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Newsweek’s top 10 (world) hottest cities 2006

“Florianopolis, Brazil —
aka 'Silicon Valley of Brazil, with beaches', ban on heavy industry”

~380 000 people [ 17 universities [ 2 technological centers

Aim: create 40k tech jobs in 10 years




Federal University of Santa Catarina (2013) o

Founded: 1961
Built area: 651796 m?

3 Pamte Hereilio Luz
2 Pante Colombe Machas s Salles

19 Eaigadio da Felipe Schimidt

11 Terminal Pedvidric Aits Maria
12 Assembitia Legidativa de SC
13 Centrs de Convenches

14 Beiramar Shopping
2= Hospital de Caridude

e Entry students /year:

* Totalundergrad.: 30602 | _ 38116
e Totalgrad.: 7514

 PhD: 2900

» Publications/year (journals): 2023

e Scholarships: 7521

* Professors+lecturers: 2059

e Otherstaff: 3137

e Budget: R$955.479.298,00



Téchnological_Center_—CTC Q? |

Departments

Architecture and urbanism — ARQ

Automation and Systems — DAS

Civil Engineering—ECV

Electrical Engineering — EEL @
Mechanical Engineering— EMC
Production Engineering — EPS
Chemical and Food Engineering — EQA
Environmental Engineering — ENS

Informatics and Statistics — INE

Ngp

- ,-“«" |

Numbers

360 Professors [ lecturers
120 Employees
5100 Undergraduation students

2000 Graduation students

49 Professors [ lecturers

13 Employees

498 Undergraduation students
145 Master students

89 PhD students



Power Electronics Institute — INEP ond

Founded: 1979 as LAMEP
Re-structured: 1994 as INEP

Supervisor
Prof. Denizar

4 ) - - ) ™
Professors Administrative
Prof. Samir A. Mussa L staff y
Prof. Marcelo L. Heldwein
Prof. Telles B. Lazzarin ( Technical 3
Prof. Roberto F. Coelho
L staff y
Prof. Gierri Waltrich - ~
Prof. Arnaldo J. Perin Students 94
\ J \ Y,

|
Undergrad. Master PhD Postdoc

41 26 23 4

Ngp



Professors

Prof. Denizar C. Martins  Prof. Samir A. Mussa  Prof. Marcelo L. Heldwein  Prof. Telles B. Lazzarin

Prof. Roberto F. Coelho Prof. Gierri Waltrich Prof. Arnaldo J. Perin

Ngp



(i
Kﬁ -
feecest

Tutorial outline | el

e Parti-EVsinfrastructure and required Power Electronics
— EVstoday
— Power electronics systems for Evs
— Introductions to battery systems for Evs, V2G and V2H
— Recharge modes, stations and converters

e Part2 - Modeling and simulation of EVs and design of batteries
— Battery modelling
— Motor modelling
— Vehicle modelling

— Electric vehicle range modelling




Modeling and simulation of electric vehicles (EVs)
and design of batteries for Evs
Part 1 — EVs infrastructure and Power Electronics

Prof. Marcelo L. Heldwein, Dr. sc. ETH
E-mail: heldwein@inep.ufsc.br

....-l""

S p Ec IEEE Power Electronics Society
‘ OB E P . ] ] SOUTHERN POWER
1= ELECTRONICS CONFERENCE

NDVEMBER 29" TO DECEMBER 2™ 2015



mailto:heldwein@inep.ufsc.br�

Charging stations

{5

=
YEr R
eV AT

@l search for a station by name, address, ar city Q ‘a Trp Planner  Add Station Login SignUp
Edmonton i \in Ao ABAGt
o ¥ Qi "
k4 Saskgluun
Public Stations E]]
0 0 o (?Gslgary ONTARIO QUEBEC 0 Installed by business or govemment
\ \ o
e e Regina 0 -
k High P Stati |
g e “ g 9 Q fppasies
Van ( =
- } ’\/\— v ¥ ' Currently n-use
ﬂj.)mewAeﬁmﬂ\h.ﬂl ‘ \G/ 6 [Q;MQ @0 L“e : ‘:v,,' |
4 GJ VO | : > ﬂ QUEbgC'CW }ERUN%WICK and Miguelon
0 60 0 0 0 00 0 0 0 MINNESOTAR 0 | HEER
Pgand ¥ 0 % YyvY 9 0 Ottawa Montreal 0 e_mu
ﬁ : 7 e OD 0 Mlnnelpol\s i A -
5 6 0 0 ¥ TH 6 0 0 7 ISCONSIN vt 0? NOVA'SCOTIA
0 OREGON W \\/ ﬂ“;' () ) 0O s iy T ] MIEH\Gﬂé ﬂ'mhﬂ,;e 0 "@ "
b Migaukee HAM HE
3 - = WY o= Gr Y = a NS VORK o
B 0pnle ¥ of R o Qg T
0 6 - \/ (&E\? T 0O NEBRASKA Y : 0 ef g
Y : s GO 4 New.York
0 @ 0 / -00} 00 q:gnva.ﬂ %D 0 0 0 0 0 ILLINGIS/  INDIANA oHIO pENNBYWA:;:adelphua
v SRUADA gV JI'IltE L tall \ ’ ARAAYLAND &
. UrAH y J yﬂ 4 v
SEn:::i:ZmD 0 0 O 0 OJM“O RSOUR VIRGINIA W’Shﬁ‘q'““m
e 0 .\ @ @ eﬁﬂ @ GKENTUCKV ﬂqmm
an Jose
CALIFCEERA. Las ] ﬂ @ Nae e v
06 0 0 ebu\yarqueﬂo 0 ‘_\ \H(LIWUMA @ TENNES Sl 0 Ocm HG
L 5 . o
- Los Angeizs N A e @ ARKANSAS 0} y O‘I:LOH.:’ "
@ Phoenix 0 dississipal Y 0 o or - SHLINA
S0 gl Tucson Da‘Uas k. ATINEANS EEDRGK&\- B d
o 0 ermuda
sl foase 0 00 . 0
CALIFORNIA BN oRx 1 V\‘)un ity uLDUISIﬁNA;': Ja:ksgnwlle
\ San Antonio o New O
CHOHUAC R q @ Y Oriide §
5;’{- COAHUILA V. Targpa W
c?%’ 6 0.1\"’0 ¥
n”' Mun?erLr L \ sami 0 =
L o Gull of 09
Google niBAIAR SSINALOA oupaNGD st They Mag deta €2013 Gosale. INES! | 200 ki i | Terma of Use
Plan alrip Superchargers CHAdeMO SAEComboCCS Blink EVge SemaCharge GE SF LA DC NY Mobile Developers FAQ Privacy Termsofuse Contact Company




Charging stations

[él search for a station by name, address, or city Q ﬁ Tnp Planner  Add Station

Greenland

Iceland
#ﬂ United
NEWFOUNDLAN! 6:‘ Kingdom
AND LABRADOR
Irela d
Londos
]
oo O¢
v p |
b : o
INOVA SCOTIA
North
Atlantic 0
Oe
orocco
Google Fﬂﬂ P
Planatrip Superchargers CHAdeMD SAE ComboCCS Blink EVge SemaCharge GE SF LA DC  NY

Ngp

00 L €©

Residential Chargers |
Shared by PlugShare members

Public Stations =
Installed by business or government

‘?- e

v
Map data ©2015600aleuNEC] ORIONME 500 KM bt Terms of Use | Repart 2 man ermor
FAQ Privacy Termsofuse Contact Company

High Power Stations =
DC fast charge or Superchargers
In-Use Stations ]
Currently in-use

Rus:

e
\ %
> 00
ﬂ v
v i
P’ =



Charging stations
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Charging stations
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Charging stations
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Charging stations
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EV conditions o

global EV sales EV spending by category

+53%

+70%

— 57%
+150% 43%

— 54%
49% 46%

| +729%
51%
81%
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EV market share PHEV battery progress

Market sales shares of EVs reached over 1% B Battery cost (S/kWh) B Energy density (Wh/L)
in bolded EVI countries. 800 ~ - 400
ﬁl2 — 600 [ =300
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o
5 9 200} 4100
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% 2022 target
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1% line

France
[taly
Japan
UK

us

Netherlands

Canada
China
Denmark
Norway
Portugal
Spain
Sweden

Germany
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EV CITY CASEBOOK

Trough of
Disillusionment
Technology

BIG IDEAS

OF ELECTRIC MOBILITY

Trigger

MATURITY

http.//.iea.org/topics/transport/subtopics/electricvehiclesinitiative/EVI_2014_Casebook.pdf



Battery Electric Vehicle BEV Electric Vehicles that run purely on electrical
power from battery packs

Plug-in Hybrid Electric PHEV A type of Hybrid Electric Vehicle with powerful
Vehicle batteries that can be charged with a plug through

a wall socket

Hydrogen Internal H2ICV An altered version of the traditional gasoline
Combustion Vehicle internal combustion engine car. The hydrogen

http!/Avarie

engine burns fuel in the same way as gasoline
engines.

ouver.ca/sustainability/documents/ElectricVehicleClassificationTable.pdf




Neighbourhood Electric
Vehicle

Neighbourhood Zero
Emission Vehicle

NEV

NZEV

Battery Electric Vehicles with limited acceleration
and a top speed

Battery Electric Vehicles with limited acceleration
and a top speed

http.//vaouver.ca/sustainabiIity/documents/EIectricVehicIeCIassificationTabIe.pdf
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EV classification

Internal Combustion Engine

Belt Driven Integrated Starter Generator (ISG):
3-5kW With Idle Stop and Regenerative Braking

Integrated Starter Generator: 7-12kW With Idle Stop,
Regenerative Braking & Downsized ICE

30-50 kW, 200-500 Volts With Electric Launch, Idle Stop,
Regenerative Braking & Downsized ICE

Battery Powered Electric Vehicles

75-100 kW Fuel Cell Electric Vehicles

Mild HEV

Full HEV

------------------------

----------------------

Motor

et
= 3ﬁ -
Tt

UFSC

----------------------

Propulsion
device

Energy
sourcc

K. T. Chau and C.C. Chan, Emerging Energy-Efficient Technologies for Hybrid Electric Vehicles, Proceedings of the IEEE, April, 2007.
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Power architectures el

Series hvbrid

[ H = |

G —p "

(o H =

(a)
Seres-parallel hybrid

—— Electmical link

B: Battery

E: ICE —— Hydraulic link
F: Fuel tank = pdechanical link
GoGenerator

M : Mobor

F: Power converter
T: Transmession (incluiimg brakes, clutches, amd grears )

C.C. Chan, The State of the Art of Electric Hybrid, and Fuel Cell Vehicles, Proceedings of the IEEE, April, 2007.
Ty
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Electronic systemsinna EV = { %E‘“fi;.,ii

Additional Radiator HV - Battery
HV - Harness
N\

Plug-In Socket

- Electric Fan

Electric Drive Motor

Clutch Actuato
El. Vacuum Pump

HV el. AC-Compressor DC/DC Converter
El. Steering Pump

ip :

Charger

Inverter

HV-PDU



Power Electronics in a PHEV =
ICE
Electric
Generator

U J\L JJ Three
Phase,
Rectifier ——) Battery (> DC to DC ) Freq:zicy

Converter
ﬂ Dependent
|| Inverter
120 Volts AC
or 240 Volts ﬁ
AC External
Power Source Electric

“ Motor

Wheel

J. Gover,lmA Tutorial on Hybrid Electric Vehicles: EV, HEV, PHEV and FCEV”.



Power Electronics in a PHEV

ICE

| |

Electric
Generator

Ullll

Rectlfler

120 vults AC \

or 240 Volts
AC External
Power Source

Three

Battery

K=

DC to DC
Converter

Phase,

<:> Frequency

Typical power < 6 kW

Dependent
Inverter

[

Wheel

Electric

h Motor

J. Gover,lmA Tutorial on Hybrid Electric Vehicles: EV, HEV, PHEV and FCEV”.



Evolution of the powertrain inverter technology =

| | | | ] l 1 T T T | T
(Year) 2002‘20.03!2004}2005{2096!200‘?!2008{2009}2{110{201112012:2013E2014!2015I2016
‘ | | | [ 1 | | | | | | | (==
| | s s s .-"-.
First-generation strong (I) Second-generation strong (II)
| |
o _— ko AR
! [ | | | | | | |
‘ | [ l | | | | | |
| | | | | | ' ! '
Development ‘ | 4' | | : ' Third-generation strong (]]I]/
‘ | ! | ! ! | | | |
| : : : : | | |
| First-generation mild (M)/ | | |
| |
i T | Za
| |
‘ ! : : : : ! ! !
| | | 1 i | | ' |
| A A |
' | I P /. |
N _: | ey
‘ | | M_ |
Example ‘ | Tahoe
vehicles ‘ oir : (General Motors Company) : |
(Isuzu Motors Ltd.) l : {General Motors Company) l (Daimler AG) §
) : i I | ! - [ I | |
=T Malibu T R
‘ : l : (General Motors Company) : l : :

Hitachi Review Vol. 63 (2014), No. 2

M High-power-density Inverter Technology for Hybrid and Takashi Kimura  Kinya Nakatsu

Electric Vehicle Applications Ryuichi Saitou Hideaki Ishikawa
Keniji Kubo Kaname Sasaki
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Evolution of the powertrain inverter technology

G E

G B

G E
n+ n+ n+
P P P
n— n— n—
n+ 153 =n+
n+ éc
pt+
5C
pt
6C
Vee(sat)= 1.80V 1.65V 143V
PT Generation II FS Generation I1I

NPT Generation I

Hitachi Review Vol. 63 (2014), No. 2

High-power-density Inverter Technology for Hybrid and Takashi Kimura  Kinya Nakatsu
Ryuichi Saitou Hideaki Ishikawa

mw Electric Vehicle Applications
Kenji Kubo Kaname Sasaki
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Bad™ W
)e powertrain i‘gréréimology
S R e sy B

Thermal IGBT

IGBT
Relative
thermal 1.0 0.7 0.5
resistance
Single-sided Single-sided Double-sided
indirect cooling direct cooling direct cooling
Previous design Hitachi Hitachi
Generations I and II Generation III
Hitachi Review Vol. 63 (2014), No. 2
High-power-density Inverter Technology for Hybrid and Takashi Kimura  Kinya Nakatsu
Electric Vehicle Applications Ryuichi Saitou Hideaki Ishikawa

Keniji Kubo Kaname Sasaki
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Evolution of the powertrain inverter technology

_________________________________________
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i . |
Double-sided direct cooling '
' |

|

|

|

|

: ! Coolant

—_ e — e —

i | Temperature: 25°C
| | |

+ - Flow Rate :10L/min _

0 5 10 15 20 25
Time (s)

(a) Comparison of transient thermal resistance

Maximum
current ratio (%)

r 3

130 —

120 —

110 [—

100 —

4~
fi
3

C b atte
71X
M At

30% improvement

(approx.)

