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Executive Summary

This report is the status of theconsidered electrical motor technology, design approaches,
evaluation matrix and concept decisiorior the proposed modudr drive train system[1] of the
DRIVEMODE project at his released date.

The electrical motor technologies and design approaches are all the time evolvasgwell as this
document. WP3 will update this documentonstantlywith new scientific research acievements
and activities, new technological recognitionshoundary information and decisionsas soon as
they arise, defined and agreed by the DRIVEMODE consortium.

First section of the report defines the background, purpose and use of the document.

The second section presents the scientific literature overview, technological demands, E
machine topologies overview andpecifieghe functional requirementf the electrical machine
The third section presents and defines the mainfachine componentstheir design aspectand
considered electric motor technologies

The fourth sectionpresentscalculation methodologies ag multi -physical approach to the design
and to optimization of E-machine.

The fifth sectionshows the Emachines concept result

The sixth section presents the evaluation matrix and the evaluation results.

The sevenh section gives the concept decision and further focus in development efrachine
The final section declareghe evaluated approaches have been presentadd that dl new
achievementswill be presented in the upcoming reports.

Attainment of the objectives and if applicable, explanation of
deviations

The report on considered electrical motor technologies, evaluation matrix and concept decision
contains all data available at the da of delivery 31. July. It gives a detailedenchmarkoverview

of E-machines applied in electric vehicles and industrial applications through the literature
overview. The basic emachine components and the approaches for their design as well as, the
possble problems and drawbacks during the design and development are presented in detail.
These lead to thalefinition and further on appliedelectrical motor technologies during the work

in Task 3.1 and Task 3.2Based on the considered-motor technologiesthe two concept designs
are involved, they are; the Permanent Magnet Synchronous Machine (PMSM) and the
Induction Machine (IM). The evaluation matrix based on multattribute utility theory and
derivatives method for decisiormaking leads to the electric mtor conceptdecision, whichis
PMSM. It can be clearly stated that altleliverablerelated task objectives were achieved@he
selected anotor concept is used and will be used in all upcoming Tasks (T3.2, T3.3, T3.4, T3.5
and T3.6) in WP3.

The deliverablehas been delayed bywo months to include all the latest material available on
electrical motor design from various partners. The delay has not affected the project or parties
in it as it summarises the information that is internally available.

This project has received funding froam tha Eyrope
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1. Purpose

1.1. Introduction DRIVEMODE

DRIVEMODE is a project funded by the European Commission under the Horizon 2020
framework. The project aims at designing compact modular integrateddrive module (IDM)
for pure electric vehicles (PEVs) and hybrid electric vehicles (HEVS).

The IDM developed in the DRIVEMODE project will be a drivetrain platform that then can be
adopted depending on the application e.g. demonstration vehicle. The modtity and scalability

of the IDM will be used to cater to a wider range of application. This document will specify the
requirements on component level for the electrical motor including the extent of scalability and
modularity expected from the IDM that needs to be fulfilledto meet the project objectives

1.2. Scope of document

This report is the status of the considered electrical motor technology, design approaches,
evaluation matrix and concept decision for the proposed modular drive train system of the
DRIVE MODE project at his released dateThe E-Motord s a c t iskak be glescribed,
evaluated, designed, calculated andptimized in the design stage. In the prototype
manufacturing stage, the motoshall be inserted intohousing and coupled to an inverter ad
transmission toform an integrated drive module (IDM).

1.3. Compliance with Specification

Discrepancies or deviations within this specification are to be indicated without delay by the
WP3. Possible solutions have to be discussed with DRIVEMODE partners.

This project has received funding froam tha Eyrope
research and innovation programme under grant agreement M89989 RIVEMODE
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2. E-Machine functional requirements and
Literature overview

2.1. Generalfunctional requirementsof traction E-Motor

The functional requirements used and briefly presented in this report are based on statements
presented in deliverable D3.1 repof2] (Wand 2018) They are serving abasis andooundaries

in research, design, analysis and development ofrEachines presented in detailsin this
deliverable D3.2 report.

Development Basis andChoice of technology

Within the DRIVEMODE projec t the WP3 evaluated twoE-Machine technologies in detail:

A Permanent magnet synchronous machine (PMSM)
A Induction motor (IM), squirrel cage asynchronous motor

The E-machine developmentbases presented in D3.[2] (Wand 2018) are summarized in the
following text.

