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........ i reo ONE TEAM FOR DEVELOPMENT & INDUSTRIALIZATION
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ONE TEAM FOR DEVELOPMENT & INDUSTRIALIZATION

eAx production

OUR PRODUCTION »

Your electric axle made in Berlin

Testing
Inline test as well as end of line test
technology guarantees high quality

of our products.

Facts & Benefits

»
»
»
»

»

Capacity: 15.000 pcs/ year
Lead time for speed sample 1 month (existing variant)
Real time automotive manufacturing execution system

Flexible equipment configuration for multiple electrical
drive units

Production processes developed for mass production

Electronic production according EN ISO 14644

e A

solutions

Series standard
Our production offers high volume

standards, full traceability and

automated manufacturing processes.

Flat wire winding
The Hairpin winding line enables scalable

build up of stators with different dimensions

and winding schemes.
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» Overview E- Machine Types

ASM PSM ESM SynRM

ASynchronous Machine Permanent excited Synchronous Machine External excited Synch. Machine Synchronous Reluctance Machine

Speed Speed Speed Speed it Speed Speed
»  No constant peak power »  Peak power is limited by magnetic properties »  Constant peak power »  Constant power over
»  Peak power is not limited »  SPM cannot work at high speed (however, lower than IPM) wide speed range
gytrgagigetlc plropzmes, » Internal PSM in combination with reluctance torque » Constant psv;grhspeicsi b Lowpowencensity
L S (MSynRM) provide the best power characteristic range much higher (>5x)
mechanical issues than ASM

(arrows) »  HMSynRM comparable to MSynRM, but slightly higher . Peak power is not limited

by magnetic properties,
but by thermal and
mechanical issues
(arrows)

Source: fka Aachen
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electric motor
eAx EM220-154-800

Technical Specifications

Peak Performance:
(20s)

Cont. Performance:
Max. Operating Speed:
Nominal DC Voltage:
Rotor Active:

Outer Stator Diam.:
Active Length:
Cooling:

Weight:

HV-Interface:

Gearbox Interface:

Shaft Spline:
Lifetime:
Dimensions (LHW):
Interlock:

Temperature range:

300 kW, 450 Nm @450 Arms

150 kW, 215 Nm @240 Arms
13.000 rpm

700V

PSM

220 mm

154 mm

water jacket, 8 I/min

62 kg

TE AMP IPT 3pxi

8x M10in 275 mm, male centering 82 mm
or customized adapter plate

DIN5480-N26x1.25x19x9H or customized
10.000 h

348 x 370,5 x 305

Optional

-25...65°C

Performance

Power [kW]

Torque [Nm]
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electric motor
eAx EM220-205-800

Technical Specifications

Peak Performance:
(20s)

Cont. Performance:

Max. Operating Speed:

Nominal DC Voltage:
Rotor Active:

Outer Stator Diam.:
Active Length:
Cooling:

Weight:
HV-Interface:

Gearbox Interface:

Shaft Spline:
Lifetime:
Dimensions (LHW):
Interlock:

Temperature range:

360 kW, 720 Nm @550 Arms

220 kW, 360 Nm @330 Arms
10.000 rpm

750V

PSM

220 mm

205 mm

water jacket, 8 I/min

74 kg

TE AMP IPT 3pxi

8x M10in 275 mm, male centering 82 mm
or customized adapter plate

DIN5480-N26x1.25x19x9H or customized
10.000 h

399 x 370,5 x 305

Optional

-25...65°C

e A
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eAx EM220-205-800

Technical Specifications

Peak Performance:
(20s)

Cont. Performance:

Max. Operating Speed:

Nominal DC Voltage:
Rotor Active:

Outer Stator Diam.:
Active Length:
Cooling:

Weight:
HV-Interface:

Gearbox Interface:

Shaft Spline:
Lifetime:
Dimensions (LHW):
Interlock:

Temperature range:

160 kW, 710 Nm @270 Arms

90 kW, 300 Nm @135 Arms
5.000 rpm

700V

PSM

220 mm

205 mm

water jacket, 8 I/min

74 kg

TE AMP IPT 3pxi

8x M10in 275 mm, male centering 82 mm
or customized adapter plate

DIN5480-N26x1.25x19x9H or customized
10.000 h

399 x 370,5 x 305

Optional

-25...65°C

e A
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Performance

250
200
150 e T

. . LiPeak (270 Arms)
100 —2# !
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*) electric Power Take Off (auxiliary drive)




» Transmission - Trends ! -

Without

In- wheel hub motor, axial flow machines = special applications

Single speed gearbox

today's standard - 3 in 1 solution: highly integrated
Trend: Use of high power at higher speeds