Hitachi Review Vol. 63 (2014), No. 2

M High-power-density Inverter Technology for Hybrid and

Electric Vehicle Applications

Power module
with single-sided

Power module
with double-sided

direct cooling (previous) direct cooling (new)

(b) Comparison of maximum current ratios

Takashi Kimura Kinya Nakatsu
Ryuichi Saitou Hideaki Ishikawa
Keniji Kubo Kaname Sasaki
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(a) Power module with
single-sided direct cooling

Hitachi Review Vol. 63 (2014), No. 2

High-power-density Inverter Technology for Hybrid and
Electric Vehicle Applications

(b) Power module with
double-sided direct cooling

Takashi Kimura Kinya Nakatsu
Ryuichi Saitou Hideaki Ishikawa
Keniji Kubo Kaname Sasaki



In-wheel motor with integrated inverter o

Yheel Bearing

Conventional Wheel Rim

Vehicle Suspension

Colls and Power Electronics!
Micra invertars

~80.0

-20.0

32

Fonte: http://www.proteanelectric.com/




Integrated inverter OFsc

Challenges:
* Mechanical conditions

 Packaging and integration



Electric boat integrated drive

e Integrated inverter

ic (N
a2l
D I




e Integrated cooling system
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Electric boat integrated drive

e (Control/ modulation board
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e Assembly
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Li-ion batteries a
HONDA
Energy density comparison of common technologies
14000
.practical [Wh/kg]
12000 " & theoretical [Whikg]

S 10000
=
: |
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= |
‘B 6000
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! . .
>, 4000 - . Requires high
o not designed for 160 :
o %frequent deep cycling cap;amty ?node
= . rad { I o realize
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Huge difference between theoretical and practical energy density
||| There is a strong need for further research!



Li-ion batteries

HONDA

4
fi
3

I
13
x.({( -

UFSC

Battery requirements vs. vehicle application

Cycle life goals for batteries 100 T

HEYV : 300,000 shallow cycles
PHEYV (CD mode): 5,000 deep cycles

1=
SD 1

PHEYV (CS mode): 300,000 shallow cycles E
EV: 1,000 deep cycles ;

v High d g
igh ener ensit [

g ay y £ 20-40kWh

v High power density > 40
v Calendar lifetime £
3]

m 20

v" Good safety
v Low cost

used capacity

(o)} -
o o
o

%]
State of Charge (SOC) %

v Material availability
v Recycling

Different requirements guide the choice of the battery chemistry!

Currently, there is no unique material that meets all needs equally well!

40



Typical Li-ion gell (Voc x SoC) |
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Figure 3.2: Charge and discharge curves of a LiFePO4 battery cell (Wagemaker, 2011).
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Battery packs

Mﬁ]ﬁ Figure 3.3: The battery pack of the Chevrolet Volt (General Motors, 2010).
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Charging infrastructures =

Socket DC
AC Inlet DC Inlet [ EVSE
AC Connector (\/ DC Connector
© - of
' board

AC / charger
EVSE T \ | '

On board
Plug -.."

ARENBERG DOCTORAL SCHOOL
KU LEUVEN i 2

Electric vehicle charging
integration in buildings
rdination and Di

EVSE: Electric vehicle supply equipment
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THAT HAS NQ CRANK

Public Electric-Vehicle-Charging Station

A compact charging station for electric automobiles,
which is inclosed in a weatherproof box and is mounted
on a pedestal so that it can be placed near the curb, is
shown in the accompanying illustration. A charging
cable and plug are provided, and while the battery is
being charged the door can be closed and locked. A

FICS. | ANU 4—CURB CHARGING STATION FOR ELECTRIC
AUTOMOBILES

regulating rheostat, ammeter, polarity indicator, lamp,
switches, etc., are mounted on a slate panel as shown
in Fig. 1. The box is of sheet steel and is electrically
welded. The pedestal is of cust iron. Connection with
the direct-current supply is made through conduit pass-
ing underneath the sidewalk. A prepayment meter may
be used if desired, but on account of the numerous sizes
and kinds of batteries and varying conditions an at-
tendant is usually required.

This device for charging electric cars at the curb is
made in two sizes with ratings of 100 amp and 150 amp
and is being placed on the market by Clarence E. Ogden,
514 Mercantile Library Building, Cincinnati, Ohio,

40
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iGrid for Vohicles

Work Package (WP) No: WP5S

WP title: Analysis of grid infrastructure

Editors: N. VIDAL, (ENDESA), C. SILVESTRI,
P.SCURO, S. BRAMBILLA (Enel)
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Tibos de instalagao

{5

[

m

Case A: connection of an EV to the AC supply network utilizing a supply cable and plug permanently

attached to the EV.

Flug and scocket cutlet

Socket outlet

~

On-board charger
|

Traction battery f

Flexble cable

Chargng staton

Ean.r;-tenmn Plug

Domestic, mdusinal dedicated

socket outlet

EVSE n

-+

feLect-
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Tipos de instalagao

5

iﬂ«(«-
feecest

Case B: connection of an EV to the AC supply network utilizing a cable set which can be completely taken

off.
Socket outlet o
—
Plug and scocket cutlet
> 5( Plug

On-board charger
|

|

Earth terminal

Traction batie .
: aadd l Electrca vehicle
inles

Electrical vehicle coupler

Flexib'e cable
>

Ch tat
v argng staton

Connecior
Case B1

}?\&

Comestic, industrnal dedic
socket outlet

-
=
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Tipos de instalagao

Case C: connection of an EV to the AC supply network utilizing a supply cable and vehicle connector

permanently attached to the supply equipment.

— O

Fiexib'e cable

Cn-board charger

e l
{rackon battery l Electrical vehicle

inle_t

¢ Charging staton
[—— s Connector
Sarth terminal oy
Electrica! vehicle at:z:r.x;:ule-r’ll ‘r
EVSE
-+ >




Charging stations

e Public station

— Recharging infrastructure for use in public spaces with access allowed to
more persons

— Charge is to be permitted after identification or payment

* Private station
— Use in private spaces
— Does not require identification
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Harmonics

Table 3. Emission limits of currents. Source: IEC 61000-3-2.

Maximum Maximum
Harmonic permissible Harmonic permissible
order (n) harmonic order (n) harmonic
current (A) current (A)
Odd harmonics Even harmonics
3 2,30 2 1,08
5 1,14 4 0,43
7 0,77 6 0,30
9 0,40 8<n<40 0,23 8/n
11 0,33
13 0,21
15<n<39 0,15 15/n
IEC 61000-3-2: Class A

Ngp

Current < 16 A per phase
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Harmonics

Table 4. Emission limits of currents

. Source: IEC 61000-3-12.

Minimum Individual Distortion Harmonic Distortion
R.. Rate of Current factor of admissible
D (%) current (%)

I5 17 19 111 THD PWHD

33 10,7 1.2 3.1 2 13 22

66 14 9 5 3 16 25

120 19 12 7 4 22 28

250 31 20 12 7 37 38

> 350 40 25 15 10 48 46

IEC 61000-3-12: Class A

Ngp

16 A< Current < 75 A per phase



Harmonics

Table 5 shows the limits of voltage harmonics fixed at the standard 50160.

Table 5. Values of individual harmonic voltages at the supply terminals.

Ngp

0Odd harmonics ) Total Distortion
Even harmonics Rate of Voltage
Not multiples of 3 Multiples of 3
Order h Relative Order h Relative Order h Relative THD
voltage voltage (%) voltage (%) (%)
(%)
5 6 3 5 2 2 < 8%
7 5 9 1.5 4 1
11 3.5 15 0,5 6 0,5
13 3 21 0,5
17 2
19 1,5
23 1.5

EN 50160 Voltage characteristics of electricity supplied by public distribution systems
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Table IV: EV charging modes (EMSD EV, 2011).

Mode Description Voltage Max Max
type | level |Current| Power
Mode 1 standard socket outlet AC 1o 220V 16 A 3 5 KW
on-board charger @- '
standard socket outlet 1: 220V
Mode II || in-cable control box with control pilot cable | AC 3 j 400V 32 A 22 kW
on-board charger L
dedicated socket outlet with pilot control 1g: 220V
Mode III || cable, permanently connected to AC mains | AC 3 ) 400V 80 A 55 kW
on-board charger @-
Mode IV external fast charger DC |50 - 600V | 400 A 240 kKW

Table V: Electric car battery parameters monitored by BMS.
Battery Management System

Measurement
cnmEutation action
Cell Voltage Cell SoC Cell balancing

e Total SoC
Total Voltage e Remaining charge
e Remaining range

Initiate /stop charge, (dis)charging
current, DoD warning

(dis)Charge current limit, required

Temperature Battery health coolant flow, cell balancing
Coolant flow Pump/fan speed Feedback to BMS
Current Energy delivery Feedback to BMS

Ngp
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IEC 61851-1 Electric vehicle conductive charging system

-
o]
wn
M

Mode 1: the EV is connected to the AC supply network not exceeding 16A and not exceeding 250 V AC
single-phase or 480 V AC three-phase utilizing standardized socket-outlets and utilizing the power and

protective earth conductors.
Mode 2: the EV 1s connected to the AC supply network not exceeding 32A and not exceeding 250 V AC

single-phase or 480 V AC three-phase utilizing standardized socket-outlets and utilizing the power and
protective earth conductors together with a control pilot function.

Mode 3: the EV is connected to the AC supply network utilizing dedicated EV supply equipment which has
a pilot function (conductor) leading all the way to the device continuously connected to the AC supply

network.
Mode 4: the EV is connected to the AC supply network utilizing an off-board charger that delivers direct

current and where the pilot function (conductor) has to lead all the way to the device continuously connected
to the AC supply network.
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DC Fast Chargers
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Figure 8.

. Typical 80% charging time versus DC charger available powerl.
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DC Fast Charging Stations
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ACvs DC

It has been assumed an energy consumption of 600 kWh for a period of 24 hours

Table 10. Comparison of costs in 2020 for each configuration

Configuration Fast charge in DC’ Slow charge in AC
Multi-Output Single-Output | With Cost of Space | No Cost of Space
Cost of installation (€) 82.000 € 56.000 € 166.800 € 46.800 €
Energy charged per facility per 600 kWh 600 kWh 600 kWh 600 kWh
day (kWh)
Charging duration 15 minutes |5 minutes 8 hours 8 hours
Power rate 25 kW 50 kW 4 kW 4 kW
Range Achieved per EV’ 42 km 83 km 197 km 197 km
Chargers per Facility 4 x 25kW 2 x 50kW 18 x 4W 18 x 4kW
Utilization Factor 25% 25% 50% 50%
Number of EVs charged per
facility per day e 76 18 8 18

? Including the cost of the space needed for the installation and to park the EVs (without space cost, total facility costs
would be: multi-output 32.000€, Single output 26.000€)
~ Average EV consumes 15 kWh per 100km.

iy -
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Table 2: Installation Costs for Residential and Publicly Available EVSE/Charg
Publicly Available Publicly Available
Residential Level 2 Charge Station Charge Station
(Qty 1) Level 2 (Qty 2) Level 3 (Qty 2)
Labor $1,050 $4,670 $7,020
Materials (EVSE, panels, breakers, signage, etc.) $1,137 $6,840 $56,863
Permit $85 $85 $85
Trenching and Repair N/A $4,500 $1,500
Concrete Work N/A N/A $1,500
Total $2,272 $16,095 $66,968

ENERGY STAR Market and Industry Scoping Report
Electric Vehicle Supply Equipment (EVSE)
September 2013

ENERGY STAR
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DC Fast Charger Use, Fees, Battery
Impacts and Temperature Impacts
on Charge Rates - EV Roadmap 7

Jim Francfort

' ~ EV Roadmap 7 - Portland, Oregon
h) July 25, 2014

lo JG \J{]Tlﬂﬂﬂl This presentation does not contain any proprie
L"lbﬂ rat ory confidential, or otherwise restnctedj;nfunnafm;? INL/CON-14-32496




DC Fast Charging Impact Study on 2012 Leafs
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mJ |daho National Laboratory
DC Fast Charging Impact Study on 2012 Leafs

+ Two Goals
— Determine DC Fast Charge (DCFC) impacts versus Level 2 impact
— Compare on-road to laboratory test results

« Two on-road Nissan Leafs are exclusively Level 2 (L2) charged

« Two on-road Nissan Leafs are exclusively DCFC charged

+ ldentical on-road routes are driven

* Drivers’ miles are balanced - all drive the four vehicles equally

« Each Leaf battery was tested when new (Base case)

« Each on-road battery is retested at 10,000-mile increments

« Battery temperature is tracked during normal charging operations
« 50,000 miles completed, going to 70,000 miles per on-road Leaf

« 24 battery tests completed on the on-road Leaf batteries

« Lab testing of two additional batteries (only preliminary results) @
4,000 mile increments



MJ ldaho National Laboratory
DC Fast Charging Impact Study on 2012 Leafs

« All Leafs were the same color — avoid unequal solar loading

* Note very tight monthly efficiency results across all four Leafs
during Level 2 and DCFC operations (red min & max bars)

« Leafs’ climate control is set at 72°F year round
* Note seasonal efficiency impacts from heating and air conditioning

2012 Nissan Leaf Energy Consumption — 39.8 DC kWh/mi delta
Phoenix, AZ for min vs. max month
N Auto Climate Set @ 72F _ Max month 19% hlgher

250

235
200
175
E 150
3 125
100

7
50
25

PRI

Month - 2013 Source: INL/Intertek

than min month

&
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- "" - Mlduhn National Loboratory
- DC Fast Charging Impact Study on 2012 Leafs

+ 0.6 kWh average capacity difference @ 50k miles between Level 2 and
DCFC Leafs, probably not a significant difference

* Level 2 averaged 5.8 kWh loss @ 50k miles
* DCFC averaged 6.4 kWh @ 50k miles

kWh Capacity Test Results
s Baseline ®10,000 ®20,000 ®=30,000 40,000 50,000

1011 L2 4882 12 2183 DCFC 2078 DCFC

14
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M ldaho National Laboratory

- DC Fast Charging Impact Study on 2012 Leafs
* Level 2 averaged 75.2% SOC @ 50k miles
« DCFC averaged 72.6% SOC @ 50k miles
+ 2.6% capacity difference @ 50k miles, probably not a significant

difference

100%

95%
90%

85%

60%
55%

50%

Percent Loss Capacity Test Results

M Baseline ™ 10,000 ™ 20,000 = 30,000 m™40,000 =™ 50,000

80% -
75% -
70%

65%

1011 L2

4882 L2 2183 DCFC

2078 DCFC

15



“ M ldaho National Laboratory

DC Fast Charging Impact Study on 2012 Leafs

« Same data as last slide. Each line represents a single vehicle, plotted
by capacity SOC for each battery test

Percent Loss Capacity Test Results
—4$—101112 —w—488212 -—4—2183DCFC =——2078 DCFC

100%

90%

80%

70% -
60% -
50%

40%

30% -
20%
10% -

0% - | i i | [
Baseline 10,000 20,000 30,000 40,000 50,000




\‘ \H.HL ldoho National Laboratory

DC Fast Charging Impact Study on 2012 Leafs

0. 10k il 10 20¢ Mles 820 ankamtes a0 sokwies =40 soenes | * Largest decreases in
el capacity from test before,
100 - occurred during high heat
] : :
o | charging operation
iy | 5 * Phoenix heat likely
80 -
7 accelerates all results
70 -
65 4
60 -
33 1
101112 4882 L2 2183 DCFC 2078 DCFC

Percent Capacity Loss From Prior Test Result

m0- 10k Miles = 10- 20k Miles ® 20 - 30k Miles = 30 - 40k Miles = 40 - 50k Miles
11%

10% -
9% -
8% -
% -
6%
3%
4%
3% -
2%
1% -

imiLz2 488212 2183 DCFC 2078 DCFC 17




0 . b ml_ld:h:- Nafional loboroiory
DC Fast Charging Impact Study on 2012 Leafs

« Percentage Range and Capacity at 50,000 miles compared to testing

he
PRI L2 Average DCFC Average

Range 79.0% 69.3%

Capacity 75.2% 72.6%
Range & Capacity Losses From New and at 50,000 miles

= Range Remaining = Capacity Remaining

ACL2- 1011 ACL2 - 4582 DCFC - 2078 DCFC - 2183 4




DC Fast Charging Acceptance Rates at Various
Temperature
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DC Fast Chargfng Acceptaﬁce Rates at Various

Temperatures

» Objective is to develop a formal testing regime to examine battery
charge acceptance rates at various ambient temperatures during DC

Fast Charging

— The results should be considered preliminary as the tests were
undertaken to identify needed test procedures

— 2013 Nissan Leaf at 6,000 miles was used

— 2012 Mitsubishi i-MIiEV at 5,700 miles was used

— Vehicles temperature soaked for minimum of 12 hours
— Used Intertek’s soak chamber in Phoenix

"

 |dentified additional instrumentation needed in additional proper test
regime steps
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2013 Leaf - DC Fast Charging @ 0, 25 & 50 C

(=]
—

0
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Energy & 50C
2013 Missan Leaf VIN 5045 - ICD1 at #0040 miles

Y R

e
=
-
=
-
—

heater spatem.

s & @ =R 8§ §& B
Elapse Tirma [minwtes)

Preliminary Data Results

= ==Energy @ 0C
== =Energy @ 25 C
== =Energy @ 50C
e SCWC B 0
— ]
S0 P 50 C

*The 2013 MV battery is equipped with o dedicated

=]
|
=

1040

90
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« After 30 minutes:
« 50 C: 77% SOC

« 25 C: 77% SOC
« 0 C:53% SOC
At charge end:

« 50 C: 87% SOC
at 62 minutes

« 25C:91% SOC
at 67 minutes

« 0C:91% SOC
at 121 minutes

Total kWh:

50 C: 17.9 kwh
25C:18.2 kWh
0C:17.4 kWh

0C=32F
25C=T7F
50C=122F 22
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2012 iMIEV - DC Fast Charging @ 0, 25 & 50 C

Energy & 50C
2012 Mitsubishi i-MIEV VIN 3718 - ICD at 5,738 miles

a

=== Emengy & 0 C
-=——Emergy @ 25C
== = Emangy & 50 C
soC@oc
—EOC @25 C
—S0C @ 50 C

*The WV bottery hos o dediceled ventilation system (for coaling only).
which becomws active in canuction with the ASC compressor. This s
temperature dependont and can accwr white fast charging.