A For traction E-Motors with the wide speed range capability and the high efficiency
aspects many representative load points have to be simultaneously investigated. The best
efficiency contour of the torque speed charactstic should coincide with its most
frequent operating points.

A Material
Improved steel grades and thinner laminationshall be used

A Windings
Proper winding configurationand technologyshall be seécted.

Windings and winding material shall sustain problens with high switching frequencies
and high dV/dt due to new SiC switch technology

A Driving aspects
Increased iron and copper losses due to high rotational speeds and high driving
frequenciesshall be considered
Sinusoidal space vector pulse width moduladn (SVPWM) will be used to drive E-
Machine and applying field oriented control (FOC) with implemented maximum torque
per ampere (MTPA) motor control algorithm.

A Mechanical aspects
Designed high speedE-Machine shall sustain high mechanical stresses. And, ed
materials mustwithstand the height mechanical forces and vibrations.

A Thermal aspects
Improved cooling shall be achieved to increase thE-Machine over-load-ability and to
avoid permanent magnets demagnetization.

This project has received funding froam tha Eyrope
research and innovation programme under grant agreement M89989 RIVEMODE
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The E-machine should fulfil the performance requirements shown irFigure 1Error! Reference
source not found. and Figure 2Error! Reference source not found. They are taken outfrom
the Preliminary system specification anétfom D3.1 report [2] (Wand 2018)directly.

Performance Requirements
100

90 7036 95
80 9400 71

70
60 S\

7427 45 \
50 \
40
30
20

10

N 13500 36.64

2017Q 16.60

Shaft Torque [Nm]

—

0O 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000
Shaft speed [rpm]

e CONt. tOrque re(|. e neak torque req. (shall)es e peak torque req. (should)e e e e ¢ peak torque req. (may)

Figure 1 Peak and continuous torque specification of #otor

This project has received funding froam tha Eyrope
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Performance Requirements

80000
70000 9400 70000
— 60000 ~

— 50000

40000 13500 51800 ***s..,

30000

Shaft Powe

20000 7427, 35000
10000

0
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000

Shaft speed [rpm]

e CONt. pOWEr req. -= = peak power req. (should) eeeee peak power req. (may)

@———=@peak power mean e neak power req. (shall)

Figure 2 Peak and continuous power specification of #otor

2.2. Scientific literature overviewof electic vehicle (EV) traction E-
machines

During the preliminary development as well as in the design phase the scientific literature was
studied and used in the design of DRIVEMODE enachines. The patents were analysed to
avoid IP conflicts. The solutions knavn from scientific literature were applied to the design
process. The project research@previousknowledge wee also used during the design, analyses,
optimisation and verification phases. The benchmark was also done during the research work.
The main benchmark results are presented ifiable A and further in the text

Table A Electric machine benchmark results

\E T[N P (kW) | U_dc (V) | Reference/Source Notes

[3] 150 720 Pia Lindh (Juha Pyrhonen): Juha Pyrhénen's paper about the electri
Mul tidisciplinary design of a motor for a bus.

permanentmagnet traction motor

for a hybrid bus taking the load

cycle into account, 2016

10 120 Liang Chen: Reduced dysprosium Paper focusing mainly on magne
permanent magnets and their material, so some informationis missing.
applications in electric vehicle
traction motors, 2015

This project has received funding froam tha Eyrope
research and innovation programme under grant agreement M89989 RIVEMODE
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\EQINEE P (kW) | U_dc (V) | Reference/Source N[o] =15

[5] 30 325 Ayman M. EL -Refaie: Advanced Concentratedwinding was used in the
high-power-density interior paper, but DES returns 24 distributed by
permanent magnet motor for default, and with manual settings 4
traction applications, 2014 distributed is used (efficiency with

concentrated is too low).

