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Outline

= Autonomie Overview
= Model Development and Validation

" Process to Estimate Technologies Effectiveness with Full
Vehicle Simulation

= Vehicle Powertrain Sizing Algorithms and Validation
= Vehicle Simulation Results Quality Check Process
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Autonomie Has a Long History

I Tool development DOE fundirTg allowed major
‘|m':;f,._ initiated in 1995 updates / redesign from 1999 to 2006

l Perarmpnag Assaggmant Toa] sl
for Hybrid Systems (PATHSE) (1996, 97) &
Heavy-Duty & Military Vehicles P . ey
" — _ s Numerous functionalities

Rl
Partnership for a New Generation of =
Hi‘limﬂg:::;lsnn?ﬁl‘lu:l :&iiﬂll\mlml (P-::T) {1996 3) i l'f,”: a d d € d t h rou g h
Light-Duty Passenger Vehicles o= 10 different versions
2 brand new GUI...
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RAPTOR™
Rapid Automotive anc
Testing and Optimization Resou

(2003) ..
HIL, Baich Utiis, Database, Modular Vehicle
c l' o

In 2006, GM approached Argonne to develop

the next generation Plug&Play vehicle
Siemens Selected as simulation tool

Global Partner l

Design of a new tool -> Autonomie.
First version released in October 2010

* Autonomie’s development has been funded by the U.S Department of Energy (DOE)

Vehicle Technologies Office (VTO)
 Models and processes improved over 20+ years based on studies & users’ feedback



Autonomie

Takes Virtual Engineering to a New
Level of Efficiency and Productivity

Autonomie’s main requirement:
Accelerate the development and introduction of
advanced technologies via a Plug&Play modeling
architecture and framework through Math-Based
Systems Engineering (MBSE).

Autonomie developed under CRADA with GM



Autonomie Is Composed of Two Distinct

Entities

System Navigation, Integration

and Simulation

Empty Interface

XML structure
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Benefits

= Uses a common platform to:

— Simulate individual components as well as complex system

— Share and integrate models from different languages and complexity levels
= Supports “industrialization” of models, processes and post-processing
= Supports current standards (e.g., Functional Mockup Interface)

= Links/integrates third party tools for:
— Plant models (i.e., Modelica, LMS AMESim, GT Power, SimScape...),
— Economic and environmental models (i.e., component cost, LCD, GHG...),
— Processes (i.e., optimization, parallel and distributed computing, x2x... ),
— Model management

= Fully customizable: architecture, models, configurations, use cases,
post-processing...

= Large number of validated low frequency models and controls for a
wide range of powertrain configurations (CO2 application)



Autonomie Is Recognized by the Community

" More than 175 companies, research organizations and universities are

currently using Autonomie, including:
" Light duty vehicle manufacturers: GM, Ford, Chrysler, Hyundai, Mercedes-
Benz, PSA Peugeot Citroen, Toyota, Tata...

" Heavy duty vehicle manufacturers: Cummins, John Deere, Daimler,
PACCAR/Kenworth, Ashok Leyland...

" Suppliers: Johnson Control, Delphi, Allison Transmission, Magna, Siemens,
ArvinMeritor, Roush, LG Chem, Samsung SDi ...

" Regulatory / Research organizations: DOT, DOD, NREL, ORNL, KATECH, CATARC

" Universities: >30 US Universities (University of Michigan, MIT, Purdue..), Mines
Paris, Tsinghua Univ., Beijing Institute of Technology, Seoul National Univ.,
Sunkyunkwan Univ., Kookmin Univ, Hanyang Univ, Chungnam Univ...



Autonomie Vehicle Energy Consumption &

Performance Application

>100 Powertrain

Dozens of plant models
Configurations

and >100 initializations

Series Parallel Power Split

Large Number of
Processes: drive cycles,
parametric study,
optimization, batch run,

| ) etc.

Low level and high level
controls available for most
powertrains

>60 pre-defined LD and
MD&HD vehicles
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Large Number of Post-
processing Tools
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Autonomie is Open (Matlab/Simulink Based)

Component Models Controls
in Simulink in Simulink / StateFlow

N
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Initialization Files Pre & Post-processing Files
in Matlab in Matlab

|7 Editor - CAAutonamie_Public_12104systems\vehwpatengiplantieng_plant_hot_mapinitieng_plant_si_2200_110_SIDLANL.m*

File Edit Text Go Cell Tools Debug Window Help _f Editar - CAAutonomie_Public_1210systemsiwehivpatengiplantipreprocieng_plant_preproc.m
Nt | | Y LK | S | ANenfi B -2880E8 ‘ Stack] Base = File Edit Text Go Cell Tools Debug Window Help
BB -0 ¢ 21 x| $Ee|0, hﬂBﬂ“ﬁ%E‘)(‘ |Hﬁ¢f”. E'@ﬁ@@@ﬁ|&ack:8ase'
5333333333335k 33353 3353 3555 A A 5 ] -
% conswnption table - E I;g l% | - |0 w | =11 £3 ‘%9& %9'6 | Q
B R R R e R R e N A AN A RS RhE R s A RNy 75
56 76 %% Efficiency maps in terms of speed and power (used for plots)
57 - eng.plant.init.fuel hot.idxl spd = [100 200 250 300 400 S00 600]: il
58 - eng.plant.init.fuel hot.idxZ trg = [0 i 20 30 40 50 &0 70 80 75 % In terms of speed and torgue
B 78 - eng.plant.calc.eff hot trog.map = eng.plant.cale.pwr out hot.map ./ (eng.plant
&0 % Rows represent speed (rad/s). Columns represent torgue (N-m). Tahle is fuel rate (ki i | Eng_plam_calc_eff—hm—trq_idxl spd = Eng_plant_init_f‘m; hor . idx1 spd:
6l — eng.plant.init.fusl hot.map = [... - - ) - L. - . -
52 1.2703 1.8823 2.4943 5.1063 3.7183 4.3303 4.59423 5.5543 6.1663 6.7783 7.3903 R|= eng.plant.cale. eff hot_trg.ideZ_trg = eng.plant.init.fuel hot.idxZ_trd;
63 2.7548 3.89858 5.0428 6.1068 7.3308 G5.4748 9.6188 10.7628 11.9068 13.0508 14.1548 g2
64 3.2 4.8 3 7.4 a.a 10.2 11.6 13 14.4 15.8 17.2 83 % In terms of speed and power
(23 4 5.755 7.51 9.265 11.02 12.775 14.53 16.285 18.04 18.795 21.55 84 foreating index wvectors
66 5.8518 &.1185 10.3858 12.6528 14.9198 17.15865 19.4538 21.7208 23.9878 26.2548 28.5218 85 — eng.plant.cale.eff hot pwr.idxl spd=unigueisort{eng.plant.init.fuel hot.idxl spd)),
&7 7.3z i0.17  13.02  15.87  18.v2  21.57  z24.42  27.27  30.12 32.97  35.82 g6 — eng.plant.cale.eff _hot_pwr.idxZ_pwr=0:2000:min(eng.plant.cale.pwr_max hot.pur_max,:
gg .78 18139 1860 18,88 ZElL B8.68 29.88 8267 96-08 99,51 gizbcd 87 — eng.planc.cale.eff _hot_pwr.idxZ pwr(end)=eng.plant.calc.pur_max_hot.pur_max:
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Users Can Customize Autonomie by Changin

Any Parameter

Initialization Files
a4 0
DataFileType
4 Parameters
[» chas.plant.init.body_mass
[» chas.plant.init.cargo_mass
[» chas.plant.init.cg_height

chas_plant_990_225 03 _midsize
chas_plant_990_225 03_midsize
Init

(Collection)

B] 990 kg

=] 136 kg

=] 05m

chas_plant.init.coeff drag W32 —

chas.plant.init.frontal_area

=] 2.2508 m~2
1

i chasplantinifratio_weant fort— — ] 4%

Actual File Mame

chas_plant_590_ 225 03_midsize.m

Any Use Case

Fuel Consumption - Light Duty
- Cycles - Generic
- Gycles - Time Based
Artemis
 Cudec
EPA
Hyzem
- India
Inrets
NYC
 Other
Taxi - NYC
 Trips
Routes - Distance Based
Standard Procedures
- @ EUBEV
@ EUNEDG
@ EUFHEVNEDC
- @ Japan BEV
@ Japan PHEV (JC08)
& US2Cycle
- @ US2 Cyclewith cost and GHG
@ US5Gycle
& US5 Cyclewith costand GHG
- @ USBEV
@ US BEV shortcut (J1634)
@ US HEV2 Cyclewith SOC Control
- @ USHEV2 Cyclewith SOC Control with costand GHG
@ USPHEV2 Cycle (1711)
@ US PHEVZ Cycle (J1711) with cost and GHG

L:J Fuel Consumption - Medium & Heavy Duty
~Cycles - Bus Time Based

Cycles - Line Haul Time Based

Cycles - Other TimeBased

Cycles - Parcel Delivery Time Based

Cycles - Refuse Time Based

Routes - Distance Based

~Standard Procedures

[ Import Test Data

=) Optimization

--Examples

[#- Performance

[# Single Component

[+ Test Packages

Any Initialization File

File Collection Editor

Members File Properties

)

m‘i =
T — |

Select File E=5Eon =)
] Show Incompatible Files Browse for ile.
Name 7 Version Drag Coefficient Frontal Arez  Glider Ma +
&l [&] ] [&] [
chas_plant_1000_20_033 _large_car.m [EH 2 00 |
chas_plant_1000_208_026_mercedes_C220CDLm 026 208 W00 |-
chas_plant_1000_22_032_taurus.m 032 2 1000
chas_plant_1000_323 044 Fickup_Class2b.m 042 268 1180
chas_plant_1180_264_037_VUE.m 037 268 1180
chas_plant_1180_266_044_silverado.m 044 266 1180
chas_plant_1180_266_044_SUV_RIWD.m 042 268 1180
chas_plant_1180_290_051_silverado.m 051 290 1180
Rem chas_plant_1200_266_044_SUV.m 044 268 1200
chas_plant_1200_3_051_F150.m st 3 1200
chas_plant_12155_78_079_Nova_RTS06_bus.m 07 7 12156
e ame chas_plant_1220_246_041_explorer.m 041 248 1220
chas nlant 1258 766 NdR m n4R P 1758 ~Ze
= Ll Fe—— v
nals
n File name: [ chas_plant_1000_20_033 large_carm 7] [Selest ]
les
Files of type: [ Intialization Fies v [ Concel ]
1eType

Any Post-processing

Results Properties | Summary | Analysis | Energy Balance
—

Fo G | G,

Summary |Warnings | Cost

GREET Emissions

Mame Unit

- Summary
g Vehicle
£} Vehicle Propulsion Architecture

il Al

il

System Mame

conv_manualtrans_2wd_midsize

Simulation Folder

2013_0520_1340_14_278

Process Mame EUDC Cycle
Cycle Mame EUDC
Distance Traveled mile 4.32
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Developers Can Customize Autonomie by
Adding / Modifying

Vehicle, Powertrain and Component

Models & Control

Use Cases

GTPower

Configurations

| Column 1 | [ Column 2 | | Column 3 | Column 4 | | Column SJ

4
Row 1 r -

| Spacer Between Columns
=

)

{ Spacer Between Rows

| . T

5
Row 3

| Name="powertrain”

|
L 1]

Pre & Post-processing

2] todel [E2] eng_plant_hot_map

Actual Model Mam eng_plant_hat_map. mdl

Input Signals [Callection)
Selected Vehicle: Split compact 2wd prius MY04 UUEDUtSignab [CCI"ECHDI"I]
Simulation Steps: File erzion 1
Simulations: —— o . - -
. LT B Initialization Filaz eng_plant_zi_2200_110_S5IDI_ANL
Run Cyci) 1 II. Initialize Units — - A —
' Il Initialize the Cycle a eng_plant_zi_2200_110_5IDI_ANL
4 V. Inifialize all Systems E Scaling Files eng_plant_s_pwr_lin
V. Initialize all Stateflow Variables - - -
- V. Initialize Simulink Solver Options a eng_plant_z_pwr_lin
~[¥ VII. System Postprocessing n : f
VIl Mamans st Dnectories H Pre-Processing Files [] eng_plant_preproc
Add 1X_Property Manager i} eng_plant_preproc
[ show Only Modifiale Steps B Post Processing Files 2] eng_state_scalar_postprocess,
Simulati Step Opti
i e 1] eng_state_scalar_postprocess
1 eng_state_signal_postprocess
Prebuilt Model Path 2 eng_stateless_postprocess
[ea 3 eng_summary_postprocess

Use Current System (checking this box willreusethe same model
D across several simulation runs without re-building it, eg. when
running a procedure)

12



Simulating a Vehicle Using Autonomie Is Quick!