2 g & 2 =

Elapsed Time (min)

&0

Preliminary Data Results

LU

10

« After 30 minutes:
« 50 C: 69% SOC
- 25 C: 88% SOC
0 C: 64% SOC
At charge end:

« 50 C: 95% SOC
at 59 minutes

= 25C:98% SOC
at 67 minutes

« 0DC:89% SOC
at 81 minutes

Total kWh:

50 C: 12.5 kwh
25C:13.1 kWh
0C: 11.5 kWh

0C=32F
25C=T77F
50C=122F

25
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Power During DC Charging
2012 Mitsubishi i-MIEV Vin 3718 - ICD at 5,738 miles
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35 | 't'hlh

30 : ﬁ'~___““ TFmrDC
75 | !*. <~ Power 25C

— Power 50C

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70O 75 B8O

Preliminary Data Results
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LS. Depariment of Energy
Energy Efficiency
* and Renewable Energy

INL Efficiency and Security Testing of
EVSE, DC Fast Chargers, and Wireless
Charging Systems

PI: Jim Francfort

Presenter: Jim Francfort

Idaho National Laboratory

Energy Storage & Transportation Systems
Advanced Vehicle Testing Activity (AVTA)

May 14, 2013 Project ID VSS096

2013 DOE Vehicle Technologies Program Annual Merit Review
INL/MIS-13-28724

[This presentation does not contain any proprietary, confidential, or otherwise restricted information




INL’s Level 1 and 2 EVSE and DCFC Testing

Conductive Efficiency? — It depends on where and when
you measure it: 23% to 99.7%
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Conductive EVSE Energy Consumption

* AC energy consumption at rest and during Volt charging
benchmarked

EVSE AC Watt Consumption Prior to & During Chevy Volt Charging
80

70
60
50
40
30
20

M EVSE AC W Consumption Prior to Charge
M EVSE AC W Consumption During Charge

o o
C éf" c_J,EF‘ ,_}a See hitp Navtinel.gov/evse.shiml
forindividual testing fact sheets

* Most EVSE consume 13 W or less at rest. Higher power use
atrest is tied to greater EVSE features and functionality

* During charging, most EVSE power use is under 30 W



\\‘. mlldnho National Loboratory

Conductive EVSE Charging Efficiency

- EVSE Efficiency During Steady State Charge

-
F
I | __ 100.00%
5 99.50%
. 99.00% -
98.50% -

98.00% -
97.50% -
97.00% -
96.50% -
96.00% -

See hitpffaviinel.gov/evse shiml
forindividual testing fact sheets

+ Steady state charging efficiency benchmarked for EVSE
only (at meter and J1772 connector). No onboard
components included

* Most conductive EVSE 99+% efficient during steady state
charge of a Volt g
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Charging Efficiency Can Be Difficult to Quantify With A ’
Single Number For All Conditions

ENERGY | rooSiir=t®  VEHICLE TECHNOLOGIES PROGRAM

Eleciric Wehiclke Supply Equipment (EVSE) Test Reporl: Elink
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- Conductwe System Benchmar mg
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ACto DC Efficiency %
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Chevrolet Volt - On Board Charger EfﬁCiEﬂl:\\' Bench marking
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? = ACto DC effciency with 12V and High
Voltage Output (charging with 'key' OFF)
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AC to DC effciency of 12V Output only
{charging completed with 'key" OFF)

AC to DC effciency of High Voltage Output
only (charging with 'key' ON)

0.5 1.0 1.5 2.0 2.5 3.0 35
AC Power kW (208 VAC Input to AC / DC on board charger)

Entire report can be found at:

http://avt.inel.gov/pdf/phev/EfficiencyResultsChevroletVoltOnBoardCharger.pdf 10
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“* Conductive System Benchmarking :

Chevrolet Volt - On Board Charger Efficiency Benchmarking

’ ‘i Level 1
Q0% .

o -

B0% a
R 70% .
)
c k-
a °
=
£ 60%
(V]
(]
o
o c0% = AC to DC effciency with 12V and High Voltage
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AC to DC effciency of 12V Output only
L] |
40% {charging completed with "key' OFF)
AC to DC effciency of High Voltage Output only
30% - (charging with 'key' ON)
0% { 1 | :
0.0 0.5 1.0 1.5 20 2.5 3.0 35

AC Power kW (120 VAC Input to AC / DC on board charger)

Entire report can be found at:
http://avt.inel.gov/pdf/phev/EfficiencyResultsChevroletVoltOnBoardCharger.pdf 11
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DCFC Benchmarking — Leaf Charging

ENERGY | o2 Siceror®  VEHICLE TECHNOLOGIES PROGRAM

Froduclion EVSE Fad Sheet, DC Fast Charger, Haselec

Spaciications
(i cerra:bin

Hasetes DL Fast Charger - Nissan Leaf
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88.7% Overall charge efficiency
(480VAC to ESS DC)

53.1 ACKW peak grid power

47.1 DC KW peak power to Leaf
energy storage system (ESS)

15.0 Grid ACkWh and 13.3 DC
KkKWh delivered to Leaf ESS

160 4
Hasetec DC Fast Charger - Nissan Leaf
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http://avt.inel.gov/pdf/evse/DCFCHasetec.pdf
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First Brazilian power grid . = = | r=2

- s

e Riode Janeiro Central Station

e 1878 —D. Pedro Il hired Thomas
Edison company

http:// .theiet.org/about/libarc/archives/biographies/jablochkoff.cfm
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http:// .theiet.org/about/libarc/archives/biographies/jablochkoff.cfm
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First grid:

All was well known.

FOW
http!// .theiet.org/about/libarc/archives/biographies/jablochkoff.cfm
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Safety Design of CHAdeMO Quick
Charger and its impact on Power Grid

December 1, 2010
TEPCO

Takafumi Anegawa

89



et
PR
M At

Optimal charging speed is different in each batteries

» Battery degradation is caused by over voltage and high temperature.

» Limit voltage and temperature depend on battery characteristics.

* On-board battery management system is watching the voltage and
the temperature in real time.

Observing parameters
= Battery total voltage
= Cell voltage

= Battery temperature
* Input Current etc.



Charging process is controlled by EV in CHAdeMO

Problems:
» Battery improvement is so fast that it's difficult to catch up every batteries’ data.
« Standardization to meet lowest speed battery disturbs battery improvement.

How CHAdeMO charger works:

« EV computer unit decides charging speed based on BMS observation.
« Charging current signal is sent to charger using CAN bus.

« Charger supplies DC current following the request from EV.

Communication
Protocol

e

onnector




Location of quick chargers on power grid

+—|Ultra High Voltage! e

Power
Station

»270 kV

High Voltage

ﬁi

(o Substation
=] Substation
il 66kV y—.

66kV

Low Voltage pe———

5000kVA

S0kVA Quick Charger




Impact on distribution grid (20% dissemination rate)

16kVA X 1250 dwellings

3¢ 400V

Upgrade of distribution
transformer is necessary

16kVA for each house 44kVA on-board
charger




Impact on distribution grid (20% dissemination rate)

4kVA X 5000 dwellings

1 ¢ 200V

50kVA Tr. /#

3¢ 6,600V

2kVA on-board
charger

4kVA for each house




Slow AC and fast DC combination
1' Fast

Charging Speed | _
Eg TFJ#T"‘T :

.

Private/Office -~

Costis mnsbihpnﬂant since
number of €quipments is large.
i

T T {¥
(| -
IE“-‘H—"“
Ly
r o 4 Fa
- . t »
U *
s
F‘. #

People cannot wait for hours.




Is there negative impact on power grid?

 (Ultra) high voltage power grid can supply electricity to
quick charger easily.

* Frequency to use quick charger is not often then impact
on power grid is small.

* In order to minimize impact on distribution gird in
residential area, on-board charger kW should be small.

* If there are moderate number of quick chargers in public
area, drivers satisfy with small size on-board chargers.




Utilization Range B i

" Service Range B |

[ UtizatonRangeA

Service Range A |

114 116 118
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Grid frequency variation range OFsc

e |EC61000-2-2
— *+1Hz

* ONS (Brazilian agency)

Tempo acumulado maximo de exposicao a

Desempenho desvios de frequéncia ( seg )

f> 66,0 Hz
63,5 Hz < < 66,0 HZ
62,0 Hz < f < 63,5 Hz
60,5 Hz < f < 62,0 Hz

58,5 Hz < f < 59,5 Hz

57,5Hz <f<58,5Hz

56,5 Hz < f < 57,5 Hz
f< 56,5 Hz




Labour saving device Increase in ownership 1970-2004

Eletron ics Dishwashers 1 per cent in 1970 to 26 per cent in 2004

Microwaves <1 per cent in 1977° to 84 per cent in 2004
Tumble dryers/washer dryers® <1 per cent 1970 to 55 per cent in 2004
Vacuum cleaner 80 per cent in 1970 to 100 per cent in 2004

John the technophile Annual Cost

X0 £14 Laptop £9

42" plazma TV £BE.50 Printer £10

14" CRT in bednoom £2 FawScanner {(MFD) £7.50

Sky + £16.50 Broadband router £11

2 Niobie phones — work and persona £1 PC Speakers £3

E.j; [ ::3'5':' Total annual running cost: £219

VCR

Digital radio (kitchen and bedroom)
Personal organiser

PC & Monitor

99
Energy s@ving trust, “The ampere strikes back How consumer electronics are taking over the world,” 2007.
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Smart Grid electric functions!'

o Smart home and “Demand response”

Reduced peak load and improved energy efficiency
through active consumers and home automation

9 Distributed generation
Integration of solar panel and wind turbines
o Integration and use of electric vehicles
Including fast charging and load balancing

o Energy storage
Stability and power quality

o Smart harbour

Reduce CO;, emissions by supplying vessel in the harbour
with clean power from land (“Shore-to-Ship”)

() Smart substation
- Improved efficiency and stability through automation

@) Smart Grid Lab

R&D, simulation and demonstration of smart grid
applications

GRAFK AV TOMAS OHALING
Eifla: Fortum




Rasidantial Smart Energy Example

Figure 2

101

httpmm_ .freescale.com/webapp/sps/site/overview.jsp?code=784_LPBBGREE



Homa Terminod [EH-7 104G)
Access Point (MLAN-2251)
PO

tiobity Phone

MaobiPanel [MPC-100)
Home Terminal [EH-7104G)
Access Point [MLAMN-2251)

httpb/m.advantech.com/solutions/eHome/scenario.asp?Category_ID=1—

FI'I'\ Sroamc '[II"

Pressure Machine

Treadmill

Home Terminal [EH-7104G)
Telephone

Computer

VDEL Modom

Fax Mochine

Prinber

Scannar

Ciudles

CCD Comern
Koypod

Sonor

Automatic Spe ke Syatem



EVs are more popular

Fde]n

BUILD YOUR OWN_

ELECIRIC
~MEHICLE

The ALGAEUS

First car to run on algae gasoline * Plug-in Electric Hybrid

mw 150 MPG = Algae fuel (green crude) provided by Sapphire Energy
103



Vehicle-to-Grid (V2G)

To integrate EVs to the grid not only as loads, but as storage systems
Objective: reduce EVs impact to the grid

104
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The Vehicle-to-Grid (V2G) concept e
* Components:
— Batteries
— BMS (Battery management systems)
— Battery charger (ac-dc)
— Inverter (dC'aC) A;;;’f E??!;?:;Lb?nwﬂhrsu
— Controller Ve
~ cps e
— Measurement , EaTd AT
KWh 3 g b
______ metar transformer F‘j_
e Outside the vehicle: i M \:m,m e

agparate DC-AC converter

Smart meter

— Power g ri d Schematic drawing of a V2G-capable vehicle

Ngp
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Vehicle-to-Grid (V2G) |

* Aggregator:
— service provider that receives information and takes decisions

Components of the V2G system

" Grid Operator

| MNP Command |
s

' Aggregator

. Wireless
Provider

|
|+_—- Internet
: Driver Usage Profile and
-

Preferences

ANER 1o
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Nissan’s home integrated storage ]
?H!,E.?,.G'TE’EE&?

httpb/m.iea.org/topics/transport/subtopics/electricvehiclesinitiative/ EVI 2014 Casebook.pdf
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Analysis of different strategies toV2H

a) Business-as-usual
b) Local energy control
c) Iterative global energy controller

-G

-G B
] . .

Y
e

F

—— Powerline === Communication network [l Home energy box {} Global energy controller

108
I\/IetB et 5" “Optimizing Smart Energy Control Strategies forPlug-In Hybrid Electric Vehicle Charging,” 2010.
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Load {kH}

iee r

58 -

I\/Ietb et §|I

., “Optimizing Smart Energy Control Strategies forPlug-In Hybrid Electric Vehicle Charging,” 2010.

Ahalysis of different strategies toV2H

"No PHEVs -
Business—as—usual
Local Energy Control
Global Energy Control

i 1 i 1 i i i i i i 1 i 1 i i i i i 1 i i
B 1 2 3 4 5 6 7 & 9 18 11 12 13 14 15 16 17 16 19 28 21 22 23 24
Tine (hours}

(a) 10% PHEV penetration

(i
.QKri.
frtegee

5
0
a
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Load {kH}

iee r

58 -

I\/Ietb et 5"

., “Optimizing Smart Energy Control Strategies forPlug-In Hybrid Electric Vehicle Charging,” 2010.