60 650 Kyohei Kiyota: Comparison of test Toyota Prius 3rd generation motor
result and design stagerpdiction of
switched reluctance motor
competitive with 60 kW rare-earth
PM motor, 2014

Kyohei Kiyota: Design od switched
reluctance motor competitive to 60
kW IPMSM in third generation
hybrid electric vehicle, 2011

James R. Hendershot: MotorSolve
analyss of the 2010 Toyota Prius
traction motor, 2015

125 380 J. Merwerth: The hybrid- BMW i3 motor
synchronous machine of the new
BMW i3 and i8, 2014

Tim Burress: Benchmarking EV and
HEV technologies 2016

David Staton: Open source electric
motor models for commercial EV
and hybrid traction motors, 2017

80 360 Tim Burress: Benchmarking state  Nissan Leaf
of-the-art technologies, 2013

David Staton: Open source electric
motor models for commercial EV
and hyhrid traction motors, 2017

124 700 Tim Burress: Benchmarking EV and Honda Accord
HEV technologies 2016

Honda Accord Model Information,
http://owners.honda.com/vehicles
/information/2014/Accord -
Hybrid/specs#mid*"CR6F3EEW,
2018

This project has received funding froam tha Eyrope
research and innovation programme under grant agreement M89989 RIVEMODE
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\EQINEE P (kW) | U_dc (V) | Reference/Source N[o] =15

[21]

165

105

160

200

320

30

2,6

1,4

110

Thi s

288

245

650

650

750

516

42

120

42

750
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James R. Hendershot: MotorSolve 2008 LS 600 h
analysis of the 2010 Toyota Prius
traction motor, 2015

Mitch Olszewski: Evaluation of the
2008 Lexus LS 600H hybrid synergy
drive system, 2009

James R. Hendershot: MotorSolve Hybrid Camry
analysis of the 2010 Toyota Prius

traction motor, 2015

Mitch Olszewski: Evaluation of the

2007 Toyota Camry hybrid synergy

drive system, 2008

Siemens catalogue of several Siemens PEMMotor 1DB2016 6 WS54
different motors

Siemens catalogue of several Siemens PEMMotor 1DB2022 6 WS36
different motors

Siemens catalogue of several Siemens PEMMotor 1DB2024 6 WS36
different motors

Jingjuan Du: Optimization of IPM -V-I rotor used in the paper
magnet shape based on efficiency
map of IPMSM

Jin Hur: Characteristic analysis of  Small motor
IPM synchronous motor in

electrohydraulic power steering

systems, 2008

Jiabin Wang: Design optimization  /
of a surfacemounted permanent
magnet mdor with concentrated
windings for electric vehicle
applications, 2013

Tao Sun: Effect of pole and slot /
combination on noise and vibration

in permanent magnet synchronous
motor, 2011

You-Young Choe: Comparison of /
concentratedand distributed

winding in an IPMSM for vehicle
traction, 2012

research and innovation programme under grant agreement M89989 RIVEMODE
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\EQINEE P (kW) | U_dc (V) | Reference/Source N[o] =15

[22] 79 650 Parker catalogue: Electric and hybric One of the Parkers' motors from the
vehicle -  Accessory, power catalogue
generation and traction motor
solutions, 2014

[23] Parker catalogue: GVM Global

Vehicle Motor, 2017

[24] 135 360 Wiener Motoren Symposium 2018, AUDI APA250
Audi AG, S. Pint, N. Ardey, G.

Mendl, G. Frohlich, R. Straler, T.

Laudenbach, J. Doerr

Machines studied analysed and presentedin Table 1 are applicable to dfferent industry
branches. For us the most important-enachines are that one applied to electric and hybrid
vehicles. Further on, the emachines [6]-[8], [9]-{11] and [12] (Table A) applied in automotive
vehicles are presented imore details.

E-Machine [6]-[8]

The machine under thereferences [6]8] is the Toyota Prius 3rd generation electric machine.
The performance characteristics are shown irable B.

Table B Toyota Prius 3rd generation electric machine properties

Original data

650 DC voltage

100 -> estimated from (27 kW battery Nominal torque
power)/(60 kW peak power)*(207 Nm)

2768 Base speed

n_m (rpm) 13900 Maximum speed

magnettype NdFeB
winding type N/A
rotor type IPM -V V shape PM distribution

cooling type Indirect liquid

N

No. Pole pairs

Pole per slot per phase

N

This project has received funding froam tha Eyrope
research and innovation programme under grant agreement M89989 RIVEMODE
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Original data

No. turns per coil

| N
wn
=
-

delta (mm) 0,73 Air gap
h_mag (mm) Magnet height
I_mag (mm) Magnet length

d_se (mm) Stator outer diameter
d_s (mm) Stator inner diameter

d_r (mm) Rotor outer diameter

a1
o

| (mm) Stator/rotor length

The machine cross sectiors shownin Error! Reference source not found..