*Vehicle definition:
selection of
configuration, plant
models, controllers.
*Existing vehicle/system
templates, or user’s own
models

Simulation process
definition: drive cycles,
parametric study, etc.

Simulation results
analysis in the GUI

«Automated building in Simulink | o &

using individual models =] +
*Model initialization L

eSimulation ME;& E5E
*Post-processing, data saving BE

eLoading results in the GUI

N

AUTONOMIE

13
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PSAT & Autonomie Have Been Used to Evaluate

Technologies’ Energy Benefits for More Than 20 Years

Impact of Powertrain Configurations Impact of Component Technologies

Component Torque. Component Torque

*Multi valve
e M Nk & a - *Port Fuel injection (PF1)
{-—-‘-dmm«n D e NS S c ‘Homegensous gascline engine
- ) .f...u....... ] Mu-d\,., s, ‘ o Variable Valve Timing (VVT)
[ ] ; g H ) nlM\.wr'\ ) O
Serles 3 %’ M E + increase internal cooling
2 B ) - + increase knock resistance
[ ven spa.ion - + increase compression and
e TR NG ffitcent
b [ = = @ Y
Initial SO =30 % T o =
IO W@ W6 20 M %0 o 300 W20 M0 ;J‘ k4
Time. sec =2
S - Component Torque o
[ 3eiioal E W) -+ Variable Valve Lift
150 Dl s o + Low load
100 o improvemsnt
£ £ T o l*
Voltec 7 o i
£ ;- \ o Turbe, reduction of
H E spp-idd 1 L @ displacement —
- AL o Diciwn sizing Turbo — Down sizing
ol ital éé c Ferformance = Performance = constant
P e censtant Low load improvement
Comparison of compenent torque — Initial SOC = 80%, ce F torque—Initial SOC = 30%, Increasing boost again
(top = series, bottom = GM Yolt) (top = series, bottom = GM Volt) Further displacement reduction

Padarmance = censtant

Impact of Advanced Control / Optimization Large Scale Simulations

o o e T e T P T e P -
; 1
! Existing " Argonne’s P i : - =
: technology | | bt autanomie™ | e i
. X : Classes Configurations
' Driver's L, 1 - =
: Input !: 1 Conventional Siming I
1 : Detailed : Current o P s Triangular
: =1 Fosition | Itinerary | segment-by-| Speed ?Wd Route- | Optimall Energy |1 z 4 Uncertainty
; t icti - - -
i _ Computatio S o :rendlct.m grade | t:_as_sd | el | mgmt : = 2015 I e e
1 R A ptimizatio 1 ® ® 3 ® L ® 2
| N 5 |
! o i, \#- 1 N 2020 .
i e A [ - ! PHEV % — 1 3
! Pf e T |.u-_ ] A 1 Eth |
1 i \

: Recog:;;;cn traffic speed L | v 2030 e N 1=10%
i " S . 2=50%
! ¥ Argonne =" | — Fuel Cell H 3 =500

T i e o A A e R
1 e | [ 2045
| Live Traffic Q e ,.)1-&0 2
| ectric &g
i >
1
1
1

o 14



Autonomie Has Been Widely Used to Estimate
the Energy Impact of Advanced Technologies

Component technical targets (e.g., battery energy for a BEV100...)
Powertrain technologies (e.g., E-REV vs power split...)

Component technologies (e.g., 5 speed automatic transmission vs 6 speed
automatic transmission...)

Advanced vehicle level control (e.g., route based control...)
Control calibration (e.g., shifting parameter selection...)

The studies have included

Multiple vehicle classes (e.g., compact, midsize... up to HD)

Multiple timeframes (current up to 2045)

Uncertainty related to component technologies (e.g., low vs. high uncertainty)
Driving cycles (standard, real world...)

15
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Outline

= Model Development and Validation
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Autonomie Plant Model Fidelity

Vehicle energy consumption application developed with low frequency component
models simulating longitudinal acceleration

Torque
Eng Converter TX FD WH VEH
st | T T,] TJ T,J FM
1/s
End
T v W W v

Conventional vehicle example

- Carrying the inertia to the vehicle limits the number of required integrations
(1/s) as well as avoid derivative equations

a 21



Autonomie Plant Model Fidelity (Cont’d)

Component performance are modeled using performance maps for
components

Engine Transmission (per gear)
25 -{bsfe [g/kw-h]
237 350
21 ] 1- :
= 1?{ E 290 086 ’
@© i 09T
2, 157 - =
o 13 86
g 11 ] 08
o g—: 1 250 076 ]
7 07 L L dod et
5 —|—‘— 240 .
J [
3 7 350
"7 o
1000 2000 3000 4000 5000 6000 Speed, rpm > Torque, Nm
speed [rpm]
Electric Machine Energy Storage
60
90 40 -
g 20 Maximumn Battery Charging Power
= Mavimurn Battery Discharging Power
0 E a Simulation
%‘ H
g
m -20 e
T, | s -
_800 o1 0.2 0.3 04 05 06 07 08 0g 1

S0C(%)

a Data shown as an example



Autonomie Plant Model Fidelity (Cont’d)

Transients are considered within each component (i.e., engine time
response for turbochargers... ) and for mode changes (i.e., engine
ON/OFF, shifting events...)

Turbo Engine Time Response DCT Shifting Event

CL1 declutching
cL2 clutching" Shaftl neutral
-

/
00, ] -
1 } - -
28 <P é\\ 1T
| e —— Cpl Spd Out, rad
% m/ i R T bt T i spaouz ads
" -
fao o o=t o
o H] T
2l Pre-selection 2w flo et sl e
g synchronizing 1ofmmremimeemmemib T
= 20 | ==terque response 2500 RPM
w i ==tlorque response at 3000 RPM 200
18 /[ |—trqueresponsenotuto | i ) i : [
i =—torque response at 4000 RPM and higher speeds H : = Eng Trg, Nm
i |~ torque response at 3500 RPM ;
161 S — = ! i
: § S / .....
| SN T | R 7 RSN NURSMSUURSIUP, - SSPSMSRSIO - S s - S ""‘—H;:'_-j,'_": & S B
120 P P e i i
10 | 1 l P i ; ; i i
: : " lim:; (s) ' . " ; i B Veh Spd, mps 10
i Cpl Cmd1 x100
Cpl Cmd2 x105
I £ —— Gear Dmd x 105
4 —— Gear Actual Odd
v i Gear Actual Even
- S N S J— """
. . Y ,""
=> Multiple engine models used SR TN T N g0 13 N O S
. X i i
3 B R E &
dependlng on fuell teChnOIOgy e

ﬂﬂﬂﬂﬂ
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Extensive Model Validation Performed over the
Past 15 Years Using ANL’s APRF®)

Vehicle Instrumentation,
Test Selection Test data analysis using ‘Import Test

Data’ function in Autonomie

Evaluate individual sensors (QC)

Estimate additional signals for each
component

Component performance data estimation
Find key parameter values and control
scheme

Calibration and validation of the
VehiC|e mOdel With test data Vehicle model development

Dynamic performance validation

) o Develop models
Energy consumption validation

Populate performance maps
Develop low and high level control
strategies

To quickly and accurately predict or evaluate
the energy consumption and dynamic
performance of the vehicle under various
driving conditions.

v Y APRF = Advanced Powertrain Research Facility



List of Vehicles Recently Tested at Argonne’s

A

PRF

2015 Chevrolet Spark EV
2015 Kia Soul EV

2015 Honda Accord Hybrid
2015 BMW i3 BEV

2015 BMW i3 Rex

2014 Smart Electric

2014 BMW i3 Rex

2014 Mazda 3 iEloop

2014 Chevrolet Cruze Diesel
2013 Ford Focus BEV

2013 Dodge Ram 1500 HFE
2013 Ford Fusion Energi
2013 Nissan Leaf

2014 Honda Accord PHEV
2012 Mitsubishi iMiev
2013 Ford Cmax Energi
2013 Ford Cmax Hybrid
2013 VW Jetta Hybrid

2013 Toyota Prius PHV
2013 Honda Civic Hybrid
2013 VW Jetta TDI

2013 Chevrolet Volt

2013 Chevrolet Malibu Eco
2012 Honda Civic CNG
2012 Ford Focus Electric
2013 Nissan Altima

2013 Hyundai Sonata
2013 Chrysler 300

2012 Honda Civic

2012 Ford Fusion V6

2012 Ford Focus

2012 Ford F150 Ecoboost
2012 Fiat 500

2012 Peugeot 3008 Hybrid
2012 Nissan Leaf

2010 Ford Fusion Thermal

2011 Hyundai Sonata Hybrid
2011 VW Jetta TSI

2010 VW Golf TDI (start-stop)
2010 Smart (start-stop)

2010 Mazda 3 (start-stop)
2010 Honda CRZ

2010 Mercedes Benz S400h
2010 Toyota Prius

2010 Ford Fusion

2010 Honda Insight

2010 Mini E

2009 VW Jetta TDI

2008 Chevrolet Tahoe Hybrid
2007 Toyota Camry Hybrid
2006 Honda Civic Hybrid
2006 Opel Astra Diesel

2007 Toyota Camry Hybrid
2006 Honda Hybrid

Sample data available under http://www.anl.gov/energy-systems/group/downloadable-dynamometer-database
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\
Many of these Vehicles Have Been Heavily

Instrumented to nder_stand Vehicle Level Controls

N Speed/load 4

A /K Voltage, current Batt. Fidl floi Vehlde
bt i ‘}

; -

Vehicle speed
PRNDL pos. + pedal

Current

Trans.