Analysis of different strategies toV2H

(i
Kﬁ -
frtegee

UFSC]|
"No PHEVs -
Business—as—usual
Local Energy Control
Global Energy Control
258 T T T T
Mo PHEVs
B Business—as—usual
Local Energy Control
Global Energy Control
208 B
I."'.fl
] I|III
| \
fn' {{ Y i
/,._'i‘ - Iul \'\ Jll ~ l.\'\._
/ 158 / Y k|
f -~ F =,
x K _-"__ Y B
= f I e T S LN 1
" = Ifrﬁj_ﬂ \ —
— W |
= T — T T ™y
3 ||I,|",|’/ N - y
|l"'-‘ L\ L\.I A "’\—1 o
100 | ~ Ay ~ N a NS s
= L LN =7
o~ o e et
\II I — 5 ) = e
) — /
| \ N P
K Y ”
ey
-, Ry A
a8 r SN T e :’j 1
I i I i H-._ﬁ___—l:\‘_f_f
B 1 2 3 4 95 6
B i e e o Las il b s i lai gl P . P . il P il P il il il e T | e T | N Y
(a) 1( B 1 2 3 4 5% 6 7 6 9 18 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Tine {(hours}
% PHEV '
(b) 30% penetration
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Analysis of different strategies toV2H

R (i
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N feeeeett-

"No PHEVs -
Business—as-usual ——
Local Energy Control
Global Energy Control ———
258 T T T T T T T T T T T T T T T T T T T T T
Mo PHEVs
200 - Business—as-usual ——
Local Energy Control
Global Energy Control ——
ma 258 T T T T T T T T T T T T T T T T T T T T T T
168 | A% ) No PHEVS ——
Fo I,' \.II Business-as-usuwal ———
T ) / 3, I Local Energy Control
x e f A Pl Global Energy Control ——
3 S / b [
3 /-f' 158 /o 268 N4 L i
100 | E A /" A
z S e Y I|" |
o -~ f /_f' N, | il
- N . | |
] 7 T ] \,
3 44 L“Nah,_ / \
/; f |
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58 - - T Ff A W R
= a'( a'frj\"" T A
e . o 1
I/ R - NN
3 A =N e A
=] o e, !
50 - / o // e \ T R
i i I 100 -' 5 ',-.V = _j_-::/ kh-h_\ ll"\ \ N a—"'!\b"‘-’?’y
a L L ,_l___\_\_'__\\;__.f'"___'_z h b ' - e
8 1 2 a5 & \\ N
o .
\ /
, Y
P PP PPN I I I P P Y \\ \\--.__, .r".f
1( ° 9 r . \ V4 1
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Mets et al., “Optimizing Smart Energy Control Strategies forPlug-In Hybrid Electric Vehicle Charging,” 2010.



Power Electronics for EV Charging Systems

» USA (SAE J1772 Definition)

B Level1Charging

@ Single-Phase AC Connection
@ On-Board Charger
@® 120VAC, 16 A 2 1.92 kW

B Level 2 Charging

@ Single-Phase AC Connection
@ On-Board Charger
® 204-240VAC, <80A > 19.2kW @ 300-600Vp, <80A > 240 kW

(i
.j\&ﬁ -
frtegee

5
0
a

B Level 3 Charging
@ DC Connection
@ Three-Phase Off-Board Charger

> Europe On-Board Charger:

@ Single-Phase AC Connection
230VAC, 16 /32A - 3.68/7.4 kW
230VAC, 20A 2 4.6 kKW

@ Three-Phase AC Connection
3x400VAC,16/32A = 11/22kW
3x 400VAC, 63A =2 44 kW

“IN,rms
100 A |
USA Level 2
80 A oo
Europe 3-Phase
60 A L
40 A Europe 1-Phase
[ | [ |
USA Level 1
20A ° | B
0OA >
oV 100V 200V 300V 400V 500V VN
,rms

Ngp

3-Phase Line-Line
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Power Electronics for EV Charging Systems 4m3
B Basic Requirements
@® Wide Voltage Range — Voltage Adaption
@ Output Current Control ACheins | High-Voltage
@ Mains Sinusoidal Current Shaping -.Féseo = o - Elec-
| DC
@ Isolation of Mains and Battery (?) O # T
' '] [ocA'
= ? "|/bc DC L
| | e __ D_ —1_| |
B Basic Topologies o Vi 7 o
II|_® ACDC): +==
@® Non-Isolated e ) _“_CD_C ______ :/ 4 7
|[|_® : ACDC DCDC I +H
. - - |
@ Isolated Single-Stage _Z_ O 4 o “y
|
HO—@— % ° )
@ Non- or Isolated Two-Stage O T | .
) - ; e _: Y |
] Ach % EJI;F_—Board : On-Board
---- Standard
MNW Solutions



B T

Power Electronics for EV Charging Systems fﬁ!
B Basic Requirements
@® Wide Voltage Range — Voltage Adaption
@ Output Current Control ACMains | g iotags
@ Mains Sinusoidal Current Shaping  +Q 6 A T
@ Isolation of Mains and Battery (?)  +© # 7/
o . (D
B Basic Topologies S Acoc/ ;l‘:’ S
O /A K
@ Non-Isolated e O ) —— I/ o Y
O e e : e
@ Isolated Single-Stage _Z_ O \%J """ % e
ro—o—% 5 )
@ Non- or Isolated Two-Stage O :‘AED; - + 4
|

AC DC | ==
1/ oc A]‘ OFF-Board
---- Standard
mw Solutions

On-Board
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Delta-Switch VSR
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Topology

'E.
| E
F =

UFSC

e Thistopology was proposed and firstly operated in:

[6] J. W. Kolar, H. Ertl, and F. C. Zach, “Realization considerations for
unidirectional three-phase pwm rectifier system with low etfects on the
mains,” in 6th Conf. Power Electron. and Motion Control (PEMC),
Budapest, Hungary, 1990.
R.-J. Tu and C.-L. Chen, “A new space-vector-modulated control for
a unidirectional three-phase switch-mode rectifier,” IEEE Trans. Ind.
Electron., vol. 45, no. 2, pp. 256-262, 1998.

[7]
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 Reference [1] cites it as the most well suited rectifier for industrial
applications where a 2-level boost type 3-phase rectifier is required

e Dn.p* th% Dr:p%
,a+ ; 't'ra Ua ‘/CSab g Lo | %
: a - » ‘ 9
o I Uab 2
b X N
. + Lb Upo _/CSFJ(: _—40 (MP)
© b >
c . 7 ‘ s
Cf + qu Le Ved _/C‘S{:u. g L= | bﬁ
o.X 0,k D,k Tan ° 7
an bn cn
o
B i$D
= $ @ —P—El ;'—2 - 1sQ = is T isp
— Lo =5'15Q

[1] J. W. Kolar and T. Friedli, “The essence of three-phase pfc rectifier

systems - part i,” IEEE Trans. Power Electron., vol. 28, no. 1, pp. 176—
198, 2013.
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Applications

[3-4]WECS applications

[5] Aircraft application of the Delta-Switch Rectifier

3]

4]

5]

S. K. T. Miller and J. Sun, “Comparative study of three-phase pwm
rectifiers for wind energy conversion,” in 2/th Annu. IEEE Applied
Power Electron. Conf. and Expo. (APEC), Dallas, TX, 2006, pp. 937-
943.

D. A. F Collier, V. Maryama, and M. L. Heldwein, “Low conduction
losses pwm rectifier for high efficiency wind power micro-generation,”
in Proc. of the Int. Exhibition Conf. Power Electron., Intelligent Motion
and Power Quality (PCIM-Asia), Shanghai, China, 2011.

M. Hartmann, J. Miniboeck, H. Ertl, and J. W. Kolar, “A three-phase
delta switch rectifier for use in modern aircraft,” IEEE Trans. Ind.
Electron., vol. PP, no. 99, p. 1, 2011.
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Modulation Strategies i

e [5]SVMI: minimizes switching actions
e [4]SVM II: minimizes conduction losses

SVM 1

-}
—_
—_

SVM II

T e R
—_ =
— O
o =
e e S SN
l

[4] D. A. E Collier, V. Maryama, and M. L. Heldwein, “Low conduction
losses pwm rectifier for high efficiency wind power micro-generation,”
in Proc. of the Int. Exhibition Conf. Power Electron., Intelligent Motion
and Power Quality (PCIM-Asia), Shanghai, China, 2011.

[5] M. Hartmann, J. Miniboeck, H. Ertl, and J. W. Kolar, “A three-phase
delta switch rectifier for use in modern aircraft)” I[EEE Trans. Ind.
Electron., vol. PP, no. 99, p. 1, 2011.
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Suboptimal Modulation Strategies
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Derived from the optimal strategies and application dependent

Avoid current sector identification as in [11]

[11] S. K. T. Miller, “Analysis of three-phase rectifiers with ac-side switches
and interleaved three-phase voltage-source converters,” Ph.D. disserta-
tion, Faculty of Rensselaer Polytechnic Institute, Troy, NY, 2008.

Improved THD

Increased losses



Suboptimal Modulation Strategies

Derived from the optimal strategies and application dependent

Avoid current sector identification as in [11]

[11] S. K. T. Miller, “Analysis of three-phase rectifiers with ac-side switches
and interleaved three-phase voltage-source converters,” Ph.D. disserta-
tion, Faculty of Rensselaer Polytechnic Institute, Troy, NY, 2008.

Improved THD

Increased losses, but, hopefully, not too much!
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Novel Suboptimal Modulation Strategies
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Carrier-Based Delta-Switch Rectifier Modulation

Implementation:

L
7 {3
eV AT

O—t= Sab |
== LTS

‘/tri é %
SVM 1 /SVM II

= MSVM | [ mSVM I



Carrier-Based Delta-Switch Rectifier Modulation

e Implementation:

icC e
7 {3
A i=

DUTY-CYCLE FUNCTIONS FOR MSVM I AND MSVM 11

1 —dg s Voltage Duty-cycle Functions
o—-1= ab
>_[>_O Sector d dab dpe dea
. d’ 0|d’ 1—2vdg 1 —kdo—7dg
Viri é SVM 1/ St | g 2vds 0 0
= SVMII g d | I+krda—~dg 1—-2vdg Ofdy,.
, 2 d" 0 0 —kdo+vdg
1 —dy S d | 1+rde—~dg old’, 1+ rda+vdg
3 d”’ 0 —kdo — yd 0
gy o — 108
o g d’ Oldcq 1+2vdg 14+Kkda+dg
Lo a” —2vdg 0 0
7 _ !
Viri g\f\g mSVM |/ Ss gu ! Hd%—l_vdﬁ 1+207d6 d0|dbcd
L SVM i o128
= m g d | 1—kdo+7dp old’, 1—kdo—~dg
0 d"’ 0 kdo+7vdg 0
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Carrier-Based Delta-Switch Rectifier Modulation

* M-=0.75
=0
SVM | & SVM Il
A, - -
D T. =1/, >

MSVM | & mSVM I

d”b /d;b /
’7dﬂé X
ab
— — 5 5,
M
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Carrier-Based Delta-Switch Rectifier Modulation

e Analytical losses calculation

DUTY-CYCLE FUNCTIONS FOR SVM I AND SVM 11

Current Duty-cycle Functions

Sector dab dp. deca
Ay 1 — kdo +vdg | Olmin(dap,deca) | 1 — kda —vdg
C_ Ol min(dpe, dea) 1 — 2vdg 1 — kdo —vdg
By 1+ kdo — vdg 1 — 2vdg Ol min(dap, dpe)
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Delta-Switch Rectifier Current Efforts

Current efforts

SVM I

T\ G~ sw E‘J';x/_ os(%)

5 M

g Lyp—— d;

3 375 €050 (5)
£ Liy/ — [3 + 2cos(26;) + 2v/3 cos(5;)] (6)
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Experimental Results

UFSC

Epey =63V 55;,”3;; * % %
r = 100 m{? €q - I _ -
L=21mH A ALY ol J L
C'=6 mF @ Tb
R =200 o r L " " L]
f. = 60 Hz ..@*'_/\/\,J‘(‘n Aop—e o—
fs =4kHz b
fo =8 kHz €c r L . -
kr =27 mQ/V M ?'?i !Cb('a
g e Vol
—o— = 6 6 DSC Signals  Sampled @f,

Ly

* Employed current control strategy (equivalent to ZADC) in [16]

[16] D. A. E Collier, M. S. Ortmann, and M. L. Heldwein, “Current self-

control applied to sensorless permanent magnet synchronous genera-
tors,” in Proc. of the XXth Int. Conf. Electrical Machines (ICEM),

Marseille, France, 2012.
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SVM Il = Current THD 3.23 %

Tek v

Currents Currents ) g il

10 A/div 10 A/div za *”M W i 3
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10 A/div

~ Vab
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Currents
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~ Sab

25 V/div
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MSVM Il — Current THD 1.54 %
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Experimental Results e
e Results @ 200V (dc) /2 kW
THD AND RMS MEASUREMENTS
Measurement SVM 1 SVM 11 mSVM 1 mSVM 11
Lo rms 11.39 A 11.35 A 11.28 A 11.34 A

THD; 3.16 % 3.23 % 3.84 % 1.54 %
Vb rms 106,26 V. 10642V 10636 V 10595 V
THD,, , 7.50 % 8.23 % 9.10 % 331 %




Multi-state switching cells based 3-phase rectifiers
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. bw . d, 14, Top Ton__jaeatrdUop
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,éa >4 z-d Controle das |__iq" | Controle da |
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e Space vector analysis

— Leg voltage:
PPN 7
Vin,k = sign(ix) o

A
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Q
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o
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Q
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Q
V
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—
—c Py
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ci—l
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e Inputvoltages space

— Current direction enforces restrictions
e 8unitsub-cubes

 Examplefor: 4, >0,4,<0ei.<0

As
1
I .
.
S 'E"—’_

1 1
Pt




. st
Control oriented models i
e Current control: ( LyLiy = \fv Yemg . + Lywgig
— d s —
Vape = L - dtzabc + Uzn abc — UNe,0 \ Lb%iq — %mq,x — Lywgiq
\ VTmO r _\/_UNeO
e Output voltage control:
| 1 dvo2+v02 o (8)_@_1@ R,
Vil —  m— VO o~ T
T 9T R, ig  2Vo st 41
e Partial dc-link voltage balance control:
5fum 3[
P mn
<7’mp> —mo,sv 20| + in] + |2c]] - = C
mo,sv SCopn T

Ngp



MLMSR Control strategy i

e Similarto 2-level VSR control
e Zero-axis signal controls the dc-offset to balance the dc-link

Uop
Uon * > é
-k

\J
Q
E

veq

c.
:

o,ref "

7 ) m + -

a >labe /1ty T —ddqg Y > My,
g /] ] /e

i /in PO 0 1 o R
A
gt ?: *i . Wl

fab " PLL :

Upe >




MLMSR modulation

* Space vector
— Highly flexible
— Computacionally demanding

Freedom: redundancies

e C(Carrier based

Simple
Near SVM perfomance is possible
Freedom: zero-axis signal

Ngp

M. S. Ortmann, S. A. Mussa, e M. L. Heldwein, Evaluation of carrier-based PWM
strategies for multi-state switching cells-based multilevel three-phase rectifiers, em 2011
Brazilian Power Electro-nics Conference (COBEP), pp. 903-910.
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MLMSR carrier-based modulation

me = Msen (wgyt)

mp = Msen (wg — 2?”)

m,. = Msen (wgt + %ﬁ)

Crry, P QTTQ P

~

CTTy g \""(‘3:.":-"2 M vC”’:i. n
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1,0} Mg sPWM Ta SPWM Ma, SPWM]

MLMSR carrier-based modulation

0,0

* SPWM

— Simpler 0 ™ 2m

— M=<1,15 -

— 7Z=0 1 74 mabrSV?L/y
1’0 N T T T | e P

B Ma M, SPWM 7 )

[ 1oy
0,0 B mp,SPWM i

i 1 1)
-1.0F i

0 T 2T




MLMSR carrier-based modulation

e SVaL
— 2-level SVM equivalent

1,0

0,0

-1,0

— M=<1,15

mo,svar = —3 [max (mg, my, me) — min (mq, my, me)]

M. svaL = Mk + Mo SVaL

mg

Mg, SV2L

\/

mg svaL

O T T T

27

1,0¢ 1
L Mg, SV2L M) SV2L "¢ SV2L

m abe,SV2L

0,0

4 Hm’;c,S\-’QL

ﬁ I 27
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MLMSR carrier-based modulation

TLh, DPW)

0,0
I T e, DPWMAIT o, DPWM

 DPWM n
-1.0¢

T 27 (b)

— Reduced switching losses
— M=<1,15
sign(m/ .
My DPWM — (2 max) — minaxr L
, my se  |mg| =max(|my|, [mp], [mg|)
Mo my,  se  |my| = max(|myg|, [mpl, [mel) bo.
me  se  |mg| = max(|mgl, [mp[, [mel)
m, = (mg + 1) mod (1) — 1/2
my, = (mp +1) mod (1) —1/2 -1
m, = (me+1) mod (1) —1/2
1LOF  mapPWM
0,0 1
I Mo, DPWM ]
: : muf)r'.DP\\'M mabc
1.0 . —11 1
w'lﬁﬁ 0 g
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MLMSR carrier-based modulation

e STHI
— Minimizes dc-link LF oscillations
— M=<1,15
Mo, STHI — Z sin (3wgt)
130 B ??I'La_ I I B

0,0

mp,STHI

10t

1.0 ]
"l M, STHI ™M STHI M STHI

0,0




Hede
i
feegett-

-
o]
wn
M

MLMSR carrier-based modulation comparison

— Input currentripple

( vfb{a = —(Vin,a— <Vin,a>) + (Vem— <Vem>)
4 vf{b = —(Vinp— <Vinp>) + (Vem— <Vem>)
\ vflic = —(Vin,e— <Vin,c>) + (Vem— <Vem>)
— Common mode voltage 1

Vem — § (Uin,a + Vin,b + Uz’n,c)

— IPT magnetizing voltages J
VWkj,dm = LWk dm Eiij,dm

— Mid-point current
(tmp) = Ta |1 — mgsign (iq)] + iy [1 — musign ()] + i [1 — mesign (¢.)]