Multiple speed gearbox

Standard two-speed gearbox for high-performance cars

Trend: three-speed gearbox for CV

Target: low priced solutions for uninterrupted transmission

Source: Robert Bosch GmbH Medien-ID #1161644

06.12.2023 10



» Power Electronic - Trends : -

PSM (Permanent excited Synchronous Machine) Six-pulse bridge circuit with IGBT semiconductor

P N A I | N RN U d
10 U0 070 oy o) D e T e T e Ll _dl p— *I
S I A o o O : T T
2 | L L e )
u [ [ [ [] | I e e e e e e e
3 (LT LTl ] TRty urn rpr rfnon ujL %l — _I
A 2
[ ) L
IO :
AL
W bg [ CEEHE A | | noog - =
o R o .
U(Z IU3
Iy ug3l '
0 2 4 6 8 10 12 14 16 18 20  t/ms B

Graphics: eAx solutions GmbH
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» Power Semiconductor - Trends ! -

e 5 1GBT SiC GaM

Efficiency

Si IGBT
* Best price / performance ratio

* Mature, stable, well established
* For both 450 /900 V batteries

Price / Performance Power Density

chn%logv Com%arh n \

vGaN (vertical) 2 Outlook
* Highest efficiency at highest frequency
* Smaller system size

Easy Production High Voltage Usage

YES
wvGaN
https://www.yesvgan.eu Vag?

Wide Band Gap Power
at Silicon Cost

Robustness

Source: Bosch, eAx
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» Si- MOSFET vs SiC vs GaN ! -

Si- MOSFET SiC- MOSFET vGaN- HEMT")
Dielectric Strength 0,3 MV / cm - 2,8 MV /cm
Source Gate Source
p P N
\\\ SOUrCe Gate Source Source Gate Drain
e R
Design: n- AlGaN
1/10 thinner AlGaN
C t Current )
Hrren Temp. Resistant CurrentT GaN 2DEG
1/300 ... 1/1.000 lower
Drain Electrode Drain Electrode
High Speed Switching ~ 100 kHz > ~ 10 MHz

*) HEMT = High Electron Mobility Transistor ~ **) 2D Electron Gas Grafik: eAx solutions GmbH
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» Overview Cathode Concepts

» Comparison

>

>

>

>

>

Introduction

E- Axle

Energy Storage
System Consideration

Conclusion



» Cathode- Material NMC = Nickel Mangan Cobalt Oxid

METAL CONTENT OF BATTERY CHEMISTRIES

Comparison of Key Indicators in Main Cathode Compositions BY WEIGHT
o N C NCA ——LFP

B Aluminum = Nickel m Manganese = Cobalt m Lithium mPhosphorus m Iron

Energy Density

Availability

Extraction of raw Fast Charging
materials

9,0%
18,1%
30,4%
Power
Security (delivery /
acceleration)
\N\\\\&o
Q
02
Price Lifetime ®
%
pet®

NMC (111) NMC (622) NMC (811)

Source: Prof. M. Fichtner / HIU, BloombergNEF
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» Cathode- Material NCA = Nickel Cobalt Aluminium

METAL CONTENT OF BATTERY CHEMISTRIES

Comparison of Key Indicators in Main Cathode Compositions BY WEIGHT
H | B Aluminum = Nickel m Manganese = Cobalt m Lithium mPhosphorus m Iron
Supplier: Panasonic

Customer: Tesla

Energy Density

Availability
Extraction of raw Fast Charging
materials 4 6%
13,8%
Power \k%
Security (delivery / ®\\\
acceleration) ,gLQ
<l
NN
Pri _— ‘\)’6
rice Lifetime P&
High storage capacity and energy density S —
NCA NCA+

Source: Prof. M. Fichtner / HIU, BloombergNEF
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» Cathode- Material LFP = Lithium Ferrite Phosphate

METAL CONTENT OF BATTERY CHEMISTRIES

Comparison of Key Indicators in Main Cathode Compositions BY WEIGHT

—RNMC NCA e FP

B Aluminum m Nickel m Manganese m Cobalt m Lithium m Phosphorus mIron

Energy Density

Actual: (LFP): 190 Wh/kg

Availability
Extraction of raw Fast Charging
materials
59,6%
Power
Security (delivery /
acceleration)
_ - Low space utilization High space utilization
Price Lifetime (~40% VCTP ) (~60% VCTP) 2 0
Battery pack with modules Blade Battery without modules
Sustainable and low-cost, long lifetime
CATL for BYD ,,Cell-to-Pack” Technology LFP

