Hybrid Drive Systems for Vehicles

L9 - Charging
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Static Charging
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Electricity
grid converter

Power electronic
converter

”AC Charging” * "Wireless Charging”
Automation missing * 10...100 kW/m?

High power plug missing?
10...100 MW/m?
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Who needs an Automatic Charging Connection ... ?

* Commercial Vehicles ) -

*  Autonomous private (?) vehicles
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May be Opportunity Charged up to 10 ...4 ==
20 times a day = -

The power level is high!

Automatic connection absolutely
necessary !!!

Ity
-

Maybe a Spotify/Netflix/Uber kind of
vehicle

Must be able to autonomously arrange
washing, charging, workshop visit, ...

Usually connected 1...3 times per day

Automatic connection absolutely
necessary !!!
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Even the Car industry is trying ...
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And also Off Road ....
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The gardening industry is leading ...
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the limits ...

e Same CCS-plug, now called “CCSplus”,
boosted with water cooling.

e Current limits pushed towards 350
Ampére and beyond.

=260 ... 500 kW, depending

e Still no automation!
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Normal fuse levels

Home
— 1 phase
10 Ampére -> 2,3 kW
e 16 Ampére -> 3,7 kW

Other places
— 3 phase
e 16 Ampére -> 11 kW
* 32 Ampére -> 22 kW
* 63 Ampére -> 44 kW
e 125 Ampére -> 87 kW
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Charging Mind Map
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Dedicated Charging Stations
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Historical Perspective on EV Charging Gaan

Equipment 1900 to Today ....and Tomorrow Cities

1913- 150A/48vdc coupler 1990's J1772 Conductive 2010 SAE J1772 Level 2
(30,000 EVs in 1913) SAE J1773 Inductive 240vac/<80A (32A typ.)

The eleerdde welucle - radcary dhe Aandants

——

Figwre 306, pso ampere=lowe (i) chargiue recoprache™

———

2011 SAE J2954 |
Wireless Charging J




Global Differences in Connectivity

us EU CHINA JAPAN

SAE.ITTE™

SAE JTTTZ™ AC connecior has akso been adopted by Korea and Sustralka



AC/DC Connector Standards Around the V@Ei';

@ 1-phase (households)
Typs 1 corrector prafer-eci

Conitral
Linit
(PLC)

@ Fphase (householos)
Tvoe £ cormecor preferec!

w» mik=o

AC-
Changesr

-

-

—
Switch

Bavery

A detalled analysis of design eptlons conflirmed the feasibllity of lean deslan.

Option 1 Reuse of AC PINs Option 2 Selfcontained OC
Typ 1 Typ 2 Typ 1 Typ 2
85 260 (mim) i) x 100 i i B5 % 110
War.A F TN i |
FLE aaly [ | |
80 x 100 85 x 110
® can R |
AL i | i 5
SAE MTFT2 additioral = f e -
asx 120 .
FRegiona charging connectars. Giokal combo conrector for ( ) .:
e ryalibie wily v danollb e = AC and DC charging . . r !

Clean Cities [ 27T




1-phase AC charging
with Type 2

3-phase AC charging
with Type 2

High power DC charging
via dedicated pins with
Combo 2

. q Combo 2

}@

1-phase AC charging
with Type 1

High power DC charging
via dedicated pins with
Combo 1

Y E Ow

g ‘ Combo 1

CCS with

= IDENTICAL
safety measures
(PWWIM)

= |[DENTICAL
charging
communication
(PLC)

covering ALL charging
scenarios worldwide




The Chademo Charging Ste 4 F

| -
CHAdeMO

AC Filter
|solation
Rectifier
LC Filter

Off-board
Quick
Charger

Distribution

grid Ground fault Interrupter
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Chademo
suppliers
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{France)}

ABE
{ Switzerland)

ENVTRONIC
{ France)

Efacec
{Portugal}

Agrovironment
{ America)

Dielta Electronics
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« 3 phase plug limited to 63 A 63 -E(igOAg/pin
 Max charging power 44 kW =104 kW AC

* Available from all OEMs for night time
charging

 E.g. 200 kWh in 5 hours night time.

« NOT Enough for Opportunity Charging at
+100 kW? There is a possibility!

