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Delivering excellence through experience | =

Providing technology, product innovation, engineering solutions and
strategic consulting to the world’s automotive industries since 1915.

Ricardo is a global, world-class, multi-industry consultancy for
O ay engineering, technology, innovation, strategy and environment.
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Introduction to EV/Hybrid Analysis Benchmarking

Fourteen XEVs have been benchmarked over the last four years by Ricardo

RICARDO

XEVs Benchmarked
(note driveline weights shown)

[1461] - Tesla Model-5 (60 kWh)

[1450] - Ford C-Max Energi SEL 2.0 ATK IVCT . ~
Model Year: 2013 Model Year: 2013 High Voltage %
Teardown year: 2014 Teardown year. 2013
Weight: 667.120 kg Weight: 307 496 kg Battery Pack o
>
F—
(O]
=
[1493] - Honda Civic Hybrid (Battery Only) [1444] - Ford Fusion Hybrid 2.0 DC DC g
Mode| Year: 2014 Model Year: 2013
Teardown year: 2014 Teardown year: 2013 Converter
Weight: 22.180 kg Weight 218.370 kg
[1416] - Chevrolet Malibu Eco 2.4L [1364] - Chevrolet Voit
Model vear 2013 Model Year: 2011 Inverter
V\T:ir n?;ggegzri - Teardown year: 2011 0 ©
g aclkg Weight: 417.038 kg O =
) —_
Onboard c P
[1417] - Mitsubishi i-MEV : Charger £ =
; [1408] - Toyota Prius Plug-in o
Model Year: 2011 . System -
@m  Teardown year: 2011 Model Year 2012
m‘ Weight: 366.508 kg Teardown year: 2012 O
“ Weight 213.387 kg (0p]
High Voltage Q@
. o
i MY2013 TESLA Model S
[1409] - Nissan Leaf [1489] - Chevrolet Spark EV Junction Box E 60Kwh High Voltage Battery Electrical Schematic Ao}
i i Model Year-2011 Model Year: 2014 o]
. Tea_rdcwn year: 2011 Teardown year 2014
Weight: 475.393 kg Weight: 380.273 kg : B o
High L
VoltageHarn 5
H 3]
[1499] - BMW i3 eDrive Range Extender [1509] - Volkswagen Jetta Hybrid 1.4 arnes @
Model Year: 2014 LLl
Teardown year: 2014
Weight: 391.840 kg HVAC and =
. ©
Cooling a
Systems >
[1434] - Toyota Highlander Hybrid 3.5 )
Model Year: 2013 e =
Teardown year: 2013 Transmission @©
Weight: 253 664 kg . m
[ EV Drive
System e
** The KSkwh battery contans 16 modules configured in 6574P module
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Introduction to EV/Hybrid Analysis Benchmarking

Benchmark activities include in-depth analysis and studies of all major EV

systems

Analyses performed (sample)
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Energy Retention (%}

Energy Retention vs. Discharge rate @25°C

—

\

——Sample 1 =——Sample 2 =—=Sample 3 ——Mean

02C Q5C 1€ 2 ac 5C

Discharge rate

Cell Characterization

BMS Analysis

3D CAD Modeling

2D CAD Drawing

Circuit Analysis

Performance Testing

March 2015

RICARDO

© Ricardo Inc 2015

5



BMS System Overview

BCM (Battery Controller Module)

Current Sensing

Voltage sensing

Temperature sensing

CAN Communications

Battery Charger control

Output drivers for pumps, fans, and heaters

Contactor control:
Main Contactors
pre-charge
Charger Contactors

State of Charge algorithms
State of health algorithms
Power capability algorithm

Safety feature

Performs leakage detection and contains
ground fault interrupt functionality

Self test of all critical functionality on every
“key-on” event

Diagnostics of key functions

+HV f
YTBM 1
[—T*
12-16 Series | Tl - I GO SNEStyIE M pormistors (o] POMEY OUUES
CDEFTW _'EF e |0 VenHv- [Veh iV I8 crent sensor (Fans, elc)
2s (e Tem peratre Chr Hy-[Shar Hy +
= ’F-I Precharge Z , Z !
—— | Dualrange
hall effect '
_I—ps 1 current sensar
1216 Series | Tl VB2 el
comnected | | e g if
el ==
- l_l:: tem perature I
I
| Subpack
stpply
—L Sensor
1216 Series | Tl || ¥ TEM 2 : B Inputs
oorneded | T Off-
= i
R %_F ter:;eaire U| - Core Output Vi
I—-r T ) . Drivers SAEJ1TTZ| Charging
’ ! ! logic Systern
E ! ' Connector
\ [ ]
; P PSU
1 1 ]
i
] '
=1 [ [¥TEM _n_,_‘_ I
12-185eries | g z AQC .
mlgniﬂ:ted _T:': o | -“‘_C.JIN CAN BCM YYehicle
ellz — |
% M temperet:;i u CAN Supply System
3
Ricardo BMS
-HV f
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BMS Architectures — Distributed