Source: Prof. M. Fichtner / HIU, BloombergNEF, CATL
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» Cathode- Material Trends

ESS battery chemistry market share forecast

Comparison of Key Indicators in Main Cathode Compositions 0 .
o N I C NCA e | FP 100/0 othem SOI|d State
90% Sodium lon

Energy Density B 80%

=
o 0

Availability ; 70%

Extractionlof raw Fast Charging % 60%
materials o)
o

o 950%
o
©

c 40%
Power ‘u)'o'

Security (delivery / S 30%
acceleration) o

/ T 20%
7

) ) ) 3 100/0 Source:
Price Lifetime cs GreenTechMedia
= 0%
2015 2020 2025 2030

mNMC mLFP NCA m Others

Source: Prof. M. Fichtner / HIU, BloombergNEF

06.12.2023 18




» Cathode- Material Trends up to 2040 ! -

Global Annual Battery Demand g B il
by Chemistry (GWh) B

B Sodium Battery Demand
Lithium Phosphate Battery Demand = LFP =

High Nickel Battery Demand = NMC, NCA =

ASSB Annual Battery Demand -
ASSB = All Solid-State Batteries
Series Start 2027 =
::‘~z§§ ge )Y, |-
j\:‘;ﬁ \.’\"\L ,‘i\l t‘\- ‘_\-:;- :L ,\ﬁ\t ‘A"‘\\» \‘.>\‘. “:‘;\ ) ._\'\». ) "\\‘ ) \'\\ "\>\ ) ‘\: ‘_‘:\\ ) \;\ y ‘,‘.\.f‘-w >\ N

Source: Rethink Energy
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SYSTEM CONSIDERATION

» WLTP discussion
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» MATLAB Simulink Model
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» Discussion compare WLTC to a example of a real driving cycle

Driving Profile (WLTC Class 3)

150 Energy Consumption Comparison WLTP / Practical Profile
4.5 T | T |
< 100 | T WLTP
£ 4r Kladow-Adlershof 7
=<
2
§ 50 35 -
< i
>
3F i
0
0 300 600 900 1200 1500 1800 =251 -
Time [s] <
X
Practical Profile Berlin Kladow - Adlershof (smart for two EQ) WLl |
100 1.5 il
80+
€ . |
g 60 -
P
'S 40r 0.5 i
o
(O]
> 20 0 ! ! \ !
0 500 1000 1500 2000 2500
0 Time [s]
0 500 1000 1500 2000 2200

Time[s]




» System- Overview (Standard Simulation Base) + 800 V + SiC

Driving Profile (WLTC Class 3)

150 Improve:
NMC 42 kWh ‘ e - Battery cells*and chemistry
- l + BMS/VCU "
E 100 | — i « Special Capacitors (e.g. Supercaps)
>
G / \
S 501 )
> i
Driver i 4—»5 : )
: e — Maionil
0 5 10 15 20 25 30 | — R
Bosch SiC- Inverter
Passenger Car ‘ G gg\t;er _ Tk ’/ 7 f ‘/
Dynamic wheel radius . . .‘f‘,l‘\:’x\ b, :"“)
Weight of vehicle Improve: i"}% ) o ¢‘ .
Wheel friction coefficient » Transmission N ,\‘.‘ l‘
Air density 1,202 kg/m3  E- Machine . G Y s
Drag coefficient 0,28 - Power Electronic / Q\B,;V
Front surface 2,4 m2
Rolling friction coefficient 0,011 ) BMS = Battery Management System eAx EM220-205-800

VCU = Vehicle Control Unit
Quelle: Glasauto Bosch

Grafik: eAx solutions GmbH
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» MATLAB Simulink- System model

EBat [KWh] EBat k]
Driving Profile (WLTC Class 3)
150 T T T T T '1?('” S0C |- PMel [W]
= High Voliage System
E 100 7
=3 [
-B’ | FivialBatlim [W) Phel [W] —
©
Q ‘ahicle Dynamics
o 50 I B alpha |- 7
MG [Nm MOrtve: [Nm) s [m] ————= [
| oimiegaW |radfs| siml
0 5 10 15 20 25 30 »{ MGenSet Mm] MGenmaxAct [Nm] | vims)b
Time [min] Z % Wind [mis]
Electric Drive Linit
4
vSel [mis) i vSet fmés) |
alpha [-] | |

T

—— vilind [mis) ¥4
Lol biGEnmax [Wm)
MGenSet [Nm]
: »| RoadGrade [
pSt -]
bata [-] b I bt -]
Wieh fmis]
/ R MBrake [Nm]
Driver A
Brake System