Actuation
Coolant/oil

temperature

Zrm Cabin temperatures
- Fan usage

Detailed evaluation of electrical nodes:

= 12V battery voltage and current

Argonne Instrumentation/Data Collection Capabilities = In-vehicle accessory current
Include: = Alternator current

= Time synchronized data collection across a range of
sensor types
— Multiple CAN busses (on-vehicle or add-on components)
- GPS
— Temperatures
— Isolated high voltage measurements
— Current and voltage (i.e. accessories, other loads)
— Component torques
— Other in-vehicle communications links




Individual Models Independently Validated

|ENGINEINTHELDDP

Torque
/ \ command

Torque measuremﬁf:E 'i:fl&ijl.l‘lj‘{[‘fl\ﬂ{l.i.'l:l

Speed measurement |-
-3 = AR U

AUTONOMIE

L]
Conventional midsize <;[:
oroue

Fuel rate measurement

powertrain without engine teedback >
Model generated using steady state data
g g Y —— Compare
|

i Wl | Measured Torque

ANl >

bl Mty | Measured speed

I EI Ty 5

“,’ 27



Multiple APRF Data Sets
-m-—m“

Shifting Algorithm Validation Leveraging

2006 Honda CIVIC L4 1.6L 82kW 15 kw

2010 Honda Insight HEV CVT L4 1.3L 73kwW 10 kw

2013 Nissan Altima Conv CVT L4 2.5L 136kW -

2011 Hyundai Sonata HEV AT 6spd 14 2.4L 154kW 30 kW

2012 Fiat 500 Conv AT 6spd L4 1.4L 83kW =

2010 Mercedes S400 HEV (micro) AT 7spd L6 3.5L 205kW 15 kW
{2012 FordfusionV6 conv AT6spd vesoLizokw - !
: 2013 Chrysler 300 Conv AT 8spd V6 3.6L 224kW = :
s yundaiSonete________ Conv_ . Aesd________ w2aIs0W - |

2012 Ford F-150 Conv AT 6spd V6 3.5L 272kW -

2012 Ford Focus Conv DCT 6spd L4 2.0L 119kW -

2013 VW Jetta 2.0 TDI Conv DCT 6spd Diesel 2.0L 104kW -

2010 Mazda 3 Conv (istop) MT 5spd L4 2.0L 110kW -

2010 Mercedes Smart Conv (istop) AMT 5spd L3 1.0L 44kW -

2012 Peugeot 3008 Hybrid 4 HEV AMT 6spd Diesel 2.0L 120kW 27 kW

Integrated more than a dozen set of vehicle test data into Autonomie

analyzed for the shifting map "~ """1 validated with test data



Shifting Algorithm Calibration Process

Example : 2013 Hyundai Sonata Conv. 14 6ATX

APRF

Test Data Analysis

All Gear (AcceLgostlon below lOp) Eng|ne Speed vs Gear
6

. Gear‘_d | | ~~, | |
*  Gear2 (4 | | (3\ ‘ ‘
/ | |
5 * Gear3 __-..-b--.( } oo wi — — 4
° Gear4 | | \ \ : : :
. ¢ Gear5| | | | | |
§4 Gears e - i—cof e - ]
| | | | | |
S | | \ | | | | | |
‘Z_ | | | | | | | | |
54 ol oI — — — locommmt —|
8 s | | | | | ’-\ | | |
| | | | | | | | |
,J~‘ | | | | I | | | |
3 - Ar#r77\74a\a77L7
("\‘\ -l I I I 7 I I I
Vi | | | | | | |
N | | | \ | | |
1 I I | !*](s]k I I I
80 100 120 140 ‘!!00 180 200 220 240
Engine Speed, rad/s
_~ GearShifting Up - Engine Speed vs Accel Position
A1 : : : ' H
(s-' + Gear1stto2nd :
I 0.8 * Gear2ndto3drd| ; ;&
. * Gear J3rd to 4th .
c +  Gear 4th to 5th
S 06l * GearSthto®th |---i-oooooodod
§ ; :
] : : e H GearShifting Down - Engine Speed vs Accel Position
0 04w R Rt B EEERTEEEEE LERE 1
e \ T I : j T T T T
P ( i edee ' ' ! ! '
oY

[z1

=0
o

|
300 400

|
5(
Engine Speed, rad/s

Accel Position

Gear 2nd to 1st [
Gear 3rd to 2nd
Gear 4th to 3rd | |
Gear 5th to 4th
Gear 6th to 5th

| I
300 400

I
200
Engine Speed, rad/s

\lOO

-

500

500

Shifting Algorithm
@

6 =5
Weco

Engine SpeeaRinge in Economical Driving

' : b Y : : :
6 —&—Gear |-+ :L-/ : e
—S5—Gear2 | /£ 3 ;
51 —&—Gear3 |- : —d- ey
—&—Geard | / 4 v"\ (s"
4 —&—Gear5 /& ‘ y A
: ! ! 5 -6
(3 5 Geard | ; Weco
S —
21 |~ /£ 1 :
Weco™ | T g T B -
| VR
1 : vw o
1 N Weco
0 | | | | | T
60 80 100 120 140 160 180 200
Engine Speed, rad/s
Up and Down-shifting maps (Simulation1)
1 T
1
1
Uperf ;
1
e 1 ¥ ] — -
< —— Upshift 152
"":g L AR i e b e B Downshift 21 [
o dn 8 —— Upshift 23
eco e L A A B R P Downshift 32
o 0.4 —— Upshift 34 1
< iAo S T e Downshift 43
—— Upshift 455
=P 0.2 T e Downshift 54 |---
up —— Upshift 556
aeco : N R Downshift 65
| | | | |
00 60 80 100 120 140 160
Vehicle Speed, mph
29




Automatic Transmission Shifting Logic
Automatic Transmission Example

* 2013 Hyundai Sonata Conv. 6ATX Example

AllGear - Vehicle Speed vs Engine Speed All Gear - Vehicle Speed vs Accel Position All Gear - Vehicle Speed ws Wheel Torque
700 1 I I
2000 [l - - i rRRRRE b rRRRREh .
600 -1 : ' 1 1
0D8f--------gtt oo ! ,
$omf] o oo F 1 £ ol
a - i
] = 0Bf------ag - ]
E-HII = ﬂ? E
[ =]
w = ~
£ 300p------1 . EM ------ 3
& Il £ -1000
........... w
200 o2t 'E'"
B
100 [P ] T H -2000 A
i | :
o 10 20 30 40 0 10 20 30 40 o 10 20 30 40
Vehicle Speed , m/s Vehicle Speed , m/s Vehicle Speed, mis
All Gear - Engine Speed vs Wheel Tomue All Gear - Vehicle Speed vs Wheel Power ﬁ.ﬂllﬁear{.ﬂcml postion below 10p) - Engine Speed vs Gear
T v v v v ' L I
e A A
2000 + GearZ| | : | | i i :
3 ¥ (Gpar [Nk el 2~ - - - -
E 1000y « Geard| | : : : | | :
z g | I U I T
§r :!Z 24 Gear | 1 R STTTUTTTTT
= J : : : : : : : : '
g 0 a A I T R T
i i e
g -1000 il ‘ ‘ ‘ ' ' ' ' ' '
T e S N
200 , AR
: 5 TV IS S S I S
0 100 200 300 400 500 600 T00 0 10 20 a7 A0 80 100 120 140 160 180 200 220 240
Engine Speed, mdis Vehicle Speed,m/s Engine 5peed, radis
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Shifting Algorithm Calibration Process

= Example : 2013 Hyundai Sonata Conv. 14 6ATX

All Gear - Vehicle Speed vs Accel Position

Il tﬁsimulaﬁun i'_F.lData Analysis é
Setup Model - Setup Process—» Review — Run Process E
(@ Graphic View () List View () Simplified View _— 3 »
\ehicle Navigation 1 Gearshifing Up - g ed vs Accel Position
L~ - - + Gearistto2
al [ + Gear2ndto!
i = e 08, Gear 3rd to 4
Conv AutoTrans 2wd Sonata MY13 Wehicle Propulsion Architectre Gearbox Controller H ¢ Geardthto§
2 06| - GearSthto6
Zoom: + Vehicle: ConvAutoTrans 2wd Sonata MY13* - o e
Descripfion Then he acceleralor pedal posfion s higher than this value, pe %
Type normalized 38 0.4
Unit [0,1] <<
Data Type System.Double 0.2
Range [0,1] .
Dimension 1
> ghb.ctrl.dmd.init.acc_below_eco_dn 60 % 0
> ghb.ctrl.dmd.init.acc_below_eco_up 20 % . 40
> ghb.ctrl.dmd.init.acc_below_no fimer 50 % Vehicle Speed, m/s Vehicle Speed, mis
> ghb.ctrl.dmd.init.eng_spd_dnshift_highest_gear 128 radls
gb.ctrl.dmd.init.eng_spd_dnshift lowest gear 75 radlis
= gb.ctrl.dmd.init.eng_spd_upshift_highest gear 150 rad/s
> ghb.ctrl.dmd.init.eng_spd_upshift_lowest gear 160 rad/s
> ghb.ctrl.dmd.init.min_time_for_shift_dmd 1s et - -
i3 gb.ctrl.dmd.init.percent_eng_spd_be’r.-mn_u[ 0.1 % 1 Up and Down-shlftlng maps ISImUIatlon”
> gb.ctrl.dmd.init.percent_eng_spd_idle 110 % : :
> ghb.ctrl.dmd.init.percent_eng_spd_max 0.98 % = H |
> gb.ctrl.dmd.init.ratio_chas_sp_diff acct_and =] 2 i ; ; | ; ; i ;
o~ 0.8 : : : oo g g e e
. . . . \ H ; ' A d
e gb.ctrl.dmd.init.eng_spd_upshift_highest_gear (2) ‘ .
- - - - — upshi —>
o . . gt c
e gb.ctrl.dmd.init.eng_spd_upshift_lowest_gear (1) o Y| ot =e St C AR L Downshift 21 |
.. . . >= @ —— Upshift 23
e gb.ctrl.dmd.init.eng_spd_dnshift_highest_gear (4) o |tiife S S e Downshift 352
@
H H Lt 9 04f- — Upshift 3—4 -
° \ = )
gb.ctrl.dmd.init.eng_spd_dnshift_lowest_gear (3} ST T T Downshift 453
— Upshift 45
P 0.2 - {1-fr-if a1 = Downshift 54 |-
. . \ . .
e gbh.ctrl.dmd.init.acc_above perfo (7, Upshift 56
- - ):\ P - Downshift 65
° Nt 0 I I I I
gb.ctrl.dmd.init.acc_below_eco_dn (6) 0 0 50 6 70 80
e e Vehicle Speed, m/s
e gb.ctrl.dmd.init.acc_below_eco_up (5) P

oy 31



.
Automatic Transmission Shifting
Validation

2013 Hyundai Sonata Conv. 6ATX — UDDS Driving Cycle

| NCCP = 0.583 """"!Ir—— ""'% """"""" !'1' """"""" :r"'— ------ Gaarnumha”:lmulaﬂnnz}
] J!L _____ 1_____;___ _E _______ R SRR '___-----GaarnumhalmHLTut}
LR
Y RN S R 1 F———
;j_i "_i_-‘jj-l: -------- I-!.'_ t IL 'i'l‘1| H-[ .!IL. j[’:lil—yJ:Lt-”__-____ _:-lli_-lj ‘; ﬂll—i'i'j'[g- -
EI—,!- _____ '__J.I__: ___________ ' o - ! - X I__ -
. ]_5_1: ________ L--H niNi J ' ﬁ__:ri M HINE NN
1] Zoa 400 Eﬂﬂ ﬂﬂ 1000 1200 1400
Time._ s8¢ MCCP : Normalized Cross Correlation Power

2012 Chrysler 300 V6 8ATX — UDDS Driving Cycle

| NCCP =0.962 [ P — S S ————  E——— T
X T e | bt
Eﬁ—""gq""‘? """ ‘g“iTlL """" Sl I S e S =
2 i L L R R
gd_?l}d' ;Tjs T l'ﬂfilr ‘t,_ﬂ?qlﬂ 115 HUHP_IJETT? %J’;_

| o ¥ I S O N A T IS O O T 1 O A
T | "]L_JF" LR ll_f iEL__- L L’LH i H iU H] Lpuu IU! Uit
L] 200 A0 &0 800 10:00: 1200 1400

Time, sec MNCCP : Normalized Cross Correlation Power

Normalized Cross Correlation Power (NCCP) — See SAE 2011-01-0881
Vehicle test data from ANL's APRF
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Detailed Plant Models and Controls Developed

for Advanced Transmissions
Example: DCT Plant Model Development

= System operating conditions

Clutch Gear-train
i

c c2 shaft2 shaftl
— [

Not used Not used

i

g

3

g

3

g

| e |

L O u

— ——)p CL2-X

Ni

J-|

3

g

3

g

3

g

|
[
l
l
Teng _L — 5] Tout
> Tl
| L N3 1
: |[-|J ’J-‘IIJ_ Na N Cl1-0 :
i LH: T _Ne 3 Nt : Not used
: I N CL2 - X
! 1 F i
:______.!: Tr T WT T (ot cLi-x !
: l L& fl L : i Not used
! | cL2-o |
Y Y VY SV VYV
I
. l
et J O — clutch locked N — neutral
X — clutch open S —synchronized

Example of gear shifting : 15t > 2nd
e 0Odd gear = Pre-selection = Shifting = Even gear...
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Detailed Plant Models and Controls Developed

for Advanced Transmissions
Example: DCT Plant Model Development

" For pre-selection mode (CL1-locked, CL2-open, S1,S2) cu sh shaft1
I Je+ Jc1* Joaa Ijl_ié H | T
(o] [J2] [Ja]
1 Noaa .Ei— == D}' %1 _EL;
Se:T, — | 1 — | TF FlW I | T

We = Wgq I:]Out ‘J.I -E 3 ==N5 Nt
' —
1

1 .

