under load. This gives 
the possibility to get first information about the design quality. Mainly the "harmony" of the 
field distribution and the saturation level can be assessed. 

4.2.8.2.1 No-load field distribution 

The no-load field distribution, saturation level, and the airgap flux density were calculated for 
two rotor positions 
Fig. 4-55 , Fig. 4-56, and Fig. 4-59 present the results for the d-axis aligned with phase "a" 
(d-a\is aligned with the tooth corresponding to phase "a"). 
Fig. 4-58, Fig. 4-59, and Fig. 4-60 present the results for the q-axis aligned with phase "a" 
(q-axis aligned w ith the tooth corresponding to phase ''a"). 
A good field distribution confirms the design and at the same times the correctness of the FE-
modelling and computation. 
The ver>' high saliency of the tangential iron bridges in the rotor, at the upper magnets 
shoulders can be observed. This saliency is mandator>' for a good design in order to reduce the 
leakage. 
The rest of the magnetic circuit presents (at no-load) flux densities below 1.2 T. This situation 
will change under load, when high currents will disturb the fleld distribution (armature 
reaction). 
It is signiflcant to observe the different distribution of the fleld for the two rotor positions 
corresponding to the d and q-axis alignment with phase ''a''. This makes clear the 
compromises which are made in the analytical approach. 

Fig. 4-55 Field distribution (no-load, d-axis in middie tooth position). 
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Fig. 4-56 FIILX densiîy' distribution (no-load, d-axis in niiddle tooth position). 
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Fig. 4-57 Airgap fliix density(no-load, d-axis in middie tooth position). 
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Fig. 4-58 Field distribution (no-load q-axis axis in middle tooth position). 
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Fig. 4-59 Fliix density distribution (no-load, q-axis in middle tooth position). 
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Fig. 4-60 A irgap fliLx densifyinchload q-axis in middle loofh position). 

4.2.8.2.2 Fieid distribution under load 

The same analysis as shown before is presented now for the loaded motor. The considered 
load point is 

• electromagnetic torque 0.956 Nm, corresponding rated torque 0.9 Nm, 
• rated current 60 Apeak, 
• optimal (maximal torque/ampere criterion) torque-angle gamma=26 deg el 

The results for the loaded machine are presented in comparison to the results for the no-load 
situation in order to see better the changes in the field distribution. It should be mentioned, 
that these changes cannot be properly considered in an analytical approach. 

Fig. 4-61 presents these results in comparison as follows: 

• field-lines distribution in the first row, 
• flux density in the second row, 
• higher saturated regions (above 1.0 T) are highlighted in the third row. 
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Fig. 4-61 Field lines andflux density distribution under load (left column: 0.956 Nm, 60 Apeak, gamma=26 
deg el) vs. no load (hght column). 
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4.2.8.3 No-load phase flux linkage and BEMF 

The no-load phase flux linkage is presented in Fig. 4-62. In Fig. 4-63 the phase back-EMF at 
no-load and 955 rpm is shown. Fig. 4-64 presents the FE-calculated and the measured phase 
back-EMF in comparison. 
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Fig. 4-62 FE'Calculated no-load phase flux linkage. 
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Fig. 4-63 FE-calculated no-load phase back-EMF {@955 rpm). 
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No-load BEMF_ph @ 955 rpm 

-BEMF_ph_U 
-Measured ph_BEMF 

Rotor position [deg.mech] 

Fig. 4-64 Comparison of FE-calculated and measuredphase back-EMF (^955 rpm). 

The difference in the amplitude of the back-EMF between the measured and the calculated 
curve is 10 %. This difference can have following causes: 

• the FE-calculations were done in 2D and the flux leakage in the third dimension was 
not taken into account, 

• the prototype has different geometry and materials magnetic properties in comparison 
with the FE-model - tolerances, lower permeability for iron core, lower magnetic flux 
density for permanent magnets, 

• the winding distribution in the slot could be different in the prototype and FE-model 
(asşumed uniform). 

Also regarding the shape of the back-EMF some differences can be observed also without 
analysing their harmonic contents. The differences could have following causes: 

• some inaccuracy of the geometry of the prototype 
• numerical errors in the FE-solver or in the post-processing in the flux derivative 

calculation. 

BUPT



4.2 Case study #1 - An IPMSM for aii electric-assisted active front steering drive systern 217 

4.2.8.4 Cogging torque 

The cogging torque FE-computation can be done using foilowing approaches: 

• virtual vvork, 
• Maxwell stress-tensor, 

The Maxwell stress-tensor gives in the most cases a better accuracy if the FE-modelling was 
done properly. This is related mainly to the modelling of the middle airgap layer, which is 
necessary to consist of rectangular mesh elements. 

The variation of the calculated cogging torque versus rotor angular is presented in Fig. 4-65. 
This calculation was done for a ^^naturaP" period of the cogging torque given by 

T = T _ cogg 

360 oniech 360 omech 360 
LCMin^.nJ LCM{6A) 12 

(4-108) 

Howeven it can be observed, that the period is smaller, actually the 3-rd harmonic of the 
cogging torque becomes very high. That is the result of the minimization which was carried 
on. This minimization was done based on FE-computation and the results were presented in a 
precedent chapter. 

Cogging torque vs. rotor position 
FE-calculation 

Rotor position [deg_mech] 

Fig. 4-65 FE-calciilated cogging torque. 
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Another remark regarding the cogging torque is the (high) difference between the computed 
and measured values and frequency as can be seen comparing in Fig. 4-65and Fig. 4-66. 
This differences can be attributed to the same factors as in the case of the back-EMF 
computation: 

• the prototype has different geometry and materials magnetic properties in comparison 
with the FE-model - tolerances, lower permeability for iron core, lower magnetic flux 
density for permanent magnets, 

• the FE-calculations were done in 2D and the flux leakage in the third dimension was 
not taken into account, 

• numerical errors in the FE-computation. 

Cogging torque vs. rotor position 

— cogging torque [mNm] 

30 60 90 120 150 180 210 240 270 300 330 360 

Angle [mech.deg] 

Fig. 4-66 Measured cogging torque. 

4.2.8.5 Torque prediction 

The torque prediction is crucial issue of the FE-analysis as proof of the design solution. This 
analysis must be done for several parameters: 

• current amplitudes, 
• torque angle or load angle values, 
• environment temperatures taking into account the duty cycle. 

As the last type of analysis is very difficult to be implemented, only the first two were carried 
out. 
Fig. 4-67 presents the torque versus load angle for different currents in comparison with the 
measured values. The calculated torque exceeds the measured torque by about 10% for higher 
imposed currents. The main reason is the flux linkage reduction produced by the temperature 
rise of the permanent magnets in the measured prototype. 
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Fig. 4-67 Electromagnetic torque vs. load angle for different rms-currents. 

4.2.8.6 Rated load calculations 

In the following the results of several FE-calculation for rated load (1 Nm electromagnetic 
torque, 10% more) will be presented taking into account the influence of the torque angle 
(reluctant component of the electromagnetic torque) as shown in Fig. 4-68 and Fig. 4-69 
for: 

• I=53Arms, gamma=0 deg el, 

• I=48Arms, gamma=20 deg el. 

For a higher value of the torque angle it is not possible to achieve the reference torque even 
with a higher current as presented in Fig. 4-70 and Fig. 4-71 for: 

• I=50Arms, gamma=40 deg el, 

• I=63Arms, gamma=60 deg el. 

The presented results lead to following conclusions: 

• an optimal torque angle of 20 electrical degrees considering the maximal torque per 
ampere criterion can be observed for the analyzed motor, 

• the increase of the torque angle can introduce severe torque pulsations (this behaviour 
will be analyzed in the following section). 
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Fig. 4-68 Electromagnetic torque of INm devehpedfor 1=53 Arms. gamma=0 deg el. 
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Fig. 4-69 Electromagnetic torque of INm developedfor 1=48 Arms. gamma=20 deg el. 
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Fig. 4- 70 Electromagnetic torque of INm developedfor =50 Arms. gamma=40 deg el. 
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Fig. 4-71 Electromagnetic torque of INm developedfor =63 Arms, gamma=60 deg el. 
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4.2.8.7 Torque pulsations 

The influence of the torque-angle on the torque pulsations was analyzed using FE-
computations. In this case the current was kept constant. Following load points were 
considered: 

• I=28.3Arms, gamma=0_deg_el, 

• 1=28.3Arms, gamma= 1 O deg el, 

• I=28.3Arms, gamma=30_deg_el. 

The results of the FE-computations can be seen in Fig. 4-72, Fig. 4-73, and Fig. 4-74. The 
same harmonics orders (12, 24, 36) are present in all the cases. The amplitude of the 
harmonics increases with the torque angle. Thus the pulsating torque had situated between 3.4 
and 7.3 % of the electromagnetic torque for torque angle value between O and 30 electrical 
degrees. 
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Fig. 4-72 Electromagnetic torque developedfor 1=28.3Arms, gamma=0_deg_el. 
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Fig. 4- 73 Electromagnetic torque deveiopedfor 1=28.3Arms, gamma=1 Odegel. 
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Fig. 4-74 Electromagnetic torque developedfor 1=28.3Arms, gamma=30_deg_el. 
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4.2.8.8 Saturated synchronous inductances 

The calculation of the saturated inductances can be done using one of following methods: 

• frozen permeability method, 
• current perturbation method. 

In the present current perturbation method was used. The inductance was calculated as ratio of 
the flux-difference and current diflFerence. These calculations were carried on for two rotor 
positions corresponding to the d and q-axis inductances. A current perturbation of 5% was 
applied. 
The variation of the synchronous inductances with the current is presented in Fig. 4-75. A 
comparison of the with measured and FE-calculated d and q-axis inductances is presented Fig. 
4-76 and Fig. 4-77. 
Significant differences can be observed between the FE-calculated and measured inductances. 
Also significant are the differences between the inductances measured in AC and with DC-
decay method. 
For the d-axis inductance the difference between the FE-estimated and measured values of 
more that 10% can be observed for currents above 40 A. The value of the FE-estimated q-axis 
inductance is situated between the measured values with the two methods. 
However, the discrepancy between the estimated and measured values is too high in order to 
be considered a satisfactory result. 

Ld = f(ld_rms), Lq = f(\qjrnis) 
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Fig. 4' 75 FE-calculated synchronous inductances. 
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Ld = f(ld_rms) 
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Fig. 4- 76 Comparison AC-measured and FE-calculated d-axis inductance. 
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Fig. 4-77 Comparison AC-measured and FE-calculated q-axis inductance. 
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4.2.8.9 Demasnetization behaviour 

The machine capability to withstand high temperatures is a very important design constraint. 
Only the FE-anaI> sis can offer here accurate results for the assessment of the demagnetization 
behaviour at high operaţional temperature. 
In the following three cases were analysed: 

• magnet temperature = 20X, currents = -100/50/50 A, 
• magnet temperature = 50 currents = -100/50/50 A, 
• magnet temperature = 150 currents = - l 00/50/50 A. 

The results of the FE-computations are presented in Fig. 4-78, Fig. 4-79, and Fig. 4-80. The 
operation is not criticai as the lovvest flux densit>' which appears in the permanent magnets 
under hardest conditions (150''C, -100/50/50 A) is above 0.4 T. which represent the knee 
point of the demagnetization curve at 150''C. 
In addition the torque production was proofed as can be seen in Fig. 4-81. In conclusion the 
machine is uncritical regarding the demagnetization behaviour. 
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Fig. 4-'^8 Flîix density distribution for magnet temperature =20°Cxurrents = -100 50 50 A. 
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Fig. 4-''9 FIilx densit}' disîrihuîion for magnet temperature 5()°C,currenfs - -100 50 50 A. 
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Fig. 4-80 Flux densit}' distribiition for magnet temperature -150%^,ciirrents ^ -100 50 50 A. 
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Fig. 4-81 Torque production for permanent magnet temperature = 150 currents = -100 50 50 A. 

4.2.8.10 Iron losses estimation 

The iron loss estimation based on FE-field-analysis is a difficult issue. In this work the 
embedded post-processing tool was used for the iron loss estimation. 
For the calculation the material properties (hysteresis and eddy current loss coefficients) are 
mandatory. The calculation is based on following formula [8] 

Pr.- hv ^ c 
Jo 

fl^ 
fo' 

B_ 

kBo 
pV (4-109) 

Fig. 4-82 presents the no-load flux density in the machine. Corresponding to this flux density 
distribution the variation of the iron losses versus electrical frequency is presented in Fig. 
4-83 for the stator and rotor. 
The same results are given for the ioaded machine in Fig. 4-84 and Fig. 4-85. The 
comparison of the no-load with the Ioaded machine total iron losses is presented in Fig. 4-86. K 
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Fig. 4-82 So-loadfliix density distribution. 
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Fig. 4-83 Iron losses \s. frequency at no-load 
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Fig. 4-84 Rated loadflux density distribution. 
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Fig. 4-86 Comparison of total iron losses at no-load and rated load. 
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4.3 Case study #2 - An IPMSM for an electric-assisted power steering 
drive sy stern 

In the following a second case study related to an IPMSM for an electric-assisted power 
steering (EPS) drive vvill be presented. The specification of the electric motor as given in [9] 
is presented in Table 4-9. 

Parameter Value Measure unit 

peak torque at base speed 7.0 Nm 

base speed 500 1/min 

peak torque at max. speed 2 Nm 

max. speed 2000 1/min 

equiv. duty cycle S3-5 % 
ambient temperature -40... 125 °C 

dc-bus voltage 12 V 

max. line-line inverter 
output voltage (rms) 

7.2 V 

max. line current (rms) 110 A 

The selected topology (12-slots/8-poles) is presented in Fig. 4-87. 

\ 

\ 

Fig. 4-87 Motor cross-section. 

BUPT



234 Chapter 4 PMSM-solutions for automotive appiications 

The decision for this topology was made taking into account several criteria: 

- the number of poles was increased in order to reach the torque-sped characteristic with 
a minimal current (decreases the influence of the voltage drop on the reactance), 

- the number of poles was kept not to high in respect to the manufacturing costs 
(proporţional with the number of magnets), 

- lower natural cogging torque in comparison with the 6-slots / 4-poles machine for this 
criticai steering application. 

- good experience with this topology regarding the acoustic behaviour. 

The qualit\ of this topology, as introduced in a precedent chapter, can be expressed as follows 

- cogging torque factor 

k, = LCMin^.n) = LCA/(12,8) = 24 (4-110) 

winding factor (equal with the pitch factor for the non-skevved, two-layers, 12-slots / 
8-poles w inding with a coil pitch of one slot) 

/ \ 

= sin 
2;r/' ^ 

2 n 
= 0.866 (4-111) 

p y 
topological quality factor (with a weighting coefiTicient of 0.5 for the cogging torque 
and 0.5 for the winding factor) 

50 50 = + = 0.5 • 24 -f 0.5 • 0.866 = 12.433. (4-112) 

The presented solution was dimensioned conventionally (experience-based) using following 
set of key design parameters: 

- 5 

J = 25 

By 

B. 

N 
cm 

= 1.0 

= 1.2 

= 0.7 

mm 
A = 0.8 [ -

= 0-8 [ t ] (4-113) 

T 

M 
[r] 

The design solution is presented in Table 4-10. In Fig. 4-88 and Fig. 4-89 are presented the 
field lines and flux density distributions at no-load and under fiill load. 
The machine parameters are presented in Table 4-11. 
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Parameter Value Measure unit 

Topology 

inner rotor IPMSM 

number of phases 3 -

number of stator slots 12 -

number of rotor poles 8 -

Geometry 

stator outer diameter 84 mm 

stator inner diameter 41.7 mm 

airgap (minimal) 0.35 mm 

stator tooth width 6.0 mm 

stator yoke height 6.15 mm 

rotor yoke height 7.92 mm 

stack length 50 mm 

magnet width 11 mm 

magnet height 3.5 mm 

slot opening 2.6 mm 

tooth tip height 1.7 mm 

slot depth 15 mm 

rotor bridge and wedge width 0.5 mm 

Winding 

nb. slots/pole/phase 0.5 -

nb. winding layer 2 -

nb. tums per phase 22 -

wire diameter 1.06 mm 

phase connection Y -

number of parallel paths 4 -

slot fill factor 0.314 -

Materials 

core material M400-50A -

magnet type NdFeB(1.2T) -
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bttT 

Fig. 4-88 Fieid lines and fliLX densit}- disîribiition aî no-load. 

wr 

Fig. 4-89 Field lines andfliix densiîy distribution for 7 Nm , 89 Arms, gamma=30 deg. el. Magnet îemperature 
125 
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Table 4-11 Machine parameters (measured paramelers analytical calculation: al rated operating temperature 
T2= 7 Nm. n = 500 rpm. IL = 89 Arms. gamma - 30 deg. el.. ET = 125 S3-5%). 

Parameter Symbol Value Measure unit 

Phase resistance (150 ""C 
operating temperature) 

23.5 10"̂  [ O ] 

Phase resistance (20X) 20 15.5 10-̂  

d-axis inductance (unsaturated) La 162 e-6 [H] 

q-axis inductance (unsaturated) 268 e-6 [H] 

Phase back-EMF constant (peak) 0.062 [Vs/rad] 

Line-to-line torque constant 
(peak) 

0.054 [Nm/A] 

Rated phase current (rms) Jr» 89 [A] 

Rated phase voltage (rms) 3.86 [V] 

Rated output power P, 366.5 [W] 

Rated power factor C0S(P 0.90 [-] 
Rated efficiency 0.395 [-] 

Rated winding temperature 150 r c ] 

PM temperature 125 [°C] 

Frame temperature 130 [°C] 

Rated copper losses P.O 559 [W] 

Rated total iron losses 1.3 [W] 

Rated friction losses (bearing, 
windage) 

Pfr 0.45 [W] 
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In the foilowing some experimental results will be presented for the build prototype shown in 
Fig. 4-90. 

The back-EMF shape is presented in Fig. 4-91. A very low harmonic contents was achieved 
due the non-uniform airgap using the same pole shaping method as for the precedent case 
study. 

For the cogging torque minimization a new rotor solution was employed. This was obtained 
using the topological optimization method which was presented in a previous chapter. 
Simultaneous flux linkage maximization and cogging torque minimization were considered in 
a multi-objective optimization process. 

The measured cogging torque for the prototype machine is presented in Fig. 4-92. It can be 
observed that the natural frequency of the cogging torque is lightly disturbed. A further 
topological optimization using a refined grid (if the manufacturing constraints allow this) 
could improve the solution and reduce the cogging torque. However, even this solution has a 
cogging torque that is below the specified value of 20 mNm for a EPS-application. 

Further measurements are necessary in order to proof the machine behaviour regarding the 
torque production at high temperature and the torque quality (torque pulsations level). 

Fig. 4-90 Motor prototype. 
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Fig. 4-91 Back-EMFshape. 

Fig. 4-92 Measured cogging iorque. 
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4.4 Case study #3 - An IPMSM for an electric-assisted active rear 
steering 

A third case study considering an IMPSM for an electric-assisted active rear steering drive 
will be described in the following. The specification of the electric motor as described in [10] 
is presented in Table 4-12. 

Parameter Vaiue Measure unit 

peak torque at base speed 0.75 Nm 

base speed 630 1/min 

peak torque at max. speed 0.15 Nm 

max. speed 2500 1/min 

equiv. duty cycle S3-5 % 
ambient temperature -40... 125 °C 

dc-bus voltage 12 V 

max. line-line inverter output 
voltage (rms) 

7.2 V 

max. line current (rms) 25 A 

The selected topology is presented in Fig. 4-93. 

Fig. 4-93 Motor cross-section. 
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The decision for this topology was made taking into account follovving criteria: 

- the number of poles was dramatically increased in order to allow a hollow-shafl 
constructive solution, 

- implicit lower natural cogging torque. 

The qualit}^ of this topology, as introduced in a precedent chapter, can be expressed as follows 

- cogging torque factor 

= = ZCA/(18,20) = 360 (4-114) 

winding factor (equal with the pitch factor for the non-skewed, two-layers, 18-slots / 
20-poles winding with a coil pitch of one slot) 

Kx = = sin 
n y 

= sin n n^ 
2 2;r/ 

n 
- 0.9452 (4-115) 

P J 
topological quality factor (with a weighting coefficient of 0.5 for the cogging torque 
and 0.5 for the winding factor) 

K = 0.5 .360+ 0.5 .0.9542 = 180.477 (4-116J 

The presented solution was dimensioned conventionally (experience-based) using follovving 
set of key design parameters: 

fsa\ •• 1.75 
N 

crri^ _ 

j -- = 25 
A 

mm' 
A = : 0.2 [-] 

= 0.8 [T] 

Bys = 1.0 [T] 

B,s = 1.2 [T] 

K = 1.2 [T] 

(4-117) 

The design solution is presented in Table 4-13. In ... and ... are presented the field lines and 
flux density distributions at no-load and under full load. 
The machine parameters are presented in Table 4-14. 

BUPT



242 Chapter 4 PMSM-solutions for automotive appiications 

Parameter Value Measure unit 

Topology 

inner rotor IPMSM 

number of phases 3 -

number of stator slots 18 -

number of rotor poles 20 -

Geometry 

stator outer diameter 70 mm 

stator inner diameter 52.8 mm 

airgap (minimal) 0.4 mm 

stator tooth width 4.0 mm 

stator yoke height 2.6 mm 

rotor yoke height 2.4 mm 

stack length 10 mm 

magnet width 6.5 mm 

magnet height 2 mm 

slot opening 1.5 mm 

tooth tip height 0.8 mm 

slot depth 6.0 mm 

rotor bridge and wedge width 0.35 mm 

Winding 

nb. slots/pole/phase 0.3 -

nb. winding layer 2 -

nb. tums per phase 48 -

wire diameter 0.85 mm 

phase connection Y -

number of parallel paths ^ 1 -

slot fill factor 0.4 -

Materials 

core material M250-35A -

magnet type NdFeB(1.2T) -
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Fig. 4-94 Fieid lines andfliix density distribution at no-load 

Fig. 4-95 FieId lines and fliix density distribution for 12 - 0.75 Vm , H 15.6 Arms, gamma - 12 deg el. 
magnet temperature 100 X^. 
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Table 4-14 \ fac h ine parameters (measured parameters analylical cal cu lat ion; at rated opera ting temperature 

Parameter Symbol Value Measure unit 

Phase resistance (150 X 
operating temperature) 

73.1 10"̂  m 

Phase resistance (20°C) ph _20 52.4 10-̂  [ O ] 

d-a\is inductance (unsaturated) Lj 83 e-6 [H] 

q-axis inductance (unsaturated) 99 e-6 [H] 

Phase back-EMF constant (peak) 0.0414 [Vs/rad] 

Line-to-line torque constant 
(peak) 

0.0359 [Nm/A] 

Rated phase current (rms) 15.6 [A] 

Rated phase voltage (rms) 2.46 [V] 

Rated output power Pi 51.6 [W] 

Rated power factor COS<jO 0.94 [-] 

Rated efTiciency ri 0.48 [-] 
Rated winding temperature 120 [°C] 

PM temperature 100 [°C] 

Frame temperature 110 [°C] 

Rated copper losses P.O 53 [W] 

Rated total iron losses P,e 2.5 [W] 

Rated friction losses (bearing, 
windage) 

Pfr 0.5 [W] 
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4.5 Conclusions 

This chapter has presented three design solutions based on IPMSM for automotive steering 
applications. 
Two new rotor solutions vvere introduced. The first of them is related to minimal cogging 
torque for sinusoidal IPMSM. The second solution oflers simultaneously minimal cogging 
torque and maximal pole flux for sinusoidal IPMSM. 
The first case study presented all issues related to the electromagnetic design - experience-
based sizing, optimal shaping and topology optimization - for an IPMSM for an active 
steering actuator. The analysis of this first design solution vvas done analytically and using a 
FE-approach. 
The second case study treated an IPMSM for an electrical assisted power steering drive. The 
design solution was presented with a few analysis and measurements results. 
A last case study presented an IPMSM for an active rear steering system. The design solution 
and some important aspects of the design process vvere shown. 
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Experimental analysis of PMSM 

Abstract 
This chapter presents the in-depth experimental analysis of PMSM considering the motor 
design solution for the electric assisted active steering system considered as case study. First 
the experimental motor and the complete laborator) set-up including the power electronic, 
motor control and measurement devices vvill be presented. A comprehensive measurement 
procedure will be described and the measurements results v\ ill be presented and interpreted. 
The tests carried out within the experimental analysis have the scope to deliver machine 
parameters necessary for fijrther system simulations and control tasks, and machine 
operaţional performance parameters as validation of the design method and design solution. 

5.1 Introduction 

The scope of the experimental analysis is to offer accurate estimated and validated 
- machine parameters which can be used for later system simulations and control tasks, 
- machine operaţional performance parameters as validation of the design method and 

design solution. 

Accurate estimation of machine parameters is ver> important for the development of high 
performance drive systems, especially for system simulations and controller design. The 
mathematical machine models embedded in system simulations and controller need accurate 
parameters in order to deliver accurate results. 

Based on the different identified models for the PMSM in a previous chapter several test will 
be considered for the estimation and validation of the model parameters. At this stage some 
terms should be clearly defmed in the same manner used in [1]: 
- machine identification represents the mathematical modelling process, 
- model (machine) parameter estimation represents the measurement (experimental 

analysis) of the machine parameters, 
validation of the model and model (machine) parameters will be considered as a set of 
loaded motor tests. 

The machine modelling process and the machine mathematical models (machine equation) 
were presented in a previous chapter and the corresponding models for the different tests will 
be shown within the description of each test in this chapter. 
For the machine parameters estimation different tests can be carried out. A classification and a 
comprehensive description will be presented in this chapter. 
For the validation of the machine models and machine parameters a subset of the tests used 
for the parameter estimation will be considered - loaded motor tests - as some of the most 
relevant tests for the characterization of the operaţional behaviour. 
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5.1.1 State-of-the-art review of experimental analysis methods for PMSM parameter 
estimation 

This paragraph is intended to present a state-of-the-art review of experimental analysis used 
recently by researchers for the estimation of PMSM parameters and operaţional parameters 
[2], [3], [40], [35]. A classification of several experimental analysis methods in 
correspondence to the employed modelling technique vvill be given in the following, stressing 
their advantages and disadvantages. 

Several methods have been presented in the literature during the last century for parameters 
estimation of electromagnetic-excited synchronous machines [1], [22], [23], [26], [27], [28], 
[29], [30]. Unfortunately, most of these measurement methods cannot be applied to the 
PMSM, as the permanent magnet excitation cannot be deactivated. 

The use of PMSM in all industrial domains for various applications increased. 
Simultaneously with very intensive activities in design and analysis, the experimental 
parameter and operaţional parameter analysis of PMSM has gained extreme interest. 
During the last two decades also a lot of methods were introduced for permanent magnet 
svnchronous machines [2], [3], [4], [12], [13], [14], [15], [16], [18], [19], [20], [21], [24], 
[25], [34], [35], [36], [37], [38], [39], [40], [41], [42], [44], [45], [47], [48], [49], [50], [51], 
[52], [54], [55], [56], [57], [58], [59], [60], [61], [62]. 

The study of PMSM, mainly for control tasks, uses the modelling with concentrated 
parameters (so called lumped parameters models) that requires machine parameters. The 
measurement of the direct and quadrature axis inductance and the permanent magnet flux 
linkage represent the most important and most challenging measurement among various other 
parameters and operaţional parameters. 

In the following the most relevant methods will be presented and analyzed. In a first section 
standstill test are mentioned. The no-load and load tests are described in a second section. 
Special test follow in a third section. However, a schematic overview of the measurement 
procedure based on the described tests in this paragraph will be offered in a following 
paragraph. 

5.1.1.1 Standstill direct current decay test 

This method allows the estimation of the PMSM synchronous inductances from a static test 
with locked rotor in order to prevent any induced voltage from the movement of the magnetic 
field. Two methods were described in the literature, the first of them applies a direct flux 
integration [3], the second one current integration [25]. 

The first method requires direct computation of the flux within the circuit as well as balancing 
the inductance bridge to eliminate the effect of the rotor cage on the AC measurement. The 
requirements include the balancing of the bridge and the flux integration. The second method 
requires a simpler measurement setup. This method will be shown in a following paragraph. 
The rotor must be locked in the direct axis and a current is first injected and then switched off. 
The current decay is recorded and than integrated over the time. The same procedure is 
applied for the locked rotor in the quadrature axis. 
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5.1.1.2 Unloaded motor test 

This test which is based on the operation without any rotor position sensor was presented in 
[3] and [35]. A variable stator voltage is applied to determine the motor parameters 
(permanent magnet flux linkage and direct axis inductance). This method is based on the 
phasor diagram for motoring operation. The calculation of the permanent magnet flux linkage 
and direct axis inductance is possible using the model equations and measured values for the 
phase voltage, current, and povver factor angle. The assumption that at no load the load angle 
is zero has to be made. 

5.1.1.3 Loaded motor test 

This load test method was first proposed in [2] and then further modified in [46] to take into 
account the irregularities in the direct axis inductance by not making the simplifying 
assumption that the permanent magnet flux linkage and the PM-induced voltage is constant. 

Instead, an attempt was made to solve for the direct axis reactance and induced voltage 
simultaneously by getting Uvo sets of readings while making a very small (0.1 change in 
the torque angle. This method is also based on the phasor diagram and related machine 
equations. As there are three unknowns (direct-axis reactance, quadrature-axis reactance, and 
PM-induced voltage) and only two equations exist, the small change of 0.1 is required to 
make the system solvable. The t> picai setup for a load test is necessar>. 

However, some inconsistent variation can be observed for the calculated reactances and PM-
induced voltage. The main reason could be given due the vary small change in the torque 
angle used in the calculations which make the equations ill-conditioned and cannot be solved 
accurately. In [40] the load test was combined with a linear regression model in order to 
overcome these difficulties. The method avoids the measurement of the load angle and power 
factor angle but requires the rotor position. A smooth variation of the synchronous reactances 
with the current was obtained applying this test method. 

5.1.1.4 New modelling and experimental analysis approaches 

During the last years several measurement methods were developed in order to estimate 
PMSM parameters for control tasks. The saturation of the iron core, cross-saturation of the 
parameters of the two axes, the estimation of the iron losses, temperature influence, and 
inductance and PM-induced voltage harmonics modelling and estimation are subject for 
intensive research work. 

A general approach was observed regarding the modelling and experimental analysis for 
control tasks. This approach, based on the machine equations using the flux linkages as state 
space variables, do not use the inductances. The dependence of the flux linkages on the phase 
currents can be determined experimentally for each rotor position. These flux linkages take 
into account all effect in the machine like saturation, cross-saturation and harmonics. These 
values can be put in look-up tables, which can be used on-line by the motor control algorithm. 