Ngp



.-thased modulﬁo c“bthearis n Y

. A

* N=2eN=3

SPWM

N=2 N=3

|
Uz’n,lab/ TII:

' Uz'n,ab/z i i Uin,ab/y,, i

| Ve ?,)C”L./Ié

0,05

-0,05

-~

' E‘Ir.Val .dm / f . (iI-fVul _.r.im>/ I

bl

iyatdm /T [] 005

/i mp /f

1 1

0 0

1 Gl L S A Ui, T (i, 1

0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16
Tempo [ms] Tempo [ms]

Tempo [ms] Tempo [ms|
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.-thased modulﬁo CME?FIS‘ n ﬁb

. A . - S

* N=2eN=3

DPWM STHI

N=2 N=3

|
!

T
i
’vz’n,lab/ Ilf:i

0,05

iWal, dm / f
1

-0,05

-0,05

zWal,dm/I

L
0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16 0O 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
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e PEBBs
e Heatsink-less

Ventiladores

Filtro de

Capacitores do
barramento CC
PEBBs Fonte Auziliar

Placa de controle

WM. S. Ortmann, S. A. Mussa, e M. L. Heldwein, Multilevel Multistate Switching Cells PEBBs as the Basis for the
" Implementation of Advanced Rectifers, The Applied Power Electronics Conference and Exposition APEC 2012.



Integridade de sinal
Isolacao 6tica

Acionamento

Alimentacao
auxiliar
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MNSR Daughter Card V1.0 - NSO, MLH, SAM

........

e 6layers PCB—180mm x 40,5mm: — Digital inputs:

e Integrated MIPT * 51,52,53,54;
— 12turns — Mosfets CoolMos 600V, 20 A;
— J=1980A/cm?; — Diodes Sic 600V 10A;

* Powersupply: — Diodes Si, 800V, 8 A;
- 12V,5V; — Drivers e aux. power;
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A f | y
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Soct” ; o4 - | - -
Measure P1:rms(C1) PZrms(C2) P3Irms(C) Pdms(C4) PSms(F1) P&ems(F2) PT: rmlrF:n PB:--- Measure Plms(C1) P2rms(C2) P3:rms(C3) P4ms(C4) P5ms(F1) P6:ms(F2) P7:ms(F3) P8:---
value 23348V 23202V 1144 A 1149A 2324V 1145A value 23342V 23209V 11.3%9A 11.4TA 2325V 1140 A =
status ” o o’ ” o o atatue o " o ” o o

_SV2_L

e Va_ b Ve =

*ﬁg‘z%’

X

Measure P1:ms(C1)  P2:rms(C2) P3:rms(C3) P4:rms(C4) P5ims(F1)  P6:rms(F2)  PT: rmsfF3]
value 23365V 23222V 1M44A 1147A 2327V 1143A
v v v v v status

e%zﬁ
)

Tl /\ PANPANA WA

Measure P1ms(C1) P2:rms(C2) PIms(C3) P4: m'nfC4) P3:rms(F1)  P6:rms(F2) P7rrmlF3] P8:---
value 23352V 23216V 1145A 1148 A 2325V 144 A
v v v v v v
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MLMSR N=g

i i
Measure P1ms(C1) P2ms(C2) P3ms(C3) Pa:ms(C4) P5mean(F1) P&:ms(F2) P7.rms(F3) PB:--- Measure P1:ms(C1) P2:rms(C2) P3:mms(C3) P4:msiC4) P5:mean(F1) P&ms(F2) P7:rms(F3) P8:---
value 2315V 2306V 11.61A value 277V 2347V 11865A

" SPWM " DPWM

. i
Miswuy SrmaGl) B2ueh RImeiCh REwmen: RSamEl) PEOeR) Bl Ree== Measure Pims(Cl) P2mms(C2) P3ms(C3) P4rms(C4) P5mean(Fl) PEmsF2)  PT-ms(F3) PB---
value 2315V 2352V 1162A

y A 5 value 2308V 237.0V 1654
et status v o v

SV2L STHI

e

it

= |
\UFSC|

/
i::

Input
voltage

Input
current

Converter
voltage

Input
voltage

Input
current

Converter
voltage
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MLMSR N=4

UFSC|
UwW1,PEBB \ Yw1,PEBB | Voltage
| » MITP - PEBB
g | Voltage

EBEEREEE MIPT - Base

Inductor
- 1» voltage
Inductor
current

ENTE T o
ST sPwWM
tU V | | 77 77
W1,PEBB | .
e ! Uw1,PB




Converter
phase
voltages

line
voltages

] N N é Ctem Common
%Wﬁw» mode

""" voltage

T n Common

current




Converter
phase
voltages

Converter
line
voltages

Common
mode
voltage

Common
mode
current



(i
Kﬁ -
feecest

MLMSR MIPT behavior OFsc.

Distribuicao das correntes nos enrolamentos dos MIPTS:

’IW12,R_MS — IwRrMS |

Faw % =
Iw rMs




e Transientload step

40% to 80% Po

za zb zc .
.-’

e P e

80% to 40% Po




e Dc-link unbalance

Balance control off Balance control on

S
%2

WRUCRERD

Iy
P3:rms(C3) P4:rms(C4) P5:mean(F1) P6:rms(F2) P7:rms(F3) Pg---- Measure P3:rms(C3) P4:ms(C4) P5mean(F1) P6:ms(F2) P7:rms(F3) P8:---
11.07T A 11.063A  760.3632 V 110 A = value 10.737 A 10.704 A 760.3131V 10.74 A -
v v v




MLMSR N=4

e Efficiency
= 990
S
S B
£ i _
=
S
o
0 1 2 3 4 5 6 7 8 9

MNW Poténcia de saida [kW]



THDi [%)

MLMSR N=4

e THDi

Corrente RMS [A]

80

70 DPWM

15 20 25
Harménico ordem [n]

SPWM
THDi=1.82% "

30 35 40

60

Corrente RMS [A]

50

SV2L |
THDi=1.97%

40

30

15 20 25
Harmanico ordem [n]

HHHDFJ 0 i = e e P R =

30 35 40

20

10

Corrente RMS [A]

15 20 25
Harménico ordem [n]

DPWM
THD=1.38% |

30 35 40

7 8 9

Poténcia de saida [kW]

Corrente RMS [A]

15 20 25
Harmanico ordem [n]

STHI
THDi=1.71%

30 35 40
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Comparative Evaluation (I)

» Boost-Type » Buck-Type
VIENNA / A-Switch Rectifier SWISS/ 6-Switch Rectifier

V. = 400V (50 Hz) Vi = 400V (50 Hz)
P, =10 kW P, =10 kW
U,=720V U,=360V
fi =72 kHz fe=72kHz
Trans, VA-Rating Trans. VA-Rating

()’

g Transistor
N (up) Cond. Losses .. .-

0
P —t "T'—._ Diode VA-Rating
.

Transistor ~ D) 1

Cond. Losses 527

-\ /'

f,/ Ve b S !
/ y \, \ 6-Switch NN )
Vienna Rectifier \,\ \,\ Buck Rectifier S‘.{\nss R\ectlﬁer
! / : . / ]
Transistor ,/ [ { , ' ) Diade Transistor ;/ 3 | Diode
Switching Losses —T——% L ' \—1F Cond. Losses Switehing Losses —T——% ‘% Cond. Losses

.. Rated Inductor

DM-Noise %% . N\ A Output Cap. DM-Noise 5% 0
- 05 . Power

** Current Stress [dBpA)

CM-Noise Percentage OM-Noise Input Capacitor
I_dB].lV] Reactance [%] [dpr] Current Stress

W Three-Phase Unity Power Factor Mains Interfaces of M. Hartmann, T. Friedli and J. W. Kolar
' High Power EV Battery Charging Systems Swiss Federal Institute of Technology (ETH) Zurich



Comparison

Performance Indices

» Diodes
Vb, nID, ]
Diode VA - Rating = 1 5 Zn max,nt D,max,n
)Elil) Jlj:)
I'p
Diode Conduction Losses = Z" AaAvg.n
IO
» Power Passives
2 InL
Percentage Reactance = HNINLy
VN
I;AI Lf
Rated Inductor Power = —— 227 kpk~J s
PO
Zn IC,rms_.n

Capacitive Current Stress =

Ngp

0

Three-Phase Unity Power Factor Mains Interfaces of
High Power EV Battery Charging Systems
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» Transistors
n VT,max,n IT,max,n

Transistor VA - Rating = 1 =
ur P,

n
Zn IT,rms,n
0

Transistor Conduction Losses =

Zn IT,avg,nVT,n

Transistor Sw. Losses Boost =

PO
I V7 ave
Transistor Sw. Losses Buck = Z" I'.n"T.avg.n
PO
» Conducted Noise (DM, CM)
V,+Vy +V,
Vivoise =Vom +Vem Ve =—* : 3b Ve

2 2 2
Vov =VDm .tot —V'N.rms

2 2 2
Vemr =Vem ot —Vem LF

M. Hartmann, T. Friedli and J. W. Kolar
Swiss Federal Institute of Technology (ETH) Zurich
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Dc-dc converters for EV battery chargers

High Efficiency DC-DC Converter for EV

Battery Charger Using Hybrid Resonant and
PWM Technique

Hongmei Wan

Thesis submitted to the faculty of the

Virginia Polytechnic Institute and State University
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Power Electronics for EV Charging Systems e
B Basic Requirements
@® Wide Voltage Range — Voltage Adaption
@ Output Current Control hens | :;%Z—;oltage
@® Mains Sinusoidal Current Shaping  +Q o o
@ Isolation of Mains and Battery (?)  +@© #
o ;
B Basic Topologies HO Vo ;l‘:’
@® Non-Isolated s O _“_CD_C_ — Dcoc/ &l
S % 4
@ Isolated Single-Stage _%_ O '_Ac_oc_ - % +I=
ro—o—% : )
@ Non- or Isolated Two-Stage O :‘AED; - + 4
|
|

AC DC ==
—1/oc A]‘ OFF-Board
---- Standard
mw Solutions

On-Board
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Insulated dc-dc converters

Table 1.3: Power Supply Topologies from www.ti.com

Type FLYBACK FORWARD 2 SWITCH FORWARD ACTIVE CLAMP FORWARD
of Converter

5
0
a

Equations and Waveforms for

i ti s Mad =]
IBCONMNUDOLS (ale 1] L A

C' . Ik: - S rl o S o : 5 L |
IrCLIIt We M L =Gy ' IN'p I ] + oz = £g qﬂ:-—‘—"—"""‘__ e L 1% 5
Configuration *'__P EJ‘E:E! R Fe e o

[}

.3

Fl

Vv TpxV Vi M ! (N, v N 1 N Vi N 1 N
Ideal Transfer (a0 Fremts | FEIS E R | (o (-G00 | 08 REIGEG

Draln Iy (max) = { 'lu"|r.|h:Tnm':| Iy (max) = r—q—s—axlnur Iy (manad = [Ns}x I Iy (max) = {NS I
i Ko e % a = \qg) * lour a1 [max) = N—P}: out
Current® a
B r [Etl n i Vps = Vin + VouTr x {:i_ZI Vos=2xViy Vpz = Vin Vg = Vinx tﬁ }
oltage :
A“-‘terage lpy = lour Ipi=lourx D Ipr = lpur x D Ipt = louTx 0

Diode Current®

Diode Reverse
Voltage™

Current - & =
Wavetatiie eq4 A A ) 3 e I e [ ) A ) 1 o [ L . iy S ] S g 1

* Excludes rippla currant and i Vi ¥E Vi
output dioda voltage drop
Continuous conduction '0

moado shown lunloss -~ ™ : sl » Ty LTy
othanass natadl For

Vo1 = Vout+ Viy x {:—i} Vo1 = Vour+ Vin n{:—:‘} Vo= Vour + Vin x{:—i} Vo1 =Vout + ViN #[:—i]xl:ll—n




Insulated dc-dc converters

Type
of Converter

Circuit
Configuration

ldeal Transfer
Function®

Drain
Current®

Drain
Voltage*®

Average
Diode Current™®

Diode Reverse
Voltage™

Voltage and
Current
Waveforms

* Excludes ripple current and
aulput dinde voltage drop

Cantinuous conduction
moda shaven {unlass
nthanaisn nntadl. Far
ur

HALF BRIDGE

i
Esje=s]

()= (Fe) <o
Igy Imax}= {% = lout

Vs = Vin

Ipy = {Im_f'rx D) + -E-’-L-'Ixn 20}

Vior = Vin x lx—i]

w1 TL L

ol

‘u"nur (H_E i Tom)_
Vw

Igy [max) = (':l_sp] = lgur

Vos=2xViN

loi = (Inur x ﬂ]

Vo1 =ViNx (%:): 2

FULL BRIDGE PHASE SHIFT 2T

+ —lll -20)

i

xfa }:a
loy (max}= {EN%} x louT

e TR R T LU e T R
Iy (max) = {% %0t

Vps=Vin Vs = Vin
lpur 1
Iy = [Inu'rxl.'l] + 2x(120) lot = X lour

Vm =V|N:[:—'i]x2 Vor = Vin x (:—i}




Insulated resonant dc-dc converters

Squarc wave generator

SRC

fi

(a) Circuit configuration

bquan_ wave vcm:mtur

(a) Circuit configuration

UFSC
: ZICS rjegl:::n ] Z‘u’ls rergucn'
L
L
|
-
(b) Gain curves
Fig.1.7 Half bridge SRC
i 2oV ol i) SPRC Voltage Gain at Cre=1
PRC
Rectifier mmurk Current load
(b) Gain curves
Fig.1.8 Half Bridge PRC
172
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Insulated resonant dc-dc converters

Squarc wave gcneralor
SPRC

Current load

Rectifier network
Resonant network v v

(a) Circuit configuration
Fig.1.9 Half Bridge SPRC

Squa.re wave generalﬂr Gl-"c'-'"‘ﬂl U”-'-c-l ':I-Dm'll'-rlﬂl LDﬂLirI'E
I H I eb
LLC | | | | R
. . h i |
o i == T = ;'Ea FT

Rectifier network Voltage load
Reﬁﬂ[ﬂntnelwurk .."1.-.."".........5 EJ....-..-.:-...1-..-"-"-".-§ ., I| \ bmcmale |’|-|’ -

s N[IEV [V CrR]

N H
: :
i e} :

i :

. -

%S 5

(b) Gain curves

Fig.1.10 Half Bridge LLC Resonant Converter
173

(a) Circuit configuration
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1) A soft-switched full-bridge (FB) DC-DC converter;
2) An asymmetrically controlled zero-voltage switched (ZVS) half-bridge (HB)

converter:

3) An active-clamped soft-switched forward converter.,

J. Zhang, C.Y. Lin, X. Zhuang, K. Rinne, D. Sable, G. Hua and F.C. Lee, “Design of
A 4kw On-Board Battery Charger for Electric Vehicle,” Annual VPEC Seminar,

September 1995.