1 —> Se:Toue
I:Je2* Jeven / Wout
Se:Tey—> 1 —>| TF

-L Ws2 N,

Se: Tioss2

g

We = Wg1 = Nypgg * Wout Tout = Noaa *{Te — Ue +Je1 + Joaa) * We}

— +Neven - {Tcz — Tioss2 — Ucz +]even) ) d)sz} — Jout * Wout
Wsz2 = Nepen * Wout



Detailed Plant Models and Controls Developed

for Advanced Transmissions
Example: DCT Control Model Development

= An algorithm coordinates components during shifting events by defining
functioning made

u o 5 VPC/Eng outputs: e ~N
- $ . : Fﬂngine torque demand > Engine Mode
=
= . 3 Clutchl Mode
3 Component States: Shifting
o i Algorith
i/o speeds —> L2 |—> Clutch2 Mode
e i/otorques Logic
e .. - Gearl demand
Gearbox control info: SN
e Gear demand S )—) Gear2 demand




Low Level Controls Compared with Test Data
DCT Shifting Events Example

CL1 declutching
CL2 clutching __ shaft1 neutral
H H -

P

= Acceleration - U.S. performance process : 15t - 2nd

Par HEV Dual Clutch Trans

T T
----- Veh Spd, mps x10
Eng Spd, radis

1 : > —— Cpl Spd Out1, radis
,,,,,,,,,,, . ___{ — Cpl Spd Out2, radis [|

[
=3
=3

Speed, radfs

<

Pre-selection #20 : - i .

synchronizing 10 S S | | B -

R Veh Spd, mps x10
H L e H " : Eng Trq, Nm
7 250 |- S S —— [ P s [E— LA — B

e Veh 5pd, mps x10 -
‘,-g/ -...|=——Eng Trg, Nm l_ ”

Torque, Nm

50 i iH i B i i i
260 ) B ) T ) ; '
H : H - H [ e Veh Spd, mps x10
i |=+=--CplCmd1x100 ||
200 i-{==--CplCmd2x105
; Gear Dmd x 105
H o H i Gear Actual Odd ||
180 - oeoe : - Gear Actual Even ||
(5]

Time, sec

a 36



2013 VW Jetta HEV 7DCT Example

Unresolved differences due to
the fact that the vehicle level

= UDDS - vehicle speed, SOC and gear number energy management was only

correlated, not validated
UDDS - Vehicle Speed

60 T T T
Vehicle Speed (Simulation)
""" Vehicle Speed (ANL Test)

-E 1 L 1
E
5
@
2
o 20— —

n | | | |

UDDS - Gear number
I

I
Gear number (Simulation)
Gear number (ANL Test) H

Gear number

SOC, %

0 200 400 600 800 1000 1200 .1400
Time, sec

7 ) ANL APRF Test Data ¥



Vehicle Level Controls Logic Reverse Engineered
2010 Prius PHEV Example (APRF Test Data)

Mode Control (Engine On/Off)

Wheel torque (Mm)

T T T T T T N

I
& Engine on
® Engine off
Fuel cut or transient

2000+

1600+

1000

o

(=]

[=]
T

o
T

&
(=1
=]

-1000

il ' 1 1 1 1 1
0 E) 10 15 20 28 30 35 40
Vehicle speed (m/s)

-1600 L

Desired battery power is proportional to SOC.

The engine is forced to be turned on if the coolant temperature is low.

@

— Vehicle speed (m/s) [x 10]
—— Engine speed (rad/s)

(b)
T T

T
| | Not turned off
|

2501 — Engine torque (N.m) e e s i A ot it
—— Coolant temperature (C) :

200------fF-——---4-----+--¢s

o Turned on | | %)
3 | | e
g 150 -
3 T
g @
$ <%
Q 100 £
@ Qe

50

1
105
Time (s)

950 1dpo

0 460
T Time (s)

The engine is not turned off if the coolant temperature is low.

30

SOC Balancing

30

Battery output power (KW)

| 1 L L 1

45 50 65 &0
SOC (%)

20

Battery cutput Power (k\V)
(=]
T

Discharging power Ilimit

20 -
Chérging p;c;v;'-erh-rﬁﬁ- N . :
s % 10 20 30 40 50 60
Battery temperature (C)
Battery power is constrained by the battery temperature. 38



\
Vehicle Level Controls Logic Reverse Engineered

2010 Prius PHEV Example

Control concept based on the analyzed results

Control
Target Target | signals
A |generating tracking

System
Target generating feedback Target tracking
Driver power demand ——— Mode decision Engine on/offdema?d » Engine on/off demand

SOC

_____ ...y | (Engine on/off)

—> Energy Engine
management | Power demand
(SOC balancin

—

Enging torue demand

Engine target
generating

P Engine torque demand

Engin J Motor 2
d|Herand . :
S il A2 M_Otor 2: torque demand = » Motor 2 torque demand
Engine speed i
tracking

Motor:
torque target
generation

Thermal conditions

Battery power demand - Motor torque demand

Driver power demand -

- SAE 2014-01-1784 *



Component Operating Conditions Validated
Prius HEV Validation on HWFET

Highway (HWFET)

(o]
o

N
o

N
o

o

Vehicle speed (mph)

0 100 200 300 400 500 600 700 800

Engine speed (rad/s) [Test]

3000 ! ,,,,,,,,,,,,,, ! ,,,,,,,,,,,,, ‘,,,,,,,,,,,,,!,,,,,,,,,,,,,,!, ,,,,,,,,,,,,,,, Engine speed (rad/s) [Simulation] ||

2000 - 4" et . V- D B et R kN EEEEEE P GREEEEEEE =

1000(f P [ rmartnbe LAy T VT W e MW L .

o

Engine speed (rpm)

Engine torque (Nm)
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Component Operating Conditions Validated
GM Volt Validation on UDDS (Extended Range)

= Engine Speed & Torque Urban (UDDS - CS)

100 T \ ‘
‘ ‘ ‘ ‘ Vehicle Speed (Simulation)

= i """ Vehicle Speed (Test)
< | | | | |
T 50 - N R (P R H EEGSEEE s S~ IN A A
[}
(o8
n
0
0 200 400 600 800 1000 1200 1400
400 I I I | I I
| Engine Speed (Simulation)
ot o, ] Engine Speed (Test)
g | | |
o |
(O] |
()] I
o |
« l
| | 1 | |

| Engine Torque (Simulation)
,,,,,,,,,,,, . Engine Torque (Test)

Torque, Nm

400 ' 600 1400

Time, sec
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Vehicle Model Validated within Test to Test

Uncertainty
UDDS Driving Cycle for Multiple Powertrain and Temp.

Conv. 08 HEV
1 HTest M Simulation B Test M Simulation
— o 07
L X
= o8 c 06
(@]
je! g_ 0.5
e
o 0.6 E
E 0.4
5 2
2] 0.4 [ 0.3
o= o
3 )
— 02 [}
= L o1
(e
0 0
-7°C 22°C 35°C -7°C 22°C 35°C
08 PHEV (CS) 08 EREV (CS)
B Test M Simulation —_ B Test M Simulation
o5 07 ¥ o7
[e) 7
é —
- 06 g 0.6
(@) )
‘S 05 S 05
o &
E 0.4 S 0.4
3 z
[ 0.3 0.3
S 3
© 02 < 02
g >
T 01 L o1
0 0
-7°C 22°C 35°C -7°C 22°C 35°C



List of References
Validation

= N. Kim, J. Jeong, A. Rousseau, and H. Lohse-Busch, “Control Analysis and Thermal Model Development of PHEV”, SAE 2015-01-
1157, SAE World Congress, Detroit, Aprill5

= N. Kim, A. Rousseau, and H. Lohse-Busch, “Advanced Automatic Transmission Model Validation Using Dynamometer Test Data”,
SAE 2014-01-1778, SAE World Congress, Detroit, Aprl4

= N. Kim, E. Rask and A. Rousseau, “Control Analysis under Different Driving Conditions for Peugeot 3008 Hybrid 4”, SAE 2014-01-
1818, SAE World Congress, Detroit, Apr14

= D. Lee, A. Rousseau, E. Rask, “Development and Validation of the Ford Focus BEV Vehicle Model”, 2014-01-1809, SAE World
Congress, Detroit, Aprl4d

= N. Kim, A. Rousseau, D. Lee, and H. Lohse-Busch, “Thermal Model Development & Validation for the 2010 Toyota Prius”, 2014-01-
1784, SAE World Congress, Detroit, Aprl4

= N. Kim, N. Kim, A. Rousseau, M. Duoba, “Validating Volt PHEV Model with Dynamometer Test Data using Autonomie”, SAE 2013-
01-1458, SAE World Congress, Detroit, Aprl3

= N. Kim, A. Rousseau, E. Rask, “Autonomie Model Validation with Test Data for 2010 Toyota Prius”, SAE 2012-01-1040, SAE World
Congress, Detroit, Aprl2

= N. Kim, R. Carlson, F. Jehlik, A. Rousseau, “Tahoe HEV Model Development in PSAT”, SAE paper 2009-01-1307, SAE World
Congress, Detroit (April 2009).

= Cao, Q., Pagerit, S., Carlson, R., Rousseau, A., "PHEV Hymotion Prius model validation and control improvements," 23rd
International Electric Vehicle Symposium (EVS23), Anaheim, CA, (Dec. 2007).

= Rousseau, A., Sharer, P., Pagerit, S., Duoba, M., "Integrating Data, Performing Quality Assurance, and Validating the Vehicle
Model for the 2004 Prius Using PSAT," SAE paper 2006-01-0667, SAE World Congress, Detroit (April 2006).

= Pasquier, M., Rousseau, A., Duoba, M, "Validating Simulation Tools for Vehicle System Studies Using Advanced Control and
Testing Procedures," 18th International Electric Vehicle Symposium (EVS18), Berlin, Germany, 12 pgs. (October 2001).

= Rousseau, A., Deville, B., Zini, G., Kern, J., Anderson, J., and Duoba, M., "Honda Insight Validation Using PSAT," Future
Transportation Technology Conference, Costa-Mesa, 01-FTT49 (August 2001).
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PRO)," Global Powertrain Congress, Detroit (June 2001).

é 43



Engine Performance Map Methodology

= Since comparing a technology (e.g., DOHC with VVL) from OEM A
with another technology (e.g., DOHC with VVL + GDI) from OEM B
risks introducing bias in the results (e.g., multiple technology
differences due to OEM preferences or IP
advantages/disadvantages, calibration differences between
OEMs...), we have opted to use high fidelity engine models based
on GTPower and add technologies incrementally.

= Set of engine maps developed by IAV under contract from U.S.
DOE.

= Multiple technologies have been considered to properly quantify
the effectiveness of each technologies.

= Different fuels considered through LHV (-> high octane fuels
would have different engine performance data).