\\\\\"I///

N 2 ¢

S 2 E

= N 3

Zn oS ©
N o I
L2\

50 mm

Figure 3 Toyota Prius 3rd generation electric machine cross sectida-Machine [6]-[8])
E-machine [9]-[11]

The machine under thereferences [9]11] is the BMw i3 electric machine. The performance
characteristics are showin Table C.

Table C BMW i3 electric machine properties

Original data

U_DC (V) 380

T_m (Nm) 250

This project has received funding from +ha Eyyrope
research and innovation programme under grant agreement M69989 RIVEMODE
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Original data

n_0 (rpm) 4500

n_m (rpm) 11400

magnet type NdFeB

winding type assumed 1L distributed
rotor type IPM-|

cooling type Indirect liquid

6 pole pairs

2 slots/pole/phase

N/A
delta (mm) N/A
h_mag (mm) N/A
I_mag (mm) N/A
d_se (mm) N/A
d_s (mm) N/A
d_r (mm) N/A

N/A

The BMW i-3 machinestator cross section is showim Figure 4 and rotorin Figure 5. The mas
of the machine without the shaft is 50kgEfficiency map is given inFigure 6.

Figure 4 BMW i -3 machine stator cross sectiorEfmachine [9]-[11])

This project has received funding from +ha Eyyrope
research and innovation programme under grant agreement M69989 RIVEMODE
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Figure 5 BMW i -3 machine rotor cross sectionH-machine[9]-[11]E-machine[9]-[11])

MOTOR PERFORMANCE.
MEASURED EFFICIENCY OF THE MOTOR.
FTP72 Cycle
€ Full- and partial Load
200 @ Highway

M [Nm]

2000 4000 6000 8000 . 10000
n [1/min]

SMWGroup, Dr.J. Merwerth, 20.03.2014, Workshop UniversityLund

Figure 6 Efficiency map for BMW-i3 electric machine E-machine[9]-[11])

E-machine [12]

The machine under thereference[12] is the Nissan Leafelectric machine. The performance
characteristics are shown ifableD.

Table D Nissan Leaf electric machine properties

Original data

U_DC (V) 360
T_m (Nm) 280

n_0 (rpm) 2728

research and innovation programme under grant agreement M69989

This project has received funding from +ha Eyyrope
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Original data

n_m (rpm) 10390

magnet type N/A (assumed NdFeB)
winding type assumed 1L distributed
rotor type IPM-VI

cooling type Indirect liquid

4 pole pairs

2 slots/pole/phase

N
o

delta (mm) 0,5, air-gap

h_mag (mm) N/A

I_mag (mm) N/A

d_se (mm) 198,12 (stator outer diam.)
d_s (mm) 130,96 (stator inner diam.)
d_r (mm) 129,97 (rotor outer diam.)

151,16 (stator/rotor length)
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The Nissan Leaf electric machine statoand rotor cross sectiorare shown and rotorin Figure
7Error! Reference source not found.

Figure 7 Nissan Leaf electric machine stator and rotor cross sectidg-(nachine[12])
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Figure 8 Efficiency map for the Nissan Leaklectric machine E-machine[12])

E-Machine [24]

The machine under the referencef] is the AUDI APA250 electric machine. Theelectric machine
properties are shown inTable E.

Table E AUDI APA250 electric machineproperties

Original data

U_DC (V) 360

T_m (Nm) 247
Current, cont. (A) 240
n_max (rpm) 15000
Peak power (kW) 125
winding type distributed

rotor type Al (99.7% pure) squirrel
cage
cooling type Indirect liquid, stator water
jacket, rotor shaft water
cooling

Stator /rotor slots 48 / 56
2 pole pairs
d_s (mm) 245

Air gap (mm) 0.6

This project has received funding from +ha Eyyrope
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Original data

d_r (mm) 156

The AUDI APA250 electric machine stator and rotor are shown and rotor iRigure 9 and Figure
10.

Anschluss zur
Leistungselektronik

Deckschieber

Kupferwicklung

Statortrager

Statorblechpaket

Nutisolation

Figure 9 AUDI APA250 electric machine stator

Rotorblechpaket Kurzschlussring mit

Lifterschaufeln

Rotorwelle

Aluminium Kurzschlusskafig

Figure 10 AUDI APA250 electric machinerotor
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Figure 11 AUDI APA250 electric machine performance
2.3. Summary

Starting from this study thelPM (Interior Permanent Magnet synchronous machineand the
IM (Induction Machine) wereselected as the main-motor technologies for the DRIVEMODE

IDM. Both technologies are mature and SOP (start pfoduction) ready for series production
by the year 2020.