Distributed BMS Architecture is split into
one main controller and multiple slave
boards

Battery Controller Functions:

Battery charger control

Output drivers for pumps, fans, and
heaters

Typically Contactor control
State of charge algorithms
State of health algorithms
Power capability algorithm
Safety feature
Slave Board (Voltage & Balance PCB)

Voltage /Temperature
Cell Balancing

Communicates to main controller

Battery pack system

Battery module Cell monitoring and current
#1

balancing circuits #1
(Red PCB)

CAN

Battery module

#2

curr
balancing circuits #2
(Blue PCB)

l

attery module
#3

CAN

Battery module
#4

CAN

System CAN bus lines

BMS master E

Pros

Highly Scalable and modular

Less wiring

cons
Several PCBs
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Centralized BMS |R

A Centralized BMS has all of the functions in a
single module/PCB.

Centralized architectures tend to be on smaller
packs (exception is the Nissan Leaf)

r?lit(;irl)é > Battery monitor #1
@ cells) > (DS15110)
Batt c
1921 ceerl)lls S é Dai:g;ic;'lnain
. %) ? N .
Pros acalein | £ | |
configuration B
One PCB and reduced
electronic costs iy > Battery monitor #24
mocee > (DS15110)
(4 cells)
cons
Wiring Intensive @
c
S
T o —
NOt Scalable Battery monitor #25 E% Master CPU CAN é
(DS15110) <#> 28 <#> (UPDTOF3236BM) <#> driver H §
S o
i
O]
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Cell Balancing

Voltage measur
cell balancing FET for each cell

ement circuit and

Passive Balancing N '
Resistive discharging of higher voltage [P : 1
cells to the lowest denominator N 1

Pros Cons B
Integrated ASICs Slower Balancing T & | f
Least expensive Wastes energy to heat ] V

=

5V LDO —-

5V SMPS

+5V

+5V

SPI
interface <l\:i\>

: | Cell balancing
| control circuits

to the
CPU

Daisy-chain
interface ¢j\>

L9763

to other
L9763

Mux

e

j C Serial
interface

5
Charge

pump with

IYYYVYY

balancing
control logic

Unknown
interface
»

2P25 SF367

Active Balancing i I—E’
Charges a low cell from a higher cell ok
Pros Cons |
Quicker to balance More Complex U
More expensive Vo ronsone "

Capable of nurturing
a weak cell to prolong life

Recovers energy

March 2015
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capacitor

Charge balancing

>

Connect to next

2P25 SF367 in
daisy-chain
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BMS Benchmark and Analysis
¢ Analyzed BMS PCB ¢ Analyzed subsystems

o Determined PCB functional partitioning

¢ Voltage & Temperature sensing

o Developed system diagrams o Balancing methods & IC’s used

2013
Chevrolet Malibu

2013
Ford
Fusion

2011
Mitsubishi

2012
Toyota
Prius Plug In

2011
Chevrolet

AN interface

‘o
=
=
2
3
8

{010 d

oTefiajurNY)

Battery
monitorin

Abloc
LAy

S0

“Eell monitos
cifcuits grotp

Isolation bal

circuits-group #1

Ground fault protec
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http://www.caranddriver.com/photos-10q4/372562/2012-mitsubishi-i-miev-photo-372866

There Are Two Main Architectures

Car model

Ford Fusion
Hybrid 2.0

Chevrolet
Malibu ECO

Chevrolet Volt

Mitsubishi
I-MIEV

Nissan Leaf
Toyota Prius

Ricardo
McLaren P1

2013

2013

2011

2012

2011

2012

2013

BMS architecture

Centralized on the single PCB
Centralized on the single PCB

Pseudo-Distributed 4 PCB
modules + BMS master ECU

Distributed 11 PCB modules +
BMS master ECU

Centralized on the single PCB
Distributed 4 PCB modules

Distributed 1 BCM + Several
VTBMSs

March 2015
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16

24

4.4

4.8

Centralized
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Master
controller
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Battery Comparison |R

Ricardo McLaren P1 550V 324
BMW i3 360V 96
Tesla Model S60 300V 5,376
Ford Fusion Hybrid 275V 76
Chevrolet Malibu ECO 115V 32
Chevrolet Volt 360V 288
Mitsubishi I-MIEV 330V 88
Nissan Leaf 360V 192
Toyota Prius Plugin 207V 56

Ford Fusion Hybrid Nissan Leaf Prius Plug-In Hybrid Chevy Volt
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Battery Cell Balancing Comparison

Car model Cell balancing method Cell balancing il balancimg
technique current

Ford Fusion Hybrid Passive
Chevrolet Malibu ECO Passive
Chevrolet Volt Passive
Mitsubishi I-MIEV Passive
Nissan Leaf Passive
Toyota Prius Active
Ricardo McLaren P1 Active & Passive