List of Engine Technologies Modeled by IAV

17. Diesel engine = 2.21, 4cyl

Note that two additional engines were considered: .
Mazda SkyActive from EPA dynamometer test data. |a U
Atkinson from APRF

DOHC SOHC
{no friction change) {Red friction —Stage1)

1. WVT (baseline™ 5a. VYVYT (fixed overlap) 5b. WVT

2. WyL 6a. VVL

3. GDI 7a. GDI

4. Cylinder deact 8a. Cyl deact

DOHC Turbo

12. Downsize Levell = 1.61, 4cyl,18bar bmep** Highlighted engine models were

13. Downsize Level2 - 1.21, 4cyl, 24bar bmep validated with test data

14. Downsize Level2 — 1.21, 4cyl, 24bar bmep, cooled EGR X )

15. Downsize Level3 = 1.0, 4cyl, 27bar bmep, cooled EGR baseline - 2.0I. 4 cyl, NA, PFI, dual

16. Downsize Level3 = 1.0l, 3cyl, 27bar bmep, cooled EGR cam VVT (Each additional engine
2,34 adds a technology on top of the
previously added technologies)
*"DOHC Turbo - DI, dual cam VVT,
WVL

Diesel

Key boundary conditions:

Gasoline (Eng 1-16) LHY=41.3MJXg
(R+M)/2 = 87 for NA engines
(R+M)/2 = 93 for Turbo engines
T_amhb=25C, P_amb=990mbar

engineering
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Baseline Engine Models Validated

Initial baseline reference models are calibrated with and validated against
measurement data

Engine 1 Engine 12
(2.0l, NA, PFI, dual VWT) (1.6l, Turbo, DI, dual VVT, VVL)

bsfc_Error [%] bsfc_Error [%]

1000 2000 3000 4000 5000 6000 1000 2000 3000 4000
speed [rpm] speed [rpm]
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Engine Technology Walkthrough Example

| bsfe [g/kw-h

350

05

-1.25

-2.5

bmep [bar]

bmep [bar]

-3.758

1000 2000 3000 4000 5000 6000
speed [rpm]

12

1
1000 2000 3000 4000 5000 6000
speed [rpm]
_ +D|

-1.25

-2.5

bmep [bar]

-3.75

+

O
= ‘
bmep [bar]

& 2 > -15
deact ‘;’
0_
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
speed [rpm] speed [rpm]

a
autormotive | c
engineering



Transmission Methodology

= Applying technologies incrementally to a reference transmission avoids
introducing bias in the results that could occur with an approach that
compares specific OEM transmissions (i.e., gears might have been
selected for different applications, efficiencies between OEMs might be
inconsistent when comparing gear number impact...)

= A generic process was developed to “design” the transmission gear ratios
based on a set of requirements and constraints.

= Similar efficiency curves were used across gearboxes
AT efficiency map — 1st Gear AT efficiency map — 6th Gear DCT efficiency map — 1st Gear  DCT efficiency map — 6th Gear

As a function of gear ratio, the efficiency of AT drops off The efficiency of DCT could be broken down into a speed
slightly as we move farther away from a gear ratio of 1 (equal dependent term (spin loss) and a load dependent term (gear
to the efficiency in direct drive) train mechanical efficiency)
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Methodology (Example) for Gear Ratio
Selection, Shift Parameter Selection, Control...

= Switch to top gear at 45 MPH
= Top gear operates above 1250 RPM to prevent lugging

= Max number of gear shifts per cycle (i.e., between 110 — 120 for 6 speed
automatic on UDDS

= Top speed at about 4000 RPM in top gear

= Engine speed does not exceed 3000 RPM in first gear (UDDS Cycle, 6
speed automatic) T 1 [.] e ]

= Final drive close to observed
industry trends for same
vehicle class

. C 7 , i
epasi " 0 00 £ 0 wo ) Toon
Enpos Spesd (AP Enges Spesd (RPM)

Test data :Ford Focus I-4 6speed auto, LA92 cycle Test data: Hyundai Sonata I-4 6speed auto, LA92 cycle

= Engine torque reserve —

= Gear span close to observed
industry trends for same -
vehicle class :

Engine operation will be restricted by the green curve in simulation.
| The green curve is generated by visual inspection of engine operation at low speed.




.
Gear Ratios and Final Drive Methodology

Select Gear Span, top gear and
final drive based on industry

Transmission & Span Final drive
vehicle type

trends 6 spd AU, >6 >2
conventional
8 speed AU, >7 >2
conventional
8 speed DCT, >7 & >8- >2
Design progressive gear ratios conventional speed AU
based on algorithm 6 speed AU, BISG >6 Lower than 6
speed AU***
8 speed AU, BISG >7 Lower than 8
speed AU***
Ensure that selected gear ratios 8 speed DCT, BISG >7 & >8- Lower than 8
meet engine operation speed AU speed DCT***
requirements and performance
relationship between 6 AU*, 8 _ _
AU** and 8 speed DCT Industry trends on span and final drive

*6 AU - 6 speed automatic, **8 AU — 8 speed automatic

*** to have similar performance as the conventional powertrain
50



Gear Span, Final Drive and Calculation of Gear

Ratios for 6 speed AU

Gear ratios designed based on the formula:

Span

lp = 1 [¢0.5(z—1)(n—1)
2

Z—N

=

z#+1

Where
Z = total number of gears.

n = gear number in consideration for design ( varies from 1 to z).

@, = progression factor (independent variable — normally between 1 and 1.2).

|, = top gear ratio

|, = nth gear ratio

= Variation of @, between 1 and 1.2 is a trade-off between performance and FE.
= For this study, ¥, which maximizes FE, has been chosen, for each transmission.
= Algorithm validated against transmissions for several compact cars.

1. H.Naunheimer, et al , ‘Automotive Transmissions — Fundamentals, Selection, Design And applications’, Springer publications.

v
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\
Gear Selection Algorithm Validation

= Using Least Squares Error method, ¢, was determined for a number of 6 speed
transmissions in the market.

Mazda 3 Gear Ratio Vs. Least Square linterpolated Ratios Golf Gear Ratio Vs. Least Square linterpolated Ratios
4 ‘ : : 4.5 ‘ ‘ ‘ ‘
=—8— Mazda 3 Ratios —@— Golf Ratios
3 =—0— Ratios derived based on LSE method on Phi2 4 =—@— Ratios derived based on LSE method on Phi2 ||
. R Square = 0.99861 R Square = 0.99961
3.5¢
3 L
E S 3
S 25+ g
£ o
E dc—sl 2.5
= 2r n:
8 g o
O] O]
1.5¢
1.5+
1r 1t
05 ! 05 |
1 2 3 4 5 6 1 2 3 4 5 6
Gear Ratio Number Gear Ratio Number

Figure 2: Algorithm applied to Mazda 3 and Volkswagen Golf Ratios

v’ Variation of ¢, from 1.0 to 1.2 to get the best compromise between Fuel Eco, Performance and Number of Shifts
v' New Ratios: Interpolated Ratios calculated with Theoretical Equations in order to fit existing vehicle ratios best

BT T T

Ph| 2 1.09 1.04 1.08 1.08 1.07 1.07

Table 2: Market Vehicle ¢, interpolation the compare the simulation Phi2 Value
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Shifting Control Algorithm

= The shifting initializer defines the shifting maps (i.e., values of the
parameters of the shifting controller) specific to a selected set of

com ponent assum ptiOﬂS.
Economical Performance
Shifting Speeds At very low pedal position Shifting Speeds At high pedal position

Engine Speed Range in Economical Driving Wheel Torque Max
T T T T T T 3500 T T !
6|-| —o—Gear 1 6_)5/ - | : 1 Ll Gear 1
—e—Gear2 || ‘Weco v/ ; ; ; 2000 S SRR TN T Gear 2
—6— Gear 3 |= i : : : : ; Gear 3
51| —o—Gearda [ ; ' ' Olv_ : 1 H Gear 4
—5—Gear5| | , | | BRAS N IEE R B B B Gear 5
4l Gear6 |_ l‘_-‘/ ﬁl ______ i £co = : EI : | Gear 6
h . | / g 200 i S R S (
N ] 2 o
> o1 7 -7 3 1500 I LR
Weco | My iz L & :‘ 1
2o CI‘E ) AR 7 F 1000 i | IO U I -
K i :
18 G 5 500 I e T =
AN IS : : :
H N @élCOZ H E H l
0 1 1 1 1 1 0 | | |
60 80 100 120 140 160 180 200 30 46 50 1
Engine Speed, rad/s ' 1Vehicle Speed, m/s ® 56
Vple?fz sze?}? Vz?e?j? Vp4e:)§ Vperf
Example of engine speed range in Maximum engine torque at wheels and
economical driving, and economical shift performance upshift speeds



Shifting Control Algorithm

=  Final shifting curves

Economical

Shifting Speeds

d up
Vpg:”f Vperf

Performance

Shifting Speeds

dn up
VGCO Veco

N
I ‘ﬁV erfo
"
e —— Upshitting
7/
P — — Downshifting
Eeco I
1
1
Geco !
I AV
<—>
1
1
up
van i Teco Ve

Accel Position

i [ —— Upshift 152
Lof === Downshift 21 H
i | —— Upshift 23
{| =mmm- Downshift 32 [
i | —— Upshift 34
HEEEE Downshift 453 | |
{ | ——upshiftass ||
: ; 3 i Downshift 54
A A N i|——Upshift5s6 ||
i i | |- Downshift 65
1

| | | 1
40 60 80 100 120 140 160
Vehicle Speed, mph

Shifting speed curves for a
default light-duty vehicle in
Autonomie
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Electric Machine Performance Maps from DOE
Funded Research

= Electric machine map (2010 Prius example)
— Motor maps were obtained from Oak Ridge National Laboratory (ORNL).

Motor Efficiency Map (Torque)

250 -5 P i T
| | |
95 Propeling Max Torque Curve I I I
Peak Torque/Power curve 200 H N Y I e e Tl te R N
Regen Max Torque Curve ’
90 150 1 CeDOEfiMap  BY/N[ 9
: | \) I | | |
0 L 0y T N -
85 o | | \ | o | | |
| | | | |
| | | | |
—~ BOL--l-——o_ L __ T U W S | __
E_ | ‘r [ \ ‘r | T\
80 =
>
g | | “\ | | | |
L SR 7Y E - S Mol L,
Lo | L | |
70 100 - P ---4------> N e - - -1 b
| | | ‘ ‘ \ | | |
asob Lot AN S I
65 I I /b~ TE\ I I |
: ! ] >0 ! ! !
200 -~ ] PRAARDE |
] - I I I I I I
6000 8000 10000 12000 250 ‘ ‘ ‘ ‘ ‘ ‘
Speed (RPM) 1500 -1000 -500 0 500 1000 1500
Mitch Olszewski, EVALUATION OF THE 2010 TOYOTA PRIUS HYBRID SYNERGY DRIVE SYSTEM Speed (rad/s)
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Vehicle Control Logic
Example of Power Split HEV

Control concept based on the analyzed results

Target

A |generating

System

Target generating feedback

Control
Target signals
tracking
Target tracking

Driver power demand ———

.. Engine on/off demand
Mode decision [+ Y

socC .
(Engine on/off)

Energy Engine
. management | Power demand
(SOC balancin

Engin

torjjue demand

p Engine on/off demand

Engine target
generating

—

Thermal conditions

Engin
speed

P Engine torque demand
Motor 2
torque demand

Motor 2:

Battery power demand

P Motor 2 torque demand

Engine speed
tracking

Motor:

p-| torque target Motor torque demand

generation

Driver power demand -
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Vehicle Control Development
Example of Power Split HEV

::Z ,,,,,, 1r Engine off (PEV mode)
g ””""”""i*"""i* ****** i**" Demand or Cold
- 1000 I L - - [
g 800 :r —————— :r —————— :r*** Hot
3 600 ..'°"-'7,:77777777777773777777737 ,,,,,, i,,,, i ---------- . ““-i i <_
f SRR L S Cranklng Co'd, Idling > Fu'el cut
s 200 f;,‘,i_.:.g,_'-,.il,:-,,,_,‘.,,L.,,, Hot Hot i
IR R N I L i R Y
200 410 510 6:0 v
T Whhl'ppdd((:/’: Engine on (HEV mode)

Driver power demand ——— Engine on/off demand

p Engine on/off demand
SOC

Energy
management
(SOC balancing

Engine
power demand

Engine torque demand

Engine target
generating

P Engine torque demand

Engine Motor 2
speed demand Motor 2: torque demand

Engine speed

Thermal conditions

P Motor 2 torque demand

tracking

Motor:
»| torque target
Driver power demand > generation

Battery power demand Motor torque demand

57




Vehicle Control Development
Example of Power Split HEV

|
30 . . : ; 30‘{ Instant power

All points
Selected points

20f- -

(5]
o

Rating power

-
=
=)

-10

Battery cutput power (KW)
(=]

Battery output Power (kW)
o

-20

Regenerative power

B I i i
45 50 95 &0 65 70 75 o 10 20 30 40 50 60
SOC (%) Battery temperature (C)

Driver power demand ——— Engine on/off demand
SOC —

p Engine on/off demand

Engine
power demand

Engine torque demand . )
> Engine torque demand

Engine target
generating

Engine Motor 2
speed demand Motor 2: torque demand .