These test methods for the estimation of saturated and cross-saturated parameters will be 
presented in a following paragraph. Also the flux linkage state space variable modelling and 
experimental analysis approach will be applied for the case study prototype. 
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5.1,2 A concise test rig specification 

5.1.2.1 Machine parameters and machine operaţional parameters to be estimated 
experimental ly 

In the follovving the complete list of the machine parameters and machine operaţional 
parameters will be presented. 

The machine parameters which will be experimental ly estimated are: 

^ph 20 " stator phase resistance at 20°C, 

^aa^^hh^^cc = f(^mcch)' stator pHasc seif inductances as a function of mechanical rotor 
angular position, 
M^^.M^^.M^.^ = - stator phase mutual inductances as a function of mechanical 
rotor angular position, 

//.^^nr i.i^Ki' // stator line-to-line inductances as a function of 
mechanical rotor angular position, 

= f U ^ ^ J ^ ) ' direct and quadrature stator phase inductances as a flinction of the 
direct and query stator currents (saturated values), 
i///,^ - permanent magnet flux linkage of the stator phase, 

ph = fi^me.h)' phase voltage constant as a function of mechanical rotor angular 
position, 

LL ̂  Hne-to-Hne voltage constant as a function of mechanical rotor angular 
position. 

The machine operaţional parameters which will be experimental ly estimated are: 

T; = f{nj^^ rmoX) - output shaft torque as function of speed, phase current and torque 
angle, 

- ri = f{T^ ,n) - efficiency as function of output shaft torque and speed, 
T̂ fncuon = f i P ) - friction torque as function of speed, 
^l e - - îron core losses torque as function of speed. 

5.1.2.2 Physical quantities to be acquired and calculated 

In the following a list of all mechanical, electrical and thermal physical quantities to be 
acquired and calculated will be given. 

The mechanical quantities which will be acquired are: 

T2J2 (O • "lean and instantaneous value of the output shaft torque, 
n, n{t) - mean and instantaneous value of the shaft speed, 
m̂ech ' mechanical rotor position angle. 
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The mechanical quantities which will be calculateci arc: 
- mechanical output shaft mean and instantaneous power, 

The electrical quantities which will be acquired arc: 
rnis - Stator phase rms for different harmonics / , and instantaneous voltages, 

r̂Lv /'^'//(O - Stator line-line rms for different harmonics / , and instantaneous 

voltages, 

p̂h mvs - Stator phase rms for different harmonics /, and instantaneous currents, 

O rnis i-hX^) • Stator line rms for different harmonics and instantaneous currents, 

dc mean̂ '̂d.X̂ ) " DC-Hnk mcan and instantaneous voltage, 

Ij, ' DC-Hnk mcan and instantaneous voltage, 

The electrical quantities which will be calculated are: 
r̂ms î Qrms r̂ rnLs / " elcctHcal activc, rcactivc and apparent power for different 

harmonics 
(p , - current-voltage phase angle (power factor angle) for different harmonics 

Y, - phase current-induced voltage (PM) phase angle (torque angle) for different 
harmonics / , 

- phase voltage- induced voltage (PM) phase angle (load angle) for different harmonics 
/ . 

The thermal quantities which will be acquired arc: 
®u jt'^u - winding mean and instantaneous temperatures at different positions, 

®PM x̂ P̂M x(0 - permanent magnet mean and instantaneous temperatures at different 
positions. 

The thermal quantities which will be calculated arc: 
t̂h M-h ' thermal resistance winding-housing, 

îh h-a ' thermal resistance housing-ambient, 

t̂h ^̂ -a ' theoTial resistance winding-ambient. 

5.1.3 Overview of the used measurement procedure for PMSM 

The measurement procedure consists of several tests. These tests were chosen in order to 
allow the estimation of machine parameters and operaţional parameters in different 
approaches and in a wide area of variation. A coarse classification would subdivide them in 
standstill or locked-rotor, and running tests. The most important tests were carried out using a 
closed loop current vector controller for the PMSM. In other tests the machine was voltage-
driven (open loop V/f). Also the operation of the machine as generator was used for some 
parameter estimation and operaţional parameter as generator. 

An overview of the measurement procedure for PMSM including all the tests which were 
carried out presented in this chapter is shown in Fig. 5-1. 
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Fig. 5-1 Ovenieu' of the measurement procedare for PMSM. 
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5.2 Laboratory equipment 

In the following the laboratory equipment used for the carried out tests will be presented. It 
includes the description of the experimental motor prototype, voltage source inverter, motor 
controller, and test rig. 

5.2.1 Experimental motor prototype 

In the following the case study prototype used for the experimental analysis will be presented. 
Table 5-1 summarizes the electric specification data of the motor designed for the electric 
assisted active steering (EAFS) drive. 

Parameter Value Measure unit 

peak torque at base speed 0.9 Nm 

base speed 3000 1/min 

peak torque at max. speed 0.3 Nm 

max. speed 6000 1/min 

equiv. duty cycle 5 % 
ambient temperature -40... 125 °C 

dc-bus voltage 12 V 

max. line current (rms) 60 A 

Table 5-1 Electric motor specification data 

In Fig. 5-2 the active components - stator and rotor laminations, stator stack and rotor stack 
with inserted permanent magnets - are presented. A prototype based on the design for the 
series production is presented in Fig. 5-3. 

In comparison with the motor developed for the series production the experimental prototype 
was designed only for experimental purposes. It includes the same active components but the 
design of the passive components - housing, shaft, connectors, rotor position sensor - were 
modified substantially in order to facilitate the experimental analysis. However, the thermal 
and acoustic behaviour are to physical aspects which cannot be taken into account in a proper 
manner based on this experimental prototype because of the major differences to the motor 
design for the real application. 
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Fig. 5-2 Active components of IPMSM (case study i^l) 

Parameter Value Measure unit 

Topology 

inner rotor IPMSM 

number of phases 3 -

number of stator slots 6 -

number of rotor poles 4 -

Geometry 

stator outer diameter 56 mm 

stator inner diameter 28 mm 

airgap (minimal) 0.5 mm 

stack length 45 mm 

magnet width 12 mm 

magnet height 3.5 mm 

Winding 

nb. siots/pole/phase 0.5 -

Winding data 

(wind. layers x tums/phase 

nb. wiresll x wire diameter 

wind. throw /ph. Connection) 

2 x 1 2 1x1.30 1:2 Y | | 

Materials 

core material M400-50A -

magnet type NdFeB(1.2T) -
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Fig. 5-3 IPMSM prototype for real appiication 

Fig. 5-4 IPMSM prototype for experimental analysis - assembled 

The assembled experimental prototype is shown in Fig. 5-4. Also the dissembled prototype 
is presented in Fig. 5-5. Following components can be identified: housing, flange, stator vvith 
winding system, rotor mounted on shaft. 

Fig. 5-5 IPMSM prototype for experimental analysis - disassembled 
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5.2.2 Voltage source inverter 

A description of the used voltage source inverter (VSI) will be given in the following. This 
inverter was design and build bv NOVAC Constructiom^\ Mr. Dipl.-Ing. Wolfgang Novac 
deserves my special gratitude for his highly professional and very quick support during the 
whole experimental work. 

The parameters of the VSI are summarized in Table 5-3. The layout of the device can be seen 
in Fis. 5-6. 

' Stage Characteristics Svmbol Rating Unit 
Inverter Drain-source voltaee Vdss 100 V 1 1 Gate-source voltage Vgss ±20 V 

) 
1 Drain current ( T c - 8 0 X ) DC Id 350 A 

Ims Idp 700 A 
Fonvard current DC If 350 A 

Ims Ifm 700 A 
i Total power dissipation (Tc=25°C) Pt - W 
1 j Drain-source on resistance (inel. module resistance) R-DSton) 1.8 mn 
i Module Maximal junction temperature Tj 150 °C 

Operating temperature Top -40.. .+125 

Table 5-3 Parameters of the voltage source inverter 

Fig. 5-6 Voltage source inverter used for the experimental analysis (externai DC-bus capacitor and integrated 
high current six-pack MOSFET module) 
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5.2.3 Motor controller 

The scope of the experimental analysis was the machine parameters estimation and not the 
implementation of high performance motor control algorithms. 

5.2.3.1 dSpace control s\stem 

The motor control algorithms vvere implemented on dSpace' - a rapid prototyping tool for 
control tasks. The installation of the hardware and software of the control system and the 
implementation of the basic control algorithms used in the experimental analysis was carried 
out by Mr. loan Serban - a member of the Intelligent Motion Control Laboratory , University 
••Politehnica" of Timişoara. He deserves my special gratitude for the highly professional 
support which was the essential condition for all tests carried out with the motor controller. 

Fig. 5- 7 Motor control system used for experimental analysis 
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The motor control system is depicted in Fig. 5-7. A dSpace DSl 104 R&D controller board 
was employed. The real-time hardware is based on a PowerPC 603e core at 250 MHz. A 
TMS320F240 DSP in slave modus is used to generate the three phase PWM outputs for the 
inverter MOSFET-gates. 

5.2.3.2 Control structure 

For the experiments three different types of motor control were used: 

• V/f open-loop (voltage driven) 
• Sinusoidal vector current control in closed loop 
• Speed closed-loop. 

Fig. 5-8 presents the employed closed-loop control structure for torque/current and speed, 
respectively. 

Te 
. l d ' = f ( T e " ) 

Look-up 
table 

— , U d 

Look-up 
table 

U a 

l q ' = f ( T e ' ) 

SVM 

Sa.b .c 

V D C 

MOSFET 
INVERTER 

ENCODER 

Fig. 5-8 Closed-loop control structure (torque current control and speed control). 
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5.2.4 Laboraton precision dynamometer 

AII experimental analysis work was carried out in the research and development laboratory 
for electric drives. Most of the tests were done on the precision d> namoineter with the 
configuration presented in Fig. 5-9. 

Fig. 5-9 Precision dy namometer configuration 

^ ig. 5-10 Laboratory test rig 
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Device 
Type, 

Manufacturer 

Measured or 
delivered 
quantity 

Precision 

(m.v. = measured 

value 

m.r. = measuring 

range) 

Remarks 

Digital precision 

miliohmmeter 

Metrahit 17, 

Gossen Metrawatt 

Phase and 

connection 

resistance 

0.25 % m.v. + 

lOdigits 

4-wire 
connection 

Digital thermometer 
RS 206-3738, 

RS 

Winding 

temperature 

Ni-CrNi 
temperature 
sensors 

Digital storage 

oscilloscope 

Wawen//7A7 /̂' LT 

2 2 4 , Le Croy 
Curve tracing 

DSO, 200MHz, 

200MS/S; Current 

probes CP 150 A, 

CP 30 A 

RLC-bridge 
LCR-817, 

INSTEK 

Resistance and 

inductance 

Power analyzer LMG310, ZES 
Electrical input 

quantities 

0.05 % m.v. + 

0.05 % m.r. 

Precision 

guaranteed 

between 1 0 - 5 0 0 

Hz; Precision 

current transducer 

PSU 600 

Torque transducer 
1 Nm, Staiger-

Mohilo 

Mechanical output 

shaft torque 

Torque transducer 

signal amplifier 
Staiger-Mohilo 

Mechanical output 

shaft torque 

DC-power supply 

SM 15-200, 

DELTA 

ELEKTRONIKA 

DC-voltage 

(0-17V, 200A) 
-

AC-power supply 

EAC 500/PA, 

ELBA-MODUL 

GmbH 

AC-voltage (0-

264Vrms, 0-400Hz, 

0-6Arms) 

-

Test rig control and 

data acquisition 

system 

LabVlEW, 

National 

Instrument 

DC-bus voltage and 

current, output shaft 

torque and speed 

- Running on a PC 

Table 5-4 Laboratory equipmenî used for experimental analysis 
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Fig. 5-11 Power ana ly zer with precis ion current transdiicers and signal amplifier 

Parameter Rating Unit 

Voltage measuring range (trms) < 1000 V 

Current measuring range without externai 
current transducers (trms) 

< 3 0 A 

Current measuring range with externai 
current transducers (trms) 

< 6 0 0 A 

Frequency measuring range 0.01 . . .250,000 Hz 

Voltage measuring accuracy 
(of measured value + 
of measuring range) 

for sinusoidal voltages 
between 15 ... 500 Hz 

(+/ -0 .05)+ (+/-0.05) 

Current measuring accuracy 
(of measured value + 
of measuring range) 

for sinusoidal currents 
between 15 ... 500 Hz 

(+/ -0 .05)+ (+/-0.05) % 

Active power measuring accuracy 
(of measured value + 
of measuring range) 

between 15 ... 500 Hz 

(+/- 0.07) + (+/- 0.08) % 

Frequency measuring accuracy 
(of measured value) 

+/-0.01 % 

Table 5-5 Power analyzer parameters (LMG 310) 
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Fi^ 5-12 Additional trieasurement ecjuipment: RLC-meter, digital thermomeîer, precision miliohmmeter and 
osciUoscope ^vith ciirrent probes (I50A and 30A) 

Fig. 5-13 Rotor positioning device ^vith torque sensor and signal amplifier 
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Parameter Rating Unit 

Rated torque 2 Nm 

Maximal speed 10000 rpm 

Spring rate 220 N m/rad 

Accuracy (of ftill scale) 0.3 % 

Moment of inerţia (drive side) 1.4 10' kgm' 

Moment of inerţia (test side) 2.4 lO "̂  kgm' 

Linearity deviation (of ftill scale) < +/- 0.3 % 

Hysteresis (of ftill scale) < +/- 0.2 % 

Temperature influence on characteristics 
(of ftill scale) 

<0 .03 % 

Bandwidth < 1000 Hz 

Table 5-6 Torque tramdiicer parameîers 

5.2.4.1 Torque-angle measuring method and equipment 

The accurate measurement of the torque angle is a crucial aspect for most of the carried out 
tests within this chapter. The phase angle between the PM-induced voltage (only due the 
permanent magnet!) and the phase current is necessary for the calculation of the phasor 
diagram quantities. However, the torque angle cannot be measured directly during running 
tests, when voltage is applied to the phases. A solution to this problem is to measure the 
angular position of the no-load back-EMF of the phase related to an index signal of an 
encoder on the motor shaft [46], [43]. During the operation this signal can be visualized and 
the phase angle to the phase current can be measured indirectly on this way. This method 
assumes, that the angular position of the back-EMF remains unchanged under load. In Fig. 
5-14 are presented the signals of the encoder index signal and the phase U back-EMF. The 
error has a value of 2 . Thus the real torque angle used in calculations must be corrected as 
7real ' Ymeasured ~ ^ . This corrcction was taken into account for all measurements. 
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Fig. 5-14 Torque angle error from iniţial encoder positioning measured @ 500 rpm 
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5.3 Standstill tests 

5.3.1 Phase and connection resistance measurement 

The phase resistance must be determined initially because is needed for some of the parameter 
estimation methods. Also the connection resistance between the inverter output and the motor 
phase is important for the estimation of voltage drop. Several motors designed for automotive 
applications have a ver> low phase resistance (below 10 /wQ!). Every additional resistance 
introduced by constructive connection parts and contact resistances must be minimized and 
taken into account during the parameters estimation. However, for the motor parameter 
experimental estimation the measurement of the motor phase voltage should be done directly 
on the phase terminals as shown in Fig. 5-15. 

Fig. 5-15 Measurement of motor resistances 

Resistances can be measured using a precision ohmmeter, RLC-bridge, or multimeter. Using a 
precision ohmmeter (4-wire connection, two for current injection and two for voltage 
measurement) as show^n in Fig. 5-16 following results were obtained for the phase resistance 
Rp ,̂ line-to-line motor resistance , phase resistance including the connection cable 

^ph connex̂  Hne-to-Hne motor resistance including the connection cables R̂ ^ as shown in 
Table 5-7. The monitoring of the winding temperature during the measurements and the 
correction of the values for the 20°C ("cold") resistances is a very important issue. This was 
realized using the information of the temperature sensors embedded in the w^inding and placed 
in the end windings on the drive side (A), non-drive side (B) and within the slot in the middle 
(M) of the stator iron stack as shown in Fig. 5-17. The correction of the resistance with 
temperature is given by 

(5-1) 

where R^ and R̂ ^ are the resistances at temperatures 5, and respectively and 

1 
a , =0.0039 

PCu 'C 
is the temperature coefTicient of the resistivity for copper as material 

used for the stator winding. 
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Fig. 5-16 Measiiremen! of motor resistances iising a precis ion ohmmeter 

A - 0-sensor M - 6-sensor B - 9-sensor 

i 

Fig. 5-17 Position of the temperature sensors 

K Ru 
n 

ph conncx 
D 

/./ connex 

[°c] [mQ] [WQ] [WQ] [mQ] 

- u V w uv V W wu u V w uv V W wu 

23.6 13.9 13.8 14.0 25.1 25.1 25.3 23.4 23.6 25.5 44.6 46.7 46.4 

20.0 13.7 13.6 13.8 24.7 24.7 24.9 23.1 23.3 25.1 44.0 46.0 45.7 

20.0 13.7 24.8 23.8 45.2 

Table 5-7 Resistance measurement residts 
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The prototype presents a very low asymmetry (0.73 %) of the phase resistances. The line-to-
line resistances have an asymmetry of 1.11 %. However, these are ideal values obtained for 
prototypes manufactured under laboratory conditions. For the industrial practice a phase 
resistance asymmetry of 3 % is satisfactory. 
For flirther parameters estimation the mean value of the phase and line-to-line resistances at 
20°C vvill be used as given in the last row of the above Table 5-7. 

5.3.2 Phase seif and line-to-line inductance measurement 

In the following several methods will be used to measure the phase seif inductance and line-
to-line inductance considering the variation with the rotor position [5], [6]. 

L,, Syy.L,,,, (5-2) 

^n. fl-^^U ni'^^I.I MV ~ fi^mcch) ( 

as 

^LLJ V ~ ^l.L l'r 

^i.L UT ~ ^n. VW 

where 

4 ^ - phase seif inductance, 

L̂L uv^Ljj nf '^L/ W7 - line-to-line inductance, 

m̂ech ' ''^tor mechanical position angle. 

The relationship between the seif, mutual and line-to-line inductances is for the Y-phase 
connection 

Lu uy iOe) = L,, (0,) + L,,, (0,) - 2L,, ) ^ 

and for the -phase connection 

Lu^jn-(Oe) = I [kr ) - A/r (O,)] ^ 

where = is the electrical rotor position angle. 
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The calculation of the mutual inductances can be done for the Y-phase connection 

LrAOJ = (5-7) 

and for the A -phase connection 

(5-8) 

Until now no restrictions were considered for the variation of the phase seif inductance and 
line-to-line inductance. 

For a sine-wound salient-pole motor the seif inductances can be expressed as follows 

/ 

26», + 

= cos 20. - 2 

3 , 
2;r 

(5-9) 

2 a , - 3 

The mutual inductance between two phases can be expressed as 

= COS 20„ -
2;r 

(5-10) 

Substituting the seif and mutual inductance for two special rotor positions in which the line-
to-line inductance attains extreme values this can be writen as 

(5-11) 

with Lî îQ 

The measured extreme values of the line-to-line inductances can be used to calculate and 

^I.l. d ^U. 
(5-12) 
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In the following a direct way to estimate the synchronous inductances will be shown. Also 
from standstill (static) measurements of the line-to-line inductances for two special rotor 
positions in which the inductance values take extreme values the two synchronous 
inductances can be calculated as follows for a Y-phase connection and the minimum value 

(5-13) 

and maximum value 

(5-14) 
2 

For the A -phase connection the synchronous inductances are given in the same way by 

and respectively 

(5-16) 
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5.3.2.1 Phase seif inductance and line-to-line inductance measurement using a RLC-bridge 

The easiest method to measure an inductance is to use a RLC-bridge. The measurements of 
the phase inductance in dependence with rotor position were carried out on a special rotor 
positioning device shown in Fig. 5-18. Before the shaft was fixed in the device, a positioning 
voltage space vector was applied in order to align the rotor with the phase U of the motor as 
shown in Fig. 5-20. This mechanical position is considered the reference for the inductance 
measurements. The measurement was carried out using a frequency of 50 Hz for the injected 
current. However, the inductances measured with this method are unsaturated values, as the 
injected current was very small (40 mApeak) as shown in Fig. 5-19. 

Fig. 5-18 Rotor positioning device used for inductance measurements 
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Fig. 5-19 RLC-bridge injected current 
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Fig. 5-20 Rotor iniţial alignment 

The results of the measurements phase seif inductances, line-to-line inductances and the 
calculated values of the mutual inductances are presented in Table 5-8 and depicted in Fig. 
5-21 and Fig. 5-22 respectively. 

alpha mech L UU L W L WW L LL UV L LL VW L LL WU L UV L VW L WU 
[deg_mech] [uH] [uH] [uH] (uH [uH] [uH] [uHl [uH] [uHl 

0 22 35 33 76 109 73 -9.5 -20.5 -9 
5 24 36 30 81 106 71 -10.5 -20 -8.5 
10 26 36 28 88 98 70 -13 -17 -8 
15 29 36 26 96 90 70 -15.5 -14 -7.5 
20 32 36 23 103 82 71 -17.5 -11.5 -8 
25 34 36 22 110 77 73 -20 -9.5 -8.5 
30 34 35 22 110 74 76 -20.5 -8.5 -10 
35 35 33 23 105 72 81 -18.5 -8 -11.5 
40 35 30 25 99 71 88 -17 -8 -14 
45 35 27 29 91 71 97 -14.5 -7.5 -16.5 
50 35 25 32 83 72 104 -11.5 -7.5 -18.5 
55 36 24 34 77 74 110 -8.5 -8 -20 
60 35 24 36 74 76 110 -7.5 -8 -19.5 
65 33 24 36 72 81 105 -7.5 -10.5 -18 
70 29 26 37 71 88 98 -8 -12.5 -16 
75 26 29 37 70 96 90 -7.5 -15 -13.5 
80 24 32 36 71 104 82 -7.5 -18 -11 
85 22 34 35 74 109 77 -9 -20 -10 
90 22 35 33 76 109 73 -9.5 -20.5 -9 

Table 5-8 Measwed inductances using a RLC-bridge (50 Hz, 40 mApeak) and calculated mutual inductances 
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Phase seif inductances and line-to-IIne inductances vs. rotor position 

o 10 20 30 40 50 60 
Rotor position [mech_deg] 

70 80 90 

- L _ U U 

- L _ V V 

. L _ W W 

- L _ L L _ U V 

- L _ L L _ V W 

- L _ L L _ W U 

Fig. 5-21 Phase seif inductances and line-to-line inductances measured M'ith RLC-brigde (50H=. 40 mApeak) 
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Phase seif and mutual inductances vs. rotor position 
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Fig. 5-22 Phase seif inductances measured with RLC-brigde (50Hz, 40 mApeak) and calculated mutual 
inductances 
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5.3.2.2 Phase seif inductance and line-to-line inductance measurement using AC 

Another measurement procedure employs altemating current with variable current amplitude 
and frequency in order to get the dependence of the inductances of these two factors. 
In a first step an AC-power supply was used to inject altemating currents with frequency up to 
400 Hz and amplitudes up to 6 Arms. The measurement setup is shown in Fig. 5-23. The 
same positioning device presented before was used to rotate and fix the rotor in different 
positions during the measurements. 

a-«c-^ = variable , = vanable 

Fig. 5-23 Experimental setup for AC- inductance measurement (left: phase slf-inductance: 
rigth: line-to-line inductance) 

The rms-values of voltage and current^and frequency and power angle were recorded for each 
rotor position. The inductance was calculated with 

L = 
^rn. sin(0) 

(5-17) 

The results of the measurements are presented in TABLE and depicted in Fig. 5-24. 

lalpha mech|L_UU_50Hz| L_UU_400Hz L LL UV.50HZ L_LL_UVJOOHz • • • • • g g r i T T T ^ 
[uH] [uH] [uH] [uH] [uH] [uH] 

0 23.5 24.5 25.0 81.0 84.0 85.0 
5 25.0 26.0 26.5 79.0 81.0 83.0 
10 27.5 28.5 29.0 78.0 80.0 81.0 
15 31.0 32.0 32.5 77.0 80.0 81.0 
20 34.5 35.0 36.0 78.0 81.0 82.0 
25 37.0 38.0 38.5 81.0 83.0 84.0 
30 38.0 39.0 39.5 85.0 87.0 88.0 
35 38 5 39.5 40.0 91 0 93.0 94.0 
40 39.0 40.0 40.5 101.0 103.0 103.0 
45 39.0 40.0 40.5 111.0 113.0 112.0 
50 39 0 39.5 40.0 121.0 123.0 120.0 
55 38 5 39.5 40.0 127.0 129.0 125.0 
60 37.0 3^X) 38.5 127.0 129.0 124.0 
65 36.5 35.5 36.0 121.0 123.0 120.0 
70 33.0 32.5 33.0 113.0 115.0 113.0 
75 30.0 29.0 29.5 103.0 105.0 105.0 
60 27.0 26.0 27.0 93.0 95.0 96.0 
85 25.5 24.5 25.0 86.0 88.0 89.0 
90 25.0 24.5 25.0 81.0 83.0 85.0 

Table 5-9 Phase seif and line-to-line inductance measurement results 
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Ph«s« Mlf tnd llne-to-line inductances v». rotor positlon 
(50 Hz. 100 Hz. and 400 Hz rneasuren^mt) 

10 20 30 40 50 60 70 80 
Rotor position [mech.deg] 

• - • CCMI 

90 

Fig. 5-24 Phase seif inductance and line-to-line induc (ance measured MÎth AC 

As the previous method presented serious difficulties related to an accurate measurement of 
voltage and power factor, in a third step a sinusoidal non-PWM-synthesized voltage was used 
to inject the current into the motor for the inductance estimation. For this scope a second 
IPMSM-machine was used as generator. However, here appeared the problem that the PM-
excited generator is able to deliver energy only with constant V/f-ratio. Thus an independent 
variation of the injected current amplitude and frequency was not possible. 
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Fig. 5-25 Phase seif inductance measurement at 50 Hz (left) and 100 Hz (right) 
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Fig. 5-26 Line-to-line inductance measurement at 50 Hz (left) and 100 Hz (right) 
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The results of the measurements and the calculated values of the mutual inductances are 
presented in Table 5-10 and depicted in Fig. 5-27. 

alpha_rTiech L UU 50Hz L UU 100Hz L LL UV 50Hz L LL UV 100 Hz 
[deg mech) luHl Iu HI luHl [uHl 

0 23.8 27 3 85.6 87.1 
5 27.4 293 83.6 85.1 
10 308 32 1 82 6 84.3 
15 349 36 1 83 2 84 6 
20 384 39 1 84 9 86 2 
25 402 41 1 87 7 89 
30 41.2 42 3 92 3 93 
35 428 43 1 1003 101.5 
40 438 43 6 110 9 112 
45 42 2 43 4 121 1 121 
50 41 8 42 7 128 3 127.5 
55 407 417 131 5 130.4 
60 389 399 129 7 129 
65 359 37 3 123.5 124 
70 328 33 8 1148 116 
75 286 29 9 104 5 106 
80 256 28 95 4 97 
B5 24.2 26 8 89.3 90.9 
90 246 27 85 5 87 

Table 5-10 Measurement results 

o> o c B u 

Phase setf and line-to-line inductances vs. rotor position 
(50 Hz and 100 Hz measurements) 

——.L_UU_SD̂ « 

- •L_UU_t)OKtt 

- •L.LL̂ UV.'DOhtt 
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Rotor position [mech_deg] 

70 80 90 

Fig. 5-27 Phase seif indiictance and line-to-line inductance measured with AC using a second IPMSM-machine 
as generator \vith non-PWM-synthesized output voltage 

The two methods give almost the same results. A difference of about 10 % can be observed in 
the seif inductance. The shapes of all measured inductances are similar. It is recommended to 
use both method and compare the results, mainly for very small value of the inductances as in 
low-voltage automotive machines. 

BUPT



5.3 Standstill tests 275 

5.3.2.3 Leakage inductance estimation using an unbalanced AC-test 

In the following an unbalanced AC-test for the estimation of the leakage inductance will be 
presented [18], [19]. The measurement procedure uses the setup shown in Fig. 5-28. In this 
standstill unbalanced test the current is injected oniy in phase U and the voltage is measured 
upon the three in series connected phases. 
The total series inductance is given by 

1(0,) = Im 
( o j , 

(5-18) 

and the total stator phase leakage is 

L{0)+2L 
/ \ 

71 
(5-19) 

First, an IPMSM was used as AC-supply for the test. In this case a higher measurement 
accuracy of the phase angle was possible. The measured injected current, voltage, and the 
phase angle are presented in Fig. 5-29. 

•mech = variable 

U, 

Fig. 5-28 Unbalanced standstill measurement setup 
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Fig. 5-29 Series inductance measurement with 100 Hz (IPMSM-generator) 

The results of the measurements and the calculated values of the total stator phase leakage 
inductance are presented in TABLE and depicted in Fig. 5-30. 

alpha_medi L senes 100Hz 
[deg mech] luH] 

0 9.9 
5 10 
10 10.3 
15 105 
20 10.8 
25 10.9 
30 11.2 
35 11.2 
40 11.2 
45 11 5 
50 11.4 
55 11.2 
60 11 
65 11 
70 10.8 
75 10.7 
80 10.6 
85 10.4 
90 10.5 

Table 5-11 Series inductance measurement results 
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Fig. 5-30 Measured series inductance vs. rotor position 

Thus the estimated value of the total stator phase leakage inductance is L^ = 10.3 \iaH 

In a second step, in order to analyze the saliency of this parameter the inverter was used as 
AC-source to inject higher currents into the phase. 

The results of this measurement are presented in Table 5-12. 

theta_mech theta_el f_el I1_ph_nns U1_ph_rms phM L_series L_sigma 

[°mech] [°el] [Hz] [A] [V] Ve\] [uH] [uH] 

0 0 50 10.501 0.124 6.81 4.46 4.3 

0 0 50 21.286 0.257 6.48 4.34 4.3 

0 0 50 30.160 0.356 6.73 4.40 4.2 

15 30 50 12.202 0.149 6.31 4.27 

15 30 50 19.606 0.238 6.42 4.32 
15 30 50 29.017 0.357 6.19 4.22 

Table 5-12 Series inductance measurement results and calculated total stator phase leakage inductance 
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Total stator phase leakage vs. current 
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Fig. 5-31 Total stator phase leakage inductance vs. current 

Hovvever, this last test delivered another value for the leakage inductance in comparison with 
the precedent one. This may have the reason, that the measurement of the phase angle with 
the power analyzer had a lovv accuracy. But the test demonstrated that the leakage inductance 
has no saliency effects. 

5.3.2.4 Synchronous inductance estimation using AC 

Using a AC-source with variable voltage and frequency the saturated synchronous 
inductances can be measured. The measurement setup is depicted in Fig. 5-32. The obtained 
measurement results are presented in Table 5-13. Fig. 5-33shows the variation of the 
synchronous inductances with the current for different frequencies. Fig. 5-34 and Fig. 5-35 
present the same results in a selective form. 