1 Estimated cell balancing current given at nominal cell voltage
2 Estimated cell balancing current given at nominal cell voltage for cell triplet

Resistive 17 mA
Resistive 17 mA
Resistive 125 mA?Z
Resistive 92 mA
Resistive 8.7 mA
Charge pump Unknown
Charge transfer & 1Amp Active
resistive 250 mA Passive

March 2015
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Isolation Method

Ford Fusion
Hybrid

Chevrolet
Malibu ECO

Chevrolet Volt

Mitsubishi |-
MIEV

Nissan Leaf

Toyota Prius

Ricardo
McLaren P1

Analog Devices

Digital isolators ADUM5403

Optocouplers NEC - PS9121

Avago ACPL-M43T
Matsushita AQW212S

Digital isolators Analog Device-
ADuM1402W

Optocouplers NEC - PS9114

Renesas &
Matsushita
PS9121
216C020

Optocouplers

2777

OptoMOSFETs

Digital Isolators NEE Ferilts

March 2015

© Ricardo Inc 2015

14


http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCsQFjAA&url=http://www.cel.com/pdf/datasheets/ps9114.pdf&ei=vw18UoWOJ8eBhAfY0oGQCg&usg=AFQjCNHJdvDUGhLW5ozUnwD0ZWOKWlCN_Q&bvm=bv.56146854,d.Yms&cad=rja

Voltage & Balance ASICs

Communications IR
ASIE from ASIC to Micro

Analog Devices

Ford Fusion Hybrid AD7280 6 Cells SPI Daisy Chain
Chevrolet Malibu ECO hlltachi 6 Cells Serial Daisy chain
HCCO3LLV1018 y
STMicro . :
Chevrolet Volt L9763 8 Cells SPI Daisy Chain
: - Linear- SPI Daisy Chain
Mitsubishi I-MIEV LTC6802G-2 12 Cells
: NEC UART interface
Nissan Leaf DS15110 4 Cells
Tovota Prius 2?7?77 4 Cells Serial Daisy chain
y 2P25 SF367
Ricardo McLaren P1 Microcontroller 14 Cells NA
LZL; - ’—»> NS

IN4 .
—————— — = IN3 Mux <ﬁ> Serial
,,,,,, — ] IN2 ADC interface
o INL
- INO

i
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http://www.linear.com/product/LTC6802-2
http://www.linear.com/product/LTC6802-2
http://www.linear.com/product/LTC6802-2

BMS Primary CPU | =

BCM CPU

Ford Fusion Hybrid Mpg;%s;ﬁl\?z% 32 Bit
Chevrolet Malibu ECO vy 32 Bit
Chevrolet Volt Szrsegssg;gz 32 Bit
Mitsubishi I-MiEV o 32 Bit
Nissan Leaf PD7ROe|2§§§§BM 32 Bit
Toyota Prius Pgsgggﬁl A 32 Bit
Ricardo McLaren P1 Sl 32 Bit

MC9512XPE
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http://www.renesas.eu/products/mpumcu/superh/sh7147/sh7147/device/R5F71426BD80FPV.jsp

Architecture Functions Summary

model o [Elel2|5/o(2|als| 3|o|a|3|s
gle|2|2|B|IES|S2|e|2|zE|8|5|E|E
5|5/ 8|C|o|§|e|oc|lc|<s|T|lal|le|s
S |@lal<|2|8|ol<c]|OlocolS|oclalo

Ford Fusion X X X X X X X X X X X X

Hybrid

Chevrolet X X X X X X X X X X X

Malibu ECO

ShI?WO'et X X X X X X X X X X X X

0

Mitsubishi - X X X X X X X X X X X X

MIEV

Nissan Leaf X X X X X X X X X X X X

Toyota Prius X X X X X X X X X X X

Ricardo X X X X X X X X X X X X X

McLaren P1
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Rational for a Standardized BMS System | =

A global standard for BMS will further reduce high cost energy storage systems
BMS electronic cost in the range of $500 to $1500 per battery Target $50

BMS systems in use today have similar architectures and functions
A BMS standard will improve safety and image of HEV/EV market

A single specification can cover the two approaches to the architectures:

. RE
HEE] £
odel HEIE] A £ - ]
Distributed THHEHHHEE :
HEE g
H AR gl8l5/8|218 &
7 B ] [ I A

Centralized . gmm

xxxxxxxxxxxxxxxxxxx
MIEY

BMS'’s system hardware have 90% of common functions

ASICs have common functions of voltage & temperature monltorlng and
passive balancing

Balancing is predominantly Passive with a couple of applications using Active
Isolation is predominantly Opto-isolators
Microcontroller are 32 bit

Most of the IP is software related

A common standard would further enable second life use of battery systems
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