Engine speed

Thermal conditions

P Motor 2 torque demand

tracking

Motor:
»| torque target

Driver power demand > generation

o 58
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Vehicle Control Development
Example of Power Split HEV

120 : : : : : : : o Engjne idling control -
- i : ; _ "l
: i " _1am bl '.'.‘,"-H;" 5
& i
E Euoo l'.'l i
. 2 1100
E 80 - Under cold conditions 8 WLy by
= %izsc : T T T T Rl ]
v E20F - ~--——+4-g4-—— = == = = = - === - == - - = - g
g Basol A o
§ w0 A ool vqu_\m = r,,‘w >vava TN P
_g % 50 — — — ,,‘,i ,,[,S\ ,,,,, P IC)?D a0 20 100
o 40 = g % 20 4‘0 6‘0
—— Coolant temperature (hot)
’é‘ 150 ; ; ; ; :Cuulamlemperalure (medium)
20 ; =2 L Y ! _ [ Coolent temperatre (o) _ ||
*  92C< Coolant temp. 3-507777 _ __ [\ ! _ 77:777
i _ i *  70C< Coolant temp. <90C e , ! ] ! | |
T L c o = -
%o 100 150 200 250 300 350 400 PELR- ! v ! ! M w
Engine speed (rad/s) w505 20 40 60 80 100 120
Time (s)
Driver power demand —————— Mode decision Engine on/off demand p Engine on/off demand
soc —> )
_____ . (Engine on/off) :
—> Energy Engine
. management [ Pover demand
(SOC balancin Engine torque demand . )
- P Engine torque demand
o i Engine Motor 2 H
Thermal conditions speed demand Motor 2;  [torauedemand _: » Motor 2 torque demand
Engine speed i
tracking
Motor:
Battery power demand p-| tOrque target Motor torque demand
Driver power demand > generation
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Vehicle Control Development
Example of Power Split PHEV

CD mode Brake signal & Vehicle SOC < 28% CS mode Brake signal & Vehicle
Engine off (EV) Sbeed = resh 5. | Engine off (V) speed < Thresh
o h [H: : ‘:“ i o :.:‘
GEEZam | |
| < ' I |
> Engine on Engine on

Required power > Max.
electric power

¢ Vehicle speed < X m/s
- Engine only mode

SOC > 30%

Engine turn on map:
vehicle speed and SOC

‘ B e ‘ > (Pbat =0) B 1
i e ] * Vehicle speed > X m/s i E
i ‘ Battery supporting ! e

g+ | mode = (P, = X kW) o

- Battery output power is
proportional to SOC
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E-REV PHEV Control Algorithm
VOLTEC Gen 1

Operation Modes

Clutch 1 |
One-Motor EV

Clutch2 L] Two-Motor EV
Q 83 37 ?
— 7%. Series One-Motor ER
ﬁ—o — — Brake 1 Combined Two-Motor ER

Axle
= |n EV operation

— One-Motor EV (EV1) : The single-speed EV drive power-flow, which provides more tractive
effort at lower driving speeds.

— Two-Motor EV (EV2) : The output power-split EV drive power-flow, which has greater
efficiency than one-motor EV at higher speeds and lower loads.

" |n extended-range

— Series One-Motor ER (Series) : The series extended-range power-flow that provides more
tractive effort at lower driving speeds.

— Combined Two-Motor ER (Split) : The output power-split extended-range power-flow that
has greater efficiency than series at higher speeds and lighter loads.
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E-REV PHEV Control Algorithm
VOLTEC Gen 1: Electric driving mode (EV1 or EV2)

= Electric drive modes

MOFL) —  Ttmeal . MOT 2
-~
I i clutch 2

Q 83 @ 37 O

0.85

08

0.75

GB Torque Out, Nm
GB Torque Out, Nm

06

20 40 60 80 100 120 140 160 6o 80 100 120 140 160
Vehicle Speed, mph

EV1 : The speed of MC1 is always EV2 : The system has a degree of
determined by output speed. freedom for operation speed.
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E-REV PHEV Control Algorithm
VOLTEC Gen 1: extended range mode (Series or Power Split)

= Series one-motor extended—range

Clutch 1 |

MOT 1 <
Series Path
100 %

83

S ‘ Final Drive
AxIe
Output

= Electro-mechanical power with power split

Pelact.'Peng

Because of the single-speed One-Motor EV drive,
efficiency declines at higher driving speeds.
100% of the driving power must go through the
series path and suffer the associated conversion

losses.

MOT 1 < i
. Series Path
0-70%

Pover Ratia

83

T H T

1
--——l-— -—r——-—-—l—-—-—-ﬁ-—-——-l-——-—-l-—-—-—l—-—-—-

é,f* “All- ru’lechamcal F'nwer

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

FAII- rf,:sm“f Ffuwer

‘Electm Fu’lét:hanlcal

_________________ { [ e —

1
-y

E'—DWE!I ..... et

E ‘ Final Drive
Axle
Output

-----x----a----l--:ahx} 1115 -~4\_‘:_‘__- Engmé Spéed '15EIEI h‘pm
015 ‘; 1:5 2 2..5 3 3:5 4 1..5 2 2..5 3 3..5 4
$pesd Rato, 3R $pesd Ratio, 3R

The primary benefit of the output split power-flow is
improved efficiency due to the reduction in series
path losses.
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Outline

= Process to Estimate Technologies Effectiveness with Full
Vehicle Simulation
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Methodology

Vehicle
Technical
Specifications

Component &
Vehicle
Assumptions

Sizing Run Database for

Algorithms Vehicles

Volpe Model

High Fidelity Powertrain QA/QC &
Models Selection Reports

A. Moawad, A. Rousseau, P. Balaprakash, S. Wild, “Novel Large Scale Simulation Process to Support DOT’s CAFE Modeling

System”, International Journal of Automotive Technology (IJAT), Paper No. 220150349, Nov 2015
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Process Overview

Time Based Analysis

Viehicle Setup Vehicle Sizing Simiactliin -
: ] ' (] Individual
] . Simulation
Component g»g’ L
Assumptions S +"’ § 4 Reslts
=y SOl — %;‘ *:g = ow
- H | Simulati
Vehicle S==—— = %%% ——
Assumptions pes =g 1ran
=-
|
|
Vehicle Simulations
Results Checking (Level 2):
Statistical Analysis
150 Number of testing points = 36300
140 3
120 :
f 100
g
% 80
Pwl .
ribution of Nnnszeer;:gb s‘vsnsrqcunvmhummu 6 :I
o == -
g g g g
S ol Number of training points

Arf Y
Fu \
Al Y
Fu
Analysis
Function
Analysis
functions
specific to the
Export for database
analysis/check S
L
New
calculations
for trade-off
Pos. \ analysis {i.e.
Pro( pod L cost)
Pra P
Processing

Database Analysis

Multi-simulation
analysis

Results Checking (Level 1): Ranges,
boundaries and ratios checklist
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Large Number of Technology Combinations

 The Volpe/CAFE model currently relies on multiple decision
trees to represent component technology options, including:

°
| I I I I I‘ Mass .
2.0L Port Fuel A 5-speed | reductionof | | | Reductionof
i Rk conventional : b-| reductionof | v 5
Injection Automatic 5 0% 0%
Ma . .
. o o . Fhiroit oot | L Reductionof
Ma
z 8speed | Q) Mass 4 || Reductionof | |
[ Injection+ vvi | oot Automatic | [ " luation of 20% 10%
. .
[ ] 1.6L Direct Mass
Injection + cisG 6-speed DCT reduction of
Turbo 10%
1.6L Turbo Mas:
Direct i 8-speed DCT ducti
. . « D Miiiaaaeal I set e
* Light-weighting
: 53,
rrrrrrr s
. Plug-in Hybrid e
i 10AER power t Sopec
* Aerodynamics &
Plug-in Hybrid aspeed
) Mar

e Rolling resistance

rrrrrrr

e The objective is to provide an efficient process to perform
individual vehicle simulations representing every combination
of vehicle class, powertrain, and component technologies.
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\
How Many Technology Combinations?

The current list includes:

e 5 vehicle classes (Compact, Midsize, Small SUV, Midsize SUV,
Pickup);

e 17 engine technologies;

e 11 electrification levels, comprising 4 levels no- or low-
electrification (conventional vehicle is equivalent to no-
electrification level) and 7 levels of hybridization;

e 8 transmission technologies (applied to no/low-electrification-level
vehicles only);

e 5 light-weighting levels;
e 4 rolling-resistance levels; and
e 3 aerodynamic levels.

> 150,000 vehicle combinations
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Complete Models are Built Automatically

User Select Options in GUI

B seieion (Do dnaan | -]

o oie > S Procen > oves > e Frocen

T | Patented Algorithm

| e oy Empty Simulink
# | is Open

&—tﬂ—&]ﬁ—h—h—lﬂa—b‘

L ]

T ' Each Model is Put in the Right

| | Location & Connected
S == Model Build Based on
A e Initial GUI Selection

i ;.
=F

AR

e _— o L

el L HHS




.
Vehicle Simulation Process (1/2)

Define Individual Vehicle

Select Driving Cycles

Build Each Vehicle

o] |
G e[ o VOPE I 01 ol G » Th T e— PI;
Ogin e @O s Bt Ban  Hewickdn )
« Define vehicle configurations, component models, initialization & ““= """
files, preprocessing files....
» Define component performance data (e.g., power, mass, final
drive ratio, aero, etc...).
» Define control (Force EV mode, engine turn on thresholds, From template vehicle |
shifting parameters, etc...). definition to all vehicles|
o Select sizing rule to run the vehicle performance test. "
» Select drive cycles and standard procedures to be run. |
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Vehicle Simulation Process (2/2)

Run Simulations
w/ Distributed Computing

e | )
; Simulation }/ N +
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Large Scale Data Set Analysis Challenges

=> Manually analyzing very large number of data sets has proven
cumbersome, error prone and time consuming

e Autonomie has numerous post-processing tools, but they focus on
individual vehicles analysis

* For large datasets, the requirements are different:
* Managing lots and lots of data (number of files, disk size, access time, etc.)
* Looking at high level indicators and spotting overall trends
e Performing post-processing calculations without rerunning all of the
vehicles
e Autonomie’s normal output files are unnecessarily cumbersome
for this sort of large scale data manipulation

Solution: Leverage Autonomie structure to develop a new post-
processing procedure centered around large data set analysis
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Database Generation

e A new process was developed to generate a targeted
database containing information from a very large number of
Autonomie results.

e The inputs are:

e A folder containing all of the Autonomie result files.
Example study (296 GB of data, 7,503 .a_result files).