Ld-estimation Lq-estimation 

N 
•Z ( f ) •Z ( f ) 

Fig. 5-32 Measurement setup for saturated synchronoits inductances estimation 
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• E H [uH] [uH] • O H [uH] K B I luH] WKEtM [uH] IUBI luH] 
0.9 36.1 1.9 59.8 1.2 36.9 17 58 1 18 35.4 11 563 
5.0 37.3 5.2 60.9 4.8 368 56 608 4 4 367 5.1 61.0 

10.1 37.8 10.1 62.2 10.0 377 100 623 10.7 37.9 10 1 627 
30.5 379 302 62.7 30.7 37.8 306 629 296 38.0 294 63 3 
61.6 36.6 59.2 574 594 35.7 59.7 57.3 595 356 479 606 
80 1 35.2 79.73 52.5 79.6 34.4 80.03 527 779 340 
98.4 33.9 103.5 47.6 103.8 32.6 97 68 48.9 

Table 5-13 Synchronous inductances measurement results 
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Fig. 5-33 Synchronous inductances Ld, Lq vs. current for different frequencies 

Ld = f(ld.rms), Lq = f(lq_rms) 
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Fig. 5-34 Comparative evolution of the synchronous inductances with current for different frequencies 
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Fig. J- i5 Synchronous inductances vs. current for 50 Hz 

5.3.3 Saturated synchronous inductances estimation from DC-decay standstill test 

As described in a precedent chapter, there saturation and the cross coupling (cross saturation) 
are important physical phenomena which must be taken into account in an accurate modelling 
process. The saturation represents the dependence of the inductances with the current, and the 
cross coupling represent a way to take into account the dependence of the inductances due 
mutual influence of the two a priori decoupled synchronous currents. The measurement of the 
synchronous inductances can be done in standstill employing a DC-decay test. First the 
measurement of the decoupled synchronous inductances will be presented. 

5.3.3.1 Decoupled saturated synchronous inductances Ld(id), Lq(iq) 

This inductance measurement method is based on calculations using the sampled values of the 
direct current during the decay time period from an iniţial value to zero [11], [12], [13], [14], 
[15]. 
The measurement setup is depicted in Fig. 5-36. The rotor must be fixed in the U-phase axis 
for the estimation of the direct inductance . In a second step the measurement was done 

with the rotor fixed in quadrature to the first position. The positioning device W ""mech 
. /P 

presented before was used for the fixing of the rotor in the two defined positions. The current 
and the voltage on the diode were recorded with a sample time of 4/js. 
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a^ch = O = 90/p 
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Fig. 5-36 Measurement setupfor ihe DC-decay test (left: rotor aligned with the L-phase axis for Ld-estimation: 
right: rotor in quadrature for Lq-estimation ) 

For the standstill condition and short-circuited machine with 

0) = 0 (5-20) 

u, = 0 
(5-21) 

taking into account that the induced voltage caused by movement is zero the voltage 
equations become 

dLa 
(5-22) 

with the iniţial conditions for the current 

/,(0) = 0 
/,(0) = 0 

(5-23) 

The synchronous inductances can be calculated as follows 
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LAiAO)) = 

OD /î  «J 

UO) 
(5-24) 

2 
\-v,,{t)dt + R\i„{t)dt 

(5-25) 

Using a numerical integration procedure such as rectangle method the inductances can be 
calculated as 

or 
v^) O 

(5-26) 

(5-27) 

where the sampling time h , stator phase resistance R, iniţial value of the direct current /̂ (̂O), 
and the current samples during the decay period are known. 
The recorded currents in the two rotor positions for one iniţial direct current value are 
presented in Fig. 5-37. 

DC-decay test 

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 

' — i d Time [s] •i.q 

Fig. 5-37 DC-decay test results (10=84 A) 

BUPT



5.3 Standstill tests 283 

The processed data for several measurements with difTerent iniţial direct currents and the 
estimated saturated synchronous inductances are presented in Table 5-14. In Fig. 5-38 are 
depicted the variation of the saturated synchronous inductances with the synchronous axes 
currents for the decoupled approach. 

ld Ld lq Lq 
IA] [uH] (A] [uH] 

0.195 48.96 0.169 56.88 
0.865 40.68 0.833 49.32 
1.656 38.88 1.698 51.48 
4.219 37.44 4.219 50.4 
8.073 34.56 8.073 44.28 
16.667 34.2 17.969 46.8 
24.740 34.92 25.000 45.72 
32.292 30.24 32.292 45.36 
50.000 34.56 49.479 43.92 
67.188 32.4 67.188 43.2 
83.854 29.88 84.375 40.68 
94.792 29.16 94.792 37.8 

Table 5-14 DC-deca\' measurement re suit s 

Saturated synchronous inductances Ld(ld), Lq(lq) 
estimated from DC-decay test 

X 

O-- l 
•O 

30 

20 

1 0 -

O 10 20 30 40 50 60 70 80 90 100 

Id. Iq [A] . Ld . Lq 

Fig. 5-38 Saturated synchronous inductances estimated from DC-decay test 
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5.3.4 Standstill torque measurements 

In the foilowing two paragraphs the standstill shaft output torque will be measured. As the 
speed is zero, the iron core losses and the mechanical losses are also zero. However, a minor 
inaccuracy, given by cogging torque and residual friction was identified. Both methods 
present the advantage that due current injection the influence of the temperature rise on the 
winding resistance is completely eliminated. The influence of temperature rise on the flux 
linkage still remains. As these tests require the sampling of the torque for different rotor 
positions foilowing rotor positioning device presented in Fig. 5-39 was used. 

Fig. 5-39 Standstill torque measurement setup (rotor positioning device with torque sensor) 

5.3.4.1 Standstill DC torque vs. load angle measurement 

First the dependence of the output shaft torque on the torque angle was analyzed. The 
measurement setup is presented in Fig. 5-40. At zero speed the motor winding were fed with 
direct current of different magnitudes. The torque was recorded for each rotor position. The 
measurement results are presented in and the standstill measures torque curves vs. torque 
angle for diflFerent currents are depicted in Fig. 5-41. 

Omech = variable 

Fig. 5-40 Standstill DC torque vs. load angle measurement setup 
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alpha_tnech 
[deg_mech] 

alpha_elec 
[deg elecl 

T2.1 =10 A 
[Nm] 

T2,1 = 40 A 
[Nm] 

T2,1 = 70 A 
[Nm] 

0 0 0.003 0.003 0.000 

5 10 0.025 0.078 0.098 
10 20 0.055 0.155 0.205 
15 30 0.075 0.218 0.310 
20 40 0.100 0.303 0.455 
25 50 0.123 0.393 0.623 

30 60 0.123 0.445 0.728 

35 70 0.133 0.488 0.803 
40 80 0.145 0.530 0.880 

45 90 0.155 0.565 0.965 
50 100 0.158 0.565 1.000 

55 110 0.150 0.538 0.973 

60 120 0.128 0.500 0.918 

65 130 0.110 0.453 0.838 

70 140 0.103 0.408 0.753 

75 150 0.095 0.363 0.673 

80 160 0.065 0.270 0.498 

85 170 0.048 0.133 0.233 
90 180 0.013 0.008 0.055 

Table 5-15 Sîandsîill DC torqiie vs. load angle measiirement resulîs 

E Z. 
s 
s, 

Torque vs. load angle 

70 80 90 100 110 120 130 140 150 160 170 180 
Rotor p o s M o n [ d e g L e i ] 

- • - T 2 , I =10 A 

I = 40 A 

_ _ T 2 I = 70A 

Fig. 5-41 Torque vs. load angle measured in standstill for different direct currents 
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5.3.4.2 Torque pulsations 

The measurements were carried out using the same rotor positioning device shown in Fig. 
5-39. The motor phase were fed at zero speed with rotor-synchronous = 0 ) currents 
supplied by the motor controller. The measurement results for two current set points are 
presented in Table 5-16and Table 5-17. The variation of the torque with the rotor position 
angle is shown in Fig. 5-42 and Fig. 5-43. 

[deg_mecn] 
T2jiaiiwin - Od»ţj_el. Isp - 20 A|ieJi 

INml 
T2_0aivin - fO deţ|_H Isp - 20 Ap«i i 

INm] 
T2j|an«rKi- ndeg.eLIsp - 2D Ap«A 

(Nml 

0 0 262 0 262 0 340 
25 0 269 0 268 0 245 

5 0 270 0 266 0 342 
75 0 273 0 268 0 240 

10 0 273 0 268 0 238 
125 0 269 0 263 0 232 

15 0 266 0 259 0 229 
17 5 0 266 0 259 0 227 

20 0 268 0 262 0 230 
22 5 0 271 0 266 0 236 

25 0 273 0 270 0 341 
27 5 0 274 0 271 0 347 

X 0 276 0 273 0 250 
325 0 275 0 272 0 349 

35 0 273 0268 0343 
37 5 0 273 0267 0 239 
40 0 271 0263 0 234 

42 5 0 264 0 256 0 227 
45 0 259 0252 0 222 

TppfNml 0 009 0011 0 014 
TppnavptJ 32 4 0 5 9 

Table 5-16 Torque pulsations measurement results (Isp = 20 Apeak) 

(fleg_mecni 
T2j90iiiiwi - 0 deij.eL Isp - 40 ApeA 

(Nm) 
T2_gatnmQ - 10 deo.el, Isp - 40 Apeak 

|Nm| 
T2_9aiiiiwi - 30 «Jeg.ei, Isp - 40 Apeak 

(Nml 

0 0.499 0512 0.485 

25 0 500 0510 0 481 
5 0497 0 502 0466 

75 0 500 0 500 0457 

10 0 505 0 503 0452 
12 5 0 505 0 509 0490 

15 0S05 0 503 0.450 
17 5 0 905 0 506 0455 

20 0 509 0511 0.461 

225 0 513 0516 0.472 
25 0.515 0522 0.484 

275 0 517 0 527 0493 

30 0.516 0 527 0.497 

32.5 0.510 0518 0.488 
35 0.502 0.507 0470 

37.5 .0.502 0 503 0498 

40 0.505 0502 0.452 

425 0 502 0 499 0.445 

45 0.901 0 500 0445 

Tpp (Nml 0 010 0 014 0 026 

20 28 5 6 

Table 5-17 Torque pulsations measurement results (Isp = 40 Apeak) 
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0.300 

0.050 r 

0.000 ^ 

O 

Torque pulsat ions vs. to rque angle 
for Isp = 20 Apeak 

10 15 20 
Rotor position [deg_mech] 

25 

-T2_flamma = O dea.el, itp = 20 Apeak 
Tpm8_pp = 9 mNm (3 2 % from average 
twque) 

- 72_gamma = 10 defl_el tep = 20 Apeak 
Tputo_pp = 11 mNm (4 O % from average 
torque) 

-T2_gamma = 20 deţLel, Isp = 20 Apeak 
Tpuls_pp = 14 mNm (5 9 % from awage 
torque) 

30 

Fig. 3-42 Torque pulsations vs. torque angle (Isp = 20 Apeak) 

o 500 ^ 

Torque pulsat ions vs. to rque angle 
fo r Isp = 40 Apeak 

0.400 

F 0.300 1 
5 3 

0.200 

0 .100 t -

0.000 
10 15 20 

Rotor position [degLmech] 
25 

-T2_gamma = O deg_ei, Isp = 40 Apeak 
Tpiis_pp = 10 mNm (2 O % from average 
torque) 

- T2_flamma = 10 defl_el. tsp = 40 Apeak 
Tpiis_pp = 14 mNm (2.8 * from average 
torque) 

-T2_flamma = 30 deg_eJ. isp = 40 Apeak 
Tpuls_pp = 26 mNm (5 6 % from average 
torque) 

30 

Fig. 5-43 Torque pulsations vs. torque angle (Isp = 40 Apeak) 
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5.4 Running tests 

In the following paragraphs tests, which can be carried out only if the motor shaft rotates, will 
be presented. The rotational speed depends on the target and it takes values between a few 
rpm and 7000 rpm. Running vvith a higher speed was criticai for the mechanics of the 
experimental protot\pe. During these tests the machine was operating in all regimes, as 
generator and motor (both unloaded and loaded), and brake. 

5.4.1 Unloaded machine tests 

First unloaded machine tests will be presented. These tests suppose that no (high) currents are 
present in the winding. 

5.4.1.1 Unloaded generator 

The measurement of the unloaded generator can be carried out by tuming the machine shaft 
on using the loading machine of the test rig. In this case the speed can be varied on demand, 
but also an operation w ith constant speed (using the speed controller) is possible. 

5.4.1.1.1 Phase and line-to-line back-EMF measurements 

This measurement were done running the machine as generator with open phase connections. 
The phase and line-to-line voltage signals were recorder using a digital storage oscilloscope. 
In Fig. 5-44 are presented the no-load phase back-EMF signals of the three phases. Fig. 5-45 
presents the harmonics content of the phase back-EMF. The same information is presented in 
Fig. 5-46 and Fig. 5-47 for the line-to-line back-EMF signals. The calculation of the 
amplitude of the back-EMF constant for the first harmonic can be done using the amplitude 
and frequency of the voltage signal 

F E E 
ph peak - " - V . I J I U 

Vs 
rad 

P 
(5-28) 

or directly using the amplitude and the speed of the voltage signal (expressed in rpm) 

E E E 
I _ ph _ peak _ ph _ peak _ ph _ peak - ^^ 
'^L ph peak- ~ ~ vt ^ 

60 
Also the amplitude of the permanent magnet phase flux linkage can be calculated with 

Wr. = '^JLHuEfL = 4.565 • 
p 
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BEMF_ph @ 955 rpm 

.BEMF_ph_U 

.BEMF_ph_V 

.BEMF_ph_W 

Rotor position [deg_elec] 

Fig. 5-44 Shape of the phase hack-emf (phase back-emf \s. electrical rotor position at 955 rpm: 20 

Fig. 5-45 Harmonics content of the phase back-emf (amplitude of the first harmonic: 0.913 r. 20 

BUPT



290 Chapter 5 Experimental analysis of PMSM 

BEMF^LL @ 955 rpm 

.BEMF_LL_LIV 

.BEMF_LL_VW 

.BEMF LL WU 

Rotor position [deg_elec] 

Fig. 5-46 Shape of the line-fo-line back-emf (line-to-line back-emf rs. electrical rotor position at 955 rpm: 20 
O Q 

Fig. 5-47 Harmonios content of the line-line back-emf (ampUtude of the first harmonic: L582 V: 20 ^C) 
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BEMFj)h_peak = f(n) 

— BEMF_U_peak 

O 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

Speed [rpm] 

Fig. 5-48 l ariation of phase back-emf amplitude with speed (20 

5.4.1.2 Voltage driven unloaded motor 

The only test which could be done in this voltage drive mode vvas the no-load test. The 
experimental prototype has no rotor cage and a stable running condition could not be reached. 

5.4.1.2.1 Quadrature-axis synchronous inductance estimation 

This experiment ailows to determine the direct-axis inductance based on the assumption that 
in voltage driven mode at no load y = - 9 0 than 

^PM ^q _ V/ ~ V 

col 
(5-31) 

The measured results are shown in Table 5-18. The variation of the direct-axis inductance 
with the direct-axis current is presented in Fig. 5-49. 

I1_ph_rms U1_ph_mis phi_1 T_w_m Ld_50 Hz I1_ph_rms U1_ph_rms p h M T_w_m Ld_100 Hz 

[A] [V] rei] r c ] [UH] [A] [V] [°e\] r c ] [uH] 
13.61 1.18 77.9 52 36 10.41 2.23 81.6 63 38 
18.42 1.25 75.3 65 40 17.10 2.41 81.2 61 39 
39.22 1.59 64.7 93 39 35.90 2.87 77.1 92 40 
60.16 1.95 55.0 127 36 61.80 3.41 70.3 124 35 

Table 5-18 No load measurement results for inductance estimation 
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Ld vs. current 
(no load test) 

Ld 
[uHl 

45 

40 

35 

30 

25 

20 

15 

10 

5 

O 
10 20 30 40 50 60 70 

ld r m s [A ] — L d _ 5 0 Hz. gamma = 90 deg_el 
—4— Ld_100 Hz, gamma = 90 deg_el 

Fig. 5-49 Quadratitre-axis inductance (Lq) vs. current esîimatedfrom no load 

5.4.1.3 Miscellaneous no load tests 

This section presents no-load measurements which could not be included in the precedent 
categories 

• cogging torque, 
• friction torque, 
• iron losses torque. 

5.4.1.3.1 Cogging torque versus rotor angular position 

Given the crucial importance of the cogging torque (at zero current) in some automotive 
applications (e. g. steering systems) its measurement becomes mandatory. A measuring setup 
is similar with this presented in Fig. 5-39 with the exception that a high-quality servo motor 
with a very low torque ripple is used to turn slowly (2-4 rpm) the rotor of the motor under 
test. An additional inerţia which can be placed on the servo motor shaft will help to increase 
the accuracy of the measurement. 
The measured cogging torque versus rotor angular position is shown in Fig. 5-50. The 
negative ofîset is caused by the friction and iron loss torque. However, this offset can be 
eliminated, as the fi-iction and iron loss torque do not contain substantial pulsations. 
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Cogging torque vs. rotor position 

cogging torque [mNm] 

30 60 90 120 150 180 210 240 270 300 330 360 
O 

-5 

- 1 0 

-15 

- 2 0 

-25 

-30 
Angle [mech.deg] 

Fig. 5-50 Cogging torque vs. rotor mechanical position angle 

5.4.1.3.2 Friction and iron loss torque versus speed 

The sum of the friction (bearing and windage) and iron loss torque (at no-load) can be carried 
out using the same measurement setup as presented before for the measurement of the 
cogging torque with the difFerence that the speed has to varied betvveen standstill and the 
maximal operaţional speed for the drive. 
Fig. 5-51 presents the sum of the friction and iron loss torque (at no-load) versus speed. 

Iron and friction losses torque vs. speed 

o 1000 2000 3000 4000 5000 6000 7000 8000 

Speed [rpm] 

Fig. 5-51 Iron and friction losses torque vs. speed 
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In order to separate the two torque components a measurement of the friction loss torque 
versus speed must be done. This is possible if the permanent magnets are removed from the 
motor. In Fig. 5-52 the measurement results are presented. 

Iron aixl fnclkxi losses tofque vs. speed 

1000 2000 4000 5000 7000 

_30 1 

Speed [rpm] 

Fig. 5-52 Friction loss torque and iron loss torque vs. speed. 

-TFr i c t 

- T Fe 

5.4.2 Current-controlled loaded motor tests 

The following sections present tests which were carried out under load employing current 
control. 

5.4.2.1 Synchronous inductances estimation 

Based on the mathematical model of the PMSM the inductances can be calculated as follows 

- VcosS -f RIcosy + E PM 

iTjfJsÂny 

Vsin5 - Rlsmy 
(5-32) 

lîfJcosY 
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The great difficulty appears if the accuracy of the measured values for the currents, voltages 
and phase angle is poor. This inductance estimation method is also dependent on the 
assumption that the back-EMF under load remains the same as at no-load. This inaccuracy 
can become criticai, but that is the only way to apply this method. 
The measurement resuhs are presented in Table 5-19. in Fig. 5-53 the variation of the 
svnchronous inductances w ith the current is shovvn. 

I1_ph_rms U1_ph_rms p h M T_w_m Ld I1_ph_rnis U1_ph_rms p h M T_w_m Lq 

[A] [V] re l ] r c ] [uH] [A] [V] re l ] r c ] [uH] 
3.30 0.93 -89.9 48 60 3.27 1.03 3.4 58 59 
6.53 0.89 -84.4 52 50 6.88 1.08 7.2 55 62 

13.00 0.83 -77.4 49 44 13.13 1.19 12.9 54 64 
26.11 0.75 -59.8 53 41 25.69 1.45 20.9 59 64 
38.97 0.76 -39.9 61 40 38.86 1.72 25.3 61 60 
51.86 0.86 -22.6 65 40 51.56 1.98 27.4 71 56 
62.20 1.02 -11.9 82 39 64.17 2.22 28.3 82 52 
78.36 1.44 -12.9 125 34 69.55 2.40 28.8 93 52 

Table 5-19 Measurement results for svnchronous inductances vs. current estimation (50 Hz) 

Ld, Lq vs. phase current 

10 20 30 
ld_rms [A] 
lq_rnf« [A] 

40 50 60 70 80 

-Ld_50 Hz, gamma = 90 deg_el 
-Lq_50 Hz, gamma = O deg_el 

Fig. 5-53 Synchronous inductances Ld, Lq vs. current (50 Hz) 
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A second measurement data set (from a test which was carried out in order to estimate the 
flux linkages) is shown in Table 5-20. The variation of the synchronous inductances with the 
current is presented in Fig. 5-54. 

I1_ph_rms U1_ph_nns p h M T_w_m Ld I1_ph_rms 1_ph_m phi_1 T_w_m Lq 

[A] [V] [°el] [°C] [uH] [A] [V] [°el] r c ] [uH] 
6.549 0.930 -78.91 30.5 46 6.533 1.108 11.66 28.3 109 
19.771 0.846 -61.54 42.8 41 19.580 1.341 21.52 31.4 79 
32.616 0.852 -42.41 57.0 39 32.529 1.616 26.83 38.3 71 
45.468 0.965 -25.04 72.4 39 45.337 1.868 29.34 43.7 64 
58.315 1.177 -12.35 90.2 38 57.896 2.102 30.69 49.9 58 
71.250 1.531 4.66 136.3 35 71.183 2.446 29.29 82.5 53 

Table 5-20 Flux linkages measurement results used for synchronous inductances estimation (50 Hz) 

Ld, Lq vs. current 
120 r -

100 

80 
TT 

•q cr 60 

40 

20 

10 20 30 
ld_rms [A] 
lq_rms [A] 

40 50 60 70 80 

-Ld_50 Hz. gamma = 90 deg_el 
-Lq_50 Hz, gamma = O deg_el 

Fig. 5-54 Synchronous inductances Ld, Lq vs. current (from flux linkages measurements, 50 Hz) 

The tAvo measurements should emphasize the difficulties and inaccuracies which appear 
inherently during the measurement process for small, low-voltage PMSM. 

The second data set and measurement is considered to be correct. 
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5.4.2.2 Operaţional parameters 

In the following the operaţional parameters will be estimated: 

• rated torque-speed characteristics 
• efficiency maps 

The torque-speed characteristics can be measured considering following physical quantities as 
parameters: 

• maximal inverter output current 
• torque-angle (phase angle between current and back-EMF) 
• winding temperature 
• ambient temperature for a given duty-cycle. 

Finally in a special section an overview regarding the optimal control will be given. 

5.4.2.2.1 Rated torque-speed characteristic 

The measurement of the rated torque-speed characteristics were carried out on the test bench 
using a sinusoidal vector current control for the motor under test. Only the current controller 
w âs employed in order to introduce minimal errors in the measurement. 

The speed was imposed by the load machine which was also controlled using a separate 
controller. 

The measurements were done for a load torque equal to the rated torque (0.9 Nm). Several 
torque-angle values were imposed by the controller 0 / 2 0 / 4 0 / 6 0 deg. el. 

The measured torque-speed characteristics are presented in Fig. 5-55, Fig. 5-56, Fig. 5-57, 
and Fig. 5-58. A comparison of the motor behaviour using different torque-angle values is 
given in Fig. 5-59. The current which was necessary to develop the rated torque can be 
minimized using the reluctant component of this type of motor 

(5-33) 

Considering that the maximal output current of the inverter is 53 Arms the torque-speed 
characteristic for this current was measured imposing an optimal torque-angle. The results can 
be seen in Fig. 5-60. The shaft output torque increases with 11 % from 0.9 Nm to 1 Nm. In 
the same figure the optimal torque- angle variation for the considered speed range is given. 
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Fig. 5-55 Measured torque and phase current vs. speed curve (gamma = O deg el. maximal phase current 
53Arms) 
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Fig. 5-56 Measured torque and phase current vs. speed curre (gamma = 20 deg el, maximal phase current 
48Arms) 
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Fig. 5-57 Measured torque andphase current \ s. speed curxe (gamma = 40 deg el, maximalphase current 
50Arms) 
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Fig. 5-58 Measured torque and phase current \s. speed curxe (gamma = 60 deg ei maximal phase current 
63Arms) 
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Fig. 5-60 Maximal torque per current curve measured with constant phase current (53 Arms) and variable 
optimal torque angle 
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5.4.2.2.2 Efficiency maps 

The efTiciency maps are actually the 3D-representations of the efficiency of the machine for 
considered torque-speed characteristics. They give important information about the energy 
conversion in the machine. These energy effîciency maps shouid be considered during the 
drive design process for a given application. The load points in which the machine is working 
for a longer time shouid be placed in higher effîciency points on the maps. However, this 
design approach is not direct. In the most cases the efficiency maps are considered only in 
order to compare different machines. This comparison is easy to be done - the better machine 
has the larger high-efficiency areas. 
The measurement results for the effîciency maps for motor operation for different torque-
angle values for 100 Apeak are given in Table 5-21. 
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[Nm] [W] 

PI 

[W] 

•ta 

[-1 

T_w_m 
(Tamt^îl yC) 

r c ] 

iffjgjirana 

[deg_ei] 

ielj_«p 

[Apeak] 

1) 

(rpm] 

T 

[Nm] 

P2 

|W| 

PI 

[W] 

CCd 

[-] 

T_w_m 

a«n>b-2l S-C) 

CC] 
0 10 50 D 0 114 5 99 827 0 72 22 7 0 30 500 0 359 18 80 35 09 054 32 1 

1500 0 112 17 59 21 27 0 83 22 9 1500 0 350 54 97 73 13 0 75 35 5 
3000 0 108 33 93 40 23 084 23 2 3000 0.344 108 06 131 10 0 82 36 0 
4500 0 lOB 50 B9 61 D9 0 83 23 9 4500 0 346 163 04 189 10 0 86 35 7 
6000 0 109 68 48 81 37 D84 23 4 6000 0 325 204 19 248 07 0 82 36 7 

10 10 500 0 116 6 07 8 30 0 73 25 4 10 30 500 0 368 19 27 35 72 054 34 7 
1500 0 112 17 59 21 31 0 83 25 2 1500 0.363 57 02 75 61 0 75 35 2 
3000 0 111 34 87 41 47 084 25 4 3000 0 359 112 77 134 33 084 38 6 
4500 0 10B 50 89 62 19 0 82 25 8 4500 0 361 170 10 193 87 0 88 37 4 
6000 0 112 70 37 82 91 0 85 28 3 6000 0 361 226 81 256 06 0 89 37 0 

20 10 500 0 113 5 92 8 18 0 72 27 1 20 30 500 0 370 19 37 35 77 054 36 1 
1500 G 112 17 59 21 11 0 83 27 0 1500 0 362 56 86 75 04 0 76 41 7 
3000 0 108 33 93 40 86 083 27 1 3000 0 359 112 77 133 87 084 39 5 
4500 0 108 50 89 59 57 0 85 27 6 4500 0 360 169 63 19349 0 88 39 4 
6000 0 110 69 11 80 62 0 86 28 4 6000 0.358 224 92 252 00 0 89 40 1 

30 10 500 0 108 5 65 7 82 0 72 28 6 30 30 500 0 352 18 43 35 02 0 53 37 8 
1500 0 106 16 65 20 11 0 83 28 5 1500 0.352 55 29 73 12 0 76 39 9 
3000 0 105 32.98 38 58 0 86 28 5 3000 0 348 109 32 130 61 084 40 1 
4500 0 104 49 01 58 65 084 29 1 4500 0 351 165 39 189 80 0 87 43 8 
6000 0 106 66 60 78 22 0 85 29 7 6000 0 354 222 41 249 04 0 89 42 7 

refjgonnu 

fdeg^el) 

rer_l_sp 

[Apeak] 

n 

[rpm] 

T 

[Nm] 

P2 

(W) 

PI 

[W] 

eta 

[-] 

T_w_ni 
fTamt̂ 2l 5"C) 

r c ] 

rtfjgainnM 

[deg_el] 

i®fj_»p 

[Apeak] 

n 

(rpm) 

T 

[Nm] 

P2 

[W] 

PI 

[W] 

etd 

[-] 

T_w_ni 
(T«nn̂ 21 yC) 

[•C] 
0 60 500 0 705 36 91 102 84 036 38 0 0 100 500 1 116 58 43 237 48 0 25 48 7 

1500 0 693 108 85 178 77 0.61 48 3 1500 1 104 173 40 364 66 0 48 58 8 
3000 0 695 218 32 294 08 0 74 50 5 3000 1 105 347 12 554 57 0 63 67 8 
4500 0 695 327 49 40890 0 80 55 5 4500 0 756 356 23 534 73 0 67 74 9 
6000 0 297 186 60 23992 078 45 4 6000 0 352 221 15 276 67 0 80 69 3 

10 60 500 0 741 38 80 107 18 036 50 0 10 100 500 1 203 62 98 252 61 0 25 548 
1500 0 728 114 35 183 70 062 51 6 1500 1 183 185 81 376 20 0 49 66 4 
3000 0 730 229 32 303 65 0 76 53 2 3000 1 193 374 76 591 49 063 79 1 
4500 0 725 341 62 421 57 081 56 9 4500 0 795 374 61 555 31 0 67 83 1 
6000 0 377 236 88 284 18 083 50 4 6000 0 349 219 27 271 10 081 74 3 

20 60 500 0.746 39.06 105.66 0.37 46.5 20 100 500 1 239 64 87 237 59 0 27 56 8 
1500 0 742 116 54 183 19 064 57 4 1500 1.239 194 61 399 88 0 49 75 3 
3000 0 741 232 77 305 59 0.76 55 8 3000 1 233 387 33 596 81 0 65 77 6 
4500 0 744 350 58 420 12 0.83 54 2 4500 1.154 543 77 734 22 0 74 846 
6000 0 297 186 60 239 86 078 53 5 6000 0 344 216 13 270 18 0 80 87 6 

30 60 500 0 733 38 38 105 26 0 36 45 7 30 100 500 1 233 64 55 246 45 0 26 60 2 
1500 0 729 114 50 183 35 062 50 7 1500 1 226 192 57 379 85 051 70 0 
3000 0 730 229 32 301 17 0 76 52 9 3000 1 240 389 53 596 85 0 65 75 9 
4500 0 741 349 1 6 412 23 0.85 53 8 4500 1 228 578 64 768 73 0 75 80 1 
6000 0 723 454 24 53346 0 85 57 9 6000 0 342 214 87 271 83 079 72 0 

Table 5-21 Measurement results for the efficiency maps for motor operation. 
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Fig. 5-61 Efficiency map for motor operation (gamma = O deg el Imax^lOOA _peak) 

Efficiency map (motor operation) 
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Fig. 5-62 Efficiency map for motor operation (gamma=10 deg ei Imax=100 A _peak) 
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Efficiency map (motor operation) 
gamma = 20 [deg eQ, Imax = 100 [Apeak] 

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 

Speed [1/min] 

Fig. 5-63 Efficiency map for motor operation (gamma 20 deg el, Imax ^100 A peak) 

Efficiency map (motor operation) 
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Fig. 5-64 Efficiency map for motor operation (gamma 30 deg ei Imax^lOO A peak) 
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5.4.2.2.3 Optimal control 

In this section the results of the precedent measurements are represented in a form which can 
be helpflil for the controller designer. 
Fig. 5-65 recommends the optimal torque-angle in order to obtain a shaft output torque for 
different current values. In Fig. 5-66 the efflciency of the machine can be seen under the 
same conditions. 