 New Plug Needed for higher power levels!
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abc0pe

| 1] * OppCharge an open "standard”, capable of up to 600 kW
AC » Expensive stations, not compatible with most truck applications

« CCS/DC normally limited to 200 A.
« @ 750V this gives 150 kW, e.g 4x0.25h = 150 kWh
DC2 - NOT automatic

* Pushed towards 500 A with water cooling = 375 kW
@ 750V
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abc0pe

« Siemens eHighway is currently leading

» Others follow very soon

» Significant battery size reduction (-60%...-80%)
« 150 kWh instead of 600 kWh

» No protective earth — requires special safety
solutions

© 2018 LTH - LL

A A
A



Tesla Semi Analysis ...
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Technical facts

Given Facts

GVW = 80000 |bs =36 287 kg

Drag Coefficient = Cd = 0.36
Drivetrain: 4 PM motors from Model 3
Acceleration 0-60 mph = 0-97 km/h

Tractor only: 5 seconds
Full load (80000 Ibs): 20 seconds

Hill climbing: 5 % slope @ 65 mph = 105 km/h
Range: 300/500 miles = 483/805 km

Charging time: 400 miles = 644 km in 30
minutes
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Calculated Facts

Energy consumption = about 1 kWh/km

Tractor weight = 9 tons

Traction motors = 4 x 137/192 kW (cont/peak)
Battery Energy = 850 — 950 kWh (depends on DoD)
Battery Weight = 4.2 — 4.7 tons (@ 0.2 kWh/kg)

Charging power
= almost 1.3 Megawatt for Fast Charging
=100 kW for Night Time Charging

MEGA Charging Connector: Seems to be 4xSUPER
Charging Connector




The Perfect Charging Connection ...

Is automatic

Works with both
small and BIG vehicles

Can be used both when

standing still and when moving

Can be used both
in the city and on the highway




Dynamic Charging
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What is Dynamic Charg

*  Charging while the vehicle is moving =

— Even at highway speed!
. Inductive or Conductive

e  Traditional solutions with Trams, Trolley Buses and
Trains

*  New Solutions emerging fast

Siemens

Bombardier ALSTOM eHighway
PRIMOVE P :

./..

APS
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Conductive ERS concepts

Elways Alstom Elonroad Honda Siemens




Additional equipment ne

Slide In Hybrid Vehicle
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Activated in sections ...

« Activated "step by step”
* Needs little precision
* Overtaking on battery
 Reduced battery range

e Sweden: A=50km

Remember: - ERS reduce the need for batteries to 1/5th
”100 km instead of 500 km ”




Elonroad
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A technology example...

=

To vehicle
Traction System
—

Main power
conductors

N v "\ AC Power
/ Grid
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Cost of Charging
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Some cost gnalusis

* 5 million cars 4 15 kWh
batteries @ 1000 SEK/kWh
@ 10 years lifetime
-> 7 Billion SEK/year

* 50 000 Heavy Duty Trucks a
100 kWh batteries 4 1000
SEK/kWh @ 2 years lifetime

-> 2 Billion SEK/year

* 15 600 km National and
European road @ 10 Million
SEK/km @ 20 years lifetime
-> 8 Billion SEK/year
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* Bransleitransportsektorn: c:a
90 TWh = 9e9 liter =45
Milliarder SEK exkl skatter !

. Motsvarande El =30 TWh =30
Milliarder SEK exkl| skatter !

. Skillnad = 15 milliarder SEK !
1"1

—_—

!
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B
-> 17 Billion
SEK /year
-> 51 Billion
SEK /year

* 5 million cars a 75 kWh

batteries &4 1000 SEK/kWh
@ 10 years lifetime
-> 38 Billion SEK/year

50 000 Heavy Duty Trucks a
500 kWh batteries a 1000
SEK/kWh @ 2 years lifetime

-> 12 Billion SEK/year

50 000 ”"SuperChargers” a 150
kW & 6000 SEK/kW @ 25 years
lifetime

-> 1 Billion SEK/year

KW 4 6000 SEK/KW.® 2he
lifetime
-> 0,12 Billion SH




Principles for galvanic isolation,
double isolation and integration
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AC Grid

indam_gntal isolation issues (1
ey IN

1. When connected for chargin
a part of the TVS will be on
the same electric potentia
system as the utility grid.

. The charging system will drive currents (difficult to
predict) via these parasitic impedances to ground.
2. Without galvanic isolation, the
entire charging and TVS
system will be on grid

6. Additional components need to be installed in the TVS
to limit these parasitic currents, not to trigger Residual

|
|
)
potential : Current Devices (RCD’s) in the grid connection.
| p
3. The TVS system has 7.We do not yet know the extent of the need for
impedances to chassie additional components. Studies are unde