* An XML file that lists the parameters to include into the
database.

e The outputis an optimized database containing only the

requested information. Example study (30.4 MB of data, 27
min. to generate database).

* New, targeted databases can be created with any subset of
any study.
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Database Example

e The database (SQL or XLS) includes a large number of

idsize
idsize
Midsize
iidsize
idsize
Midsize
Midsize
Midsize
Midsize
idsize
idsize
Midsize
idsize

e A data dictionary will also be provided

parameters including:

Vehicle class, powertrain type...

Component information (technology, power, energy, weight..)

Main results (fuel and electrical consumption...)

Vehicle Powertrain
ild Hybrid BISG
ild Hybrid CISGE
Corventional
Ficro Hybrid
Mild Hybrid BISG
Mild Hubrid CISG
Conventional
Micro Hubrid
Mild Hybrid BISGE
ild Hybrid CISGE
Conventional
bicro Hybrid
Mild Hybrid BISG

Ldl Engine |AY Type [rﬂ Engine Fuel
engll

engll
engll
engll
englll
eng(l
eng(l
engll
engll
engll
engll
engll

englll

=i inline
=i inline
si inline
=i inline

. inline
=i

——
5l inline
=i inling
=i inling
=i inline
=i inline
=i inline
si inline
i inline

e S S i U Y

FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

dohic
dohic
dohc
dohc
dohe
dohc
dohic
dohic
dohic
dohic
dohic
dohc
dohe

FFI
FFI
FFI
FFI
PFI
PFI
FFI
FFI
FFI
FFI
FFI
FFI
PFI

Engine Cylinf dl Engine ntR Al Engine has CylR 8 Engine CE M Engine Injection TyE M Engine Yalvetrain Type

WWT
WWT
WWT
WWT
WWT
WY T
WyT
WYT
WYT
WWT
WWT
WWT
WWT

L dl Engine EGR Type

Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
Mo EGR
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Database Analysis (1/2)

SQL Database Created Based on Selected List of Parameters

r

_< INPUT I

=\/ehicle Name
=\fehicle Class
=l\ass Reduction
=Electric Range
=Rolling Resistance
=Asrodynamics
=Powertrain Type
=*Engine Type
sTransmission Type
sFuel Type
=Battery Type

J QuUTPUT

=Engine Power

=Fuel Cell Power

=Motor 1 Power

=Motor 2 Power

=Battery Usable Energy
=\fehicle Mass

«FTP Fuel Consumption

«FTP Electrical Consumption
«HFET Fuel Consumption
*HFET Electrical Consumtpion
= Combined Fuel Consumption
=Combined Electrical Consumption

AUTONOMIE PROCESS




Database Analysis (2/2)

Graphical User Interface Created to Check Simulation Results

Dirag and drop parameter to add it to a grid ‘ Filter: Drag and drop parameters from the tiee view on the left and use them to filer which vehicle)
Al Parameters | Fikered Selected Parameters &
| Battery || 1A
a1 Case |
[ = Chassis

Set up filters to
determine which
result sets will be
loaded from the

Filter: Drag and drop parameters from the tree view on the left and use them ta filker which vehic

Filter]

—|med

| [Custorn] database-
The filters allow for [

. . - [ Figure 17
detailed selections, : B |
. . | || B Frgure 15
including AND or OR I Wi

conditions. et [Pl ] e

=

| Fuel Cel

Gearbox
i Generator

|— Simulation
|— Powertiain
|— Wehicle Clas
|— “ear

| File Gdit View Inset Teohi Desitop Window Help File &t View lsn Took Dedtop Window Help
Ddde kR 098L- G 0E =D Nade | A998 0L- 808D
Frontal Area Reduction for all Vehicles Glider Mass Reduction for all Vehicles

Select which

Lik Mechanical Accessary

3.5

' 22l Fqure 23 - =[5
) Motor 2 pa ra mete rs -Compad o —— [m‘m Teshs ‘Dm Window  Help
T8 Power Converer |— Engine Tech . [IMidsize dHS KA ODEL- R IEnE
L Powet Converter 2 ‘ |— Transmissior to view. -Small SUv :

Efficiency for different ICE

[

3 7 Dowcih

3
<25 o ; _
£ 5 B Gascline for HEV
S 60 H EEIFiex Fuel for HEV
ERT: 2 ||[oiesel
= e £ 50} ElcNG
@
o 1 3 X H
5 40
05 =]
&30
2 !
S 20 D 2030 2045
&
" i 10 |
Fusl Cell Assumpgbons
h’FA-\“ir‘mrn 0
Vi v 5 Ref 2013 2015 2020 2030 2045

Driplayng Infarmation le 24 Srmulstons
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\
Automated Checking Process

INPUTS

,
= Hundreds of thousands of vehicles are

simulated
= Due to the large number of results, this ny
could lead to
= [ncreased number of iterations.
= Erroneous results propagating to
further steps of the study. =y
= Delays in generating results.

Automated checking process greatly

reduces simulation iterations and improves
quality of results.
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.
Automated Checking Leverages Database

Generation Process Used for Large Scale Simulation

A Vehicle Database Analysis Tool (=TS
Compact_2030_high_120514_1429... File  Units
G 2045 _low_120514 142931 =
t
e Drag and drap parameter to add tto a gnd. | [Fiter: Drag and drop from the tree view on the left and use them to fiter which vehicle / smulation to load
Search: -
Midsize 2015_med 120514 142952 =
I Battery o
= Data File Name ‘i -
Midsize_2025_high_120514_142942 Engine
i Fuel Cell Assumption | Main Results | Plot
Midsize_2030_low_120514_142949 Midsize_203( et Gearbox
a2 Simulation = |
Vehicle
Midsize 245 120514 12931 B i e Ve Css | Ve Poverton | etce Yo o | Uncrtt ove | Engre o e 3
B B B Bl
Midsize_SUV_2020_high_120514_1... Compact Conventional 2015 high Cl
Compact Conventional 2015 high CNG
Midsize_SUV_2025_low_120514_14... Compact Conventional 2015 high ES5
Compact Conventional 2015 high sl
Compact BEV100 DM 2015 high
M v 41
idsize_SUV_2030_med_120514_1 Compact BEVi0o 5015 bigh
(=] Analysis Functions Compact BEV 200 DM 2015 high
R2015_high 120514 1429 e e ey Compact BEV 200 2015 high
Compact BEV300 DM 2015 high
Compact BEV300 2015 high
Compact EREV PHEV20 2015 high cl
= Compact EREV PHEV30 2015 high CNG
Compact EREV PHEV30 2015 high E85
[ GPRA QC Report X\ Cc‘mact EREV PHEV20 2015 hich £ Z
7 - - - < v
C L filey//U/Analysis/GPRA_QC_Report_141208_095744.html Ove = | g
= Displaying Information for 2625 Simulations
Percent Time Trace Missed By More Than 2 mph [0 0.02] @ ——
Powertrain Class Year Case Fuel Type Transmission #of Gears  Values
EREV PHEVAD  Midsize 2020 low  EB5 Voltec 0.070141
EREV PHEVAD  Midsize 2020 low Sl Voltec 0.070141
EREV PHEVAD  Midsize 2025 high Cl Voltec 0.070101 / \
- -
= Fields of interest are extracted from
Conventional Midsize_SUV 2045 low Sl Automatic 7 060532

simulation results and imported into the

e Moo St o and i ) 05 @ database.

o o o e ) 5 001D = An Interactive HTML report is generated
AR \__listing the results that need to be examined. /

Vehicle Mass [600 3200] @b -

Engine Percentage ON (Split HEV) [0.5 0.9] @
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Conclusion

Final Process Overview

Vehicle
Technical
Specifications

Component &
Vehicle
Assumptions

Sizing
Algorithms

High Fidelity Powertrain
Models Selection

Run
Vehicles

QA/QC &
Reports

Database for

Volpe Model
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Process Advantages

= Full vehicle simulations used directly as inputs to the Volpe/CAFE
model.

= All vehicles have performance comparable to the baseline
vehicle.

= QOrder of technology applications does not matter since all
combinations are simulated.

" Provides detailed information for every vehicle to calculate cost
(technology, power, energy, weight...).



Outline

= Vehicle Powertrain Sizing Algorithms and Validation
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Vehicle Technical Specifications (VTS)

= |nitial Vehicle Movement — 60 mph at least 9 sec (+/- 0.1 sec)

= Minimum grade of 6% at 65 mph at GVW (engine / fuel cell only)
= Maximum vehicle speed >= 100 mph

= Max grade launch from a stop forward and reverse >= 30%

=> Automated sizing algorithms used to ensure that simulations
results for multiple technologies are comparable
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Overall Sizing Philosophies

= Engine/fuel cell sized to meet 70% of peak power required to meet Vehicle
Technical Specifications (VTS)
= HEV
— Battery power sized to recuperate 100% energy on UDDS
— Electric machine power sized to meet performance

" Low Energy PHEVs (blended)

— Battery energy sized to meet All Electric Range (AER) on UDDS based on
unadjusted values

— Electric machine & battery power sized to be able to follow the UDDS in electric
vehicle (EV) mode across entire charge depleting range (CD)

= High Energy PHEVs (extended range)
— Battery energy sized to meet AER on UDDS based on unadjusted values

— Electric machine & battery power sized to be able to follow the US06 in EV mode
across entire charge depleting range (CD)

= BEV
— Battery energy sized to meet range on UDDS based on unadjusted value
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\
Automated Sizing Algorithm

Conventional Vehicle Example

Initialize Variables
- A

o L

N

Use grade, perfo estimation to
initialize power of engine
i L
Compute mass ‘
< I
| | Run acciﬁgifn“p;ir””'ation ‘ Passing acceleration performance loop
(50-80mph)

p4

e
o S
- -

__— Performance time . Yes _| Run passing acceleration
T converged? A "l simulation (30-80 mph)
T~ J L
; MNo e
Tune engine power ] ___,.-ITE Eassing acceleraﬁ_aﬁ*--H__ Ye] A )
- — oK? _— Stop

Engine power =
max(grade power, accele power)
ik | Tune engine power ‘
‘ Enginﬁp%wer =
max{grade power, accele power,
passing power)

Update vehicle mass

Compute Values using Equations

Acceleration performance loop l Update vehicle mass J Run Simulation

(0-60mph) Tune Variable
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Automated Sizing Algorithm
Power Split HEV Example

= Main algorithm philosophy

Engine sized to meet 70% of peak power required to meet VTS (acceleration
performance or grade): engine peak power is a function of the vehicle weight.

Battery power sized to recuperate 100% energy on UDDS: battery cell number is
function of the vehicle weight.