Shaft output torque vs. torque angle and phase current 

o 3 P-

3 Q. 
^ 3 O 
r (O £ 
(O 

6.6 Arms 

•19.7 Arms 

•32.6 Arms 

• 45.6 Arms 

• 71.3 Arms 

O 10 20 30 40 50 60 70 80 90 

Torque angle [deg_el] 

Fig. 5-65 Shaft output torque vs. torque angle for different phase currents at 50 Hz 

Bficiency vs. torque angle and phase current 
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Fig. 5-66 Efficiency vs. torque angle for different phase currents at 50 Hz 
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5.4.2.3 Synchronous axes flux linkages estimation 

The difficulties met in the modelling of PMSM related to saturation and cross-saturation can 
be avoided using the steady state FSV-model in synchronous coordinates: 

(5-34) 

where the voltages and current represent rms-values. 

The flux linkages can be calculated using an acquired data set for different values of the 
current and torque-angle. These dependencies can be saved in look-up tables which can be 
used for system simulations or controller design. 

The measurement results are presented in Table 5-22. The measured variation of the 
synchronous flux linkages with the torque-angle for difTerent currents is shown in Fig. 5-67 
andPig. 5-68. 

ref_gamma ref_l_sp n T P2 P1 eta I1_ph_nns U1_ph_rms p h M T_w_m PsLd Psi_q 

[°el] [A] (rpm] [Nm] [W] [W] [-1 [A] [V] [^el] [°c i [mWb] [mWb] 
0 10 1500 0.112 17.5 21.3 0.825 6.533 1.108 11.66 28.3 3.160 0.713 

20 1500 0.110 17.3 21.0 0.822 6.532 1.080 -7.39 29.1 3.078 0.649 
40 1500 0.094 14.7 18.3 0.803 6.587 1.043 -27.46 29.5 3.012 0.529 
60 1500 0.064 10.0 13.5 0.740 6.563 1.001 -46.56 29.8 2.950 0.483 
75 1500 0.033 5.1 8.7 0.586 6.536 0.962 -62.51 30.1 2.913 0 376 
90 1500 0.000 0.0 3.5 0.013 6.549 0.930 -78.91 30.5 2.905 0.272 
0 30 1500 0.359 56.4 73.3 0.770 19.580 1.341 21.52 31.4 3.078 1.566 

20 1500 0.366 57.5 76.1 0.756 19.711 1.300 8.30 35.4 2.788 1.651 
40 1500 0.327 51.3 69.8 0.736 19.739 1.203 -11.52 37.7 2.660 1.234 
60 1500 0.237 37.2 55.8 0.667 19.753 1.074 -28.82 40.4 2.461 0.965 
75 1500 0.142 22.3 41.2 0.540 19.730 0.964 -43.73 41.7 2.380 0.690 
90 1500 0.032 5.1 23.9 0.212 19.771 0.846 -61.54 42.8 2.366 0 343 
0 50 1500 0.588 924 140.7 0.657 32.529 1.616 26.83 38.3 3.069 2.321 

20 1500 0.623 97.8 147.9 0.661 32.653 1.556 13.93 47.0 2.630 2.226 
40 1500 0.565 88.7 139.0 0.638 32.658 1.424 -4.87 48.8 2.493 1.590 
60 1500 0.421 66.1 116.2 0.569 32.585 1.235 -15.68 52.5 2.010 1.358 
75 1500 0.250 39.3 90.3 0.435 32.658 1.048 -28.41 56.5 1.871 0.851 
90 1500 0.067 10.5 61.6 0.170 32.616 0.852 -42.41 57.0 1.829 0.374 
0 70 1500 0.810 127.2 221.5 0.574 45.337 1.868 29.34 43.7 3.022 2.913 

20 1500 0.873 137.2 233.7 0.587 45.386 1.811 18.63 50.4 2.422 2.841 
40 1500 0.812 127.6 225.9 0.565 45.466 1.672 7.87 55.2 1.841 2.496 
60 1500 0.611 95.9 196.5 0.488 45.491 1.450 -7.02 61.2 1.628 1.690 
75 1500 0.376 59.0 159.9 0.369 45.521 1.216 -15.73 65.7 1.372 1.067 
90 1500 0.107 16.7 119.2 0.140 45.468 0.965 -25.04 72.4 1.299 0.391 
0 90 1500 1.015 159.5 314.0 0.508 57.896 2.102 30.69 49.9 2.934 3.415 

20 1500 1.126 176.9 343.3 0.515 58.372 2.092 20.47 61.4 2.286 3.311 
40 1500 1.058 166.2 336.3 0.494 58.282 1.962 11.34 72.8 1.551 2.904 
60 1500 0.812 127.5 300.3 0.424 58.268 1.723 -4.37 80.3 1.525 1.806 
75 1500 0.504 79.2 253.4 0.312 58.415 1.458 -7.24 81.7 0.937 1.239 
90 1500 0.147 23.1 201.1 0.115 58.315 1.177 -12.35 90.2 0.802 0.417 
0 110 1500 1.221 191.8 455.5 0.421 71.183 2.446 29.29 82.5 2.924 3.809 

20 1500 1.360 213.6 479.9 0.445 70.955 2.420 21.32 90.2 2.077 3.737 
40 1500 1.300 204,3 476.5 0.429 71.095 2.298 13.56 94.5 1.276 3.310 
60 1500 1.004 157.7 433.4 0.364 71.272 2.040 6.44 103.8 0.530 2.376 
75 1500 0.625 98.2 391.7 0.251 71.209 1.837 3.69 123.5 0.017 1.517 
90 1500 0.168 26.3 326.1 0.081 71.250 1.531 4.66 136.3 -0.396 0.332 

Table 5-22 Measurement results for flux linkage estimation (50 Hz) 
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Fig. 5-67 d-axis flitx linkage vs. torque angle for differen! phase currents at 50 Hz 
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Fig. 5-68 q-axis flia linkage vs. torque angle for different phase currents at 50 Hz 
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5.4.2.4 Iron losses equivalent resistance estimation 

The estimation of the iron losses equivalent resistance was done based on current controlled 
loaded motor tests with a torque angle of / = O as presented in [47], [48]. 
The measurement results are presented in Table 5-23. The variation of the iron losses 
equivalent resistance with frequencN' and phase current are depicted in Fig. 5-69 for one 
phase current, and in Fig. 5-70 for difFerent phase currents. 
The value of the iron losses equivalent resistance is given by 

Rye = (5-35) 
Px -e^nMfm^.-J'.Rph 

where f, is the electrical input power, and the other quantities are expressed in peak values as 

V^yflV, ph rnL\ 

V^ =Vcosd 

= / c o s y 

ref_gamma feLLsp n I1_ph_rnis U1_ph_rms phi_1 T_w_tn f_el R_Fe 

[•el] [A] [rpm] [A] t v ] [°el] [X] [Hz] [Ohm] 

0 10 500 6.643 0.434 15.5 22.7 16.7 4.7 

1500 6.541 1.113 13.4 22.9 50.0 13.5 

3000 6.471 2.133 14.2 23.2 100.0 26.9 

4500 6.620 3.154 13.4 23.9 150.0 40.9 

6000 6.708 4.215 17.0 23.4 200.0 56.2 
7000 6.836 4.956 24.9 26.0 233.3 73.1 

0 30 500 19.518 0.629 19.5 32.1 16.7 15.0 

1500 19.504 1.348 22.4 35.5 50.0 42.3 

3000 19.608 2.440 24.4 36 100.0 84.0 

4500 19.630 3.547 25.4 35.7 150.0 125.0 

6000 19.808 4.682 27.2 36.7 200.0 169.5 

0 60 500 39.087 0.919 20.2 38 16.7 35.7 

1500 39.107 1.739 29.4 48.3 50.0 93.4 

3000 39.295 2.997 33.9 50.5 100.0 178 4 

4500 39.391 4.267 36.0 55.5 150.0 2660 

0 100 500 63.430 1.297 18.4 48.7 16.7 73.6 

1500 64.417 2.196 31.6 58.8 50.0 182.9 
3000 65.030 3.644 38,9 67.8 100.0 336.4 

(5-36) 

Table 5-23 Measurement results for iron core equivalent resistance estimation 

Niv."Pi>fJTF.HSlC A' 
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Fig. 5-69 Iron losses equivalent resistance vs. frequency esîimatedfor Ij)h_rms=6.7 A 

Iron losses resistance vs. frequency 
400 

350 
c £ 
o 300 
0) o c 250 
i2 

200 
£ 
(0 0) 150 
0) (A 
o 100 
c 
s 50 

50 100 150 
Frequency [Hz] 

200 250 
R_Fe_6.7Arms 
R_Fe_19.6Arms 

— R _ F e _ 3 9 . 4 A r m s 
• R Fe 65.0Arms 

Fig. 5- 70 Iron losses equivalent resistance vs. frequency estimatedfor dijferent phase currents 
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5.4.3 Loaded generator tests 

Using a 3-phase symmetrical resistive load the loaded PMSM generator test can be carried 
out. The high-power resistors can be connected in series and or parallel in order to get several 
values for the phase resistance. The phases were connected in star as shown in Fig. 5-71. 

The generator was driven within a speed range up to 7000 rpm and the load was varied 
betvveen O (short circuit, if the resistance of connecting cables is neglected) and 0.2 Ohm. 

The efficiency map in generator mode with resistive load is presented in Fig. 5-72. 

Fig. 5-71 Three phase symmeîrical resistive load used to measure the efficiency map as generator 

- 0 1 

-0 8 

Efficiency map (generator operatîon) 
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Fig. 5-72 Efficiency map measured as generator with resistive load 
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5.5 Faulted behaviour 

Safety is one of the most important aspects in automotive application. Several papers have 
studied in the last years this topic [58], [59], [60], [61], [62]. 
In the following the experiments carried out in order to analyse the faulted electric drive 
behaviour vvill be presented. It must be mentioned, that in this chapter only the faults related 
to the steady state machine behaviour were analysed. Drive and control aspects, although very 
important, were not considered up to now. 

Considering an electric drive system configuration as presented in Fig. 5-73 following fault 
pattems related to the electric machine behaviour can be mentioned: 

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

machine phase internai turn-to-tum short circuit, 
machine single-phase short circuit. 

The first two faults are determined by an inverter failure, the other two faults are caused by a 
machine failure. 

V c ) c ~ 

Fig. 5-73 Electric drive sy^stem configuration 

Following test were carried out in order to measure the braking torque developed by the 
electric machine under in steady state under the mentioned faults. Simultaneously the steady 
state current was recorded. 
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5.5.1 Faulted inverted 

5.5.1.1 Three-phase steady state s> mmetrical short circuit 

Following measurement setup shown in Fig. 5-74 was iiscd to simulate the behaviour of a 
PMSM connected to a faulted inverter. 
The PMSM is driven as a three-phase s\mmetrical short circuited generator in steady state. 
The measurement results are presented in Table 5-24. The variation of the braking torque and 
phasecurrentwiththespeedarepresented in Fig. 5-75 and Fig. 5-76. 

3-PH SC 

Fig. 5- ~4 Three-phase symmetrical short circuii mcasuremem setup 

n T 1 L rms 
[rpm] [Nm] [A] 

0 0.000 0.0 
200 -0.175 8.7 
400 -0.321 17.0 
600 -0.453 24.4 
800 -0.563 30.9 
1000 -0.650 37.5 
1500 -0.768 50.2 
2000 -0.772 57.6 
2500 -0.760 63.7 
3000 -0.725 67.5 
3500 -0.677 71.1 
4000 -0.646 73.2 
4500 -0.590 75.3 
5000 -0.570 76.4 
5500 -0.535 77.1 
6000 -0.508 77.8 
6500 -0.470 78.1 
7000 -0.435 78.8 
7500 -0.421 79.2 

Table 5-24 Xfeasurement results for a 3-phase steady state symmetrical short circuited generator 
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Braking torque vs. speed 
(S-phase symmetricaI short circuit) 

Speed [rpm] 

Fig. 5- 75 Braking torque vs. speed for a S-phase steady state symmetrical short circuit 

Current vs. speed 
(3-pha9e symmetrical short circuit) 

2000 4000 
Speed [rpm] 

6000 8000 

Fig. 5-76 Phase cufrent vs. speedfor a S-phase steady state symmetrical short circuit 
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5.5.1.2 Phase-to-phase steady state asyînmetrical short circuit 

In this case the measurement setup is similar to the precedent one but only two phase terminal 
were short circuited as shown in Fig. 5-77. 

2-PH SC 

Fig. 5 - " " Measurement seîup for a phase-to-phase short circuit 

The measurement results are presented in Table 5-25. The variation of the braking torque and 
phase current with the speed are presented in Fig. 5-78 and Fig. 5-79 respectively. 

n T 1 L rms 
[rpm] [Nm] [A] 

0 0.000 0.0 
200 -0.060 4.7 
400 -0.111 9.0 
600 -0.156 13.5 
800 -0.198 17.7 

1000 -0.232 21.1 
1500 -0.293 29.2 
2000 -0.323 35.0 
2500 -0.341 39.6 
3000 -0.343 43.2 
3500 -0.331 45.4 
5000 -0.297 53.0 
6000 -0.270 53.6 
7000 -0.254 54.1 

Table 5-25 Measurement results for a 2-phase steady state short circuited generator 
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Braking torque vs. speed 
(2-phase short circuit) 

Speed [rpm] 

Fig. 5- 78 Braking torque rs. speedfor a l-phase steady state short circuit 

Currentvs. speed 
(2-phase short circuit) 

2000 4000 
Speed [rpm] 

6000 8000 

Fig. 5- 79 Phase current vs. speedfor a 2-phase steady state short circuit 
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5.5.2 Faulted machine 

5.5.2.1 Machine single-phase short circuit 

In the following the machine single phase short circuit will be considered as worst case in 
comparison vvith the machine phase internai turn-to-turn short circuit. The measurement setup 
is also similar to the precedent one but a phase is connected to the star point as shovvn in Fig. 
5-80. 

1-PH SC 

Fig. 5-80 Measurement setup for a single phase short circuit 

The measurement results are presented in Table 5-26. The variation of the braking torque and 
phase current with the speed are presented in Fig. 5-81 and Fig. 5-82 respectively. 

n T 1 L rms 
[rpm] [Nm] [A] 

0 0.000 0.0 
200 -0.041 4.9 
400 -0.073 9.6 
600 -0.103 14.5 
800 -0.131 18.7 

1000 -0.156 23.5 
1500 -0.213 33.2 
2000 -0.253 41.5 
2500 -0.279 46.9 
3000 -0.300 53.7 
3500 -0.310 58.2 
4500 -0.326 65.4 
5000 -0.328 68.7 
6000 -0.326 76.7 
7000 -0.32 77.3 

Table 5-26 Measurement results for a 1-phase steady state short circuited generator 

BUPT



316 Chapter 5 Experimental analysis of PMSM 

0.000 

Braking torque vs. speed 
(1-phase short circuit) 

6000 

Speed [rpm] 

Fig. 5-81 Braking torque rs. speedfor a 1-phase steady state short circuit 
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Fig. 5-82 Phase current vs. speed for a 1-phase steady state short circuit 
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5.6 Thermal experimental analysis 

In the following two sections the stead) state and the transient thermal experimental analysis 
of PMSM will be presented. The measurements for both types of analysis vsere carried out 
using the measuring setup shown in Fig. 5-83. The machine in motoring operation vvas 
loaded on the test rig and the measured temperatures in the end-windings on the A and B-side, 
and in the winding in the stack-middie were recorded. The position of the temperature sensors 
is presented in Fig. 5-84. 

Fig. 5-83 Thermal measuremenî setup 

H - e-sensor 

A - 9-sensor M - 9-sensor B - 9-sensor 

Fig. 5-84 Position of the temperature sensors 
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5.6.1 Steady state thermal experimentai analysis 

In the speed range between O and 4000 rpm the motor was loaded with a variable torque so 
that the vvinding temperatura had in steady state a constant temperature rise to the ambient. 
Unfortunately the mechanical structure of the experimental prototype has limited the upper 
speed for this test. 

The value of the temperature rise was chosen to be 105 During the test the ambient 
temperature was constant with a value of 20 ""C and the absolute winding was 125 In case 
that the ambient temperature varies during the test corrections are necessary. 

The continuous-duty safe operating area (SOA) for a temperature rise of 105 ""C is presented 
in Fig. 5-85. The shaft output torque has a value of 0.6 Nm. It is important to mention that 
this torque was achieved with a special constructive solution for the housing of the motor, 
with an increased convection area. 

The winding-ambient thermal resistance and the total power losses variation with speed are 
presented in Fig. 5-86. 

Continouos duty cycle thermal-SOA 
(T_winding = 125 X , T_ambient = 25 ®C, gamma = 20 deg_el) 

0) 3 
or 

5 Q. 
O 
(Q 
O) 

O 1000 2000 3000 4000 5000 6000 

Speed [1/min] 

Fig. 5-85 Continuous duty cycle thermal-safety operating area (SOA) for the experimental prototype 
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Fig. 5-86 IVinding-ambient thermal resisîance and total losses \ s. speed 

5,6.2 Transient thermal experimental analysis 

In this section the transient thermal experimental analysis will be presented. After introducing 
the thermal modelling approach, the measurement set-up will be presented followed by 
measurement results and thermal parameter estimation. 

As the winding and housing temperature are two very important design parameters, in the 
following the two-bodies thermal model will be presented and used for the experimental 
thermal analysis. Also the permanent magnet temperature will be estimated using an 
assumption regarding the temperature gradient between the winding and permanent magnet. 

This proposed thermal modelling approach is non-complicated but very efficient. The 
industrial experience has shown that the use of more complicated and refmed thermal models 
do not offer immediately also a higher accuracy. It should be mentioned also that this thennal 
model is also very popular in the electric drives industrial practice. 

The two-bodies thermal model assumes that the motor consists from two parts, the stator w ith 
the winding system and the motor housing. It is assumed that the temperature over the two 
bodies is uniform. The winding temperature is equal with stator stack temperature and is 
uniform distributed within its volume. Similarly, the housing temperature is also uniform. 

The thermal capacities represent the ratios between the heating power and the temperature 
rise. The total power losses are assumed to be dissipated within the stator-winding body. The 
heat transfer is proporţional to the temperature difference and thus for a total enclosed non 
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ventilated machine (TENV) the heat transfer between the stator-winding body and housing 
can be written as 

and the heat transfer from the housing to the ambient as 

Following thermal measurement were carried out: 
n = O (standstill) warm-up and cooling-down with Pl = 80 W , 
n = 4000 warm-up and cooling-down Pl = 105 W. 

The used measurement set-up is the same as shown in Fig. 5-83. The measurement results are 
presented in Fig. 5-89 and Fig. 5-90. 
Unfortunately the temperature sensors in the end-windings on the A and B-side were not 
placed in the same phase coil as the temperature sensor in winding in the stack-middle (M). 
The estimation of the thermal parameters was done on using the measured temperature with 
the sensor placed in the stack-middle. 

The estimated thermal parameters are presented in Table 5-27 for standstill (n=0) and Table 
5-28 for running with n = 4000. 

Parameter Value Unit 

Thermal resistance winding-housing 0.81 [K/W] 

Thermal resistance housing-ambient 1 [K/W] 

Winding thermal capacity 1926 [Ws/K] or [J/K] 

Housing thermal capacity 3660 [Ws/K] or [J/K] 

Winding thermal time constant 26 [min] 

Housing thermal time constant 61 [min] 

Table 5-27 Thermal parameters for n = 0 rpm 

Parameter Value Unit 

Thermal resistance winding-housing 0.68 [K/W] 

Thermal resistance housing-ambient 0.59 [K/W] 

Winding thermal capacity 1926 [Ws/K] or [J/K] 

Housing thermal capacity 3660 [Ws/K] or [J/K] 

Winding thermal time constant 22 [min] 

Housing thermal time constant 36 [min] 

Table 5-28 Thermal parameters for n = 4000 rpm 
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PL 
Stator winding 

p _ V h / 
U - h - p 

Houslng Stator winding Houslng 

. ( e n - Q a ) 

Ambient 

-vvinding temperature rise 
- hou sin g temperature rise 

0^ - ambient temperature rise = O 
Pl - total pow er losses 

- transfered power from stator winding to hou sin g 
- transfered power from hou sin g to ambient 
- thermal resistan ce stator winding to hou sin g 

^̂ h-a ~ thermal resistan ce stator winding to ambient 
C^ - stator winding thermal capacity 
C^ - hou sin g thermal capacity 
C^ - ambient thermal capacity 

Fig. 5-87 Tu'o-bodies thermal model of a TESV-PSÎSM 

R h - a 

-zizr e = 0 

Fig. 5-88 Thermal model equivaleni circuit 
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Temperatures vs. time 
standstill (n = O rpm) 

150 200 
Time [min] 

350 
- temp_w_A 
-Temp_w m 
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Fig. 5-89 Transient temperatures measurement (n=0 rpm) 

Temperatures vs. time 
(n = 4000 rpm) 
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Fig, 5-90 Transient temperatures measurement (n=4000 rpm) 
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5.7 Vibroacoust ic experimental analysis 

Vibroacoustic anal\ sis represents a subdomain ot spcctral analx sis. l-lcclric machinc spectral 
anaKsis includes the time and trequcnc\ domain anal>sis of noisc vibration, voltagcs, 
currents. tluxes. magnetic loadings, and other ph\sical qiiantities which are relevant to the 
machine behaviour in other ph\sical or technical areas, like surtace tlnish or roundness. In 
principie an\ other ph\sical quantit\ of periodic nature can be ana l \ / ed regarding the 
contained trequenc\ spectrum. 
In this section onl\ the \ ibroacoustic experimental anal} sis will be touched on. 'I he 
measurements were carried out in the research and development laborator\ on the test rig with 
the machine under load. Specialized knowledge and special equipment are necessary tor this 
experimental anal \s is . Both were oftered b\ m\ colleagiie Georg f.imer trom the 
Vibroacoustic Laborator) . He deserves m\ gratitiide for his siipport. 
Here onl\ the \ ibration anal\ sis will be mentioned as relexant for the electromagnetic design 
review. The measurement setup is shown in Fig. 5-91. Ihe electrical signal from an 
accelerometer (small c> lindrical part which can be seen in the tlgure) fixed on the dri \e-end 
flange was recorded post-processed. 

Fig. 5-91 \ ibration measurement sctup 

In the vibration experimental analysis three signal (acceleration amplitude expressed in m s^) 
representation methods can be observed: 

- time domain representation, 
- frequency domain representation. 
- waterfall representation. 
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The representation of this signal in time domain (accelerometer output voltage versus time) 
gives a small amount of information. An example of a signal in time domain will be presented 
below. 
In the second method after a fast Fourier transform (FFT) the frequency spectrum can be 
represented, giving information about those frequencies which are excited by the active part 
(by electromagnetic forces and torques) and which closed to the eigenfrequencies of the 
mechanical structure of the motor. 
For variable-speed machines, the third representation method oflfers the possibility to track 
some suspect frequencies with speed. This kind of visualisation is very useflil also in 
identify ing the resonance frequencies of the mechanical structure (mainly housing), as the 
structure is excited with a variable frequency spectrum by the active parts within the analyzed 
variable speed range. 
In this section vibration measurements were carried out for a speed range between O and 3200 
rpm for following current control parameters (torque angle y^and current amplitude set point 

^SF peak )• 

In the following the results of the vibration measurements are presented. Fig. 5-92 presents 
the accelerometer signal in time domain. The results of the above mentioned measurement are 
presented in Fig. 5-93, Fig. 5-94, Fig. 5-95, Fig. 5-96, Fig. 5-97, and Fig. 5-98. 
The expected electromagnetic excitation of 6-th electric order (12-th mechanic order) or 
higher order harmonics is not accentuated as it can be observed. 

Time(Beschleunigung) - Cutrent 
WOrtting : Gamma 20. I=70A : Inpul: FFT Analyzer 

200ni 

Fig. 5-92 Time domain representation of acceleration for gamma=0. Isp=70A 
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[RPM] (Speed Tachosignal^utospectrum(Beschleunigung) - Current 
Working Gamma O, 1=1 OA Multi-buffer 1 ; FFT Analyzer 
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Fig. 5-93 li'afer/al/ freqiiency specfrum for variahie speec/ 0..J200 (gamma 0. Isp lO A peak) 
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Fig. 5-94 Frequency spectrum (ir 3000 rpm. gamma O, Isp -10 A peak) 
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[RPM] (Speed Tachosigna)9^utospectnjm(Beschleunigung) - Current [dB/1 .OOu m/s^ 
Working Gamma O, l=70A . Multi-buffer 1 ; FFT Analyzer 

Fig. 5-95 Freqitency spectrum (n- 3000 rpm, gamma O, Isp^^O A _peak) 

Autospectrum(Beschleunigung) - Current 
Working : Gamma 0. I=70A : Multi-buffer 1 : FFT Analyzer 

400 600 

Fig. 5-96 Frequency spectrum (n^SOOO rpm, gamma=0, /sp=70A j?eak) 
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[RPM] (Speed Tachosigna>^utospectrum(Beschleunigung) - Current (dB/1,00u m / s i 
Working Gamma 20, l=70A Multi-buffer 1 FFTAnalyzer 

Fig. ll'aterfall frequency spectrum for varicible speed 0... 3200 rpm (gcimnia 20, Isp "O A peak) 
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Fig. 5-98 Frequency spectrum (n^ 3000 rpni, gamma 20, Isp 70 A peak) 
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5.8 Parametrical machine models for control tasks 

Based on measurement results it is possible to define several parametrical machine models 
which can be used for system simuiations or controller design tasks. In the following three 
possible machine models will be introduced. For the flrst of them the numerical values of the 
parameters are given. For the other ones these can be saved in look-up vectors or tables. 

5.8.1 Level 1 model 

CONSTANT PARAMETER MODEL 

Parameter Value Unit 

^ph 20 13.7 10-̂  Q 

36 10"̂  H 

56 10-̂  H 

^ P\f ph _ peak 20 4.6 10"̂  Wb 

Jr 11.5 10-̂  kgm' 

5.8.2 Level 2 model 

VARIABLE PARAMETER MODEL (without dq-cross-coupling) 

^ PM _ph_ peak ~ V^ P\î _ph_ peak 

(5-39) 

5.8.3 Level 3 model 

LOOK-UP FLUX LINKAGES MODEL (with dq-cross-coupling) 

(5-40) 
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5.9 Conclusions 

This chapter has presented a comprehensive measurement procedure for PMSM with all 
details. As case study a prototype designed for an automotive active front steering appiication 
was considered. 

Various techniques for machine parameters estimation have been applied. DifTiculties of 
measurements and shortcomings of several methods were identified during the experimental 
analysis. 

These difficulties are mainly related to the measurement of very low vohages (below 1 V) and 
phase angles between voltages and currents at low frequencies (below 20 Hz). These 
problems are caused by the output of the PWM-inverters and the low accurac> of the 
measurement equipment in the mentioned voltage and frequency ranges. 

Also the V/f open loop operation mode of the PMSM without rotor cage has been carried out 
but data acquisition with satisfactory accuracy was impossible due the instable regime. 

A set of measurement methods was defined for the PMSM parameter and operaţional 
parameter estimation. 

Severe difficulties represented also the operation in a speed range above 6000 rpm. The 
mechanical design of the protot>'pe was not robust enough. Due high mechanical vibrations 
(rotor unbalance, faulty bearing) the rotor position sensor was seriously disturbed and 
consequently a proper motor control was impossible. 

Some of the results obtained in the experimental analysis can be used with success for the 
controller design or further simulations. For this kind of tasks three types of models were 
ofiFered, depending on the required accuracy level. 

One of the main tasks of the experimental analysis was to proof the PMSM design and 
analysis method. The comparison of the measured and calculated machine parameter 
confirmed the design procedure. Hovvever, only using both approaches - theoretical and 
experimental analysis - an engineering process will succeed. 

Finally it should be mentioned, that the experimental prototype was slightly modified in 
comparison to the series product in order to ensure that the results of this work can be 
published. 
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Conclusions and original contributions 

6.1 Conclusions 

The present work vvas dedicated to high-performance automotive electric actuation 
technologies. One of the main targets vvas to offer solutions for applications in order to be 
implemented in series production in several cars. 

The thesis focused on several major topics like: 

• Automotive applications as potential candidate for electric actuation, 

• Automotive electric actuation technologies, 

• PMSM technologies, 

• Synthesis (design) techniques for electric machines, 

• PMSM-solutions for automotive applications, 

• Experimental analysis of PMSM. 

Based on the presented material the main conclusions will be introduced below in relationship 
with these topics. 

Automotive applications as potential candidate for electric actuation 

• The explored area of automotive applications shows, that wide torque and speed 
ranges for the drives are required. 

• Most of the presented applications require high-performance machines with high 
torque/volume ratio, low inerţia, high dynamics, good field-weakening, and high 
temperature capability. 

• Electric drives are proper candidates for these automotive applications and there is no 
doubt, that electric drives will emerge more and more this application field. 
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Automotive electric actuation technologies 

• One of the major trends in the automotive industry is to introduce a lot of 
decentralized electric drive systems. 

Electric actuation is a proven technology with benefits including reliability, energy 
efficiency, and precise controllability. These are the main reasons to be considered as 
proper candidate for automotive application. Other targets are: 

o Enhancement of the vehicle performance, 

o Enhancement of the driving comfort, 

o Rise of the safety on the road, 

o Improvement of the ftiel economy, 

o Reduction of emissions. 

• The technical and economical key demand for electric actuators are: 

o high reliability, 
o lovv costs, 
o compact size, 
o low vveight, 
o low acoustic noise level, 
o long life cycle, 
o variable speed control in wide torque-speed areas, 
o integrated protection functions, 
o high energy eflTiciency. 

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

• The automotive market accepts only drives with high technical and economical 
parameters. 

• Advanced design and analysis tools for this application fields are mandatory. 

PMSM are proper candidates for most of the presented automotive applications. For 
some of them they seem to represent the best solution (e. g. steering systems). 
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PMSM technologies 

• PMSM (BLDC, BLAC) represent a competitive solution for automotive electric drive 
systems. 

• PMSM represents the selected machine technology. Using this machine the thesis 
offered solutions which are aiready implemented in several automotive applications. 