W. Andreycak, “Active Clamp and Reset Technique Enhances Forward Converter

Performance,” in Unitrode Power Supply Design Seminar, 1994.
T. Ninomiya, N. Matsumoto, M. Nakahara, and K. Harada, “Static And Dynamic
analysis of Zero-Voltage-Switched Half-Bridge Converter with PWM Control,”

[EEE PESC, 1991.
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Phase-shifted Full-bridge ZVS

I

S, | "'TJ}D

3

b

@, A

— in

Sﬂ%zt

UFSC
F 3
G]
0 >/
G,
1] !
G, [
0 >
G—t
0 I
Vg [
0 el
FS!EC
0 [ [ I | [ [ >
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Phase-shifted Full-bridge ZVS n
S1 & S1 & S1& Full bridge topology switching
S4-ON S4-ON S4-ON | control

S2& S2 &

S3-ON S3-ON
Transformer primary winding

L__ voltage
S1-ON S1-ON S1-ON Phase shifted FB-ZVS PWM DC/DC
converter switching control
S2 -ON S2 -ON
S3-ON S3 -ON
S4 -ON S4 -ON

ANER s



Phase-shifted Full-bridge ZVS

J D,

H—
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p
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Phase-shifted Full-bridge ZVS

Fig.2.4 Model: at time t1

wn

a

178



Phase-shifted Full-bridge ZVS
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Fig.2.5 Mode2: at interval t;~t;
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Phase-shifted Full-bridge ZVS

Fig.2.6 Mode3: at interval t2~t3
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Phase-shifted Full-bridge ZVS

-
it
feeeteet-

-
o]
wn
M

I
— [ —
&, T’ LT/
Ss e D, C., Sﬂl_ﬂz Cor ——54/{
5 - :D1 n; 8§,
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Fig.2.7 Mode4: at interval t3~t4

Sﬂ D Ca 5 « -p-—C " i -
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Phase-shifted Full-bridge ZVS

Fig.2.8 Mode5: at time t4
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Phase-shifted Full-bridge ZVS
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Fig.2.9 Mode6: interval ty~ts
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ZVS onS.-5, (legging leg)

i =

' J‘Lfk (C«‘S ’U C-M)

i l,

(¢)
Fig.2.10 Detail of the rising edge of the voltage across the switch of lagging leg

max ]' jr
Lt L)

where

(a) corresponds to the limit case when the energy in Ly is equal to the energy required

to charge the capacitances.

(b) corresponds to the case when the energy in Ly is larger than the energy required to
charge/discharge the capacitors. The switch output capacitances are
charged/discharged in less than one fourth of the resonant period, and the voltage

is clamped to the input voltage.

(c) corresponds to the case when the energy in Ly is not sufficient to charge/discharge

% the output capacitances, and ZVS is lost. 184
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Phase-shifted Full-bridge ZVS

& slope = Vu IV T, -V
Ip; NL, slope = N f_”
L et e M I
It - N t
: ; s .
‘ >
0 : “':'--,dvpe= V., /L : \ VAB
/ B
;_‘ . D(T/2) I"I ,
> /2 >
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Phase-shifted Full-bridge ZVS n
 LowloadZVSis hard to achieve and dependson L
e IfL,islarge, duty-cycleislost
* Maximize Ny/N, reduces rectifier voltages, but requires higher L,
e Thereis circulating current
e ZVS occurs at the primary, but there are oscillations at the secondary
(reverse recovery)
slope = Va/N-V, -V
fp, A NL, slope = VL |
I I I AL C;/I1C,+C
f{’ Tttt / ““““““ Circulating current '_f f] Efzr:; :J = LH - p}u
0 I . > Tk
[Sslope=v, 1L, |\ V4B /j t
. -
e S 4L
AT AD=D_ —=*f,
n D, (T12) f sec N’R /s
g
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LLC resonant converter

Square wave generator LLC

Rectifier network Voltage load

: S d E} Resonant network : .
E E;-:C"v;.“".--E;--".--."--i-r.‘;lé--"-;E EE

V. Vit 55”—_-*"1. " -E 1+ ¥
5 H N

N v LC=R|[|y:

ac o

SR A L 1 I

1 ]
i
.+ &
R I mmm I

Fig.2.14 Half Bridge LLC Resonant Converter
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e Primary-side equivalent circuit

L. ¢,
o —
_+_
vﬂiF ng Rﬂ'ﬁ' Vm F
‘o .
e Secondarry- side equivalent circuit
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Iﬂ'
+
i +
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LLC resonant converter
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LLC resonant converter

Gain

Gain(2nVo/Vin)

Gain Curves of LLC Resonant Converter at Lpr/Lsr= 2
VA
: o i
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LLC resonant converter

Gain

Gain(2nVo/Vin)

Gain Curves of LLC Resonant

Converter at Lpr/Lsr= 2

T 3

| | CF R
I 1
3: 01— fp_Q;r\/(Lr+Lm)C’r :
1 A —
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Voltage Gain (Vo/Vin)
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LLC resonant converter

Gain Curves of LLC Resonant Converter
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LLC resonant converter n

e ZVS operationis preferrable

Gain(M)
& )
. inductive region
capacitive - | |
region pea{k-gain

ZCS /region ZVS reg_ion"

e« The MOSFET body-diode suffers reverse recovery at the capacitive region
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LLC resonant converter

e Below resonance operation
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LLC resonant converter
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LLC resonant converter e

e Above resonance operation
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LLC resonant converter

e Above resonance operation
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LLC resonant converter OFsc

e Below resonance operation leaads to soft-switching at the secondary
switches, but circulating current rises

* Increasing mleads to higher fs variation

e Reducing mreduces L, and increases the circulating current and

increases P, € P,

e The product mQisfixwhen L,,andf, is fixed
e Reduce mandincrease Q reduces f, variation, but reduces gain

e L.and C, canvary, butlow C, values result in low impedance and higher
short-circuit current and, thus, higher f,



Power flowinan EV
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Power flowinan EV

Electric Vehicle
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Power Electronics for EV Charging Systems

B Basic Requirements

@® Wide Voltage Range — Voltage Adaption

@ Output Current Control
@ Mains Sinusoidal Current Shaping
@ Isolation of Mains and Battery (?)

B BasicTopologies

@ Non-lsolated

@ Isolated Single-Stage

AC
DC

-

@® Non- or Isolated Two-Stage

Ngp
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Operating Range of High Power Factor Grid InterfacesUFsc
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Conventional 3-Ph Current Source AC-DC Systems

UFSC
Six-Switch Current Source Rectifier: Swiss Rectifier I:
u, Upn_ref P, rer
“: Logic & Pulses i ref
", Mapping A A=
[ [ef Tab L& (13)] [ Al 001 Bect OP-
], 1 " j, L-P” ¥ k-1 Inv. Op.
w1 StpShSepSenSip Sin
Z'S A A
;.f,,, Input Filter
o iy Ira Sap-lt Shp—lt Stp‘l[ + a Lraia ira
o iy irp = >
i, i YA T b Leb i irp
co ——la
s ol s s sk : ot | i
- s O] A
A AN on T
rd T 3 0 1
Hybrid 3 Harmonic Injection Current Source Rectifier - -—Lon
. 1/ 2Up
k — upn SF 30[\12
? upus _uneg
) Upos . J: = =Dy, DFV\/lJS
u IDN+a4 T. DT+
a - . S S
«— la—i, o iya via_ 19yl ‘|
sad] [ooutd ™
b |iT V2ay_ _|_Sy2b Ly i Cs C
H—) = am 4 U= = D: y lupn
=3 Sy Sy Y
@ E |
lon-a4 TTII{}DT-
= z= z:DN_ DFWZZIS
) Hneg - (upos+2uneg) n
ly ki_ upos uneg

. ZP(U;Z:UHEQ) - . .




Modular Multilevel Current Source Converters

 Conventional Buck-type PFC Rectifier

(2N+1)-Level Unidirectional Structure:

Feedback Control:

,_
r
o

-
i 12t Inc
_— o
L+,1
. ve s +'1
W Pt e
.
ao i i H H = S+,br +,b|2_‘ S+,L: S+,c S+,c2 S+,cn +
P - L ce= U
IC Ir,C
CO ¢
Cr. H H H H H H
L PRERRs YIRS (PARR
*)a\ 7| S-atl S-a]” S.an S.p1 S.b S_bn Sc Se S.ch
i i,
-|-,2I °
iQ
L.y
0
2 Uabc i~
S+/-,a2 . 5eff,a - l uDC
Serm ;ﬁ eft b Loglc&?ulses
Strco > Oeffc Mapping
G [cf. Tab I & (2)]
Uab
S . 5 J ~abc
2l A o 0ic & Pulses L
Siropt 3] Jeftp . DC
s. <5 Mapping Ku(s)
o1 ATl ef Tab 11 & (2)] +




i

el
¥
3
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Modular Multilevel Current Source Converters n
e Swiss Rectifier (SR) |
(2N+1)-Level Unidirectional Structure: Feedback Control:
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Modular Multilevel Current Source Converters

Conventional 3-Level
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Modular Multilevel Current Source Converters

e Swiss Rectifier (SR) Il

(2N+1)-Level Unidir. based on 3-switch:
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Modular Multilevel Current Source Converters
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Modular Multilevel Current Source Converters

e Hybrid-Switch Act. 3rd Harm. Inj. Rect. Alternative Implementation

(2N+1)-Level Structure:
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Bidirectional Modular Multilevel Current Source Converters -~
(2N+1)-Level 6-switch Buck-type Rectifier: (2N+1)-Level Swiss Rectifier:
I“-"l::," J;+ % ,_}JE} -I:n—: inc
riﬂwl inc . | ll_i oJ:: L+.!_+'2
DR BLEREy BT i A
e RSB PR + a +
T = TS B 7o
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3-Level Structure: 12 Fast Mosfets 3-Level Structure: 4 Fast + 12 Low Freq. Mosfets

5-Level Structure: 24 Fast Mosfets 5-Level Structure: 8 Fast + 12 Low Freq. Mosfets

7-Level Structure: 32 Fast Mosfets 7-Level Structure: 12 Fast + 12 Low Freq. Mosfets
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Experimental Results

5-Level Current Source Rectifier
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5-Level Current Source Rectifier
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EV Everywhere: -
A Grand Challenge in Plug-In Electric Vehicles -

Initial Framing Document -

White Paper to Explore -
A Grand Challenge in Plug-In Electric Vehicles -
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Table 1. Batteries and Energy Storage 2022 Targets (based on EV Everywhere 5-year payback

analysis)
Current
PHEV40 AEV100 AEV300
Battery Cost »/kWh 650 190 300 110
(usable)
Pack Specific Energy Wh/kg 80-100 150 180 225
Pack Energy Density Wh/L 200 250 300 425
State-_nf—(:harge % 50 30 90 90
Window

Table 2. Electric Motors and Power Electronics 2022 Targets (based on EV Everywhere 5-year

payback analysis)
PHEV40 AEV100 AEV300
System Cost S/kW 20 5 14 4
Motor Specific Power kW/kg 1.2 1.9 1.3 1.3
Power Electronics
Specific Power kW/kg 10.5 16 12 16.7
System Peak % 90 97 91 98

Efficiency

o Lo igpp it
M A i



Table 3. Vehicle Lightweighting 2022 Targets (based on EV Everywhere 5-year payback analysis)

fi-

i

%

UFSC

PHEV40 AEV100 AEV300
Vehicle Lightweighting % n/a 29 3 30
Lightweighting Cost $/lb-saved n/a 3.30 3.30 3.30

Table 4. Vehicle Charging Infrastructure 2022 Targets (based on EV Everywhere 5-year payback

analysis)
cs‘::;';t PHEVA0 AEV100 AEV300
Charger Cost S/kw 150 35 140 25
Charger Efficiency % 91 99 91 99

Ngp



Onboard chargers targets

On-Board Chargers: The on —board charger is essential to EV Everywhere. Cost is the
most significant challenge. The current status and current technical targets for on-
board chargers are shown in Table 8.

Table 8. Current status and current technical targets for on-board chargers

3.3 kW Charger 2010 2015 2022
Cost $S900 - $1,000 $600 $330
Size 6-9 liters 4.0 liters 3.5 liters
Weight 9-12 kg 4.0 kg 3.5 kg
Efficiency 90-92 % 93% 94%
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Power Electronics - Initially proposed areas of R&D focus include the development of
affordable WBG devices, high-temperature capacitors, advanced packaging, high voltage
operation, and new circuit topologies. Power electronics based on advanced SiC
devices are currently under development and their usage will increase as suppliers
mature their manufacturing processes leading to improved device yield and
performance specifications. The promise of GaN-on-Si based devices will likely provide
substantial performance improvements in terms of efficiency, operating temperature,
and reliability relative to Si; however the status of GaN wafer and device technology is in
its infancy compared to Si or even even SiC.

ANER 2



30 -
Reduce motor [osses, eliminate

.u use of rare earth PMs
25 -

E High-temperature solutions using WBG, improve power
=~ 20 - electronics performance, integrate functionality, improve
= i/ efficiency
g i EM Active Materlal
15 1 Reduce capacitance req., i i Power Module
increase capacitor - wd Capachtars
performance
10 - H Misc. Materlal

Reduce part count, simplify manufacturing

e gf & .v"‘i f @*“f

&

$3/kw i
Reduce part count and material SN i Manufacturing
5 - caosts, increase efficiency \'-

\.

* Misc Materials
Inverter: cold plate, drive boards, thermal interface material, bus bar, current sensors, housing, control board, etc.
Motor: bearings, housing, sensors, wire varnish and insulation, potting materials, shaft, miscelleneous materials.
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V. Additional Requirements

We propose the following other key requirements for the EV Everywhere Challenge:

L ]

Secure Materials Supply at Scale: Technologies should be based on materials without
major supply/availability barriers and risks when deployed at large scale. This is required
to meet cost goals, to eliminate foreign material resource dependence, and to ensure

large-volume scalability.

Safety: Technologies/solutions should meet all applicable safety and environmental
standards and must meet or exceed Federal Motor Vehicle Safety Standards (FMVSS)

and SAE-J2929 Battery Safety Standard.

Recycling: Technologies should also be capable of full recycling. Recycling can provide a
financial value and thereby contribute to overall affordability and sustainability, can
conserve material resources, and can reduce the costs and environmental concerns of

vehicle and component disposal at end of life.

No Reduction in Grid Reliability: The charging technologies and charging
infrastructures considered must be deployable without compromising the reliability of
the electric grid and local distribution networks.