(parasitic and intentional) strong answers can be expected before

N e e e e e S R S N RN RN N NN NN R RN M



8. When connected to a 10. We do not want that on the entire TVS!

supply without a protective
earth pin, like an Electric

Road System (ERS), _

11. Again, galvanic isolation is a solution ...

— e e e mm e mm Em e e e E Em om a
—-—
=

9. Double isolation means @ I_
that a system or
component is mounted in
a subframe that is isolated
from Chassie.

g
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AC Grid




AC Grid
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mdamental isolation issues (4)
|BATTERY |

12. With galvanic isolation 14. Thus - Galvanic isolation ...
in the power supply,
only the parts on grid m a) ... contains the parasitic impedance issues to a
predictable and consitent level

potential need double

Isolation 7\ /< b) ... eliminates need for double isolation of the
———————————————————— whole TVS in ERS applications
13. Any issues with \ /
parasitic —_ 7
impedances to |— ,
chassie are

predictable and
contained
D © 2018 LTH - LU




Applied to AC Charging
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1.  ON board chargers
are always
galvanically isolated.

2. We can use some of
= them, like in this
example 5x22 kW =
110 kW
3. Weight: 100 kg

4. Size: 520x400x420

That is with one traction
machine

AC Grid

D © 2018 LTH - LU




e am oam =

6. It can also be done
with two traction
machines

—— o o R

AC Grid
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AC Grid

Sol

s for galvanic isolation with AC Charging (3). &

E

o

7. Another solution is to use :
the two machines in a I AFE ]
double drive, and a switch | i

:

|

|

box.

Q 9. Running the charging power via the machines
8. The Active Front End : give the galvanic isolation interface in
(AFE)is asubsetofanon ~~ "7~~~ ~"""°"°° between the machines
board charger. It operates
as a rectifier. 10. The efficiency will be lower than with a
separate on board charger, 85...88 %
compared to 90..92 % for the OBC.
N
11. The system cost including EM+EMD will'be %%
,E% lower with integration, about -20 % e
[l | 2 n(((4
e ©2018 LTH - LU 41\%:\/



System Cost AC Charging

1 x 240/400 kW Cont/Peak + 110 kW OBC
OR
2 x 120/200 kW Cont/Peak

25

- - N
o (6)} (=)

EMD + AFE + OBC cost [kEuros]

(¢,

0

1 2
© 2018 LTH - LU Vehicle #

EMD + AFE + OBC cost [KEuros]

25

N
o

RN
[6)]

RN
o

[¢)]

Solutions for galvanic isolation (1)

B :I Solutions for galvanic isolation (3) Fﬂ

1 2
Vehicle #

EMD + AFE + OBC cost [KEuros]

25

N
o

-
)

—_
o

(&)

10000 vehlyr

I Traction Motér

I Traction Miverter

[ ActiveFront End rectifier
[ lisei On Board Charger




Including ERS Charging

©2018 LTH- LU



AC Grid

S T REEEE e N i —

1. The OBC contains the
galvanically isolated
DC/DC that ERS
needs, and only
double isolation needs
to be added

2.  The OBC consists of
an Active Front End
Converter and an
Isolated DC/DC
converter

D © 2018 LTH - LU




‘uding AC and ERS charg
|BATTERY

2. Another solutionis touse !
the two machines in a
double drive, and a switch

|

|

|

| 1
box. I I |

! Q | 6. The system cost will be lower, about — 30 %
The AFE is still needed for : I

B 3.
AC Charging —oop----2--2d77F 7. The efficiency in direct drive is higher, in
charging is lower compared to previous
alternative.

N N e e )

4. The double motors provide
galvanic isolation

5. The MDS, the Switch Box
and the Traction Machines

@need to be Double Isolated

© 2018 LTH - LU
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AC+ERS System Cost =

1 x 240/400 kW Cont/Peak + 200 kW OBC

OR

2 x 120/200 kW Cont/Peak + 120 kW AFE

25

20 r

151

kEuros

10
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Including AC and ERS charging compatibility (1)

)

1 2
Vehicle #

25

201

15+

kEuros

1

Vehicle #

kEuros

25

15

AOOO vehlyr

/

I Traction Motor
I Traction Inverter

[T AFE Rectifier q
[Jisol. DC/DC &
[ lisol. On Board Charger

D Q

IS &







How to Provide a Big Ferry with Full Electric
Drive !