• Sinusoidal PMSM vvith vector current control vvere considered as favourite solution in 
this thesis for high-performance applications. 

• Trapezoidal PMSM represent also a competitive alternative, mainly if economic 
aspects are taken into account. 

• Regarding the used materials, convenţional cold rolled magnetic lamination and 
sintered NdFeB-permanent magnets seem to represent at the moment the only solution 
for high-performance drives. 

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

o transition from overlapped to non-overlapped windings, 

o use of modular stator constructions, 

o use of rotors with interior (embedded) permanent magnets. 

Fault-tolerance aspects are criticai for some automotive applications (e. g. steering 
systems). PMSM have major problems related to the braking torque in faulted short-
circuited generator modus. 

Advanced design techniques for high-performance machines should take into account 
special physical phenomena in PMSM: 

o saturation of iron core, 

o losses of iron core, 

o cross-saturation between the two axes in the dq-model, 

o harmonics (spaţial and time harmonics) for several physical quantities, 

o temperature effects (modification of machine parameters with temperature). 
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Synthesis (design) techniques for electric machines 

• Convenţional design needs the experience of the designer in order to set the values of 
the key design parameters. This approach finds in the most cases a good (non-optimal) 
solution. 

• The optimal design approach employs search algorithms in order to find the best 
solution within the design domain. 

• A combination of the three used algorithms seems to have success. 

For the industrial practice a combination of analytical and FE modelling is considered 
to represent a good tvvo step approach. In the first step using an analytical model the 
area of the optimum can be localized, and in a second step a refmed grid-search based 
on a FE-model will be applied to fmd the 'Yeal" optimum. 

PMSM-solutions for automotive appiications 

• Using advanced synthesis (design) techniques it is possible to fmd low-cost, high-
performance solutions, which can be implemented in series production. 

• AII employed algorithms gave good results for the optimal dimensioning. 

• The difiference between a good experience-based design and the optimal one is very 
small. 

• Very good results were obtained using the shaping technique and especially the local 
topological optimization technique. 

Experimental analysis of PMSM 

The experimental analysis presents a lot of difficulties related to the accurate 
measurement of electrical quantities for automotive appiications with low voltages 
(12V) and very high currents (>100A). Special know^ledge and equipment are 
mandatory. 

The measured machine parameters and operaţional parameters can be used for more 
detailed and accurate system simulations, needed especially for the controller design. 
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6.2 Original contributions 

The present thesis includes, as considered, following major original contributions: 

• OfFers for the first time a comprehensive ovenuew of high-perfor mance automotive 
electric acîuation technologies - today one of the most challenging area of research 
and development for electric machines and drives. 

• Introduces the global îopological optimizaîion method for electric machines as a neM' 
synthesis (design) approach. 

• Implements the local topological optimization obtaining two nevv rotor design 
solutions for permanent magnet synchronous motors with: 

o sinusoidal back-EMF, 
o low cogging torque, 
o maximal PM-flux linkage. 

Introduces and implements an optimal dimensioning design approach, which employs 
three search algorithms in order to increase the probability to find the global 
optimum. 

OfFers a comparison of convenţional (experience-based) and optimization design, 

• Several design solutions delivered by the present thesis are already implemented in 
series production in automotive and industrial drives. 

OfFers a comprehensive overview of testing methods for permanent magnet 
synchronous machines. 

Three patents/patents applications were obtained: 

o two related to both new rotor solutions mentioned above, 

o one related to a winding system and manufacturing technology for automotive 
electric machines with high slot fill factors. 
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6.3 Further work 

The intensions related to the future work include following topics: 

• Research and development work considering: 

o other machines and drives technologies, 

o other automotive applications, which were not treated until now in the thesis. 

• Further development of the design tools: 

o Synthesis - FE (2D/3D) coupling, 

o Global topological optimization based on a GA - FE coupling, 

• Implementation of advanced control methods for PMSM testing, 

• Implementation of a multi-physics approach for PMSM design and analysis. 
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Summary in Romanian 

Sumar 

Teza de fata este dedicate tehnologiilor de acţionare electrica de performanta ridicata 
pentru autoturisme, oferind pentru acestea in acelaşi timp soluţii bazate pe maşini sincrone 
cu magneţi permanenţi. Technica de acţionare electrica pentru aplicaţii in autoturisme si 
maşinile sincrone cu magneţi permanenţi reprezintă la ora actuala doua dintre cele mai 
provocatoare arii de cercetare si dezvoltare din domeniul maşinilor si acţionarilor electrice. 

Industria autoturismelor necesita in ultimi ani o mulţime de acţionari electrice. Aceasta 
tendinta de a introduce o serie de sisteme de acţionari electrice decentralizate de performanta 
ridicata se va dezvolta puternic in viitor. 

Motivatia tezei este derivata in intregime din practica industriala si are scopul de a oferi 
soluţii de proiectare concrete pentru aplicaţii in domeniul automobilistic. Mai multe soluţii de 
proiectare au fost deja implementate in producţia in serie. 

Analiza oferita pentru aplicaţiile de acţionare de performanta ridicata din domeniul 
autoturismelor - ca si candidate pentru sisteme de acţionare electrica - reprezintă, dupa cum 
se estimeaza, prima privire de ansamblu a situat iei actuale a acţionarilor electrice pentru 
industria autoturismelor. Informaţii detaliate necesare pentru proiectarea maşinilor si 
acţionarilor electrice sunt oferite pentru aproape toate aplicaţiile performante din autoturisme. 

Un capitol foarte important este reprezentat de methodele de sinteza (proiectare) pentru 
maşini sincrone cu magneţi permanenţi, ca si tip preferat de maşina electrica pentru scopul 
urmărit. Dupa cit se estimeaza, o metoda noua de sinteza a maşinilor electrice a fost introdusa 
in teza - optimizare topologica globala. Aceasta metoda considera o soluţie de proiectare ca 
fiind o mulţime compusa din structura topologica, geometrie (forme ale suprafeţelor si 
dimensiuni) si materiale. 

Rezultatele teoretice (tehnici de modelare, metode de sinteza si analiza) au fost implementate 
intr-un program de proiectare avansata, care permite gasirea soluţiilor de proiectare 
competitive intr-un proces rapid si eficient de proiectare, adecvat pentru practica industriala. 

Diferite soluţii de proiectare bazate pe maşini sincrone cu magneţi permanenţi sunt oferite 
pentru acţionari in autoturisme cum ar fi acţionarea servomecanismului activ de direcţie pe 
fata, acţionarea servomecanismului de direcţie si acţionarea servomecanismului activ de 
direcţie pe spate. Pentru toate aceste cazuri studiate sunt oferite rezultate experimentale 
detaliate. 
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Obiectivele tezei 

Principalele obiective ale tezei au fost urmatoarele: 

• Oferirea unei imagini de ansamblu al acţionarilor de inalta performanta pentru 
autoturisme, ca si candidat potential pentru sistemele de acţionare electrica. 

• Analiza cerinţelor aplicaţiilor pentru sistemele de acţionare electrica si sa gaseasca o 
soluţie de acţionare electrica adecvata. 

• Oferirea unei priviri critice de ansamblu al tipului de maşina selectat. 

Oferirea unei metode teoretice de analiza care sa fie adecvata pentru calcului eficient 
si precis al parametrilor si parametrilor de funcţionare ai soluţiilor de proiectare. 

• Oferirea unei metodici performante de sinteza adecvata pentru practica industriala. 

• Implementarea metodicii de sinteza intr-un program de proiectare. 

• Oferirea de soluţii bazate pe maşini sincrone cu magneţi permanenţi pentru aplicaţii 
concrete ca si acţionarea servomecanismului activ de direcţie pe fata, acţionarea 
servomecanismului de direcţie si acţionarea servomecanismului activ de direcţie pe 
spate. 

• Introducerea si documentarea unei metodici complete de testare a maşinilor sincrone 
cu magneţi permanenţi. 

• Validarea metodicii si soluţiilor de proiectare prin analiza experimentala intensiva. 

Organizarea tezei 

Teza este organizata in capitole care urmăresc obiectivele mentionate anterior. 

Capitolul inîii prezintă o privire de ansamblu a aplicaţiilor de acţionari in autoturisme, ca si 
candidaţi potentiali pentru sisteme de acţionare electrica. Informaţii detaliate necesare pentru 
proiectarea maşinilor si acţionarilor electrice sunt oferite pentru aproape toate aplicaţiile 
mentionate. Prima data sunt mentionate aplicaţiile de acţionare in autoturisme. Pina acum cele 
mai multe dintre ele sunt bazate pe actuatoare mecanice sau hidraulice. Actuatoare electrice 
sunt presentate ca si cazuri de studiu. 

In capitolul doi este oferita o privire critica de ansamblu asupra maşini sincrone cu magneţi 
permanenţi ca si candidat favorit pentru sistemele de acţionare electrice in autoturisme. 

Capitolul trei introduce o metodica de sinteza a maşinilor electrice cu magneţi permanenţi. 
Metoda de optimizare topologica globala este considerata a fi o metoda noua de proiectare 
pentru maşini electrice. Aceasta metoda de optimizare topologica a fost implementata pentru a 
gasi soluţii adecvate pentru rotorul maşinilor sincrone cu magneţi permanenţi interiori. 
Trei algoritmi de optimizare (Hooke-Jeeves, algoritmi genetici si cautare rastru) sunt 
presentati, analizaţi si comparaţi. Rezultatele (soluţiile de proiectare), obtinute folusind 
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metodica de proiectare tradiţionala bazata pe experienţa si metodica de proiectare optimala, 
sunt comparate pe baza unui studiu de caz considerat. 

In capitolul patru diverse soluţii vor fi oferite pentru cazuri concrete de acţionari in 
autoturisme - acţionarea servomecanismului activ de direcţie pe fata, acţionarea 
servomecanismului de direcţie si acţionarea servomecanismului activ de direcţie pe spate. 
Rezultatele teoretice vor fi implementate intr-un program de proiectare optimala. 

Capitolul cinci este dedicat analizei experimentale a maşinilor sincrone cu magneţi 
permanenţi. O metodica completa de testare este introdusa si documentata. De asemenea 
echipamentul de laborator necesar pentru testare este descris. Testele cu rotorul blocat si in 
mers sunt prezentate detaliat. Testarea maisnilor cu defecte este prezentata de asemena intr-un 
paragraf special. Analiza termica si vibroacustica sunt tratate in final. 

Capitolul sase prezintă sumarul tezei si subliniaza contribuţiile originale ale autorului. Dea 
asemenea intentiile pentru lucrul de viitor sunt presentate. 

In capitolul şapte este prezentat sumarul tezei in limba romana. Capitolul opt conţine sursele 
bibliografice organizate pe domeniu de interes. Capitolul noua prezintă biografia autorului. In 
capitolele zece si unsprezece sunt prezentate articolele publicate de autor in legătură cu tema 
abordata in cadrul tezei si patentele legate de soluţiile obtinute. 

Contributii originale 

Dupa parerea autorului teza conţine urmatoarele contributii originale: 

• Oferirea unei priviri complete si de ansamblu asupra tehnologiilor de acţionare 
electrica de inalta performanta pentru autoturisme. 

• Introducerea unei metode noi de optimizare topologica globala pentru maşini 
electrice. 

• Implementarea locala a metodei de optimizare topologica pentru a cauta soluţii noi 
de rotor pentru maşini sincrone cu magneţi permanent interiori cu: 

o Tensiune indusa sinusoidala 
o Cuplu reluctant la curent zero minimal 
o Cuplaj de flux cu magnetul permanent maximal. 

• Introduce si implementează o metoda de dimensionare optimala, care include trei 
algoritmi de optimizare in scopul de a creste probabilitatea de găsire a optimului. 

• Oferă o comparaţie a proiectării convenţionale bazate pe experienţa cu cea optimala. 

• Diferite soluţii de proiectare oferite de teza sunt deja implementate in producţia de 
serie. 

• Trei patente au fost obtinute pentru soluţiile oferite - doua legate de soluţiile de rotor 
mentionate anterior, unul in legătură cu un sistem de bobinaj si soluţie tehnologica de 
fabricaţie pentru motoare electrice cu factor de umplere mărit, pentru acţionari in 
autoturisme. 
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Optimization Design of an Interior Permanent Magnet Synchronous Motor 
for an Automotive Active Steering System 

(1) 
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(E-mail: boldea(glselinux.utt.ro, phone: +40 256 204 402, fax: +40 256 204 402) 

Abstraa — This paper presents the optimization design 
of an interior permanent magnet synchronous motor 
(IPMSM) for an automotive active steering system. This 
appiication requires a high performance motor with a 
high torque / volume (mass) ratio, low inerţia, high 
dynamics, good fieid weakening and high temperature 
capability. The proposed solution is the result of an 
optimization design process, which considered the whole 
range of performance, technolog> and costs aspects. Two 
different design approaches are presented: a classical 
(experience-based) design method and a genetic 
algorithms based optimization design method. The 
evaluation of the fitness function for the multiobjective 
optimization was performed using an analytical model 
with embedded FE-correction factors. The solutions of 
the two design methods are compared. Design details and 
experimental results for a prototype are also presented. 

Index Ternts — Interior permanent magnet synchronous 
motor, automotive active steering, low-voltage, high 
performance, design optimization, field-weakening. 

I. INTRODUCTION 

One of the actual trends in the automotive industry is 
to introduce active steering systems in order to 
enhance the driving comfort and the safety on the road 
[1, 2]. The first step was realized with drive systems 
based on DC brushed permanent magnet motors. 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 applications. 
One competitive solution for the electric active 
steering drives represents a system based on an 
IPMSM. This kind of permanent magnet synchronous 
motor has a relative short history [3] and experiences 
in the last years a renaissance period. Many papers [4-
9] show a broad area of applications that consider this 
type of motor instead of the convenţional solution 
with surface-mounted permanent magnets. 
The advantages of the IPMSM [10, 11] for automotive 
applications can be classified using different criteria as 
following: safety (the robustness of the rotor can be 
combined with robust non-overlapped concentrated 
stator windings), performance parameters (high torque 
/ volume / mass ratio, high dynamics, high speed due 
good field-weakening capability), technology (easy to 
manufacture due to simple motor topology and the 

absence of any kind of skevsnng), costs (lowest cost of 
the permanent magnets due to their simple shape). 
The function of the electric drive is to introduce an 
additional variable steering angle between the steering 
wheel and the pinion [2]. A three phase sinusoidal 
current controlled IPMSM was chosen to fulfll the 
requirements of this appiication. 
Several motor topologies were analysed during the 
design process. In order to assure a cost-competitive 
solution for the automotive market a 6 4-topology was 
preferred. This solution has a minimum of active 
components but requires an accurate design process. 

II . EXPERIENCE - BASED DESIGN METHOD 

The goal of the electromagnetic design is to deliver a 
solution (not necessarily the optimal one) for a motor 
specification [12-22]. This solution includes the 
topology , materials and the geometry of the motor for 
a given excitation (currents or voltages). 
Every optimization method needs a fast and accurate 
routine for the evaluation of the objective ftinction. 
For the present work the motor parameters were 
calculated analvlically in order to achieve a short 
processing time. Additionally, in order to increase the 
accuracy, finite-element-based corrections of the main 
parameters were included. The performance 
calculation is based on the steady-state mathematical 
model of the IPMSM [12]. For the estimation of the 
thermal behaviour a lumped-parameter thermal model 
was considered. 
The classical approach for 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). In the present paper following key 
design parameters were chosen: 

,and B̂ ^ (1) 
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where: ^̂^ - average surface force density, - ratio 

outer rotor diameter to stack length, J - current 

densit> in the stator winding, '' - amplitude of the 

first harmonic of the airgap flux density, ' -
D 

maximal stator yoke flux densit>', - maximal stator 

tooth flux density, - maximal rotor yoke flux 
densit). 
These key design parameters vvill also be used as 
design variables in the optimization design process. 
This approach will be shown in the next paragraph. 
Some important steps of the dimensioning process 
will be shown below. 
The average surface force density and the ratio outer 
rotor diameter to stack length are 

and respectivei) 

(2) 

(3) 

where: T. - electromagnetic torque, 
D̂  - outer rotor diameter, 
L - stack length. 

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

and of the stack length 

L = 

TkT 

With adopted values for the magnetic and electric 
loadings in the stator and rotor it is possible to 
dimension the motor geometry. 
The number of tums per phase can be determined 

^ ph _ rms 

k d) 

where: Ê ,, - phase back-emf 

fnasr - base fi-equency ^ 

- winding factor for the first harmonic 
O^ - airgap pole flux. 

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 cost. 

I I I . OPTIMIZATION DESIGN METHOD 

The optimal design is the next higher step in the 
synthesis of permanent magnet synchronous motors 
[15, 22]. To fiilfil this task follov^ng is necessary: to 
get or choose an objective flinction, to chose the 
design variables, to respect the constraints and to 
implement one or more optimization methods in a 
computer program. 

The objective function 

The target of the present work was a multiobjective 
optimization. The eflTiciency and the cost of the active 
materials and technology were considered as fitness 
flinctions. A weighted sum of these two objective 
fiinctions was build. Also several constraints had to be 
considered. These will be mentioned in the next 
paragraph. The objective functions can be expressed 
mathematically 

(4) 

(5) 

(6) 

(7) 

(8) 

for the efficiency respectively cost of the materials 

and technology. x̂  represents the vector of the design 

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

= (9) 

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

The design variables 

In the actual approach, the key design parameters used 
in the general design were chosen also as design 
variables in the optimal design. The domains for these 
design variables were set as following 

= 1 . 5 [N/cm-] 
\ =0.25... 1.0 [-] 

j =2...20[A/mm^] 
B̂ , =0.25...1.0[T] (10) 

B̂ ^ =0.25...2.2[T] 

B,̂  =0.25...2.2 [T] 

B̂ ^ =0.25...2.2 [T]. 
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The constraints 

Several constraints on geometrical dimensions and 
temperatures are applied. They 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. These constraints have 
dififerent 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 most important constraints for all the optimization 
methods used in the case study can be mathematically 
expressed as inequalities as follows 

D <D 

L<L 

Z < 7-

specification - constraints 

(11) 

The genetic algorithms [24] are one of the most 
powerful and up-to-date optimization methods. This 
search procedure emulates 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. 
Genetic algorithms do not require a good iniţial design as a 
starting point. They are able to start with a poor iniţial 
design, gi\en 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 fmd the global optimum 
point. 
For the present work the optimization parameters for 
this method were: 

- number of variables = 7 
- number of encoding bits = [ 6 7 6 6 6 6 6 ] 
- population size = 100 
- mutation probability = 0.07 
- number of generations = 100. 

b>b.. 

K ^ Kf mm 

^ technology - constraints 

Also it is very important to check the demagnetizaţi on 
of the permanent magnet (the magnet height) 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 fulfil this requirement. 

The optimization method 

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 chose optimization 
methods, which do not use derivatives of these 
objective functions. There are a lot of optimization 
methods, which fiilfil this requirement, and they are 
called direct search methods [23]. All of them have 
advantages and disadvantages, taking into account the 
computing time, the easiness of the problem 
formulation and implementation, and the convergence, 
which means the certitude to fmd the optimum. From 
the different optimization methods the genetic 
algorithms were chosen. 

The evolution of an objective fiinction (efficiency), 
and of a design variable (the average surface force 
density) is shown in Fig. 1. 

(J2) ^ I 

ci .. 

11 

Fig. 1. Ev olution of the objective function 

Optimization design residts 

The computing time to fmd the optimal solution was 
between 60 seconds and 10 minutes. An extract of the 
parameters of six optimal design solutions (six 
program starts) can be seen in Table I. 

I V . PROTOTYPE MOTOR AND EXPERIMENTAL 
RESULTS 

The motor specification data are as listed in Table II. 
For the validation of the results of the optimization 
design several prototype motors have been built. For 
one of them we used the data set of the experience 
design method. 
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The corresponding key design parameters were: 

=1.45 [N/cm-] 

Â 0.6 M 

j =12.5 [A/mm-] 

=0.76 [T] 

=1-3[T] 

(13) 

The transversal cut of the IPMSM is shown in Fig. 2. 
The sinusoidal shape of the back-EMF was 
synthesized through a non-uniform airgap. The 
winding is a two layer type with concentrated coiis. 
No skewing was used, neither in stator nor in rotor. 
The minimization of the cogging torque was realized 
using a modified geometry of the rotor lamination, 
with two superior shoulders on the outer edges of the 
embedded magnets. 
The prototype is shown in Fig. 3 and the main 
dimensions and properties of this prototype are listed 
in the Table III. 

B., -I .O[T] 

TABLE 1. Design optimization results for the different methods 

GENETIC ALGORITHMS Actual 
design 

1 2 3 4 5 6 
EFF H 0.768 0.766 0.773 0.770 0.777 0.776 0.76 
f_sav [N/cm'^2] 1.40 1.32 1.16 1.63 1.24 1.32 1.45 

J [A/mm'̂ 2] 11.7 12.9 12.1 11.6 12.0 11.8 12.5 
lambda [-] 0.63 0.67 0.68 0.60 0.70 0.63 0.60 

Bg1 m 0.64 0.67 0.68 0.68 0.72 0.72 0.76 
Bts [T] 1.88 2.03 1.88 1.91 1.96 1.88 1.50 
Bys m 1.84 1.43 1.92 1.63 1.68 1.67 1.30 
Byr m 1.84 1.52 1.40 1.65 1.10 1.40 1.00 
Oso [mm] 55.6 55.8 54.7 55.5 56.0 54.7 56.0 
Dsi [mm] 28.8 29.9 31.4 26.9 31.0 29.4 28.0 
L [mm] 44.1 43.4 44.7 43.5 42.8 45.0 45.0 

hM [mm] 2.6 3.7 3.5 2.9 4.0 3.3 3.5 
ntJ3h H 23 22 20 24 20 20 20 
d_wire [mm] 1.10 1.00 1.10 1.10 1.10 1.10 1.00 

bts [mm] 4.9 4.9 5.7 4.8 5.7 5.6 7.0 
hys [mm] 2.5 3.5 2.8 2.8 3.3 3.2 4.0 

weigth [kg] 0.61 0.62 0.64 0.60 0.64 0.65 0.71 
cost [%] 83 108 111 83 118 103 100 

TABLE U. Electric motor specification data 

parameter value unit 

peak torque at base speed 0.9 Nm 
base speed 3000 " 1/min 
peak torque at ma\. speed 0.3 Nm 
max. speed 6000 1/min 
equiv. duty cycle 5 % 
ambient temperature -40... 125 °C 
dc-bus voltage 12 V 
max. line current (rms) 60 A 
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TABLE III. Dimensions and properties of the 
prototype 

parameter value unit 

Topolog}' 
inner rotor IPMSM 
number of phases 
number of stator slots 
number of rotor poles 
GeometTŢ 
stator outer diameter 
stator inner diameter 
airgap (minimal) 
stack length 
magnet width 
magnet height 
Winding 
nb. slots/pole/phase 
nb. winding layer 
nb. tums per phase 
Materials 
core material 
magnet t>pe 

3 
6 
4 

56 
28 
0.5 
45 
12 
3.5 

0.5 
2 
20 

M800-50A 
NdFeB(1.2T) 

mm 
mm 
mm 
mm 
mm 
mm 

Fig. 2. Cross-section of IPMSM 

variation with the rotor position is shown in Fig. 5. 
The shape synthesis of the back-emf and the cogging 
torque minimization were part of a separate 
optimization process aided by a two-dimensional 
finite elements analysis [25]. 
The variation of the measured synchronous inductance 
with the current is shown in Fig. 6. Fig. 7 presents the 
measured torque-speed curve at the corresponding 
torque angle value. These experimental results show 
that the achieved accuracy was good and the analytical 
model can thus be used for optimization design tasks. 

Back-«mf Q 866 rpm 
g [ V } S « n u » f 

! 
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Fig. 4. Shap)e of the back-emf at 955 rpm 

Cogging ton|u« vs. rotor position 
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Fig. 5. Cogging torque vs. rotor position angle 

Fig. 3. IPMSM prototype 

In order to verify the accuracy of the analytical model 
used in the optimization routines, experimental 
measurements have been made on the above 
mentioned prototype motor. The measured shape of 
the back-emf is presented in comparison with a pure 
sinusoidal curve in Fig. 4. The cogging torque 

Ld. Lq = f ( lph_rms @ gamma = 0 el. deg) 

Fig. 6. Synchronous inductances Ld, Lq vs. phase 
rms-current 
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Fig. 7. Torque vs. speed curve 

Also the prototype motor test results fiilly meet the 
iniţial design specification, as it couid be seen from 
the above figures. 

V . CONCLUSIONS AND FURTHER WORK 

This paper presents two diflFerent design techniques 
for an IPMSM for an automotive active steering 
appiication. The classical design technique is based on 
experience and leads to a good design solution. The 
second design technique uses an optimization method 
in order to get the best design solution. The best 
solution obtained by optimization excels the 
experience based solution by four percent considering 
the motor effîciency. That represents a good 
improvement. A combination of the three methods 
seems to have success. Up to now the optimization 
design was based on an analytical model of the 
PMSM with embedded FE-correction factors. The 
next step will be to appiy in the analytically restricted 
area a refined grid-search based on a pure FE-model in 
order to achieve the 'Yeal" optimum. 
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Abstract - This paper presents an overview of 
actual high performance permanent magnet 
synchronous motor (PMSM) based electric 
drives for automotive appiications. The fieid of 
appiications 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 topics like 
steer-by-wire, and brake-by-wire. Most of these 
appiications require high performance motors 
with a high torque/volume (mass) ratio, low 
inerţia, high dynamics, good field-weakening and 
high temperature capability. A wide spectrum of 
solutions is offered in the present work. Aspects 
regarding performance, motor design and 
control, materials, technology and costs are 
discussed. Design details and experimental 
results for the case study prototypes are also 
presented. 

Index terms - automotive appiications, active 
steering, power steering, electromechanical 
brake, clutch and shift actuators, heating, 
ventilation, air conditioning, steer-by-wire, brake-
by-wire, permanent magnet synchronous motor. 

1. Introduction 

Actual trends 

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 motors per car 
today is 30 and it will increase to over 100 by the 
end of this decade. The advances in electric 
motor technology for automotive appiications 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 appiications. 

Actual high performance automotive electric 
drives 

The fieId of actual, high performance 
appiications spans a broad range including [3], 
[4]: 

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). 

A coarse classification of the actual high 
performance automotive electric drives done 
considering the area of appiication, the 
demanded torque-speed characteristics, and the 
used electric motor technology is presented in 
Table I. 
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Table I. Electric drives automotive appiications Table II. Machine technologies comparison 

Nm 
nb«e 
rpm 

Hmai 

rpm 

Motor 

technology 

Active steering < 1 4000 7000 DC. IM. 
PMSM 

Power steering 3 .10 1500 4000 DC. IM. 
PMSM 

Clutch/shifl < 2 3000 6000 DC. PMSM 

Braking 1. 3 1000 3000 DC. PMSM 

Heating, 
ventilation 

< 2 5 15000 17000 DC. PMSM 

Starter/generator <300 250 2000 IM. PMSM 

Traction 40 .90 3000 8000 IM. PMSM 

Automotive drive requirements and restrictions 

The reliability and the costs of the drive systems 
are the most important aspects which shouid be 
considered during the whole design process. 
Most of the appiications require high 
performance motors with a high torque/volume 
(mass) ratio, low inerţia, 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 shouid 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). 

Competing machine technologies for automotive 
appiications 

Brushed and brushiess 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 
appiications. Table II gives a comparison of the 
different machine technologies considering 
automotive appiications. 

DC IM BL 
DC 

BL 
AC 

SR RS 

Torque density - - -

Torque/Amp - - -

Peak to 
continuGus torque 
capabil. 

- - -

Variable speed 
control 

+ - -

Torque/inertia - - -

Energy efficiency - - -

Speed range - + + 
Torque pulsations - + + 
Cogging torque - + + 
Temperature 
sensitivity 
(PM demagnet.) 

- + + 

Robustness - + + 
Fault tolerance 
Failure modes + - -

Acoustic noise - + + 
Power converter 
requirements + - -

Machine 
constmction - - + 

Manufacturing 
technology + - -

Reliability - + + 
Design and 
manufacturing 
experience 

+ + -

Customer 
acceptance + + -

Motor cost - -

Drive system 
cost + - -

PMSM based solutions for automotive 
appiications 

Systems based on PMSM represent competitive 
solutions for the considered spectrum of actual 
high performance automotive appiications. 
The technical advantages of the permanent 
magnet synchronous motors have detemriined in 
the last years the extension of their area of 
appiication also in the automotive industry. 
Different PMSM-topologies, as radial fieid 
machines with inner and outer rotor, both with 
surface or interior FM, and axial fieId machines 
with single or double sided rotor, are proper 
candidates for the different automotive 
appiications. 
Both excitation types, with trapezoidal or 
sinusoidal currents are used depending on 
appiication. 
The selection of the motor construction and 
topology is influenced by the gearing and 
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mounting in the appiication, 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 [5] for 
automotive appiications can be classified using 
different criteria as foilowing: 

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

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

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

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

2. Special issues of PMSM drive systems 

Motor design issues 

The goal of the electromagnetic design is to 
deliver a solution for a given specification of the 
drive system. This solution includes the 
topology, materials and the geometry of the 
motor for a given excitation (current or voltages). 
For the performance analysis lumped-parameter 
or finite elements modelling techniques can be 
used. 
There are two possible design approaches: the 
classical (experience-based) design method and 
the optimization design method using different 
optimization algorithms. In the classical 
dimensioning procedure a set of known key 
design parameters lead to 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 set of key design 
parameters is given in [6], where these were 
also used as design variables in an optimization 
design process. For a multiobjective optimization 
design the objective function can be a linear 
combination of several performance parameters. 
materials and manufacturing costs. Several 
constraints, as geometrical dimensions, 

temperatures, current limits, must be taken into 
account. 

Motor control issues 

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 [7]. The different appiications require 
torque, speed or position control, and therefore a 
wide range of controller types may be used (e.g. 
classical proportional-integral, adaptive, or 
intelligent). For high performance appiications, 
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 q-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. 

Materials, construction and manufacturing 
technologies 

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 [9]. Two 
types of permanent magnets materials are 
widely used in automotive appiications: 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 III. For 
high torque density appiications oniy sintered 
NdFeB-magnets can be considered. 
Classical soft magnetic materials - cold rolled 
magnetic lamination (CRML) steei - are still 
widely used. Soft magnetic composites (SMC) 
were considered recently in several designs for 
automotive appiications [10], [11]. Though SMC 
materials offer major advantages, especially due 
3-D design and manufacturing capabilities, there 
is no actual possibility to replace the 
convenţional lamination steeI for high torque 
density appiications. Table IV gives an overview 
of the main properties for soft magnetic 
materials. 
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Table III. Main properties for hard magnetic materials. 3. Case studies 

residual 
flux 

density 
T 

intrinsic 
coercivity 

jHc 
kA/m 

maximum 
energy 
product 
kJ/m^ 

sintered fenite 0.4 300 40 

bonded NdFeB 0.7 800 80 

sintered NdFeB 1.2 1900 280 

Table IV. Main properties for soft magnetic materials. 

saturation 
flux 

density 
T 

relative 
permeability 

core loss 
(1.5Tpeak. 