The realized emotors in the study use fluid cooling for high performance as will
DRIVEMODE. Due to the constraints of the cooling circuit available in the demonstrator
vehicle, only outer fluid coling with water/glycol is possible. Advanced direct cooling of the
stator winding or cooling of the rotor as inthe AUDI is not possible. This would be preferable
for performance but contradicts the low cost target and modularity objective of the
DRIVEMO DE project.

The speed range is up to 16.00Pm. So the DRIVEMODE e-motor will investigate the benefits
and challenges of the higher speeds up to ~22.000 rpm. This maximum speed is the result of the
selected transmission ratio and vehicle performance ragpments.

The winding technology will be round wire windings. Hairpin technology has better coppéitl
factor and therefor lower losses in the winding, but the initial for cost the production design is
exceptional higher than for roundwire windings, so WP3 aimed for the later to mplement in
the demonstrator.

This project has received funding froam tha Eyrope
research and innovation programme under grant agreement M89989 RIVEMODE
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3. Considered electric motor technologies

3.1. Traction E-machine components general classification

The components of Emachine are stator, rotorpermanent magnetwinding, housing and shaft.
These caonponents are presented in details, studied, dimensioned, designedalysed and
optimized. Accordingly to previously described asis ofdevelopment andchoice of technology
the main components are evaluated.

3.2. Stator

1 Inner diameter
Inner diameter is definedaccordingly by the rotor outer diameter and akgap thickness.

1 Outer diameter
Stator outer diameter is defined by overall available dimensiorend depend onthe
housing geometric and cooling propertiesf the housing The value is also defined by
stator sbt area, stator yoke thicknesshumber of slots,slot insulation thickness,slot
leakage magnetic flux densityand winding technology

1 Number of slots
Their number is defined by the by the winding type, winding technology, winding
configuration and number d magnetic poles

1 Number of poles
The number is defined by rotational speed, stator magnetic loadings, emthdings and
inverter maximum fundamental driving frequency

1 Number of phases
The number is defined by inverter topology, amount of energy transferréd the E-
Machine, level of torque pulsation, safety issue and power supply redundancy.

9 Stator slot design
The design @pends on slot leakage magnetic flux densiiyigure 12), winding fill factor,
slot insulation thickness, windhg arrangementsand winding technology.

This project has received funding froam tha Eyrope
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DRIVEMODE stator selected technologies/solutions have been: diameter and length
smaller then WP1 and WP2 defined space limitations, slot nurebin accordance to pole
pair and winding factors that is 36 slots and 8 poles, the topology of frequency inverter
defined the number of phased 3 phases.

1 Stator teeth design
Stator teeth designdepends on teeth shodtip) shape which acts on magneticlux
concentration(Figure 13) and onteeth shoe shape leakage flux. Also the slot opening-co
defines the level of cogging torquand torque pulsations.
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Figure 13 Magnetic flux concentration and distribdion across stator teeth

DRIVEMODE stator teeth design selected technologies/solutions have been: saturation
level defined the teeth thickness andcceptableflux leakagelevel defined the height of
teeth

i Statorferromagneticmaterial
Stator material usge is aéfined by the level of magnetic loa@bility and applied rotating
magnetic flux density (dependent on number of poles and rotational speetdhe high
guality electrical steekhallbe used as stator materidFigure 14). The material properties
must be: high permeability on wildexcitation range, very thin to reduce eddy currents,
high quality to reduce hysteresis lossesterpolated specific iron losses for electrical steel
sheet NO20 based on measured points are showrFigure 15, as an exampleThe stator
lamination electrical steel sheemanufacturing process should bgunching. The laser
cutting technology may (will) bring additional parasitic effects as reduction of
permeability and increas of iron magnetic losses.

This project has received funding froam tha Eyrope
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Figure 14 B-H curve of NO20

Figure 15 Interpolated specific iron losses for NO20 based on measured points

DRIVEMODE stator ferromagnetic material selected technologies/solibns have been: the
losses must be akw as possible due to high driving frequencies and the mechanical strength
must be high enough to withstand high speeds, the used material in NG2200.

3.3. Stator windings

1 Number of slots per pole per phase
The value degnds on available space, winding type and pole pairs. This is one of the first
decision making parameter.

1 Winding factor
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