10 min Dock / 20 min Transport
Boat Battery:

1040 kWh, 20 tons, 50 Wh/kg
200 kWh / trip (20% DoD)

. 34 times a day

. Assume 100 k Cycles

. 2900 days = 8 years

Charge at 1200 kW in 10 minutes (C=1.2)

Shore Battery:

410 kWh
Charge @ 400 kW in 20 min (C=1,0)
. 133 kWh/cycle, 32 % DoD
. Assume 30 k Cycles
. 1800 days =5 years
Discharge @ 800 kW in 10 min (C=2,0)
PLUS Grid @ 400 kW for 10 min !

©2018 LTH- LU

Oppedal
Charging
Station

410kWh

Electrical
Grid

Energy Storage
System
410 kWh

Oppedal
Charging
Station

A

5.6km - 34 times/day Lavik

v

Charging
Station

410kWh

N

Electrical
House House Grid
Loads Loads.
| 1
Charging
i Pl
I | I 1 ~
Other Other
4 Battery Packs | | comumes consumers | | & Battery Packs I
20 Modules/ = L7 20 Modules/
pack pack
&5 o2 i
Energy Storage Azimuth Azimuth Energy Storage = ,“:H
Systemn Thruster Thruster System
520 kWh 520 kWh
Energy Storage
Forward Power Station Aft Power Station System,
410 kWh
Lavik
Charging \
A line diagram of the Ampere drive systems station ¢ ¢




What if the trip was longer ?

* Bigger battery + more « ”Pain limit” reached? -« Fill in with HYBRID !

charging?
i i ] Electrical Electrical
- Here, a Series Hybrid! e = = s
] |
Oﬁ:lfxlf! Ch:'r'l!r‘
 Can also be a Parallel | j . " : : L
Hybrld' .um,!‘m I G5 L —7; Aam-rverJ-s
— Combustion engine iy o
drive directly on the e s =1 = | oo R
Thruster "’“ "G o B =S TL i g -
520 kWh = | 520 kWh
- Use Our Hybrld Drlve Energy Storage . 3 Energy Storage
for Buses’) 451{)5:(3‘,';“'1 Forward Power station ATt POwer Station 451)(')3:(&\;1“!1
Oppedal Lavik
Charging Charging
Station A line diagram of the Ampere drive systems Station
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And what if it was on land?

* No Hybrid Needed!
e Use Dynamic Charging to "fill in”

© 2018 LTH - LU

Electrical
Grid House

Charging
Plug i

1 1
|
4 snery ok @ Battery Packs
20 Modules/ 20 Modules/
pack pack
3 Batery |
21 Modules/ 2
e Energy Storage Azimuth Azimuth Energy Storage
| System Thruster Thruster System
520 kWh 520 kWh
Energy Storage
System Forward Power Station Aft Power Station
410 kWh
Oppedal
Charging
Station A line diagram of the /

Electrical
Grid

s
()

Energy Storage
System
410 KWh

Lavik
Charging
Station



Current Loading

©2018 LTH- LU




rging Solutions

Charg

/

-~
T = o A e

— -
- -
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AC Grid

HKF HKF K%
K3 K3 43

» Identify Isolations faults (Battery to Chassis)
* Limit the DC link current ripple

AHHHHE

\ 7/

L

E— © 2018 LTH - LU




S g A T, E
The Ideal Drlve | IR .u..m.‘.w".wu'w..u. i
Ji
il
R~ _——— \
T K3 %K} %K},
G =
T F K3 R

\ | J

NV AV A A 4 4 Ay A A A LA A L A L A A A A A Ay
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Some parasitics ++

Parasitic and intentional 1 T; USSP S r}
oo T _ T __T__T__ss | Phaseto phase
: % Phase to core
e/ )

E 5 —¥
= ) AKE AKE AKH L o FHE
G s 5
=/ KE AKE AKED o

v
K
.

///////%////,'Ch'.' od [ 7 7 7
assis
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GKE 4K KA

M} K% K%
= F o
=/ Kk kE KED <

Zgnd

7 7 7 7 7 7 77 7 7 7 7 7T T
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~ The full
255 ;x_stem ‘e
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1 L
R Ldmi D1 r T
I E-6" B st IS ity EICE .
it e devt 1o Spp e
c6 ca ‘c10 fozes Toes e uzes
.1.--_ - i _--_ =
R2  Lmdz B2
i il T3 -
_6 -‘t.‘l - - -
1 cs cR : R
:ZRDEﬁS : |DE inkct | L EMLesd
; . - e
ul.
", ﬁl‘ - - - -

c1

_ T . Some conclusions:
1 A Complex circuit '
[ Bateny 2 A High Excitation
3 Complex harmonics
distribution

Rser=
PULSE(D 600 0 1E-4 0)