50 Hz) 
W/kg 

CRML Steel 2.0 2000-3000 2.7-8.0 

SMC 1.8 - 5 0 0 10 

The transition from overlapped to non-
overlapped windings, modular stator 
construction (teeth and yoke stator segments, or 
two-part stators), and embedded magnets rotors 
are typical examples of advanced construction 
and manufacturing technologies. 

Fault tolerance aspects 

A fault-tolerant machine is able to operate with a 
minimum level of performance after sustaining a 
fault [12]. The degree of fault that must be 
sustained shouid be related to the probability of 
occun-ence, so that for most safety criticai 
appiications 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 [13]. The main 
electromagnetic faults of the electric machine 
which may occur are: 

• winding short-circuit at terminals, 
• winding inter-turn short circuit, 
• winding to frame short-circuit, 
• winding open-circuit. 

A fault-tolerant machine shouid have a minimal 
electrical, magnetic, and thermal phase 
coupling. Considering the power converter, 
several remedial strategies can be developed in 
order to drive a faulted machine [14]. 

An IPMSM for an active steering drive 

The specification data of an electric motor for an 
active steering system [15], [16] are shown in 
Table IV. 

Table IV. Electric motor specification data. 

parameter value unit 

peak torque at base speed 0.9 Nm 
base speed 3000 1/min 
peak torque at max. speed 0.3 Nm 
max. speed 6000 1/min 
equiv. duty cycle S3-5 % 
ambient temperature -40...125 X 
dc-bus voltage 12 V 
max. line current (rms) 45 A 

For this appiication an IPMSM with the topology 
shown in Figure 1 was chosen. The sinusoidal 
shape of the back-EMF was synthesized through 
the non-uniform airgap. The winding is a two 
layer type with concentrated coiis. No skewing 
was used, neither in stator nor in rotor. 
The minimization of the cogging torque was 
realized using a modified geometry of the rotor 
lamination, with two superior shoulders on the 
outer edges of the embedded magnets. 
The main dimensions and properties of this 
prototype are listed in the Table V. 
A few experimental results are presented in 
Figure 3, 4, and 5. 

Figure 1. IPMSM topology and prototype. 
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TABLE V. Dimensions and properties of the prototype 

parameter value unit 

Topology 
inner rotor IPMSM 
number of phases 3 -

number of stator slots 6 -

number of rotor poles 4 -

Geometry 
stator outer diameter 56 mm 
stator inner diameter 28 mm 
airgap (minimal) 0.5 mm 
stack length 45 mm 
magnet width 12 mm 
magnet height 3.5 mm 
Winding 
nb. slots/pole/phase 0.5 -

nb. winding layer 2 -

nb. tums per phase 20 -

Materials 
core material M800-50A 
magnet type NdFeB(1.2 T) 

B«ok-«mf e rpm 

-Measurwd kne-hne voltage [V] Smu» r«fer»nc« signal [V] 

Angla [el.dea] 

Fig. 3. Shape of the back-emf at 955 rpm 

An IPMSM solution for a power steering drive 

A feasibility study was made for a power 
steering appiication described in [17] with 
specification data as presented in Table VI. 

TABLE VI. Electric motor specification data. 

parameter value unit 

peak torque at base speed 7 Nm 
base speed 500 1/min 
peak torque at max. speed 2 Nm 
max. speed 2000 1/min 
equiv. duty cycle S3-5 % 
ambient temperature -40...125 
dc-bus voltage 12 V 
max. line current (rms) 110 A 

Figure 6 shows the employed motor topology 
and the prototype. A few experimental results 
are presented below in Figure 7, and 8. 

Figure 6. IPMSM topology and prototype. 

Cogging torqua vs. rotor posMon 
— c o g g i n g t o r q u e ( m N m J 

Angle [mech.deg] 

Fig. 4. Cogging torque vs. rotor position angle. 
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Figure 7 . Shape of the back-emf at 500 rpm 
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Fig. 5. Torque vs. speed curve. Figure 8. Cogging torque vs. rotor position angle. 
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A SPMSM solution for electromechanical 
brakes 

A feasibility study was made for an 
electromechanical brake described in [18] with 
specification data as presented in Table VII. 

design and control, materials, technology and 
costs were presented. 
Up to now oniy 12V-applications, which can be 
actually implemented, were considered on 
experimental level. The next step will be to take 
into account 42V-applications for higher torque 
demands. 

TABLE VII. Electric motor specification data. 

parameter value unit 

peak torque at base speed 3 Nm 
base speed 1000 1/min 
peak torque at max. speed 1 Nm 
max. speed 2000 1/min 
equiv. duty cycle S3-5 % 
ambient temperature -40...125 X 
dc-bus voltage 12 V 
max. line current (nms) 60 A 

Figure 7 shows the employed motor topology 
and the prototype. The torque-speed curve is 
presented below in Figure 9. 

Figure 7. The SPMSM topology and prototype. 

T = r ( s p e * d ) 

apaad [rpm] 

Fig. 9. Torque vs. speed curve. 

4. Conclusions and further work 

The paper gave an overview of actual high 
perfomiance electric driveS for automotive 
appiications and offered therefor three solutions 
based on permanent magnet synchronous 
motors. Aspects regarding performance, motor 
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Abstract — This paper presents the comparative 
optimization design of an interior permanent magnet 
s>iichronous motor (1PMSM) for an automotive active 
steering system. This appiication requires a high performance 
motor with a high torque / volume (mass) ratio, low inerţia, 
high dynamics, good fieid weakening and high temperature 
capabilit>. The proposed solution is the result of an 
optimization design process, which considered the whole 
range of performance, technolog> and costs aspects. Two 
different design approaches are presented: a classical 
(experience-based) design method and an optimization design 
method using three different optimization algorithms (Hooke-
Jeeves, genetic algorithms, and grid-search). The evaluation 
of the fitness function for the multiobjective optimization was 
performed using an anal>tical model with embedded finite 
element (FE) correction factors. The solutions of the t\so 
design methods are compared. Design details and 
experimental results for a prototype are also presented. 

be combined with robust non-overlapped concentrated 
stator windings), performance parameters (high 
torque/volume/mass ratio, high dynamics, high speed due 
good field-weakening capability), technology (easy to 
manufacture due to simple motor topology and the absence 
of any kind of skewing), costs (lowest cost of the permanent 
magnets due to their simple shape). 

The function of the electric drive is to introduce an 
additional variable steering angle between the steering 
wheel and the pinion [2]. A three phase sinusoidal current 
controlled IPMSM was chosen to fulfil the requirements of 
this appiication. 

Several motor topologies were analysed during the 
design process. In order to assure a cost-competitive 
solution for the automotive market a 6/4-topology was 
preferred. This solution has a minimum of active 
components but requires an accurate design process. 

II. EXPERIENCE-BASED DESIGN METHOD 

I. INTRODUCTION 

One of the actual trends in the automotive industry is to 
introduce a lot of decentralized electric drive systems in the 
vehicles. 

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

Active steering systems were introduced in order to 
enhance the driving comfort and the safety on the road [1], 
[2]. The first step was realized with drive systems based on 
DC brushed permanent magnet motors. 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 appiications. 

One competitive solution for the electric active steering 
drives represents a system based on an IPMSM. This kind 
of permanent magnet synchronous motor has a relative 
short history [3] and experiences in the last years a 
renaissance period. Many papers [4], [5], [6], [7], [8], [9] 
show a broad area of appiications that consider this type of 
motor instead of the convenţional solution with surface-
mounted permanent magnets. 

The advantages of the IPMSM [10], [11], [12] for 
automotive appiications can be classified using different 
criteria as following: safety (the robustness of the rotor can 

The goal of the electromagnetic design is to deliver a 
solution (not necessarily the optimal one) for a given 
specification of the drive system [13], [14], [15], [16], [17], 
[18], [19], [20], [21], [22], [23]. This solution includes the 
topology, materials and the geometry of the motor for a 
given excitation (currents or voltages). 

Any optimization method needs a fast and accurate 
routine for the evaluation of the objective function. For the 
present work the motor parameters were calculated 
analytically in order to achieve a short processing time. 
Additionally, in order to increase the accuracy, fmite-
element-based corrections of the main parameters were 
included. The performance calculation is based on the 
steady-state mathematical model of the IPMSM [21]. For 
the estimation of the thermal behaviour a lumped-
parameter thermal model was considered. 

The classical approach for 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). 
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In the present paper following key design parameters 
were chosen: 

T 
f = " J aav ^D^oL 

(2) 

where: T - electromagnetic torque, 

D^^ - outer rotor diameter, 

L - stack length. 

The ratio outer rotor diameter to stack length is 

( 3 ) 

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

V 
and of the stack length 

2\T 
( 4 ) 

L = A. 
( 5 ) 

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

The number of turns per phase can be determined 

= 
'' phrms 

(6) 

(1) where: E„ 

where: - average surface force density, X - ratio outer 

rotor diameter to stack length, j - current density in the 

stator winding. B^^ - amplitude of the first harmonic of the 

airgap flux density, B̂ ^ - maximal stator yoke flux density, 

B̂ ^ - maximal stator tooth flux density, B^^ - maximal 

rotor yoke flux density. 
it is important to mention that these key design 

parameters will also be chosen as design vanables in the 
optimization design process. This approach will be shown 
in the next paragraph. Some important steps of the 
dimensioning process will be shown below. 

The average surface force density is given by 

p̂h_rms - phase back-emf, 

fbase - base frequency, 

- winding factor for the first harmonic, 

- airgap pole flux. 

determined geometry the parameter and 
performances of the motor can be calculated. This includes 
also the calculation of losses, efTiciency, temperature rise, 
weight, and the cost. 

With 

III. OPTIMIZATION DESIGN METHOD 

The optimal design is the next higher step in the 
synthesis of permanent magnet synchronous motors [16], 
[23]. To fulfil this task following is necessary: to get or 
choose an objective flinction, to chose the design variables, 
to respect the constraints and to implement one or more 
optimization algorithms in a computer program. 

A, The objective function 

The target of the present work was a multiobjective 
optimization. The efficiency and the cost of the active 
materials and technology were considered as fitness 
fiinctions. A weighted sum of these two objective flinctions 
was build. Also several constraints had to be considered. 
These will be mentioned in the next paragraph. The 
objective functions can be mathematically expressed 

( 7 ) 

for the efficiency, which has to be maximized, and 

/2(x,) = C-' (8) ^ V ' / malAlcchnol ^ ' 

for the cost of the materials and technology, which has to be 
minimized. X. represents the vector of the design variables. 

For the multiobjective optimization design following 
flinction has to be maximized 

( 9 ) 

where w^ and w^ are two weighting factors. These 

weighting factors were considered as inputs in the 

optimization process (e.g. Wj = 0 . 7 , W2 = 0 . 3 ) . 
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B. The design variahles 

In the actual approach, the key design parameters used in 
the general design were chosen also as design variables in 
the optimal design. The domains for these design variables 
were set as following 

-1. . .5 [ n W ] 
X =0.25...1.0 [-] 

j =2. . .20 [A/mm-] (10) 

B^, =0.25... 1.0 [T] 

B^̂  =0.25...2.2 [T] 

B̂ ^ =0.25...2.2 [T] 

5 =0.25...2.2 [T] 

C. The comtraints 

Several constraints on geometrical dimensions and 
temperatures are applied. They 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. These constraints have difTerent 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 most important constraints for all optimization 
methods used in the case study can be mathematically 
expressed as inequalities as follows 

A 

L<L 

K > K 

d <d 

> specification - constraints (11) 

> technology - constraints (12) 

inverter current, maximal ambient temperature and 
maximal magnet temperature rise for the specified duty 
cycle and to eliminate the solutions which do not fulfil this 
requirement. 

D. The optimization methods 

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 chose optimization methods, which do not use 
derivatives of these objective functions. There are a lot of 
optimization methods, which fiilfil this requirement, and 
they are called direct search methods [24]. All of them have 
advantages and disadvantages, taking into account the 
computing time, the easiness of formulation of the problem 
and its implementation, and the convergence, which means 
the certitude to find the optimum. From the different 
optimization methods three were chosen in the present 
work, a deterministic one, the Hook-Jeeves-method (HJ), a 
stochastic one, the genetic algorithm method (GA), and a 
"systematically'' one, the grid-search method (GS). Thus 
the chance to fmd the optimum is estimated to be very high. 
The results of the optimization design using different 
algorithms are represented in the following. 

Optimization design hy Hook-Jeeves method 

The Hook-Jeeves-method [25] is an optimization method 
for nonlinear problems without constraints. The problems 
with constraints should be transformed in unconstrained 
problems. This optimization method belongs to the direct 
search methods. Thus the calculation of the derivatives of 
the objective functions is not necessary. 

The transformation of a constrained problem in an 
unconstrained problem can be done for example by the 
sequential unconstrained minimization technique (SUMT). 
The constraints are embedded in the objective fiinction, 
thus the Hooke-Jeeves method does not handle with the 
constraints. The major drawbacks of this method are the 
requirement of a good iniţial design vector, and the 
attraction to local optimum points. 

The parameters for the actual optimization design with 
the Hook-Jeeves-method were: 

y 

Also it is very important to check the demagnetization of 
the permanent magnet (the magnet height) at maximum 

- number of variables 7 
- penalty coefficient values = 110' 
- absolute search step value = [0.1, 0.3, 0.1, 0.05, 

0.05, 0.05, 0.05] 
- minimum step value = [5e-3, 5e-3. 5e-3, le-3. 

le-3. le-3. le-3] 
- step reducing factor = [0.75, 0.75, 0.75, 0.75, 

0.75, 0.75, 0.75] 
- acceleration factor [1.25, 1.25, 1.25, 1.25, 

1.25, 1.25, 1.25] 
- max. number of iterations = 300. 

r w v . iH vf fTFJlMC/X ' 
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In order to be sure thal the global optimum for the 
objective funclion was achieved, six different starting points 
within the feasible domain of the design variables were 
chosen. The evolution of the objective function (efficiency) 
in one case is shown in Fig. 1. 

v"\ r ' r 

3E « 45 

Kc«rr> «rt n M b w of f i 

i •• 

I 2S X 36 C « SD 

Fig. 2. Evolution of the objective ftinction (GA) 

Fig. 1. Evolution of the objective fîinction (HJ) 

Optimizat ion design by genetic algohthms method 

The genetic algorithms [26] are one of the most powerful 
and up-to-date optimization methods. This search 
procedare emulates 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. 

Genetic algorithms do not require a good iniţial design as 
a starting point. They are able to start with a poor iniţial 
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 the present work the optimization parameters for this 
method were: 

- number of variables = 7 
- number of encoding bits = [ 6 7 6 6 6 6 6] 
- population size = 100 
- mutation probability = 0.07 
- number of generations = 100 

The evolution of an objective function (efficiency), and of 
a design variable (the average surface force density) is 
shov^ in Fig. 2. 

Optimization design by grid-search method 

This traditional direct search method [24] 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. 

The major drawback is the very high number of 
calculations of the objective function. The probability to 
find the global optimum is very high, but depends on the 
fineness of the mesh. For a number /7,3,of design variables, 
and an average number of steps for each design 

variable within the feasible domain results the number of 
calculations of the objective function 

( 1 3 ) 

For n^^ = 1 design variables, an average number of steps 

of =10, the number of evaluation of the objective 

flinction is \ 0 \ 
This makes clear, that this method can be applied with 

success only local, in restricted areas of the feasible domain 
of design variables, in order to refme the search, afler other 
methods have identifîed the region of the global optimum. 

This method was applied in a reduced range of the 
design variables, given by the other two precedent methods. 
The computing time was 8 hours for the search in the range 
given in Table I in 280,000 points of the mesh. 

Optimization design results 

The computing time to find the optimal solution with the 
HJ and GA methods took between 60 seconds and 10 
minutes. An extract of the parameters of six optimal design 
solutions (six program starts) can be seen in Table I. 
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T A B L E 1. DESIGN OPTIMIZATION RESULTS LSING DIFFERENT OPTIMIZATION METHODS 

HOOKE-JEEVES GENETIC A LGORPTHMS GRID - SEARCH Actiial (lesiqn 
1 1 2 1 3 1 4 1 5 1 6 1 1 2 1 3 4 1 5 1 6 vanabte range/atep | 

Actiial (lesiqn 

ffF M f i m 076 
f sav 1 40 1 43 1.15 1 22 1.68 1 83 1 40 1 32 1.16 1 63 124 132 1 3 - 1 5 / 0 1 130 1 45 

i l o q 1Q.6 117 11.5 10.1 i q i 117 129 U i 116 120 11.8 10-12/02 10.8 125 
iambda M 0 61 060 0.68 066 056 053 063 0 67 0.68 0 60 0 70 063 0 .6 -0 .7 /0 .01 064 06C 

Bcrt m a 7 0 0.63 0.S9 0.89 0.B5 0.68 064 0.67 0.68 058 0 72 0.72 0.6.0â/0j06 0.75 0.76 
Bts nri 1 88 1 79 1.88 1.82 1.88 1.79 1 88 2.03 1.88 1 91 1 96 1.88 1 7 - 1 B / 0 0 5 1.80 1.5C 
a s m 1.88 1.96 1.95 1.57 1.94 1.80 1 84 1 43 1.92 1.63 168 1.67 1.6.2i)/0jQ5 170 130 

[TI 1.50 1 00 0.70 080 1 80 1.40 1 84 1 52 1.40 1 65 1 10 1 40 1 0 - 2 0 / 0 . 2 5 1 75 1 oc 
Dso (mml fiB5 56.3 9B.1 561 566 566 556 1 558 54.7 555 560 547 55.9 560 
Dsi fmml 286 282 31 4 305 261 250 288 29.9 31.4 269 310 29.4 296 23 0 
L fmml 449 453 45.0 45.0 45.2 451 44.1 1 434 447 435 428 45.0 44.8 450 

hM Imml 4 2 2.9 25 2.1 3.7 29 26 3.7 35 2.9 40 33 45 3.5 
ti oh M 21 1 24 23 20 25 2Ş 23 1 22 i 20 24 20 20 19 20 
d wire fmml 1.20 1 10 1.10 1.10 1.20 1.20 1 10 1.00 1.10 1.10 1 10 1.10 1 10 1.0c 

bts fmml 6.3 1 4-9 4.9 5.8 4.5 4.7 4.9 i 4.9 1 5.7 4.8 5.7 56 1 6.2 7.0 
hvs [mml 2.7 2.2 24 34 2.2 24 25 3.5 28 28 33 j 32 33 4.0 

wehilh Deal aB6 064 0.65 0.69 0.62 0.63 061 0.62 1 0.64 060 064 1 0.65 067 071 
cost I%1 116 94 88 80 102 83 83 108 111 83 119 103 141 100 

I V . PROTOTYPE MOTOR AND EXPERIMENTAL RESULTS 

The motor specification data are as listed in Table II. For 
the validation of the results of the optimization design 
several prototype motors have been built. For one of them 
we used the data set of the experience design method. The 
corresponding key design parameters were 

(14) 

fsav = 1.45 [N/cm-] 

X = 0.6 [-] 
J = 12.5 [A/mm-] 

= 0.76 [T] 

= 1.3 [T] 

B.S = 1.5 [T] 

Byr = 1.0 [T]. 

TABLE IL ELECTRIC MOTOR SPECIFICATION DATA 

parameter value unit 

peak torque at base speed 0.9 Nm 
base speed 3000 1/min 
peak torque at max. speed 0.3 Nm 
max. speed 6000 1/min 
equiv. duty cycle 5 % 

ambient temperature -40...125 "C 
dc-bus voltage 12 V 
max. line current (rms) 60 A 

The transversal cut of the IPMSM is shown in Fig. 3. 
The sinusoidal shape of the back-EMF was synthesized 
through a non-uniform airgap. The winding is a two layer 
type with concentrated coils. No skewing was used, neither 
in stator nor in rotor. The minimization of the cogging 
torque was realized using a modified geometry of the rotor 
lamination, with two superior shoulders on the outer edges 
of the embedded magnets. The prototype is shown in Fig. 4 
and the main dimensions and properties of this prototype 
are listed in Table III. 

Fig. 3.Cross-sectionoflPMSM 
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Fig. 4. IPMSM protoiype 

T A B L E III. D I M E N S I O N S A N D PROPERTIES OF THE PROTOIYPE 

parameter value unit 

Topology 
inner rotor DPMSM 
number of phases 3 -

number of stator slots 6 -

number of rotor poles 4 -

Geometry 
stator outer diameter 56 mm 
stator inner diameter 28 mm 
airgap (minimal) 0.5 mm 
stack length 45 mm 
magnet width 12 mm 
magnet heig)it 3.5 mm 

Winding 
number of slots/pole/phase 0.5 -

number of winding layers 2 -

number of tum per phase 20 -

Materials 
core material M800-50A 
magnet type NdFeB(1.2 T) 

B a c k - e m f @ 9 5 5 r p m 

Fig. 5. Shape of the back-emf at 955 rpm 

Cogging torque vs. rotor posMon 

i — cogging torque [mNml | 

O 30 60 90 120 150 180 210 240 270 300 330 360 

Fig. 6. Cogging torque vs. rotor position angle 

The variation of the measured synchronous inductances 
with the current is shown in Fig. 7. Fig. 8 presents the 
measured torque-speed curve at the corresponding torque 
angle value. These experimental results show that the 
achieved accuracy was good and the analytical model can 
thus be used for optimization design tasks. 

-Ld mH mH | 

450 
400 
350 

1" 300 î 250 
J 200 
3 150 

100 
^ 50 

3 ; 

o 5 10 15 20 25 30 35 40 
I p h . r m s [A] 

Fig. 7. Synchronous inductances Ld, Lq vs. phase rms-current 

In order to verify the accuracy of the analytical model, 
which was used in the optimization routines, experimental 
measurements have been made on the above mentioned 
prototype motor. The measured shape of the back-emf is 
shown in Fig. 5. The synthesis of the shape of the back-emf 
was made using a two-dimensional finite elements 
technique [27]. Fig. 6 presents the cogging torque variation 
with the rotor position. 

10 
0.9 
0 8 
0 7 

T 0.6 
S. 0 5 
H 0.4 

0 3 
O 2 
0.1 
0 0 

T = f ( s p e e d @ g a m m a = 0 e l . d e g ) 

\ \ N 

3000 

sp«»d [ r p m l 

Fig. 8. Torque vs. speed curve 
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V. CONCLUSIONS AND FURTHER WORK 

This paper presents in comparison two different design 
techniques used for the design of an IPMSM for an 
automotive active steering application. The classical design 
technique is based on experience and leads to a good design 
solution. The other design technique uses optimization 
methods in order to get the best design solution. Three 
optimization methods were applied also in comparison in 
the present work. The best solution obtained by 
optimization excels the experience based solution by four 
percent considering the motor efficiency. That represents a 
good improvement. A combination of the three methods 
seems to have success. The Hooke-Jeeves and genetic 
algorithms methods should be used for the global search 
and a fine grid-search should be done around the optimum 
given by the first two methods. Up to now the optimization 
design was based on an analytical model with embedded 
FE-correction factors of the PMSM. The next step will be to 
apply in the analytically restricted area a refined grid-
search based on a pure FE-model in order to achieve the 
'teal'' optimum. 
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Abstract - The hard competition on the small electric 
drives market has prompted engineers to look for 
advanced electromagnetic design techniques for electric 
machines. This paper presents therefore an over^iew. 
Convenţional (experience-based) and optimization 
design are presented with important related detaiis. The 
optimization design method includes three different 
approaches: sizing, shaping, and topology optimization. 
Efficient optimization (search) algorithms were 
considered: Hooke-Jeeves (HJ), genetic algorithms (GA) 
and grid-search (GS). Three case studies are considered 
for an interior permanent magnet synchronous motor 
(IPMSM) in order to emphasize the optimization design 
methods: 

sizing (dimensioning) is done based on experience, 
and in comparison, using the (multi-objective) 
optimization design method, 
synthesis of the sinusoidal back-emf shape w as done 
using a coupled finite-element (FE) grid-search 
method, 
t\so novei rotor topologies were generated, in the 
first case in order to minimize the cogging torque 
and in the second one in order to maximize the pole 
flux keeping the minimal level of the cogging torque 
simultaneousiy. 

Experimental results to back up the theor> are available 
too. 

Index terms - Design optimization, sizing (dimensioning), 
shaping, topology optimization, permanent magnet 
electric motors 

1. IntroductioD 

Electric machines design is a multi-disciplinary 
subject. It involves electromagnetic, thermal, 
mechanical, and acoustic aspects. 
In this paper, the electromagnetic analysis and design 
will be considered in depth. Thermal aspects will be 
considered only as design constraints. 
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], [4], [5], [6], 
[7], [8], [9]. 
The convenţional design process of an electric motor 
includes following topics: 

analysis of the specifications, 
selection (experience-based) of the topology. 

selection (experience-based) of the active 
materials (soft magnetic, hard magnetic, 
conducting) and passive materials (insulating), 
dimensioning (experience-based) of the 
geometr>\ 
parameter and performance calculation, 
choice of the manufacturing technologies, 
costs prediction. 

There are two important tasks in the engineering 
process: analysis and synthesis (design). 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. 
A design solution is a set consisting of materials, 
topology (s truc tu re), and geometty (shape s and 
dimensions) of the motor for a given excitation 
(currents or voltages). 
Two electromagnetic design methods can be 
distinguished for electric machines: convenţional 
(experience-based) design and optimization design. 
Both approaches can be used for sizing, shaping, and 
topology structuring as shown in Fig. 1. 

o o 
o o 

Fig. 1 Optimization issues for electric machines: sizing, 
shaping. topological structuring 
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An advanced electromagnetic design process (global 
optimization) includes foilowing topics: 

materials optimization, 
topology (structure) optimization, 
shape (geometiy shape) optimization, 
sizing (geometr>' dimensions) optimization. 

In the foilowing, we will present an overview of 
optimization design methods considering case studies 
selected from our industrial practice for sizing 
(dimensioning), shaping, and topological structuring 
foranlPMSM. 

2. Experîenced-based sizing 

The convenţional approach in the dimensioning 
process is based on experience. Starting with a set of 
knowTi 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]: 

where: T̂  - electromagnetic torque, 

D^^ - outer rotor diameter, 

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

(3) 

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 

(4) 

and the stack length 

(5) 

a n d y (1) 

where: 

fsav 
A 

B g\ 

By 

B yr 

- average surface force density, 

- ratio outer rotor diameter to stack 
length, 

- amplitude of the first harmonic of 

the airgap flux density, 
- maximal stator yoke flux density, 

- maximal stator tooth flux density, 

- maximal rotor yoke flux density, 

- 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. 

Some important steps of the dimensioning process 
will be shown below. 

The average surface force density is 

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, effîciency, 
temperature rise, weight, and the cost. 

3. Sizing optimization 

The optimal design is the next higher step in the 
synthesis of electric machines [3], [9]. To fiilfil this 
task foilowing is necessaiy 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. 
As an example, the objective functions can be 
mathematically expressed as follows 

(6) 

for the effîciency, which has to be maximized, and 

(2) 
-l 
mal&lechnol 

(7) 
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for the cost of the materials and technology, which 
has to be minimized. .Y, represents the vector of the 
design variables. 
For the multiobjective optimization design the 
ftinction 

/( .v,) = /[y;(.v,)./3(.v,)] (8) 

has to be maximized. 
Several constraints on geometrical dimensions and 
temperatures must be taken into account. These 
constraints have difîerent 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. 

4. Optimization (search) algorithms 

The optimization of electric machines is a 
multivariable, nonlinear problem with constraints. As 
the objective fiinctions cannot be expressed in a 
closed form, it is only possible to choose optimization 
methods, which do not use derivatives of these 
objective fiinctions. Many optimization methods - so-
called direct search methods [11] - fulfil this 
requirement. AII 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. 

Hook-Jeeves method 

The Hook-Jeeves-method [12] 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. 
It is important to mention the major drawbacks of the 
method: 

a good iniţial design is required 
attraction to local optimum points. 

Genetic algorithms method 

The genetic algorithms [13] are one of the most 
powerful and efficient optimization methods. This 
search procedure emulates 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. 
Genetic algorithms do not require a good iniţial 

design as a starting point. They are able to start with a 
poor iniţial 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. 

Grid'Search method 

This traditional direct search method [11] seems to be 
the most accurate way to search for the global 
optimum. The w hole 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. 
The major drawback is the very high number of 
calculations of the objective function in order to find 
the global optimum: 

^calc ~ ^stcps (9) 

where n^^ is the number of design variables, 

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 appiied 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. 

5. 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. 
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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 shouid 
consider simultaneousiy 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 oniy a simultaneousiy 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 foilowing. 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 or . In a first step the design domain has no 
material distribution as shown in Fig. 2. 

Fig. 2 Design domain for topology optimization of rotating 

electrical machines (grid is represented). 

The design domain is divided in small cells due a 
proper grid as shown in the same Fig. 1. 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 defmed generally with 
a set 

(10) 

for each cell / in the design domain, where 

p - mass density, 

G - conductivity, 

fl^ ' relative permeability, 

M - magnetization, 

J - current density. 

As excitation sources currents and magnetization will 
be attributed to each cell. For a rotating machine in 
order to al low a rotation, an interface - airgap -
shouid 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 (topology 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. 

Fig. 3 Synthesis of an electric machine using topological 

optimization 
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Hovvever, this design approach even if offers the best 
design solution for a specific application is very 
difficult to be implemented. 

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

The evaluation of the objective function can be done 
using finite-elements (FE) [14] or non-linear magnetic 
equivalent circuits (NMEC). Both methods can use 
the discretization ofiFered by the design domain grid. 
For an approach, which demands high computaţional 
accuracy, only the FE-method can be used. 

The topolog}^ optimization has already been recently 
implemented for restricted domains of electric 
machines[l5], [16], [17], [18], [19]. 

The first paper reporting an electromagnetic topology 
optimization for magnetic bearing was [20]. 

Cogging torque minimization and back-emf (BEMF) 
shape optimization have been reported in [21], [22]. 

We will show in our case study the simultaneously 
cogging torque minimization and pole flux 
maximization using topology optimization for the 
rotor of an IPMSM. 

Follow^ing optimization methods can be used for 
topological structuring: 

homogenization design method (HDM) 
[23], 

design sensitivity analysis (DSA) [24], 

direct search methods. 

The first two methods imply a high computaţional 
efifort. 

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. 