227



Green charging stations
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Station SET Charging | Installed |
Spaces Power

Ulowa EVCS 224 PV panels! 202 57 kW2 | $950,0002

Mitsubishi SPCS?® || 96 PV panels 4 16.8 kW | $130.0004

Solar Canopy3 15 PV panels 1 3.75kW | $60,000

Mini E SPCS6 24 PV panels 1 5.63 kW | $25,0007

Sanya Skypump® 1 VAWT 1 4 kW $30,000

Ngp
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Master of Science Thesis

Design of a Sustainable Electric Vehicle Charging Station

Bill V. E. Bakolas

Abstract

Electric vehicles only becorme useful in reducing greenhouse gas
emissions, if the electricity used to charge their batteries comes from
renewable energy sources. This thesis was conducted within the electric
miobility frameweork of the Green Village, the project put forward o test
the Green Campus Concept. The objective was to design a Station that
charges electric vehides, using sustainable energy technologies. To
achieve an optimal performance of the selected components, a
particular layout architecture was suggested, Additionally, a computer
model was developed o simulate the Station operation under variant
energy generation and consumption inputs, as established by fitted
metesrological data and predicted usage patterns. Simulations were run
using the Station model and the corresponding results were analyzed.
Finally the economic aspects of the project implementation were
examined and conclusions were drawn regarding the commerdialization
of its conceptual attributes,

Heywords: sustainable energy, electric vehicles, charging station, direct current, renewables,
simulation, poser flow control

October 2012
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Mitsubishi

- e

-Vivacity =

Figure 2.24: Static Model Electric Wehicles

Table 11I: EV Technical Specifications
Batt
Model =¥ Charging Range
Ca Voltage time
Mitsubishi iMiEV? 3o v T hra 104 km i@ 80 * {4
Peugeot e-Vivacity? 24 v 3 hra 65 km @ 45 =,
Segway 2% 736V | 8-10 hrs 26 km (@ 20 = f4
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Modeling and simulation of electric vehicles (EVs)
and design of batteries for Evs
Part 2 — Electric Vehicle Modelling

Prof. Gierri Waltrich, Dr.
E-mail: gierri.waltrich@ufsc.br

....-l""

S p Ec IEEE Power Electronics Society
‘ 0 B E P ' SOUTHERN POWER
et~ E-ECTRONICS CONFERENCE
= 2015 A\
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Electric vehicle modelling e

* Battery modelling

 Motor modelling

e Vehicle modelling

e Electric vehicle range modelling

WW Source: Larminie, J.; Lowry, J.”Electric Vehicle Technology Explained”. John Wiley &
Sons Ltd, England,2003.

236



Battery modelling



&Lz
ﬂ -
it

13

ic
o]
wn
M

Battery modelling

When a current is given out, the voltage will fall; when the battery is
being charged, the voltage will rise.

V=FE—IR
However, the open circuit voltage E is
not in fact constant. The voltage is also
External affected by the ‘state of charge’, and
load
other factors such as temperature.

Obs.: A good quality 12V, 25 Amphour lead

Open circuit voltage acid battery will typically have an internal
resistance of about 0.005 ohmes.

Ngp

238



Capacity/Amphours

Battery modelling

Capacity is not constant.

Graph showing change in baftery capacity with discharge time
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Capacity is affected if the charge

46

421

40

387

36

is removed more quickly, or
more slowly.

2 4 6 8 10 12 14 16
Discharge time / hours

1IB 20
Ex. of notation:
C= 42 Ah — 42 A (charge or discharged in one hour)

2C — 84 A (charge or discharged)
0.4C — 16.8 A (charge or discharged)
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Battery modelling

Global Leader in Power Solution

Cell Specification

® Typical Capacity”

® Nominal Voltage

® Charge Max. Current 36.0 A
S Voltage 42V +0.03V

® Discharge Continuous Current 60.0 A
Condition

Peak Current 240.0 A

Cut-off Voltage

@ Cycle Life [@ 80% DOD] ? > 800 Cycles
® Operating Charge 0~40T
Temp. Discharge 20~60 C

® Dimension Thickness (mm) 7.0+ 05
Width (mm) 206 + 2.0

Length (mm) 130 +£ 2.0

354 £ 15

= >
~ ~
< <

@® Weight (g)

1) Typical Capacity : 0.5C, 4.2~2.7V @25°C
2) Voltage range : 4.15V ~ 3.40V 240
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Battery modelling

Energy storage

Energy in Watthours = Voltage X Amphours or Energy =V X C
Obs.: Both, V and C, are reduced if the current is increased and the battery
is drained quickly.

Specific energy
Specific energy (Wh/kg) is the amount of electrical energy stored for every
kilogram of battery mass.

Energy density

Energy density (Wh/m3) is the amount of electrical energy stored per cubic
meter of battery volume.

Specific power
Specific power (W/kg) is the amount of power obtained per kilogram of
battery.

WW MATLAB: Ragone_plot.m
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Battery modelling

Ragone plot for Lead Acid and Nickel Cadmium traction batteries

Specific Power/ W.kg™1

10

=
o

10

(S

10

AN

Lead acid

N

Nic
cad

kel
miu

A

g

—
'

Specific Energy/ Wh.kg'1
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Battery modelling

Batteries types

e Lead acid - low cost, low specific energy

e NiCad-low cost
e NiMH - cadmium free

e Sodium - high temperature used in larger systems

e Li-ion - high specific power
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e Zinc-air — high specific energy, negatives electrodes should be replace

afteritis charged.

Battery Specific Energy Specific power Current cost
energy density Wkg™!
Wh.kg™! Wh.L™!

Lead acid 30 75 250 0.5
NiCad 50 80 150 [.5
NiMH 65 150 200 2.0
Zebra 100 150 150 2.0
Li-ion® 90 150 300 10
Zinc-air 230 270 105 ?

243



ﬁ
3

Wy
:K -
feett-

-
o]
wn
M

Battery modelling

Equivalent circuit

pp——, SN ' S o>
: v A
é R é H R,
L 14 || R 1%
5 External —1
T
_r
_r
_r
_r
L

1
= ,
_—LI load
| '

Do not explain the battery This model represents better the
dynamics! dynamic behaviour of a battery.

244
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Battery modelling

Equivalent circuit

Lead acid battery: E =n x (2.15 — DoD x (2.15 — 2.00))

2.10

2.05

1.95

1.90 —

0.00 1.00
Depth of discharge

MNW s
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Battery modelling
Equivalent circuit
NiCad battery (obtained by linear regression):
£ — oy [ —8:2816D0D" +23.5749DoD® — 30DoD” + 23.7053DoD*
N —12.5877DoD" + 4.1315DoD?* — 0.8658DoD + 1.37
Typical discharge at +20°C
7.0 - Fully charged, rest 1 hour at +20°C
6.5
EE_D—
%5_5—
S
% 5.0 — 0.1C
$ 45 ic
2C
4.0
T T T T T T T T T T T T T T T T T T T T T 711
0 M0 20 30 40 50 60 70 80 90 100 110
Capacity %C5 (Ah)
MW 246
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Battery modelling

Equivalent circuit

Battery resistance:

0.022

10

Lead acid resistance: Ry, = n°cells [Q]

C,, = capacity for10hdischarge

Ryca = n°ce|ls%[ﬂ]

NiCad resistance:
10

247
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Battery modelling

Peukert Model

Drawing 1A for 10 hours does not take the same charge from a battery as
running it at 20A for 1 hour, therefore, it is necessary to determine a method

to define a capacity of a battery.

The starting point is finding the Peukert capacity:
C,=I'T

C, is found by the nominal parameters, and k is a constant (typically about
1.2 for alead acid battery) called Peukert coefficient.

Ngp
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Battery modelling

Peukert Model

Example: Suppose a battery has a nominal capacity of 40 Ah at the 5 h rate.
This means that it has a capacity of 40 Ah if discharged at a current of:

3)
if k = 1.2 then the Peukert capacity is

C, =8 x5=60.6Ah
now it is possible to find the time that the battery will last at any current /.

C
T=TF

I 8A

249
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Battery modelling

Peukert Model
C = | xT
C:P

predicted = I x Ik

_ (1-k)
=C,|

predicted

C

C

predicted

Example
_C, 42An

| = = =4.2A
T 10h

k =1.107 (Lead acid)
C,=1'T
C, =4.2"""" x10 = 49Ah

icC e
7 {3
ol =

Comparison of measured and "Peukert predicted” capacities at different discharge currents
50

45 75\‘\

AT

35

Capacity/ Amphours

30

25
0 5 10 15 20 25 30 35 40 45

Discharge current/ Amps

. (1-k) _ (1-1.107)
CPredicted - CP X I - CP 49 X I

Ngp

MATLAB: Figure_2_14.m 250




Battery modelling

Time step

Charge removed in one step

Total charge removed the battery —

Total charge supplied for a load

Depth-of-discharge

Open circuit voltage

Ngp

UFSC

ot

otx X

k
n+l — CRn T 5tx I [Ah]
3600

cs., =cs +2tx
3600

CR.

CR

[ An]

DoD, =
p

E =n°cellsx(2.15— DoD x0.15)



Battery voltage/NValts

Battery modelling

6.5

5.9

4.5

3.9

Ngp

Constant current discharge of a 50Ah NiCad battery

50 Amps‘-‘-—*’“

100 Amps’

T

2C* '

T
nominal
capacity

10 15 20 25 30 35
Charge supplied/Amphours

40

Theoretical results

95

-
Ti

5
3
VA

Typical discharge at +20°C

Module voltage (V)

7.0 Fully charged, rest 1 hour at +20°C
6.5
6.0
55
5.0
45

4.0

W T T T T T T T T T T T T T T T T T T T T T 11
0 10 20 30 40 50 60 70 80 90 100 110

Capacity %C5 (Ah)

Experimental results

MATLAB: Figure_2_15.m
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Battery voltage/Nolts

Battery modelling

Power supplied for the load —  P=V x| :(E_ |R)| = El —RI?

140

135}

130+

125

120

115¢

110

105+

100

W

Current supplied forthe load — |

4
s l—:

UFSC

_E-JE?-4RP

Constant power discharge of a lead acid battery

I Discharged |
i o

0 500 1000 1500 2000 2500 3000 3500 4000
Time/Seconds

2R

Graph of constant power
discharge of a lead acid battery
at cooo W.

The nominal ratings of the
battery are 120 V (10 batteries),
50 Ah.

The battery is "dead" if the
DoD exceeds 99%

MATLAB: Figure_2_17.m 253



Battery modelling

If the battery is being charged:

Terminal voltage —
Power drained from the load —
Current drained from theload —

Charged removed —

Ngp

UFSC

V=E+IR

P=VxIl=(E+IR)I =EI+RI*

 —E+VE?+4RP

- 2R
otx|1¥
3600

CRn+1 — CRn B

[An]
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Battery modelling

Calculating the Peukert Coefficient

The two different ratings give two different rated currents:

=— and |,=—=

‘- logT, —logT,
logl,—logl,

255



Battery modelling

Calculating the Peukert Coefficient

Example:

I1=C1:42:4.2A and Izzﬁ:33.6A
T, 10 1

‘- logl-1logl0

= =1.107
log4.2—-33.6
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Battery modelling

Approximate battery sizing

The vehicle fuel consumption is normally known.

Diesel car example

Fuel consumption: 18 km/L

Diesel specific energy: 40 kWh/kg
Motor transmission efficiency: 10%

Fuel consumed in a distance of 180 km: 10 L = 11 kg
Energy consumed in 180 km: 40 kWh/kg X 11 kg =440 kWh
Energy delivered in the roads: 440 kWh X 0.1= 44 kWh
Energy required for a electric vehicle:

Energy delivered in the roads _ 44kWh
efficiency (eletric motor+transmission ~ 70%) 0.7

lllll 257

Energy., = = 62.8KWh
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Battery modelling

Approximate battery sizing

The mass of different types of battery for different distances travelled are
shown in Table 2.11, assuming an electric motor/drive efficiency of 70%.

Battery Specific Battery Battery Battery Battery
type energy mass kg, mass kg, mass kg, mass kg,
Wh.kg~! 75 km range 150 km range 225km range 300 km range
Lead acid 30 750 1500 2250 3000
NiMH 63 346 692 1038 1385
Li ion 90 250 500 750 1000
NaNiCl 100 225 450 675 200
Zn-Air 230 08 196 293 391

ANER 15
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Permanent magnetic DC motor

Commutator

Brushes
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e
Permanent magnetic DC motor

Stator

@ O) O

Current Current

going down coming up current
into page out of page 261

No




Motor modelling =
Permanent magnetic DC motor
Torque: Back EMF:
F=iLxB d (BA
Eb:dCD: ( )=BLV
® = BA=B(2Lr) dt dt
V=TIw
L —Exr Eb:ZKnBLra)
—K d-
r =2nBILr b = P "
T =ndDl or
7=K O-I

K, ocn®polos, n° turns, etc.

”lll 262



Motor modelling

Permanent magnetic DC motor

| = — s —_—s__m>=
ﬂg“_ Ra Ra Ra Ra
o 2
" s EsKm(I) (KmCD)
- Ra T = Km(DI = — Q
Ra Ra
(K ®)?
Ra
EEEIEEEEEEEENEEEEEEEEEEEEEEEEEEERN Speed “’hen
‘running free’
In practice, the maximum on no load
torque is limited, exceptin ,
very small motors "
v
) 263




Motor modelling

Permanent magnetic DC motor

Fora DC Lynch motor:

Motor speed =70 rpm/V
Armature resistance = 0.016Q)

_ E rad 60 E RPM
K. ® s 27K ®
K _d =0.136
If the motor is running with 24 V:
EK,® (K, ®)
R

a a

@

7=K, Dl =

7=205-1.16w

Ngp
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Motor modelling

Permanent magnetic DC motor

7 =205-1.16w = 205-1.16(0) = 205Nm

At zero speed:

E.—-E,  E 24
At zero speed there is no back EMF, so: | =—=——"2=—3 =1500A
R R R 016

The current is too large and should be limited. In this example it will be limited
in 250 A. Therefore, the maximum toque is:

7=K, @l =0.136x 250 =34Nm

These values are typical for 5 kW dc motors.

Ngp
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Motor modelling

DC motor efficiency

UFSC

Copper losses

=kt — P=PR lat
Iron losses

= kw
Friction and windage losses = k, w3
Constant losses =C
. P, T
— — MATLAB: motoreff.m
" P two+kr’+ko+k o’ +C

Typical values for the parameters of equation

Parameter Lynch type PM motor, with

100 kW, high speed
brushes, 2-5kW

induction motor
ke 1.5 0.3
k; 0.1 0.01
Ky 102 5.0 x 10°°
”“ﬁlw C

20 600




Motor modelling

Torque/N.m

40

35—

30

25

20

15

10

max. safe to rq ue

S~

50% /
60% 75%

70%

20

80

100

Speed/rad.s™

180

160
1500 rpm
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Vehicle modelling

Tractive force

The electric vehicle should:

e overcome the rolling resistance

e overcome the aerodynamic drag

e provide the force needed to overcome the component of the vehicle’s
weight acting down the slope

e accelerate the vehicle, if the velocity is not constant
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Vehicle modelling

Tractive force

Rolling resistance force  =F,,
Aerodynamic drag =F
Hill climbing force =F,

Linear acceleration force =F,
Angular acceleration force =F,,
Total tractive effort = Fie

mg

l I u ﬁl'll 270
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Vehicle modelling

Tractive force

Rolling resistance force — F,=u,mg

Typical values: i, = 0.015 for a radial ply tyre
u,= o0.005 for tyre developed especially for electric vehicles.