] I
0.8 1066
LT K B2
* ADA T s — ' S 'I-c
| | | | | pusep
\ ) R
| | ‘ ‘ | | | | ‘ | | | [sases [10E5 [10es "+ oencio
i | | | | | | I ' |
| | \ | | | | \ ISl
| | = s i kit

14.0ms 14.4ms 14.8ms 15.2ms



Potentials & Common Mode

<—|S: witching frequency[—

Zgnd
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Equivalent Circuit

o

Swithing frequency + Harmonics

Udc peak-to-peak

g®

J

///////@/////" Zgnd
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Capacitances
C- stator to frame

Some more parasitics
Tt

Cge- rotor to frame
Cq- stator to rotor

Zgn
d

A S S S A A A A S A A AR A S Zgnd

© 2018 LTH - LU




Equivalent Circuit ++

— frame

{ stator
winding

Udc peak-to-peak
Swithing frequency + Harmonics

—_—
o

+ tooth tip
<— air gap

slot |
wedge

No. «—

Stator outer radius 0,125

Stator inner radius 0,095

Number of slots 24

Air gap axial length 0,15 c

(&2

Air gap radial length 0,001 N T
Winding isolation thickness 0,001

Winding isolation relative permittivity 5

e0 8,85E-12|

Capacitance winding to stator frame

A CEE: A A Y Zgnd VA A A AN AN AN A A A A 4 4

d 0,001 -
Cws [pF] 7 076 stator winding
Capacitance winding to rotor \
A 0,022 Pe -n,r A
d 0,003 = <
cwrler] = rotor
Capacitance stator stator to rotor 5 (_' Veom - \
A 0,067] Ub wr g
2 0.001 BVR = = — (_' I C 5y 5C - Co FitiE Cor Choi
- z r - = bt L . - »
Csr [pF] So5| com wr rf b _|_ — _|_ YL
Bearing Capacitance frame l

Typical Bearing Capacitance [pF] 50 000 —L—

|
;\\9
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Fig. 8. Common mode equivalent model.
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More details ...

Impedance Magnitude —— Measured vs Simulated

140 B ) e e e e N ) e e e

'—-h-'— Measurement: First Layer
120} | —*—— Simulation: Equivalent Spice Model

T

100} -

8ol

40}

20} -

L i !l 1 Pobrii g
102 o 8 =
Frequency [Hz] A

Impedance magnitude [20l0g, (2] (48]
3




Leakage current damping

The following figure shows the leakage currents of a controlled drive with suitable EMC

measures.

Frequency Output Motor
inverter choke

e

Grid Residual Line filter
current device

M
fﬁi_.m-
B
Rectifier
[

Output stage
r,-_
|
|
1
L R

L
z Y ke
Motor cable Motor
Inverter leakage leakage
leakage current current SIO/
current M <
. QENC
¢
& &
Leakage current MF leads leakage curmment 7
Ml

Total leakage
@current through asym. grid back to the inverter /



Motor/Cable Impedance Mismatch
Leads to reflection and overvoltage up

to 2x

©2018 LTH- LU

3763712779
r’l
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Y

5105317003

Voltage characteristics
at the output of the frequency inverter

Voltage characteristics
at the motor terminals




Floating GND

R @chassis = 375kOhm
C @chassis = 700nF

C @line-to-line =
1500microF

V @battery =600V
Controlled Faults
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Time Series Plot:Voltage

-
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1 Mohm isolation faults

Time Series Plot:Voltage
T T
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Time Series Plot:Voltage
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100 kOhm faults

Time Series Plot:Voltage
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Two different faults
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Conclusions

* The Traction Motor Drive, and almost all other
drives connnected to the Traction Battery, draw
a Pulsed current from the Battery Circuit.

* The battery Ciruit contains A LOT of reactive
components (Capacitors and Inductors)

* The harmonic spectrum from the drives
connected to the Traction Battery, spread and
interact through on the Traction Voltage
System.

* This cause resonances, ageing and even
malfunction on systems connected to the
Traction Voltage System. A detalied
understanding is needed.
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* Parasitic components (inductances and

capacitances) appear between the battery and
the chassis, between the motor windings and
the magnetic core of the motors, between
power semiconductors and their heatsinks and
between the power cables and their shields.

These parasitics contribute to common mode
currents (the same current in both battery
cables AND/OR in all three motor cables) that
cause ageing of insulation, bearings and possibly
malfunction of Earth Fault Protectors (= Residual
Current Detectors)

Intentional impedance variations between the
battery circuit and the chassis are used to d
isolations failures.