6. Case studies 

6.1 IPIMSIVI-sizing (geometry dimensîoning) 

This case study will show a comparison between the 
experience-based and sizing optimization method for 
an IPMSM with the specification data listed in Table 1 
[10], 

parameter value unit 

peak torque at base speed 0.9 Nm 

base speed 3000 1/min 

peak torque at max. speed 0.3 Nm 

max. speed 6000 1/min 

equiv. duty cycle 5 % 

ambient temperature -40.. . 125 

dc-bus voltage 12 V 

max. line current (rms) 60 A 

Table 1 IPMSM specification data 

Experience-based sizing 

For the convenţional sizing approach following key 
design parameters were chosen as 

fsa\' = 1.45 [N/cm-] 

j = 12.5 [A/mm"] 

A = 0.6 [-] 

= 0.76 [T] 

Bys = 1.3 [T] 

= 1.5 [T] 

Byr = 1.0 [T]. 

(H) 
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The transversal cut of the IPMSM is shown in Fig. 4 
and dimensions and properties are listed in Table 2. 

Fig. 4 Cross-section of IPMSM 

parameter value unit 

Topolog> 

inner rotor IPMSM 

number of phases 

number of stator slots 

number of rotor poles 
Geometrv 

mm 

mm 

mm 

mm 

mm 

mm 

stator outer diameter 56 

stator inner diameter 28 

airgap (minimal) 0.5 

stack length 45 

magnet vvidth 12 

magnet height 3.5 

Winding 

number of slots/pole/phase 0.5 

number of winding layers 2 

number of turn per phase 20 

Materials 

core material M800-50A 

magnet type NdFeB(1.2T) 

Sizing optimization 

A multiobjective optimization with the efficiency and 
the cost of the active materials and technology as 
fitness flinctions was the target. A weighted sum of 
these two objective flinctions was build. 

In the actual approach, the key design parameters 
used in the general design were chosen also as design 
variables in the optimal design. The domains for these 
design variables were set as following 

fsa\ [N/cm^] 

A = 0.25...1.0 [-] 

j = 2...20 [A/mm"] 

= 0.25... 1.0 [T] 

= 0.25...2.2 [T] 

K = 0.25...2.2 [T] 

Byr = 0.25...2.2 [T] 

(12) 

Table 3 presents the results of the sizing optimization 
method using different search algorithms in 
comparison with the convenţional experience-based 
sizing method. 

The computation of the objective functions was done 
using an analytical model with embedded FE-
correction factors. This approach offers a good 
compromise between a high computaţional speed and 
a high modelling accuracy. 

The computing time to find the optimal solution with 
the HJ and GA methods took between 60 seconds and 
10 minutes. 

The best solution regarding the efficiency of the 
motor was found with the HJ-method. 

The diflferences between the best solutions found 
using optimization algorithms are minimal (less than 
1.5%). 

The diflFerence between the best optimization design 
solution and the experience-based one is higher -
about 3.8 % - regarding the efficiency of the motor. 

Table 2 Dimensions and properties of IPMSM 
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HOOKE-JEEVES GENETIC ALGORITHMS 1 GRID - SEARCH | AcKial deslqn 
1 1 2 1 3 1 4 1 5 1 6 1 1 2 1 3 1 4 1 5 1 6 vtrmte rarga/step 

AcKial deslqn 

0.786 076 
f 3dy IN/cm*2l 140 1 43 1 15 122 168 183 1 40 1 32 1 16 163 1 24 13-15/01 1 30 1 45 

' • ÎA/him^l m 117 t i 5 m i ! IQ» 117 1 120 11-9 i 10.12102 10.8 125 
tamtxi^ I-l 0 61 060 068 066 056 063 063 0 67 068 060 0 70 063 06-07/001 0 64 060 

m 0,70 0.63 0.59 0.69 0.65 1 aGB 064 0.67 0Ş8 0.6Ş 0.72 072 o.a.oe;oii5 075 076 
a s — H 188 1 79 1 88 182 166 1 79 1 88 203 188 1 91 1 96 188 17-1 8/0.05 1 80 1 50 

130 
m 1 1 60 1 1 00 1 0 70 1 0 90 1 1 00 1 1 40 1 1 84 1 1 52 1 1 40 1 1 66 1 1 10 1 1 40 1 1 0 - 2 0 / 0 2 5 | 176 1 00 

KT?™ 173* r v î E r ^ 1 6B0 
Dsi fmml 1 28 6 1 28 2 1 31 4 1 30 5 1 26 1 1 26 0 1 28 8 1 29 9 1 31 4 1 26 9 I 31 0 1 29 4 1 I 296 280 

• r';-' 44.9 45.0 
hM [mml m i 29 25 21 37 29 rai 37 35 29 K E l 33 1 45 35 

^ ̂ ^ ii.-^-- 2î 34 23 _3P • V 2S 7» 1 22 20 24 2D 1 20 19 20 
d wire (mm) 1 20 1 10 1 10 1 10 1 20 1 20 1 10 1.00 1 10 1 10 1 10 1 10 1 10 1 00 

&3 4 j i 4 9 4S 47 4.S 1 A$ 57 JUl . 1 5.6 P? 1 7.0 
hYS [mml 27 2 2 24 34 22 24 25 35 28 2 6 33 32 1 33 40 

tM \ liL'JitLlrLIlOrdiliLijiJIliliraE^ 1 P.97 1 071 
cost (%] 1 118 1 94 1 88 1 80 1 102 1 83 1 83 1 108 1 111 1 83 1 118 1 103 1 141 100 

Table 3 Design optimization results 

6.2 BEMF-synthesis using rotor pole shaping for 
IPMSM 

In this case study, we will present a way to synthesize 

a sinusoidal shape for the back-EMF using a shaping 

strategy of the rotor pole for an IPMSM. The method 

considers a non-uniform airgap (experience-based). 
The search for the optimal shape of the rotor 
considers only one design variable - the radius of the 

rotor surface (R^) related to an eccentrically center -

X - as shown in Fig. 5. 

» ^ ^ / / 

/ / 
/ 

/ 
/ / 

I ' 

where is the pole flux, and ĥ ^̂  the height of 

permanent magnet. The maximal width of the 
permanent magnet results from the previous 
geometrical constraints. Also the height of the 
permanent magnet was considered to be constant. The 
goal of the optimization was to obtain a back-emf 
with a maximal amplitude and low distortion. The 
objective functions was defmed as 

f = THD{U,) (15) 

where THD{U^) is the total harmonic distortion 

factor of the (no-load) induced voltage. 
A coupled FE-grid-search optimization algorithm 

was implemented in order to process the shape 
optimization of the rotor surface. The optimization 
results are presented in Fig. 6. 

THD_Psi = f(Rx) 

Fig. 5 Design variable for rotor shaping 
1.05 

The height of the pole shoe h^^ can be approximated 

for maximal pole flux (considered as design 
constraint) 

(13) 

as 

max 

ps 2 
'RM (14) 

0,12 r 

ai ! 
I o I 

3 ° r 
0.02 

T_cogg =fţRx) 

0.90 0.95 

R_rel H 

Fig. 6 Results of the back-emf optimization using rotor pole 

shaping 
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63 Rotor topologv optimization 

The pole shape can minimize the content of 
harmonics in the back-emf as shown before. 
However, the cogging torque was not considered in 
the precedent approach. The amplitude of the cogging 
torque obtained vvith the shaping optimization method 
for the back-emf synthesis can be too high for some 
criticai applications. 
The first example shows the minimization of the 
cogging torque for an IPMSM using rotor topology 
optimization. In Fig. 7 is shown the iniţial rotor 
solution obtained by shaping optimization. Fig. 8 
shows the rotor solution obtained by topolog> 
optimization. The presence of iron shoulders at the 
upper comers of the permanent magnets can be 
observed. The minimized cogging torque is lower, but 
also a reduced flux linkage can be observed as a 
consequence of the permanent magnet width 
reduction. 

Fig. 7 Iniţial rotor solution given b\ shaping optimization 

The measured shape of the back-emf and the variation 
of the cogging torque with the rotor position are 
shown in Fig. 9. 

A n a l » [ e l d c g ] 

c o g g . n o t o r q u e (m N m ) 

O 30 6 0 9 0 1 2 0 1 5 0 1 8 0 2 1 0 2 4 0 2 7 0 3 0 0 3 3 0 3 6 0 

A n g le (m e c h d c g ] 

Fig. 9 Measured back-emf and cogging torque for the rotor 

solution #1 

A second rotor solution was found by a muhiobjective 
topology optimization, which considers 
simultaneously the cogging torque minimization and 
the maximization of the first harmonic of the back-
emf, as shown in Fig. 10. 

Fig. 8 Rotor solution # 1 obtained with topolog) 

optimization (cogging torque 16 mNm peak-peak, flux 

linkage 8.2 mWb) 

Fig. 10 Rotor solution #2 obtained with topolog> 

optimization (cogging torque 6.8 mNm peak-peak, flux 

linkage 9.3 mWb) 
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4. Conclusions 

This paper has presented an overview of advanced 
electromagnetic design technique for small permanent 
magnet electric machines. 
A nevv approach to rotor topology optimization 
considering simultaneously Uvo objective fiinctions 
(minimal cogging torque and maximal pole flux) was 
introduced for an IPMSM. 
Three case studies emphasized all aspects in 
electromagnetic design - experience-based sizing, 
shaping and topology optimization. 
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ABSTRACT 

An actual trend in the automotive industry represents 
the introduction of decentralized electric drive systems 
in different areas of appiication. 

Automotive steering systems represent a very important 
challenge for the electric drives. Active steering. electric 
power-assisted steering, electro-hydraulic power-
assisted steering and full power steering (steer-by-wire) 
are the main target systems for electric actuation. 
Different topologies of these steering systems lead to 
special solutions for the electric drives. 

The paper presents on overview of actual high 
performance electric actuation technologies for 
automotive steering systems and offers therefore 
solutions based on permanent magnet synchronous 
motors (PMSM). 

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 safety on the road, 

• improvement of the fuel economy, 

• reduction of the emissions. 

The average number of electric motors per car will 
increase to over 100 by the end of this decade. The 

advances in electric motor technology for automotive 
appiications are resulting from advances in permanent 
magnet materials, power electronics and motor control. 

Most of the electnc automotive dnves today are based 
on DC brushed pennanent 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 appiications. 

STEERING SYSTEMS 

DEFINITION AND BASIC PRINCIPIE 

The steering system (mechanism) converts the driver's 
rotational movement of the steering wheei into a 
displacement of the vehicle steering wheels [3]. The 
steering ratio is defined as ratio of steering wheeI angle 
to front / rear wheeI angle, referring Figure 1. 

r. = (1) 

where: r̂  - steering transmission ratio, 

5 - front WheeI steer angle, 

- steering wheeI steer angle. 
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Figure 1. Basic principie of a steering 
system 

CLASSIFICATION OF STEERING SYSTEMS 

According to the source of energy for the steering 
process three types of steering systems can be 
distinguished [4] shown in Figure 2: 

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

• 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, 

• 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 wheei and the wheels: 

• steering systems with mechanical connection 
(convenţional solution), 

• steer-by-wire systems without a mechanical 
connection. 

Considering the steering parameters (steering torque 
and steering angle) two types of power-assisted steering 
systems can be distinguished: 

• torque assisted systems (passive systems, 
which enable reduced steering effort) - EPAS, 

• angle assisted (active systems, which enable 
manoeuvre corrections) - EAS. 

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

• hydraulic-power assisted (HPAS) in which a 
hydraulic system is involved in the development 
of assistance torque, 

• electro-hydraulic power-assisted (EHPAS) in 
which a hydraulic system with electric 
assistance is involved in the development of 
assistance torque, 

• electric power-assisted (EPAS) in which an 
electric motor is used to develop the assistance 
torque. 

ACTIVE STEERING 

Active steering systems offer steering angle assistance 
in order to enhance mainly the driving comfort. The 
system ailows also driver-independent steering 
intervention. The mechanical coupling between the 
steering wheeI and the front axie is further present 
(mechanical back-up). Another actuating system is 
necessary for the torque assistance. 

Foilowing solutions for the active steering systems can 
be considered: 

• active front steering, 

• active rear steering, 

• active four wheeI steering. 

One solution for the active front steering system will be 
presented in the foilowing. 

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 Figure 3. 
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Figure 2. Classification of steering systems considering the source of energy 
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Figure 3. Principie of an active front 
steering systern 

ELECTRICAL POWER STEERING (STEER-BY-WIRE) 

- front wtieel steer angle 

• electro-hydraulic power-assisted steering (EHPAS), 

• electric power steering (EPS) or electric steer-by-
wire. 

A classification of the actual high performance 
automotive electric drives for steering systems done 
considering the type of appiication, the demanded 
torque-speed characteristics, and the used electric 
motor technology is presented in Table I. 

Tpeak 

[Nm] 

nmax 

[rpm] 

Motor 

technology 

Active steering 
(angle) EAS 

< 3 7000 DC, IM, 
PMSM 

Power assisted 
steering (torque) 
EPAS 

3...10 4000 DC, IM, 
PMSM 

Steer-by-wire (torque 
and angle) EPS 

DC, IM, 
PMSM 

Table I. Electric drives for steering appiications 

h\, • rack stroke force 

- rack stroke 

t r, - steer torque 

t -steer angle 

1 - steenng wtieel steer torque 

ţ ^^ - steenng wheei steer angle 

Figure 4. Electrical steer-by-wire system 

ELECTRIC ACTUATION FOR STEERING SYSTEMS 

As shown above, the fieid of actual, high performance 
appiications for electric drives related to steering 
systems spans a broad range including [5], [6]: 

• electric active front, rear, and four-wheei steering 
(EAFS, EARS, EA4WS), 

• electric power-assisted steering (EPAS). 

AUTOMOTIVE DRIVE REQUIREMENTS AND 
RESTRICTIONS 

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

Most of the automotive steering system appiications 
require high perfonnance motors with a high 
torque/volume (mass) ratio, low inerţia, high dynamics, 
good field-weakening and high temperature capability. 
Another cnjcial issue is the acoustic behaviour 
(vibrations and airborne noise) of the electric drive 
system, given by the interaction motor-controller. The 
quality of the motor design (low torque pulsations and 
low radial forces) and of the controller design (optimal 
im posed currents for the motor) is mandatory for a low 
noise drive. 

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 
absortDed cun-ent. A special attention shouid 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). 
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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 
appiications. Table II gives a comparison of the different 
machine technologies considering automotive 
appiications [7] and Figure 5 shows the ranking resuits. 

Table II. Machine technologies comparison 

DC IM BLDC BLAC SR RS 
Torque density - - + + - -

Torque/Amp - - + + - -

Peak to 
continuous torque 
capabil. 

- - + + - -

Variable speed 
control + - - - - -

Torque/inertia - - + + + -

Energy efficiency - - + + -

Speed range - + - - + + 

Torque pulsations - + - + + 

Cogging torque - + - - + + 

Temperature 
sensitivity 
(PM demagnet.) 

- + - - + + 

Robustness - + - - + + 

Fault tolerance 
Failure modes 

+ - - - + -

Acoustic noise - + - + + 

Power converter 
requirements + - - - -

Machine 
constmction - - + + + + 

Manufacturi ng 
technology + - + + + -

Reliability - + + + + + 

Design and 
manufacturi ng 
experience 

+ + - - -

Customer 
acceptance + + - - -

Motor cost + - - - + -

Drive system 
cost 

+ - + - -

BLAC 

PMSM BASED SOLUTIONS FOR AUTOMOTIVE 
APPLICATIONS 

Systems based on PMSM represent competitive 
solutions for the considered spectrum of actual high 
performance automotive appiications. 

The technical advantages of the permanent magnet 
synchronous motors have determined in the last years 
the extension of their area of appiication also in the 
automotive industry. 

Different PMSM-topologies, as radial fieid machines 
with inner and outer rotor, both with surface or interior 
PM. and axial fieId machines with single or double-sided 
rotor, are proper candidates for the different automotive 
appiications. 

Both excitation types, with trapezoidal or sinusoidal 
currents are used depending on appiication. 

The selection of the motor constmction and topology is 
influenced by the gearing and mounting in the 
appiication. and leads to a full or hollow shaft solution. 

One of the most attractive solutions represents the 
PMSM with interior permanent magnets (IPMSM) shown 
exemplarily in Figure 6. 

Figure 6. Cross-section of sin IPMSM 

The advantages of the IPMSM [8] for automotive 
appiications can be classified using different criteria as 
foilowing: 

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

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

Figure 5. Competing machine technologies 
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technology - easy to manufacture due to simple 
motor topology and the absence of any kind of 
skewing, 

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

SPECIAL ISSUES OF PMSM DRIVE SYSTEMS 

MOTOR DESIGNS ISSUES 

The goal of the electromagnetic design is to deliver a 
solution for a given specification of the drive system. 
This solution includes the topology, materials and the 
geometry of the motor for a given excitation (cunrent or 
voltages). For the performance analysis lumped-
parameter or finite elements modelling techniques can 
be used. 

There are two possible design approaches: the classical 
(experience-based) design method and the optimization 
design method using different optimization algorithms. 
In the classical dimensioning procedure a set of known 
key design parameters lead to 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 set of key design parameters 
is given in [9], where these were also used as design 
variables in an optimization design process. For a 
multiobjective optimization design the objective function 
can be a linear combination of several performance 
parameters, materials and manufacturing costs. Several 
constraints, as geometrical dimensions. temperatures, 
cuR-ent limits, must be taken into account. 

MOTOR CONTROL ISSUES 

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 [10]. The different appiications 
require torque, speed or position control, and therefore a 
wide range of controller types may be used (e.g. 
classical proportional-integral, adaptive, or intelligent). 
For high perfonnance appiications, 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 cunrent and the q-axis) will be controlled as shown in 
[11]. The phasor diagram of IPMSM is depicted in 
Figure 7. 

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

q axis 

^ ^ dax i s 
^ 

Figure 7. Basic phasor diagram of IPMSM 

MATERIALS. CONSTRUCTION AND 
MANUFACTURING TECHNOLOGIES 

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 [12]. Two types of pennanent magnets 
materials are widely used in automotive appiications: 
fenrites 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 III. For high torque density 
appiications oniy sintered NdFeB-magnets can be 
considered. 

Classical soft magnetic materials - cold rolled magnetic 
lamination (CRML) steei - are still widely used. Soft 
magnetic composites (SMC) were considered recently in 
several designs for automotive appiications [13, 14]. 
Though SMC materials offer major advantages, 
especially due 3-D design and manufacturing 
capabilities, there is no actual possibility to replace the 
convenţional lamination steeI for high torque density 
appiications. Table IV gives an overview of the main 
properties for soft magnetic materials. 

Tcible III. Main properties for hard 
magnetic materials 

Residual 
flux density 

T 

Intrinsic 
coercivity 

jHc 
kA/m 

Maximum 
energy 
product 
kJ/m^ 

Sintered ferrite 0.4 300 40 
Bonded NdFeB 0.7 800 80 
Sintered NdFeB 1.2 1900 280 

BUPT



Table IV. Main properties for soft 
xoagnetic materials 

Saturation 
flux density 

T 

Relative 
permeability 

Core loss 
(1.5Tp,3K. 50 

Hz) 
W/kg 

CRML Steel 2 0 2000-3000 2 7-8 0 
SMC 1 8 - 5 0 0 10 

The transition from overlapped to non-overiapped 
windings, modular stator construction (teeth and yoke 
stator segments, or two-part stators), and embedded 
magnets rotors are typical examples of advanced 
constnjction and manufacturing technologies. Figure 8 
shows the topologies of the two winding systems in 
comparison. 

0 1 2 . n»3 2pMY ' 

• winding inter-turn short circuit, 

• winding to frame short-circuit, 

• winding open-circuit. 

A fault-tolerant machine shouid have a minimal 
electrical, magnetic, and thermal phase coupling. 
Considering the power converter, several remedial 
strategies can be developed in order to drive a faulted 
machine [17]. 

CASE STUDIES 

AN IPMSM FOR AN ELECTRIC ACTIVE FRONT 
STEERING DRIVE 

The specification data of an electric motor for an active 
steering system [18. 19] are shown in Table V. 

Table V. Electric motor specification data 
for EAFS 

Ual Ltej Va Vel Wa; We Ua! Ue' Va' Ve Wa 

ua Va Wa We Ue Ve 

Figure 8. Overlapped and non-overlapped 
winding 

FAULT TOLERANCE ASPECTS 

A fault-tolerant machine is able to operate with a 
minimum level of performance after sustaining a fault 
[15]. The degree of fault that must be sustained shouid 
be related to the probability of occurrence, so that for 
most safety criticai appiications 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 [16]. 

The main electromagnetic faults of the electric machine, 
which may occur, are: 

Parameter value unit 

Peak torque at base speed 0.9 Nm 
Base speed 3000 1/min 
Peak torque at max. speed 0.3 Nm 
Max speed 6000 1/min 
Equiv duty cycle 83-5 % 
Ambient temperature-40. 125 
Dc-bus voltage 12 V 
Max. line current (rms) 45 A 

For this appiication an IPMSM with the topology shown 
in Figure 9 was chosen. The sinusoidal shape of the 
back-EMF was synthesized through the non-uniform 
airgap. The winding is a two-layer type with 
concentrated coiis. No skewing was used, neither in 
stator nor in rotor. 

The minimization of the cogging torque was realized 
using a modified geometry of the rotor lamination, with 
two superior shoulders on the outer edges of the 
embedded magnets. 

The main dimensions and properties of this prototype 
are listedinthe Table VI. 

A few experimental results are presented in Figure 10, 
Figure 11, and Figure 12. 

winding short-circuit at terminals. 
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Figura 9. IPMSM topology and prototype 

Table VI. Dimensions and properties of the 
prototype 
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Figure 12. Torque vs. speed curve 

Param eter value unit 

Topofogy 
Inner rotor IPMSM 
Number of phases 3 -

Number of stator slots 6 -

Number of rotor p d e s 4 -

Geometry 
Stator outer diameter 56 mm 
Stator inner diameter 28 mm 
Airgap (minimal) 0.5 m m 
Stack length 45 mm 
Magnet width 12 mm 
Magnet height 3.5 mm 
Winding 
Nb. slots/pole^phase 0.5 -

Nb. winding layer 2 -

Nb. tums per phase 20 -

Materials 
Cone material M800-50A 
magnet type N d F e B ( 1 2 T ) 

Figure 10. Shape of the back-emf at 955 
rpm 

Cogglng torque vs. rotor posltlon 

l^^^cogqing torque [mNm) | 

O 30 60 90 120 150 180 210 240 270 300 330 360 

AN IPMSM FOR AN ELECTRIC POWER ASSISTED 
STEERING DRIVE 

A feasibility study was made for a power steering 
appiication described in [20] with specification data as 
presented in Table VII. 

TcdDle VTI. Electric motor specification 
data for EPAS 

Parameter value unit 

Peak torque at base speed 7 Nm 
Base s p e ^ 500 1/min 
Peak torque at m a x speed 2 Nm 
M a x speed 2000 1/min 
Equiv. duty cycle S3-5 % 
Ambient temperature-40... 125 X 
Dc-bus voltage 12 V 
M a x line cun^n t (rms) 110 A 

Figure 13 shows the employed motor topology and the 
prototype. A few experimental results are presented 
below in Figure 14, Figure 15 and Figure 16. 

Figure 11. Cogging torque vs. rotor 
position cuigle 

Figure 13. IPMSM topology and prototype 
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Figure 14. Shape of the back-emf at 500 
rpm 
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Figure 15. Cogging torque vs. rotor 
position angle 

Table VIII. Electric motor specification 
data 

Parameter value unit 

Peak torque at base speed 3 Nm 
Base speed 1000 1/min 
Peak torque at max speed 1 Nm 
Max speed 2000 1/min 
Equiv. duty cycle 83-5 % 
Ambient temperature-40. .125 X 
Dc-bus voltage 12 V 
Max line cun-ent (rms) 60 A 

Figure 7 shows the employed motor topology and the 
prototype. The torque-speed curve is presented below in 
Figure 8. 

Figure 17. SPMSM topology and prototype 

T = f (speed @ gamma = 30 el. Deg) 

1000 2000 

Speed [rpm] 
3000 

Figure 16. Torque vs. speed curve 

T = f(speed ) 

4000 

Figure 18. Torque vs. speed curve 

CONCLUSIONS 

A HOLLOW-SHAFT SPMSM SOLUTION FOR 
STEERING DRIVES 

A feasibility study was made for a system with 
specification data as presented in Table VIII. 

The paper gave an overview of actual high performance 
electric drives for automotive steering appiications and 
offered therefore three solutions based on permanent 
magnet synchronous motors. Aspects regarding 
performance, motor design and control, materials, 
technology and costs were presented. 
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Abstract' The hard competition on the automotive electric 
actuation market has prompted engineers to look for 
advanced electromagnetic design techniques for electric 
machines. This paper presents therefore an over\iew 
offering at the same time solutions for several appiications. 
An advanced optimization design method includes three 
different approaches: sizing, shaping, and structural 
(topological) optimization. The case studies consider interior 
permanent magnet synchronous motors (IPMSM) for 
automotive appiications like steering, braking, and 
clutch/shift actuation systems. Presented will be: 

sizing (dimensioning) based on experience in 
comparison with (multi-objective) optimization design, 
synthesis of the sinusoidal back-emf shape by a coupled 
fmite-element (FE) - grid-search method, 
t>%o novei rotor topologies for minimal cogging torque 
and maximal pole flux simultaneousiy obtained by a 
coupled fmite-element (FE) - genetic algorithms 
method. 

Index terms - Design optimization, sizing (dimensioning), 
shaping, topological optimization, permanent magnet 
svnchronous motor. 

I.INTRODUCTION 

Electric drives for automotive appiications represent a 
challenging area of activity and research. Many 
convenţional systems are replaced by decentralized 
electrical actuation systems. Applications like steering, 
braking, clutch/shift systems demand motors w îth high 
technical performances. 

However, at the same time the low cost constraint 
makes the selection of motor configurations (topologies) 
with implicit better technical parameters impossible. 
Thus, new, advanced design methods are mandatory in 
order to find solutions for appiications. 

There are two important tasks in the engineering 
process: analysis and synthesis (design). 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. In this paper, synthesis methods for high-
performance low-cost IPMSM will be presented. 

A design solution is a set consisting of materials, 
topology (stnicture), and geometty (shapes and 
dimensions) of the motor for a given excitat ion (currents 
or voltages). 

Two electromagnetic design methods can be 
distinguished for electric machines: convenţional 
(experience-based) design and optimization design [1], 
[2], [3], [4], [5], [6], [71 [SI [II] . Both approaches can be 
used for sizing, shaping, and topology structuring as 
shown in Fig. I. 

An advanced electromagnetic design process (global 
optimization) includes following topics: 

- materials optimization. 
- topology (structure) optimization, 
- shape (geometry shape) optimization, 
- sizing (geometr\ dimensions) optimization. 

o o 
o o 

Fig. 1. Optimization issues for electric machines sizing, shaping, and 
topological structuring 

In the following, we will offer an overview of advanced 
optimization design methods considering case studies 
based on one automotive appiication - an active front 
steering drive. AII design techniques - sizing 
(dimensioning), shaping, and topological structuring -
will be appiied to an IPMSM. 
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The active front steering electric drive introduces an 
additional variable steering angle between the steering 
wheel and the pinion. A three phase sinusoidal current 
controlled IPMSM was chosen for this appiication 
presented in TABLE I. A low-cost automotive market 
competitive solution based on a 6/4-topology as shown in 
Fig. 2waspreferred[9], [10]. 

TABLE 1 

ELECTRIC MOTOR SPECIFICATION DATA 

Parameter Value l nit 

Peak torque at base speed 0.9 Nm 

Base speed 3000 1/min 

Peak torque at max speed 0 3 Nm 

Max speed 6000 1/min 

Equiv. dutv o d e 5 % 

Ambient temperature -40 .125 OQ 

DC-bus voltaee 12 V 

Max line current (rms) 60 A 

A. 

Fig. 2 Cross-seclionofIPMSM. 

II.SIZING 

Experienced'based (convenţional) sizing 

The convenţional dimensioning approach starts with a 
set of known (by experience) key design parameters to 
determine the complete deygn. These key design 
parameters can be dimensional proportions, mechanical, 
electric, and magnetic loadings. One possible way to 
choose a set of key design parameters is: 

(1) 

where is the average surface force density, j the 

current density in the stator winding, A the ratio outer 

rotor diameter to stack length, the amplitude of the 

first harmonic of the airgap flux density, B̂ ^ the maximal 

stator yoke flux density, B,̂  the maximal stator tooth flux 

density, and the maximal rotor yoke flux density. 

Some important steps of the dimensioning process will 
be shown in the following. 

The average surface force density is 

where T̂  represents the electromagnetic torque, D̂ ^ the 
outer rotor diameter, and L the stack length. 

With the required electromagnetic torque from the 
speciflcation and known (by experience) values for the 
average surface force density and ratio outer rotor 
diameter to stack length, the dimensioning process can be 
started with the calculation of the outer rotor diameter 

D^ = 3, 

and stack length 

L = 

( 3 ) 

( 4 ) 

With adopted values for the magnetic and electric 
loadings in stator and rotor all other dimensions can be 
calculated and the parameter and performances of the 
machine can be also estimated. This includes the 
calculation of losses, eflficiency, temperature rise, weight, 
and cost. 

Following key design parameters set 

[1.45,12.5.0.6, 0.76,1.3,1.5,1.0] 

leads to the geometry presented in TABLE II. 

TABLE II. DIMENSIONS AND PROPERTIES. 

( 5 ) 

Parameter Value Measure unit 

Number of phases 3 

Nb. of stator slots / rotor poles 6/4 

Stator outer / inner diameter 5 6 / 2 8 mm 

Airgap (minimal) 0.5 mm 

Stack length 45 mm 

Magnet width / height 12 /3 .5 mm 

Nb. slots/pole/phase 0.5 

Nb. winding layer 2 

Core material M800-50A 

magnet type NdFeB(1.2T) 
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B. Sizing optimization III.SHAPING 

Taking into account a design objective flinction, 
transforming the mentioned key design parameters in 
design variables, and employing a search algorithm the 
optimal dimensioning of the electric machines can be 
done [2], [8], [9], [10], [11]. 

A multiobjective optimization design function to be 
maximized can be written as 

(6) 

where f^ (.X,) and (JC, ) are single objective fiinctions. 

The weighting factors vv, and ivş ^^ considered as 

inputs in the optimization process (e.g. u-, = 0.7, 

= 0 . 3 ) . 

Several constraints on geometrical dimensions and 
temperatures must be taken into account. Most of them 
are imposed by the technological process, drive 
specification, or can be additionally imposed by designer 
in order to speed-up the search. 

As the objective functions cannot be expressed in a 
closed form, the selection of search algorithms, which do 
not use derivatives of these objective ftinctions, is 
mandatory. Direct search methods [12] fulfil this 
requirement. Three search algorithms were implemented 
w îth good results in a precedent work [10]: Hook-Jeeves 
[13], genetic algorithm [14], and grid-search [12]. A 
combination of them seems to lead with a high probability 
to an optimal design. 