Aerodynamic drag — F_ =0.5pAC V>

p =density of the air Typical values for C:

A =frontal area Conventional cars: Cg=0.3
v =speed Electric vehicle: C4=0.19
C, = drag coefficient Motorcycle and bus: C =0.7

ANER o



Vehicle modelling

Tractive force

Hill climbing force —
Linear acceleration force —  F
Angular acceleration force —

motor torque =T

gear ratio=G

tractive effort = F;.

ic = mg 5’”(4/)

=ma

tyre

radius =r

({3t
ﬂ -
T
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due to the rotating parts

r=Fxr
F.r
Z':
G
I:te:ET
r

272
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Vehicle modelling
Tractive force
Vv
Angular speed at the axle — W =—
r
vV
Angular speed at the motor — w=0G-
r
. : a
Motor angular acceleration - w=0G—
r
. . . . a
Torque required for this acceleration — r=|p=1G=
r
2
| G G
Angular acceleration force — F.=—T=1|—]a
r r

273
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Vehicle modelling

Tractive force

It will quite often turn out that the moment of inertia of the motor will not be

known.

In such cases a reasonable approximation is to simply increase the mass by 5%
in F, and to ignore the F, term.

Total tractive force - Fk,=F +F,+F_+F,+F

We should note that F,, and F,__, will be negative if the vehicle is slowing down,
and that F,_ will be negative if it is going downhill.
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Vehicle modelling

Modelling Vehicle Acceleration

Forw<w, or v<(r/G)w, then T=1,,,

Forwzw, or vz(r/G)w, then T=1,kw

For a vehicle on level ground, and air density of 1.25 kg.m3:
2

F. = #,mg+0.625AC,v* +ma+1—;a

77
Ftezgz' a:ﬁ
r dt
2
S 4 mg+0.625AC,V2 +| m+ 12 |2
n,r° ) dt

r

275
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Vehicle modelling

Modelling the acceleration of an electric scooter:

P
Q
N
\
A
W

2013 Peugeot Vivacity E
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Vehicle modelling

Modelling the acceleration of an electric scooter:

Characteristics:
» Electric Scooter mass = 115 kg + 70 kg (pilot) = 185 kg

« The moment of inertia of the motor is not known, so m is increased by
5%, therefore, Electric Scooter mass = 194 kg

 The drag coefficient (C,) is estimated as 0.75

e The frontal area of vehicle and rider = 0.6 m?

« Coefficient of the tire rolling resistance y,, = 0.007

 The motor ratio belt = 2:1, and wheel diameter= 42 cm, thus, G =2
« Gear system efficiency (ny) = 98%

« The motor is an 18V Lynch type motor
Motor speed = 70 rpm/V
Armature resistance = 0.016 Q

' I u ﬁl'll 277



Vehicle modelling

Modelling the acceleration of an electric scooter:

Torque equation:

o 60 E 601

D= - =0.136
27 RPM 2770

2 2
K Dl EK,® (K,®) ,_18x0.136 _ (0.136) .
R R 0.016 0.016

a a

7=153-1.16w

The current will be limited in 250A, therefore, the maximum torque is:

=K, @l =0.136x 250 = 34Nm

ANER -



Vehicle modelling

Modelling the acceleration of an electric scooter:

Critical motor speed: 34 =153-1.16w

= 153-34 :103@
1.16 S

For constant torque:

2
S e = Mg +O.625ACdv2+[m+l G zjdv
r n,r° ) dt

221 x0.98x 34 = 0.007x185x9.8+0.625x 0.6 x 0.75v* +194

317 =12.7 +0.281v* +194ﬂ

dt

av =1.57 - 0.00145v?

dt

Ngp

UFSC

dv

dt
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Vehicle modelling

Permanent magnetic DC motor

Torque

In practice, the maximum
torque is limited, except in
very small motors
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Speed when
‘running free’
on no load
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Vehicle modelling

Modelling the acceleration of an electric scooter:

This equation holds until the torque begins to fall when, @ = @, = 103 rad/s, which
corresponds to 103 X 0.21/2 =10.8 m/s. After this point the torque is governed by

G* ]dv

153-1.16w = 11, mg +0.625AC V° +£m +1—
n,r° ) dt

2 x0.98 x (153—1.16&@ =0.007x185x9.8+0.625x 0.6 x 0.75v* +194%

dv

1428-103v =12.7 +0.281v* +194E

av =7.3-0.53v-0.00145v"

dt

”lll 281
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Vehicle modelling

Modelling the acceleration of an electric scooter:

The derivative of v is simply the difference between consecutive values of v
divided by the time step given by :

Vn+1 —V

ot
Vyq =V, +0tx(1.57-0.00145v, )

" —1.57-0.00145v°

Constant torque:

After critical speed: Vi, =V, +8tx(7.30-0.53v, —0.00145v,’ )

MATLAB: ScootA.m

”lll 282




Vehicle modelling
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Modelling the acceleration of an electric scooter:

Velocity/kph

50

45

40

35

30

25

20

15

10

Full power (WOT) acceleration of electric scooter

/ (.
/ Peugeot electric scooter:
/ Maximum speed: 45 kph
5 10 15 20 25 30
Time/seconds
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Vehicle modelling

Modelling the acceleration of an electric scooter:

Full power (WOT) acceleration of electric scooter

100
90 /

80 /
70
60 /
. [
; /L

30 /
20 /
10

0

Distance/m

0 5 10 15
Time/seconds

Peugeot electric scooter:
e 1.0m from standing start time, 3.2 s
”uﬁlﬁ' e 1.00m from standing start time, 12 s 284



Vehicle modelling

Modelling the acceleration of a small car:
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GM EV1
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Vehicle modelling

Modelling the acceleration of a small car:

Manufacturer
Also called

Production

Class
Body style
Layout

Electric motor

Transmission

Plug-in charging

Wheelbase
Length
Width
Height

Curb weight

Predecessor

General Motors
GM EV1, Saturn EV1

1996-1999 (1,117 units)
1997 Model Year: 660 Gen | units
1999 Model Year: 457 Gen Il units

Body and chassis

Electric subcompact car

2-seat, 2-door coupé

Transverse front-motor, front-wheel drive

Powertrain

three-phase Alternating current Induction motor with IGBT power inverter
137 bhp (102 kW) at 7000 rpm
110 Ib-ft (149 N-m) at 0-7000 rpm

Single-speed reduction integrated with motor and differential

6.6 kW Magne Charge inductive converter
Dimensions

98.9in (2,512 mm)

169.7 in (4,310 mm)™

69.5in (1,765 mm)~

50.5in (1,283 mm)

3,086 1b (1,400 kg)

with Lead-acid batteries
2,908 1b (1,319 kg)

with NiMH batteries

Chronology
GM Impact (prototype)
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Vehicle modelling

Modelling the acceleration of a small car:

Characteristics:
e Vehicle mass = 1400 kg + 140 kg (driver + passenger) = 1540 kg

e The moment of inertia of the motor is not known, so mis increased by 1.3%,
therefore, the total vehicle mass = 1560 kg

e Anultra-low drag coefficient (C4) of 0.19

e The frontal area of vehicle =1.8 m?

e Very low Coefficient of rolling resistance u,, = 0.0048

e Variable frequency induction motors, operating at nearly 12000 rpm (maximum)
e The gearratio = 11:1, thus, G=11; and tyre radius =30 cm

* Gearsystem efficiency (n,) = 95%

e Motor specification: T, = 140 Nm and w_= 733 rad/s note thismeans T=T,_ .

max

until v=19.8 m/s (= 71.3 kph)

' I u ﬁl'll 287



Vehicle modelling
Modelling the acceleration of a small car:
e Motor specification: T, = 140 Nm and w_ = 733 rad/s note thismeans T=T,_ .

until v=19.8 m/s (= 72.3 kph)

For constant torque:

2
© 47 = 11,M +0.625AC,V? +[m 18 J av
r n,r° ) dt
1 0.95x140 = 72.4+0.214v% +1560°
0.3 dt
dv 5
- =311-0.000137v

| I u ﬁl'll 288



Vehicle modelling

Modelling the acceleration of a small car:

Above 19.8 m/s the motor operates at a constant 102 kW

P P 102000 102000 21756

T = =
0, VE 11 37 xV \Y;
r O 3

Eng 2150 _ 75 440.214v2 +1560 %
r V dt
368754 =72.4+0.214V? +1560ﬂ

V dt
dv_621 4 446_0.000137v2
dt V




Vehicle modelling

Modelling the acceleration of a small car:

The derivative of v is simply the difference between consecutive values of v
divided by the time step given by :

Constant torque: V.., =V +o0t (3.11— 0.000137v° )
. 62.1 ,
After critical speed: V.., =V, +0t RV 0.046-0.000137v,

MATLAB: GMEV1.m

ANER -




Vehicle modelling

Modelling the acceleration of a small car:

Full power (WOT) acceleration of GM EV1 electric car

140
120
100
S 80
> /
i
S
g 60 ¥4

o
L

Time/seconds

M GM EVa: from zero to 60 mph (96 kph), EVa1 takes gs.
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Electric vehicle range modelling

constantspeed at level ground
EV tests S o
realistic driving patterns(drivingcycles)

Well know driving cycle from Los Angeles (LA-4), called, Federal Urban
Driving Schedule (FUDS), are used for emission testing by the United States

Environmental Protection Agency.

MATLAB: fuds.m
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Electric vehicle range modelling

Federal Urban Driving Schedule (FUDS)

Driving cycle used for emission testing by Environmental Protection Agency from USA
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Electric vehicle range modelling

Simplified Federal Urban Driving Schedule (SFUDS)
MATLAB: sfuds.m
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Electric vehicle range modelling

European urban driving schedule - ECE-15
MATLAB: ciclo.m

ECE-15
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Electric vehicle range modelling =

European driving cycle (ECE-47) for emission testing of mopeds and
motorcycles with engine capacity less than 50 cm3, also used for electric

RERPLAB: ECE47.m
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Electric vehicle range modelling

Out-of-town or highway driving:

FHDS = Federal highway driving schedule
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Electric vehicle range modelling ¢

Range modelling of battery electric vehicles

To predict the range, the energy required to move the
vehicle for each second of the driving cycle is
calculated, and the effect of this energy drain is
calculated. The process is repeated until the battery is
flat. It Is important to remember that If we use one-
second time intervals, then the power and the energy

consumed are equal.

Ngp

&=

FSC
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Electric vehicle range modelling =

Range modelling of battery electric vehicles

dx
p:d_U do
dt ,
I:):d(F.x):F% dg:%
dt dt h
dt r dt
P=(F-nNow a)—lv
P=T w r
V=w-r
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Electric vehicle range modelling

Range modelling of battery electric vehicles

Energy required eachsecond — F)te _ |:te -\

|:te = |:rr + I:ad + ic + I:Ia + Fa)a

where,

motor torque = T

gearratio=G

tyre
tractive effort= F,. radius=r
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Electric vehicle range modelling

Range modelling of battery electric vehicles

P at Pmor_:'n Pmot_out Pz‘e

Battery l | Motor and *_‘l__ Gear ‘_J‘__ Road
) Controller System I Wheels
A
N Im g |
A 4 |
Accessories, |
average Energy
power = Fgac to move

vehicle

Normal forward Regenerative
. <4t———- .
driving braking
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Start

Usev,,, and v, to find the acceleration

Speed/kph

Driving cycle used for emission testing by Environmental Protection Agency from USA
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Torque

Start

Usev,,, and v, to find the acceleration

Using a and v, calculate F,,and P,,

Calculate the motor power

Calculate motor angular speed and toque

40

35

30

25

20

15

10

Find the motor efficiency

AV Vays

Y A N
INNSTA L TS

AP ENr

WA /A LA e |
WAL A
1A AL e L
[« e

Rolling resistance force F =u,mg

Aerodynamic drag F.a =05pAC,V’

Fi = mgsin(y)
F.=ma

Hill climbing force
Linear acceleration force
Angular acceleration force — F,, =1(G/r)’a
Total tractive effort

J
|:te — I:rr + |:ad + ic + |:Ia + Fa)a

Re =Fe -V

N
N
N
—

Pmot_out =P/ R

o=vlir & T=P_ /o
P T

m P to+kr’+ko+k o’ +C
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Start

Usev,,, and v, to find the acceleration

Using a and v, calculate F,,and P,,

Calculate the motor power

Calculate motor angular speed and toque

Find the motor efficiency

Find the power into the motor

Add the average accessory power
P.. to give the total value of battery

Find the battery current

Ngp

I:)mot_in = I:)mot_out /nmot
I:)bat — I:)mot_in + Pac
| E-VE?-4RP

- 2R

Where E depend of the battery type, for
Instance:

e Lead acid battery:
E =nx (2.15—DoD x (2.15 - 2.00))

e NiCad battery

£ — oy [ —82816D0oD” +23.5749D0oD® — 30DoD? + 23.7053DoD*
- —12.5877DoD" 4 4.1315DoD* — 0.8658DoD + 1.37




St

art

Usev,,, and v, tofi

nd the acceleration

Usinga andy, ca

lculate F,,and P,,

Calculate the

motor power

Calculate motor angular speed and toque

Find the motor efficiency

Find the power into the motor

Add the average accessory power
P.. to give the total value of battery

Find the battery current

Upda

te DoD

Ngp

I:)mot_in = I:)mot_out /nmot

=P

at mot _in

E-VE®-4RP

2R

P, +P,.

k
CR , =CR +!
3600

|

cs . —cs 42

n+1 n 3600

\
DoD, = &>
C

[Ah] -

——>
p

Charge removed

[Ah]—=> from the plates

of battery

Total charge
actually supplied
by the battery to
the vehicle’s
electrics

Peukert Capacity

Obs.: This difference is caused by self-discharge
reactions taking place within the battery.



Start

Usev,,, and v, to find the acceleration

Using a and v, calculate F,,and P,,

Calculate the motor power

Calculate motor angular speed and toque

Find the motor efficiency

Find the power into the motor

Add the average accessory power Update end of
P.. to give the total value of battery
cycle values and do

anothg/r cycle

Find the battery current

Battery

Update DoD
discharged?

STOP

End of cycle?

e y
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Electric vehicle range modelling

Results obtained from the simulation:

e Distance travelled

e Vehicle acceleration

e Tractive effort

e Motor power

* Motortorque

e Motorangularspeed

e Motor efficiency

e Current out of (or into) the battery

MATLAB: GM_EV1_Range.m

Ngp
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Electric vehicle range modelling

Results obtained from the simulation:

Depth of discharge

e Distance travelled
SFUDS driving cycle, and radio,
head light and heater on.
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Electric vehicle range modelling =

Results obtained from the simulation:

e Vehicle acceleration
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Electric vehicle range modelling -

Results obtained from the simulation:

e Tractive effort

Tractive effort (N)
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Electric vehicle range modelling =

Results obtained from the simulation:

e Powerintothe motor
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Electric vehicle range modelling

Results obtained from the simulation:

* Motortorque
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Electric vehicle range modelling =

Results obtained from the simulation:

e Motorspeed

200 250 300 350 400 0 50 100 150 200
Time (s) Time (s)



&
( g,
Samy
3% =

Electric vehicle range modelling =

Results obtained from the simulation:

e Motor efficiency
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Electric vehicle range modelling

Results obtained from the simulation:
e Currentinto motor and controllers
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Electric vehicle range modelling
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Electric vehicle modelling

Final considerations

Other aspects might also be considered, for instance:

Better batteries models

Driving cycles using hill climbing forces

e Vehicle aerodynamics

e Rollingresistances

e Transmissions efficiency and others systems (in-wheel motors)
e Different converter types

e Other power trains (series, parallel, hybrid, etc)

e (Carbon emission comparison between EVs

e Hybrid vehicle with intelligent systems

ANER s
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