Grafik: eAx solutions GmbH / Otto-von-Guericke-Universitdt Magdeburg
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» MATLAB Simulink- Simulation Two Step Gear + 800 V + SiC

Driving Profile (WLTC Class 3) EDU Motor Torque EDU Gear Ratio

150 400 . - : 12
Motor (One Step Gear) .
----- Limit (One Step Gear) 1L Ratio 11,8 i
. 300 r Motor (Two Step Gear)||
E 100 k- 1 g Limit (Two Step Gear) ? 10 |
=3 £. 200 1R
ey S x 97 1
E 3% I B R e B
g 5 e T -8 8
N N 7+ One Step Gear Ratio 6,5 1
i 0 ) Two Step Gear
0 l Il | Il 1 1 1 1 1 1 6 1 1 1 1 1
0 5 10 15 0 25 30 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time [min] Driving Profile Motor and Wheel Rotational Speeds 1 | XEDU EfflClencyl |
WLTC Class 3 Acceleration) T i i ' ' | 0,92
150 I \ \ . oY Wheel
5 Motor (One Step Gear) 08¢+t
S Motor (Two Step Gear) / —
E — 10 1
£ 100 / - 0.6 :
< o = 800 V
> Q = i
£ %) S04r Sic .
S 50f S-E 1w
> Q2 02¢F .
© : One Step Gear
© - Two Step Gear
0 L L | L m O | 1 1 I O | | | | |
0 20 40 60 80 100 120 0 20 40 60 80 100 12¢ 0 20 40 60 80 100 120
Time [s] Time [s] Time [s]

Grafik: eAx solutions GmbH / Otto-von-Guericke-Universitdt Magdeburg
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» Efficiency Map - w/o Two Step Gear + 800 V + SiC

EDU Operating Points EDU Operating Points

300 300
O Fixed Gear (i=11,8) S O Fixed Gear (i=11,8) S
200 | 0.8 200 /”Crea Two Step Gear (i=[11,8;6,5]) | | 0.8
Se>
i b — 3% 0.7
C
£ 100 : £ 100 Cney :
E 0.6 E o o) 0.6
o (b)) - X DS (] v
= O THR- sy s 8- ey 1 0.5 = ol e 1 0.5
§ i § 7“‘; . jp‘.,o_n - \ e 1
o 0.4 o Two Step Gear > 6 % Efficiency 0.4
o -100 1 o -100 1
s 0.3 s 0.3
-200 1 0.2 -200 1 0.2
0.1 0.1
-300 : ' -300 ' '
0 5000 10000 15000 0 5000 10000 15000
Motor speed [rpm] Motor speed [rpm]

Grafik: eAx solutions GmbH / Otto-von-Guericke-Universitdt Magdeburg
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» Summery Energy Saving Potential Two Step Gear + 800 V + SiC

Driving Profile (WLTC Class 3) Vehicle Energy Consumption

140 355 | ]
Fixed Gear (i=11,8)
120 - | 31 Two Step Gear (i=[11,8:6,5]) /\
= .
100 ¥ =25¢ Reduction of energy -
% i consumption up to 10%
b 804 oD 2 .
- 2
o i | LlJ | -
5 60 X .5
© O
= agf 2 | :
0
20 u 0.5r .
0 J | I | | \ | | | | Ly O | | | | |
0 5 10 i 20 25 30 0 9 10 TS 20 25 30
Time [min] Time [min]

Grafik: eAx solutions GmbH / Otto-von-Guericke-Universitdt Magdeburg
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Conclusion : -

E- Axle:

PSM — eAx preferred solution for high efficiency applications

ESM / ASM are alternative technologies today, especially against high price magnets
New standard: 800 V SiC- Inverter Technology

More Step Gear and 800 V SiC- Technology will increase system efficiency

Batterie- systems
LFP as Cobalt free alternative and with more charging performance
Sodium- lon & Solid State will come to series not before 2027
Second life before recycling

Systems- Solutions with Optimization E- Axle- Drive
Two Step Gear Box — SiC Inverter — 800 V Technology —> e- machine downsizing
Optimization Potential of 10 % lower power consumption
System Cost Saving Potential of Battery = 2 kWh=240€ ")

*) Assumption: Power consumption 20 kWh / 100 km and today 120 € / kWh battery storage (split NMC / LFP)

cti symposium 2023, Berlin 06.12.2023 28



» Thank you
for your
attention!

Hartmut Schneeweild
eAx- solutions GmbH

hartmut.schneeweiss@eax-solutions.com

Lﬁ-”lfﬁ

eAx Power Point Template TE-00194, Rev. 6.00
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