Fig. 3 presents the evolution of the objective function 
(motor efificiency) using the Hooke-Jeeves method. The 
design variables were varied in following boundaries 

j =2. . .20 [Almm^] 

A = 0 . 2 5 . . . 1 . O H 

=0.25.. . 1.0 [ r ] 

= 0.25...2.2 [ r ] 

= 0 . 2 5 . . . 2 . 2 [ n 

B, . ,=0.25. . .2 .2[r] 

( 7 ) 

Efflclency number of rttp» 

Considering an inner-rotor electric machine, shaping is 
related mainly to the synthesis of the outer surface of the 
rotor and inner surface of the stator. Many technical 
solutions can be found in the literature, many of them 
being patented. The main technical aspects of shaping are 
related to the synthesis of the shape of the (no-load) back-
EMF and cogging torque minimizations. In the last case, 
some of the modifications of the mentioned surfaces can 
be considered as new structural solutions. 

The boundary between shaping and topological 
structuring can be defined as follows: shaping can be 
done with already existing geometrical dimensions which 
can be considered as design variables, topological 
structuring is working ^vithout variables and leads to new 
geometrical dimensions in the machine. 

In the following an example of shaping design for an 
IPMSM will be given. 

A. Back-EMF synthesis using rotor pole shaping for 
an IPMSM 

The synthesis of a sinusoidal back-EMF for an IPMSM 
with concentrated winding and without skewing using a 
shaping strategy of the rotor pole will be presented below. 
This approach considers a non-uniform airgap 
(experience-based) [16]. 

The search for the optimal shape of the rotor considers 
only one design variable - the radius of the rotor surface 
R^ related to an eccentrically centre - JC - as shown in 

Fig. 4. 

/ 

/ / 
/ / 

/ X — / 

-i^ . 

/ / 
/ / 

/ X — / 

Fig. 3. Evolution of the objective function (Hooke-Jeeves algorithm) 

Fig. 4. Design variable for rotor shaping. 

The height of the pole shoe and the maximal width can be 
approximated for maximal pole flux (considered as design 
constraint). The height of the permanent magnet was 
considered to be constant (given by the sizing procedure). 
The goal of the optimization was to obtain a back-emf 
with a maximal amplitude and low distortion. 
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The objective function was defîned as 

f{R,) = THD{U,) 

p»*se-eeMF Kwaiojc COWTEMT 

(8) 

where THD{U^) is the total harmonic distortion factor 

of the (no-load) induced voltage. 
A coupled FE-grid-search algorithm was implemented 

in order to synthesize the shape of the rotor surface. The 
optimization results are presented in Fig. 5and Fig. 6. 

THD_Psi = f(Rx) 

000 
080 085 0 90 0 95 

R.rel H 
1 00 1 05 

Fig 5 Back-emf total harmonic distortion factor vs rotor radius. 

T_cogg = f(Rx) 

0 12 . 

O 1 r 
? O 08 i 
3 0 I 

O W j 
0.02 

0 90 0 95 
R_rel H 

1 00 1 05 

Fig 6. Cogging torque vs rotor radius 

A prototype motor was build using this rotor solution. 
The measured shape of the phase back-EMF and its 
harmonic content are shown in Fig. 7 and Fig. 8. 

BEMF_ph e 955 rpm 

BEMF_ph_U 
BEMF_ph_V 
BEMF_ph_W 

postion [dea_«lec] 

Fig. 7. Shape of the phase back-emf (phase back-emf vs. electrical rotor 

position at 955 rpm; 20 °C) 

2 3 1 5 6 - 8 9 

Fig. 8 Harmonics content of the phase back-emf (amplitude of the first 

harmonic: O 913 V: 20 

IV.TOPOLOGICAL OPTIMIZATION ISSUES FOR 
ELECTRIC MACHINES 

Considering technical devices, topologica! optimization 
is the most advanced and general class of optimization 
design methods. This approach considers not oniy 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, topological 
optimization can be combined very well with material 
optimization. Material optimization means the generation 
(synthesis as result o f 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. 

The design domain Q is a region - surface or space in 

R^ orR\ In a first step, the design domain has no 
material distribution. The design domain is divided in 
small cells due a proper grid in polar or orthogonal 
coordinates. Several material 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 defmed general ly with a 
set 

(9) 
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for each cell / in the design domain, where p is the 

mass density, a the conductivit>, jd^ the relative 

permeability, M the magnetization, and the J current 
density. 

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 sub-domains 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 teeth, poles, coils and the 
connections (topology 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) may offer solutions like presented in Fig. 
9. This machine structure was not obtained automatically. 
Only the discretization of a known geometry was done in 
a study regarding the necessary mesh resolution for such 
an approach. 

Fig. 9. Synthesis of an electric machine using topological 
optimization 

However, this design approach even if offers the best 
design solution for a specific application is very difficult 
to be implemented. The optimization (the changes to be 
done within the design domain and the evaluation of the 
objective function(s)) needs powerflil optimization 
(search) algorithms and immense computaţional capacity. 

The evaluation of the objective ftinction can be done 
using fmite-elements (FE) [15] 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 computaţional accuracy, 
only the FE-method can be used. 

The topology optimization has already been recently 
implemented for restricted domains of electric machines 
[17], [18], [19], [20], [21]. 

The first paper reporting an electromagnetic topological 
optimization for magnetic bearing was [22]. Cogging 
torque minimization and back-emf (BEMF) shape 
optimization have been reported in [23], [24]. 

Following optimization methods can be used for 
topological structuring: 

- homogenization design method (HDM) [25], 

- design sensitivity analysis (DSA) [26], 

direct search methods. 

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

Two direct search methods suitable for topological 
optimization are mentioned here: 

grid-search (GS) for low-resolution grids in restricted 
sub-domains, e.g. cogging torque minimization or 
BEMF-shaping, 

genetic algorithms (GA) for the global search. 

In the following, two local topological optimization 
approaches will be presented. The design domain is 
restricted to the rotor of an IPMSM. Both cases are 
related to a very important design issue for PMSM -
cogging torque (at zero current) minimization. Using the 
pole shape synthesis the content of harmonics in the back-
emf can be minimized as shown before. However, the 
cogging torque was not considered in the precedent 
approach. The amplitude of the cogging torque obtained 
with the shaping optimization method for the back-emf 
synthesis can be too high for some criticai applications 
like steering system drives. 

Knowing the crucial role of torque pulsations (under 
load) a multiobjective optimization including this aspect 
will be subject of a ftirther work. 

A. Rotor topology optimization using a grid-search 
technique in polar coordinates 

This example shows the minimization of the cogging 
torque for an IPMSM by rotor topology optimization. 
Starting with a rotor pole shape given by the no-load 
back-emf optimization method shown above, the cogging 
torque minimization procedure is searching for a proper 
rotor topology. The geometry and position of the 
permanent magnets in the rotor are kept constant. Using a 
grid-search method, the optimal distribution of iron core 
material or air within the meshed domain in the pole 
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pieces is determined. Initially, in the region around the 
permanent magnets is placed air. In this approach, which 
uses polar coordinates, the design domain mesh may be 
chosen to correspond with the FE-mesh. 

During the search procedure, all mesh elements are set 
to air or iron core material. As the number of elements 

^ t / t m ^ restricted area is not too high, the number of 

FE-calculations given by 

(10) 

allows to apply the grid search method. However, some 
experience can be used in order to restrict the design 
domain for the cogging torque minimization and thus the 
processing time. 
Only geometrical and technological feasible solutions can 
be accepted. A penalt> factor must be introduced to 
eliminate mesh elements with iron core material which 
are not connected w ith all other iron core elements. 

Fig. 10 shows the first rotor solution obtained by 
topological optimization. The presence of iron shoulders 
at the upper comers of the permanent magnets can be 
seen. The minimized cogging torque is lower, but also a 
reduced flux linkage can be observed as a consequence of 
the permanent magnet width reduction. 

Fig 10 Rotor solution #1 obtained with topolog> optimization 
(cogging torque 16 mNm peak-peak, flux linkage 8.2 mWb). 

After the search in polar coordinates, the surface of the 
rotor must be defined using a smoothing ftinction (e.g. 
spline-function) and the permanent magnets will be 
transformed in real rectangular geometries. 

A prototype motor was build using this rotor solution. 
The measured variation of the^ cogging torque with the 
rotor position is shown in Fig. 11. 

— c o g g i n g t o r q u e [m N m ] 

O 3 0 flO 9 0 1 2 0 1 5 0 1 6 0 2 1 0 2 4 0 2 7 0 3 0 0 3 3 0 3 6 0 

A n g i c [ m c c h d e g ] 

Fig. 11 Measured cogging torque for the rotor solution # 1. 

B. Rotor topology optimization using a coupled FE-
GA technique in orthogonal coordinates 

In the following a multiobjective rotor topology 
optimization for the same IPMSM will be presented. The 
objective function f { d ^ ) depending on the material 

distribution in the «mesh elements was defined as a 
weighted sum of amplitude of the phase flux linkage first 
harmonic and reciprocal value of the cogging torque 
amplitude 

1 
= (11) 

COgg 

In a first approach the weighting factors can be chosen 
as 

w, =0.95 and ŵ  =0.05 (12) 

in order to increase the torque density of the motor. In a 
second step a refined search can be done with the cogging 
torque as single objective and the phase flux linkage first 
harmonic as a penalty criterion. 

This method used 2D-FE nonlinear calculations of the 
objective functions. In order to reduce the computaţional 
time the domain a rough discretization was used first. In 
this approach using orthogonal coordinates, the mesh 
elements of the design domain are not the same with the 
FE-mesh. 

As the rotor topology optimization is based on the 
optimal distribution of iron core material and air within 
the design domain (mesh), the same design connectivity 
problem appears. Also, in this case a penalty factor was 
used to eliminate the geometrical and technological 
unfeasible solutions. 

As search method were chosen genetic algorithms with 
a bit-array representation [27]. For the rotor of the 6-
slots/4-poles IPMSM presented before a design domain of 
^^o.mech ^ ^ considered and meshed using 49 elements as 
shown in Fig. 12. 
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Also the weighting factors in the objective function were 
changed 

c, =0.85 and c, =0.15. (13) 

The evolution of the fitness function for the two 
optimization steps is presented in Fig. 15. The results for 
the best individual shown in Fig. 16 are presented in Fig. 
17, Fig. 18, Fig. 19, and Fig. 20. 

Fig. 12. Meshed design domain (permanent magnet and constrained 

iron core regions are represented). 

These elements were first grouped in 10 sub-regions in 
order to reduce the computaţional efifort. A 10-bit 
chromosome representation was used as shown 
exemplarily in Fig. 13. 

Evolution of the fitness function 

Chromosome: 10 0 1 1 1 1 0 1 1 

Fig. 13. Decoding example for one chromosome 

The number of individuals for one generation was set 
to 10. The number of generations was restricted to 20 to 
get results within a time of 1-2 days. The first generation 
was randomly generated. 

Based on these results the search could be restricted in 
a domain around the upper comers of the permanent 
magnets (white mesh elements - as shown in Fig. 14). 
The other elements were maintained as in the best 
solution in the first optimization step. 

120 j 

E 100 ' § 
1 

i 
I 

o L 

- S T E P J 
-STEP_2 

10 15 

Generation 

Fig 15 Evolution of the fitness function. 

Fig 16 Best individual 

No-load phase fluxlmkage 

35 180 

Rotor position [mech. deg] 

Fig. 14. Refmed design domain (white mesh). Fig. 17. No-load phase flux linkage vs. rotor position. 
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Harmonic content of the pha»e ftin llnkage 

: Oi 

Hirmonlcorder 

Fig 18 Harmonic content of the no-Ioad phase flux linkage 

No-toad BEIWF ® 3000 rpm 

Rotor position [mech. dsg] 

Fig. 19 No-load back-EMF vs rotor position 3000 rpm) 

Cogging torque vs. rotor position 

2.0E-03 

30 60 90 120 150 

Rotor position [mech. deg] 

Fig. 20 Cogging torque vs. rotor position. 

Even with such a small number of individuals and 
generations, the obtained results are good and motivate to 
further work. 

V.CONCLUSIONS 

This paper has presented an overview of advanced 
electromagnetic design technique for interior permanent 
magnet synchronous motors. The case studies emphasized 
all aspects in electromagnetic design - sizing, shaping and 
topological structuring. 

A new approach to rotor topology optimization 
considering simultaneously two objective fiinctions 
(minimal cogging torque and maximal pole flux) was 
introduced. 

Two new rotor configurations with sinusoidal back-
EMF and low cogging torque for IPMSM were offered. 
One solution is already used in a series product. 
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Abstract - The paper proposes to provide an 
overview of high-speed electric actuation for 
automotive applications. The fieid of high speed 
automotive applications includes heating, 
ventilation and air conditioning (HVAC), air 
compressors for fuel cells, water pumps, and 
turbochargers. Solutions based on permanent 
magnet synchronous motors (PMSM) will be 
offered. Crucial issues like motor design and 
analysis, materials, construction, manufacturing 
technologies, motor control, and power 
electronics will be presented. Case studies, which 
consider slotless permanent magnet synchronous 
motors, will be presented with experimental 
resuits. Some novei solutions are proposed taking 
into account interior permanent magnet 
synchronous motors (IPMSM) with concentrated 
(non-overlapped) windings. 

Index terms - High-speed automotive applications, 
heating, ventilation, air conditioning, fuel and 
water pump, turbocharger, interior permanent 
magnet synchronous motor. 

I. INTRODUCTION 

High-speed applications are emerging in the last 
years in the automotive industry, representing a 
major challenge for the electric actuation 
technologies. 
One of the proper candidates for these actuation 
systems is the permanent magnet synchronous 
motor (PMSM) due its performance parameters 
(good energy efficiency, and low-noise 
operation). 

A. Actual high performance high-speed 
automotive applications for electric drives 

The fieId of actual, high-performance high-speed 
automotive applications includes foilowing areas: 

• Heating, ventilation and air conditioning 
(HVAC) [1], 

• Air compressors for fuel cells [2], 
• Fuel and water pumps [3], [4], 
• Turbochargers [5], [6]. 

An overview of actual high-performance, high-
speed automotive electric drives considering the 
area of appiication, the demanded torque-speed 
characteristics, and competing electric motor 
technologies, is presented in Table 1. 

Table 1. High-speed automotive applications. 
Application TpeaK 

Nm 
nbase 
rpm 

nmax 
rpm 

Competing 
motor 
technologies 

Compressor 
for air 
conditioner 

2.5 15000 17000 IM. PMSM. 
SR. RS 

Air 
compressor 
for fuel cells 

11 12000 14000 IM, PMSM. 
SR. RS 

Engine 
cooling 
systems 
(electric water 
pump) 

0.955 5000 >> IM, PMSM, 
SR. RS 

Electrical 
assisted 
turbocharger 

1 60000 120000 IM. PMSM. 
SR. RS 

B. Automotive drive requirements and 
restrictions 

The reliability and the costs of the drive systems 
are the most important aspects which shouid be 
considered during the design process. 
For most of the applications - especially those 
with continuous duty cycle - high energy 
efficiency is mandatory. 
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 
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severe limitation for some appiications related to 
the maximal absorbed current. Another very 
important design issues are the thermal and 
acoustic behavior of the systems. HVAC 
appiications are very noise sensitive. Further 
requirements are the capacity to withstand 
vibrations, chemical agents and over voltage 
transients (for the electronic control unit). 

C. Competing machine technologies for 
high speed automotive appiications 

AII brushiess drive systems may be considered 
in a first approach as potential candidates for the 
automotive high speed appiications. The bnjshed 
motors due their high brush wear at high speed 
cannot be considered. 
Brushiess machines like induction (IM), 
permanent magnet trapezoidal (BLDC) and 
sinusoidal (BLAC) synchronous, switched-
reluctance (SR), and reluctance synchronous 
(RS) machines were analyzed in several papers 
as potential candidates for high speed 
automotive appiications. Table 2 gives a 
comparison of the different machine technologies 
considering automotive appiications. 

Table 2. Machine technologies comparison. 

IM BL 
DC 

BL 
AC 

SR RS 

Torque density + -

Energy efficiency + -

Speed range - + 

Torque pulsations + -

Cogging torque - + 

Temperature 
sensitivity 
(PM demag.) 

- + 

Robustness - + 

Acoustic noise + -

Power converter 
requirements - -

Variable speed 
control - -

Machine 
construction 

+ + 

Manufacturing 
technology + + 

Reliability + + 

Design and 
manufacturing 
experience 

- -

Customer 
acceptance - -

Motor cost - + 

Drive system 
cost 

+ - - -

D. PMSM based solutions for high-speed 
automotive appiications 

Systems based on PMSM represent competitive 
solutions for the considered spectrum of actual 
high-performance, high-speed automotive 
appiications. 
The technical advantages of the permanent 
magnet synchronous motors have determined in 
the last years the extension of their area of 
appiication in the automotive industry. 
Different PMSM-topologies, as radial fieid 
machines with inner and outer rotor, both with 
surface or interior PM, and axial fieId machines 
with single or double sided rotor, are proper 
candidates for the different automotive 
appiications. 
Both excitation types, with trapezoidal or 
sinusoidal currents are used depending on 
appiication. 
The selection of the motor topology and 
construction is influenced mainly by the speed 
due the iron core losses. 
One of the most attractive solutions is 
represented by the slotless PMSM with interior 
permanent magnets (IPMSM). Its advantages for 
high-speed automotive appiications are related 
to: 
• safety - the robustness of the rotor with 

embedded permanent magnets is combined 
with robust non-overlapped stator windings, 

• performance parameters - high efficiency 
and low noise, 

• manufacturing technology - simple winding 
system and permanent magnets fixture, 

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

II. SPECIAL ISSUES OF HIGH-SPEED PMSM 

A. Motor design issues 

The goal of the electromagnetic design is to 
deliver a solution for a given specification of the 
drive system. This solution includes the topology, 
materials and the geometry of the motor for a 
given excitation (cun^ents or voltages). Advanced 
design methods are mandatory for the 
topological structuring, shape and geometry 
dimensioning [7]. For the performance analysis 
lumped-parameter or finite elements modeling 
techniques can be used. In the present work 
mainly FE-calculations of the fieId distribution 
and iron losses were considered for the slotless 
IPMSM. 
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Two design approaches can be appiied: the 
convenţional (experience-based) design method 
and the optimization design method using 
different optimization algorithms. 
In the foilowing an example of sinusoidal back-
EMF shaping using topological rotor optimization 
is given. 

b e t a p M 

B. Materials, construction and 
manufacturing technologies 

For the stator of a high-speed machine, 
laminations with low specific losses (below 3 
W/kg) or soft magnetic composites can be used. 
A laminated rotor core represents a good 
solution in order to reduce the iron losses in the 
rotor. For the permanent magnets, moulded or 
sintered NdFeB or sintered ferrites can be used. 
The influence of the magnet material on the 
design is substantial. However, in the present 
work, oniy sintered NdFeB magnets were 
considered. 
Figure 2 presents the winding layout for a 
machine with concentrated windings and Figure 
3 shows the stator with moulded winding and the 
rotor stack before assembling. 

Q=6. m=3. 2p=4 Y|| 

Fig. 1. Design variables. 

The objective function was the flux linkage (i//). 
One of the design constraints was the minimal 
rotor web width (in order to assure a satisfactory 
mechanical strength at maximal rotational 
speed). The considered design variables were: 
pole angle, magnet width, magnet height, and 
the position of the permanent magnet to the rotor 
surface, as shown in Figure 1. Some of the 
obtained rotor solutions and their parameters are 
presented in Table 1. 

We Ua Ue Va Ve Wa We Ua Ue 

Ua Va Wa We Ue Ve 

Va Ve Wa 

Fig. 2. Winding layout of a 6-slots / 4-poles machine. 

Table 3. Optimization resuits. 

6s/4p-IPMSM 6s/4p-IPMSM 6s/4p-IPMSM 

Rotor topology 

E 
1 M 1 • 

Number of magnets 4 4 8 
Magnet height [mm] 4.5 4.5 5.5 
Magnet width height [mm] 18 20 20 
i// p.u. [%] 100 98 122 
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Fig. 3. Stator with moulded winding and rotor stack. 

C. Motor control issues 

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. The different appiications 
require mainly speed control, and therefore a 
wide range of controller types may be used 
(e.g. classical proportional-integral, adaptive, 
or intelligent). Advanced optimal control 
techniques may be used, e.g. in order to 
optimize the acoustic behavior of the drive. 
Recently, some methods were proposed and 
extensively discussed in the literature. 
Because the convenţional position sensor is 
not reliable at high and super-high speeds, and 
its cost is quite high in comparison with the 
cost of the motor and the inverter at these 
small power ratings, the sensorless strategies 
were become more and more attractive. A 
special attention has to be paid at the structure 
of the control, in terms of complexity. The 
structure shouid be quite simple, because the 
execution time shouid be very small at super-
high speed and there is an inferior limit 
imposed by the DSP or the microcontroller on 
which the control strategy is implemented. 
One of the most interesting solutions is the V/f 
control which is, by his nature, a sensorless 
method and is not a computaţional time 
consumer. The problem with this kind of 
control is, when the motor doesn't have a 
damper cage, the inherent instability after 
exceeding a certain appiied frequency. A 
stabilization loop in those cases is needed. An 
example is illustrated in Figure 4 [9]. 

i : DC-LINJC 

e vollage 
cornmand 

. ^ L ^ f ^c S-.gIttis ^ 

of inv erter > 
drvc 

VSL 

PMSM 

Fig. 4. HIgh-speed V/f drive with stabilization loop 

Another very interesting method is a 
sensorless vector control proposed in [10] -
see Figure 5. 

" ' • - L - ^ ^ ! J " P/' PMSM 

V; jSKwwi î/;.'—̂  IM ' 

^ «n*! ^prm luimaiar 

Fig. 5. Sensorless super high-speed PMSM drive 

To achieve a quite sinusoidal current control 
up to 1200 Hz, the switching frequency of the 
inverter was set at 15 kHz. The space vector 
modulation (SVM) was appiied and the control 
period was set at 33.33|JS. Thus, a general-
purpose DSP cannot be used, and in this case 
a TMS320VC33-150 was developed for the 
implementation of the shown structure. 
The results show that the suggested estimator 
(see Figure 5) provides rather accurate speed 
Information for the appiication. But, at zero and 
low speeds, the back-EMF voltage is not high 
enough for the proposed vector control. 
Hence, for the iniţial alignment and starting 
from zero speed (until 12000 rpm), the current 
was controlled with a constant magnitude 
using a pre-patterned angular frequency, and 
the angle for the synchronous reference frame 
was calculated through integrating the 
frequency. 

III. CASESTUDIES 

A. A high-speed slotless IPMSM 

A case study considers an appiication with the 
specification presented in Table 4 [3]. A 
slotless IPMSM solution was chosen. The main 
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dimensions and material properties of the build 
prototype shown in Figure 6, are listed in Table 
5. Figure 7 shows the measured shape of the 
phase back-emf. In Figure 8 the iron losses 
torque versus speed are presented. The motor 
parameters are given in Table 5. i . 

Table 4. Electric motor specification data. 

Parameter Value Unit 

Rated torque 0.35 Nm 

Rated speed 10000 1/min 

Rated duty cycle 100 % 
Ambient temperature -40...125 X 

DC-bus voltage 12 V 

able 5. Dimensions and material properties. 

Parameter Value Unit 
Phase number 3 -

Slots / poles number 6/4 -

Stator O/l diameter 6 0 / 5 0 mm 

Airgap length 0.5 mm 

Stack length 45 mm 

Magnet width / height 18/4 .5 mm 

Nb. slots/pole/phase 0.5 -

Nb. winding layer 2 -

Cere material M270-35A -

Magnet type NdFeB(1.2T) -

FIg. 7. Phase back-EMF vs. rotor position angle. 

Iran ksses torque vs. »pe«d 

ii*u. laoTi -xm. 

Tf.M-ljj, . 

FIg. 8. Iron losses torque vs. speed. 

Table 6. Motor parameters. 

Parameter Value Unit 

R 15 mn 
L 12 

3.3 ml\b 

The prototype was included in a simple setup, 
feeded by a MOSFET inverter controlled with a 
V/f strategy via a dSpace DS1104 single board 
control interface. The speed at 400 Hz is 
shown on Figure 9 and the phase current 
measured by the acquisition system of the 
DS1104 with a sample period of 100|js is 
shown in Fig. 10. 

£ 

! 
(A 

5000 

FIg. 6. IPMSM prototype (active parts). 

o 0 1 0 2 0 3 0 4 0 5 0 6 07 0 8 09 
Time IS) 

Fig. 9. Speed at a reference frequency of 400 Hz 
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Fig. 10. Phase current at 400 Hz 

The reference f requency was modif ied f rom 
360 to 380 Hz in order to analyze the 
behaviour of the prototype at a speed step. 
The results under that condit ion are presented 
in Fig. 11 (speed) and in Fig. 12 (phase 
current). 

IV. CONCLUSIONS AND FURTHER WORK 

The paper has presented an overv iew of actual 
h igh-speed electric actuat ion for automot ive 
appiications. 
Aspects regarding different design solut ions 
including performance, motor design and 
control, materials, technology and costs were 
presented. 
Solut ions based on interior permanent 
magnets synchronous motors wi th 
concentrated windings were introduced. 
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Rotor (36). w^chtf Aut MMW dem Luttspâit {39) zugtt-
wandten Sttte eme MMvzaN von <Kisg«pragten Poten nrrt 
dorn liimpsk <39) zugewandler Poischuhen (136) und atif 
Miner vom Luitspal (39) iit)gewarKnen Sfiltfi 
tîschen RuctecMjss (130) aufwwt welcher durch Halto^ 
absohnitie <i34a. I34b) mecrwtniâcî  mit oen Poischuhen 
(136) voftxindar sind, wolch leUters cur Erzeugung min-
deBtens ekw sirusIomMgen induaerten Spannung m der 
SlalonwcWung <U V. W> dienefi. 
«ne 2WM8chen Oem magnetisc^en Ruckschiuu (130) und 
cinom PotedHih (136) vofgeschcne Au^n^hmung (138̂  
140). in wflkhec zur Erzeugung «nes magnetischen Flus-
ses irt ̂ esem Polsctivh (136) mrtdesler^ w Pcrmanerl 
mdgnet <38) arjgeordnel so am Cltergang von die-
sem Pem^aner^magneter zum zugeordnet«n Polschuh 
cine definaed . 
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Cuiopssn Psivfil Olflcw 
Offle* euiopiefi dM br«wtCt 

(12) 

(43) V^Mlichungstiio: 

1t.0S.2005 P«l»ntbtett200S/19 
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AT M BQCHCY CZ De DK CE ES R FR QB GR 
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(30) PriontM: 05.11^3 OE 20317021 U 

(71) Anmelder Sl, Qeecgen QmbH 4 Co. 
KG 
78112 St (Uorgcn pE) 
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70192 Stuttgart (DE) 

(S4) Elektiomotor 

(57) Em € (ekL'̂ orrcscf nat e nen Rotor (36) ei-
ncn SîaîOf (2S) mit ciŝ cm mu Nucn {128) vcrscN>»>cn 
Blechp^ol Oe Nu(en habon atna vo<gegebene Nudei 
lung(TS) undinihnenisieineme^rphastQeSuaorwck 
luns angeofdnet Der Rctcf [3fi) hAi aus^epragie Pole 
rp4 Poischwhcn (136), und cr hai emcn magncîischcn 
RuckscNuw <130:k Zwijchcn ckyn Ruck9chlu49 (130) 
und einam Poischuh <136) befindei sich ei ne Ai«neh 
rrung (136 140). m welo^etn PermanemmBgnet{38) 
angeofOMAi An dteae Ausne^^ng «cMlerBt tich au1 
bcidcn Sciien dc$ Pomvancmmagncle^ |38) cin m»-
gnetîschscMecht lefteivtofBereich(146a. 146b)^ Be 
zogan aut ̂  LMangsncmurvg nfnmt dte Breite (P) ei-
nes Polachuhs (136} mîTKleciena beteichswetae 
iLng weg von deasef Gren/e (i 38) /um Petmanentma-
gnetcn (36) at> und an dor Ste«c 9Cf<ng$tCf BfO»lc haî 
MeineWinMer«ueckung<^) oie/ur Nulleilung <TS) 
der Statomuten (126) in folgertdar Bê MM̂ ung steht: 

^ - ft • tS (1-0 02) n • iS (1-0.2). 

wobei n = V 2 3... und pC und tS in mechanisctten 
Graden angegeben «ind. 

•kc ' V 

L i j 

CM < 

s 
s u> 

OL 
IU 

raoci rM1 AiTti) 

BUPT



I2IJ 

-137 

N \ \ ' « / 
W / / 

iPg'PcRl 

Fig. 5 

J a 
1428 M.2L\ 

BUPT



United States 
Patent Application Publication 
Iles-KIumpniT 

,1. ) Puh. N«.: US 2005/0062354 Al 
(4̂ ) Pub. Ihitc: Mar 24, 2005 

(5-î̂  H>ClieK MOn>R \V| I M IM>| KS SRVrKII 
IO MINlMi/K C<KX;iN<; TOk̂ t̂t: 

1*5) LN\ciiu»i lliirl® Urs-KIumpoiT. SI (KVM^VN 
( D L ) 

i ofrofUMuLiicv AJilitw. 
\%:\RK % AN WK Sl.l YS & 
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Anmelderin: ebnvpapst St. Georgen GmbH & Co KG 
Hermann-Papst-Str 1 
78112 St. Georgen 

Bezeîchnung: Motor, insbesondere fur NiederspanrKing 

Zusammenfassung 
Bn Motor (40). der insbesorxJere fiir Niederspannung bestimmt ist. hat einen 

Rotor (43) und einen Stator (42), Letzterer ist vom Rotor (43) durch einen 

Luftspalt (180) getrennt, und er hat ausgeprăgte Statorpole (44 bis 54), die 

jeweils einen Polkem und eir>en Poischuh haben m d voneinander durch Nuten 

(61 bis 66) getrennt şirul. Der Stator (42) hat eine Statorwickiung (68), welche 

Spulen (70. 74. 78, 82. 84. 88) aufweist, die auf den Polkemen angeordnet 

sind ind U-f6rmige Elemente aufweisen. deren Leitungsquerschnitt 

zumindest uberwiegerKl von der Kreisform abv^eicht. Ein Fomr\stuck (90) ist 

nach Art eines U ausgebHdet und an einem Polkem angeordnet. Auf seiner 

AuBenseite ist es mit isolierenden Fiihrungsausnehmungen (98) fur die 

Elemente der zugeordneten Spule versehen. Oieses Formstuck (90) isolîert die 

U-formIgen Elemente der zugeordneten Spule gegen den betreffenden Polkem 

und hăit sie im Abstand voneirwinder, um WindungsschIQsse zu venneklen. 

Hierzu Fig, 30̂  
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