Electric machine (EM1) power sized to recuperate 100% energy on UDDS or to
meet the requirement of acceleration performance.
Electric machine (EM2) sized as followed:

1) Start ICE at Vmax (~57mph for UDDS) ICE should be ON (i.e., EM2 peak power for
engine start at top speed on UDDS cycle)

2) Control maximum power of engine at Vspd=0 (i.e., EM2 peak power for engine
control on performance)

3) Control ICE at max grade (i.e. EM2 continuous power for engine control on grade,
engine power fraction going through electro-mechanical power path)
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\
Automated Sizing Algorithm
Power Split HEV Example

p

| Initialize Variables |

N/

Use grade, perfo, regen
estimation to initialize power of
engine, battery, electric motors

(EM1,2)
J L

l Compute mass ]
-
Run acceleration simulation
(0-60 mph)

‘ Passing acceleration performance loop

(50-80mph)
(__,--""F—’erformance time Yes . - Run passing acceleration
“‘“‘--H__h converged? L v simulation (30-80 mph)
; No ey
Tune EM1 power e e Yes
| P | _—Ts passing acceleration™—._ o
<5 — okr i
EM1 power = x-\I/- No
max(regen power, accele power)
T l Tune EM1 power l
l Updatevehicle mass ]
J L

EM1 power = ‘

maxiregen power, accele power)
Update power of engine, battery, | )
EM2 for grade, perfo, regen | E——— I
i) ate vehicle mass

\

Update power of engine, battery,

EM2 for grade, perfo,
r gra{; GO =g Compute Values using Equations
. - Run Simulation
Acceleration performance loop | L gt e ilE s |

(O-GOmph) Tune Variable

[ Update vehicle mass |
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Vehicle Sizing Algorithm Validation

Conventional Vehicle Example

= Conv. auto trans 2wd vehicle : Hyundai Sonata 6 ATX MY2013
i

e

< Conventional >

‘ ‘Update Vehicle Masses‘ ‘

4
L Run Acceleration

Simulation

b

8.9 <IVM-60<9.1 ves »(STOP)

Gear ratio Final drive Wheel radius No
v
¢(n) = Tuning(goal, value, {e(i):i=0..n-1} | -"e(n-1) > Iim-
4.21, 2.64, 1.80, 7.89 0.3218 m ‘ F
1.39, 1.00 0.77 ¢

‘ P(eng, n) = P(eng, 0) * c(n) ‘

Drag coefficient Front area 0-60 mph
\

0.32 * 2.18 m~2 * 7.9 sec **

No

* http://ecomodder.com/wiki/index.php/Vehicle Coefficient of Drag List \ ‘UpdateVehicIeMasses‘ \
** https://en.wikipedia.org/wiki/Hyundai Sonata
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Vehicle Sizing Algorithm Validation

Conventional Vehicle Example

= Sizing comparison results for conv. auto trans 2wd vehicle

OEM Source : ..
. Sizing results from .
Hyundai Sonata 6 Autonomie Comparison
ATX MY2013
Vehicle weight 1588 kg 1593 kg 0.3%
Engine Power 154 kW 144 kW -6.4 %
Acceleration
Performance: 0-60 7.90 sec 7.89 sec -
mph

- Baseline vehicle specification : Hyundai Sonata 6 ATX MY2013
- Sizing results from the same acceleration constraint
- Individual component performance data not available (estimated)
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Vehicle Sizing Algorithm Validation
Power Split HEV Example
= Split HEV 2wd vehicle : Toyota Prius HEV MY2010

Toyota Prius HEV MY2010 Vehicle Assumptions

Use Grade, Perfo, Regen Estimation equation to
initialize Powers of Ess, Eng, Mot, Gen

Iteration < 11

4{ Fine tuning of Eng j

v
‘ Run Accel ‘

v

Get Simu Efficiencies
MOT Pwr = Max(Simu Pwr, Accel Pwr,
Pwr * Simu Trq / Init Trq)
ESS Pwr = Max(Simu Pwr, Accel Pwr)

Gear ratio Final drive Wheel radius
Perfo Time

RG1/SG1 = 2.6,
RG2/SG2 = 2.64 3.268 0.317'm No
Compute Grade Pwr

Update Eng/FC/Gen Pwr for Grade

Drag coefficient Front area 0-60 mph
I Update Mass |
0.25 * 2.25mn"2 * 9.7 sec **
Run Simufati
* http://ecomodder.com/wiki/index.php/Vehicle Coefficient of Drag List T:r?e\llrg::aab:gn - _
** http://www.zeroto60times.com/vehicle-make/toyota-0-60-mph-times/ e using -
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Vehicle Sizing Algorithm Validation
Power Split HEV Example

= Here is the sizing comparison results for Split HEV 2wd vehicle

OEM Source : Toyota Sizing results form

Prius HEV MY2010 Autonomie
Vehicle weight 1530 kg 1463 kg
Engine Power 73 kW 75 kW
Motorl Power 60 kW 66 kW
Motor2 Power 40 kW 43 kW
Battery Power 27 kW 36 kW

Acceleration

Performance: 0-60 mph 9.7 sec 9.74 sec

- Baseline vehicle specification : Toyota Prius HEV MY2010
- Specific power for electric motor and battery is from DOE assumptions
- Individual component performance data not available (estimated)
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Outline

= Vehicle Simulation Results Quality Check Process

91



Reference Vehicle Energy Consumption
Compared to Today’s Vehicles

0.2

0.18

0.16

0.14

Probability
o °
o °
=] [ N

Fuel Economy Distribution - 2015 Compact car (only gasoline)

Autonomie —Volpe
Reference vehicle

mpg

Midsize Car

Probability

Compact Car

Fuel Economy Distribution - 2015 Midsize (only gasoline)

Autonomie —Volpe
Reference vehicle

11 13 15 17 19 21 23 25 27 29 31 33 35 37

mpg
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Vehicle Results QA/QC Motivation

= Hundreds of thousands of vehicles INPUTS
are simulated

= Due to the large number of results, this
could result in:
1. Increased number of iterations.
2. Erroneous results propagating to
further steps of the study.
3. Delays in generating results.

Automated checking process can greatly reduce simulation
iterations and improve quality of results.
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Three Levels of Checks Performed on
Simulation Results

Study Level Checks: Checks across
multiple simulation results: e.g., Fuel
economy improvement with

increased gear number

J

Vehicle Level (per simulation):
e.g., Vehicle speed trace check

Component Level (per
simulation): e.g., Max engine
speed during a drive cycle
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Multiple Sources of Data Used to Generate Limits or
Performance Quotients for the Checks.

e Compare simulation results against chassis dynamometer benchmarking of
state of the art vehicles and vehicle specifications

VANRPR R ° Example check: Number of shifts of a 6 speed automatic for a conventional
Data midsize car on the UDDS cycle.

e Compare trends from simulation results against trends predicted in peer
reviewed publications and Journals (e.g. assessment of fuel economy

: technologies for light-duty vehicles, National Academy of Science).

Peer Reviewed

Al Example check: Fuel economy ratio between diesel and gasoline
and Reports technology (~1.2).

e Fuel consumption should decrease when advanced technologies are
introduced

Engineerin e Example Check: With increase transmission gear number, fuel consumption
8 8 should decrease.

Judgement
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Sample QA/QC Checks for Vehicles with

Engines

Drive Cycle on

Check which check is

Component/Vehicle/Powertrain

Source of Reference Data

performed

Max Engine
Speed should be
lower than XX.

UDDS (part of 2
cycle procedure)

UDDS (part of 2
cycle procedure)

Average Engine
Efficiency

2 cycle procedure.

Chassis dyno test data for
each vehicle class, fuel

type.

Engine, Conventional and Start-
Stop Vehicle.

Engine —SI, Conventional, and
Charge Sustaining Hybrid Vehicle
(power split) for Baseline
Simulation Case.

Chassis dyno test data for
each powertrain type
(conventional , power

split) .

EPA fuel economy report
for current technology,
peer reviewed reports.

Engine Sl and DI, Conventional
Powertrain.

Color Code — Red: Component Checks, Green: Vehicle checks, Yellow: Checks across multiple simulations.

v
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Sample QA/QC Checks for Simulations with
Engines

Drive Cycle on Source of
Check which check is Component/Vehicle/Powertrain Reference
performed Data
Sizine Process in Engine, Conventional and Start- FE:?E\Z(?):I;:
Engine HP/Vehicle weight 8 . Stop Vehicle, for each vehicle y
Autonomie Trends
class.
Report.
el EfflClgncy et Performed on Engine, Conventional and Start-
Check (e.g. diesel average : . :
. database of Stop Vehicles for a given vehicle
efficiency greater than
results class.

gasoline)

Check of trends across

. . : Comparison across same class and
engine technologies: engine Performed on

powertrain type (e.g. conventional Engineering

efficiency, vehicle fuel database of . .
: SI, compact class) across different judgement.
economy, peak engine results . :
engine technologies.
power.

Color Code — Red: Component Checks, Green: Vehicle checks, Yellow: Checks across multiple simulations.

v
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Sample QA/QC Checks for Simulations
with Batteries

Dri .
rive Cycle on which Component/Vehicle/Powertrain Source (I))faI::ference

check is performed

Ratio of battery Specifications for
energy to Sizing Process BEV 100, 200, 300. vehicles in the market
vehicle mass today.

% Regen Energy
recovered at UDDS cycle
the battery

HEV, PHEVs in charge sustaining Chassis dyno test data
mode. for each powertrain type.

Engineering Judgement —
Actual range should be
close to target range.

SAE J1634 BEV 100, 200, 300, any vehicle
procedure. class.

Color Code — Red: Component Checks, Green: Vehicle checks, Yellow: Checks across multiple simulations.
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Checks have been Similarly Generated for
Additional Powertrain Components/Systems

= Transmissions
= Fuel Cell, Hydrogen Tanks and Fuel Cell Vehicles
= PEEM (Power Electronics and Electrical Machines)

= Checks common to all vehicle types: Example Vehicle Speed
band check.



Sample List of Checks

* Trace * Time Fraction in Top Gear

* Vehicle Weight e Battery SOC

* Engine Percentage ON e HEV Delta SOC

e Engine Number of Starts e Percentage Regeneration Recovered
e Engine/Fuel Cell Average Efficiency ¢ Electric Consumption

e Engine/Fuel Cell Power * Fuel Consumption Ratios

* Engine Speed .

e Motor Average Efficiency .

* Motor Power

e Motor Speed

e Motor Max Current
* Number of Shifts
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Component and Vehicle Checks Loaded In
Database with Other Simulation Results

e Lk Yon dmisn fyna Ik b
DEES B &[22 b = [ [N @ eope. mEBS

AUTONOMIE

Component Checks

Vehicle Checks On each simulation
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S fo Gl
7 Ootan
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i g Nokr 3 §| Dot
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Component and Vehicle Checks Loaded In
Database with Other Simulation Results

| Vehicle Database Analysis Too
File  Units
eulke
Drag and drop parameter to add it to a grid. | ‘ Filter: Drag and drop parameters from the tree view on the left and use them to fiter which vehicle / simulation to load
Search:
-9 Engine Number of Starts .
“1.9 Engine Percentage on i ——
2y Fuel Cell
£ [ Gearbox - >
(£ {8y Motor Sd &
1 [t Motor 2 2| DataGrid 1 ]
|78 Power Convert o)
i E‘ Sf’:j;ﬁ::“ = B Vetice Year: fears Vehicle Powetrain o e Engine Max Speect {rads) | Max Speed Check [(2NAFal - Pass) | EVRange(2NAT-Fail0-Pass)
3 :
o [ Venicle iel= & ] ] ] = =i =i
(=} |_ \ehicle Fropulsion Architecture 2 2010 Compact Conventional low CombinedProc: 2 Urban 1;".j.rcles with Sosk 26939 0 ¥
EH Initialization 212010 Compact Conventional low CombinedProc: Highway Cycle 24309 bl 2
T % of .-
b Charger efficiency for test procedure | 2010 Compact Conventional low Acceleration - .S, Performance Metrics 46539 2 2
-t Uncertainty Case ] Compact Conventional low CombinedProc: 2 Urban Cycles with Sosk 16218 0 2
i L1 Veh?cle.ﬂd\ Blectric Range 2010 Compact Conventional low CombinedProc; Highway Cycle 28628 0 2
- Vehicls Class 200 Compact Conventonsl low Acceleration - I 5. Perormancs Metrics 809721 2 2
. Vehicle Name 2010 Compect Conventiond low CombinedProc: 2 Urban Cycles with Sozk U7 0 3
1 xe:?c:e ;a;sng Time E 2010 Compact Conventional low CombinedProc: Highway Cycle 286341 0 2
l:': veh?cle Pe ° " e 2010 Compact Conventional low Acceleration - .S, Performance Metrics B09.01 2 2
0"9 Vzh:ilz Yﬁ i 2010 Compact Conventional low CombinedProc: 2 Urban Cycles with Sozk 315829 0 2
! L}ZOD 2010 Compact Conventional low CombinedProc: Highway Cycle 312084 0 2
=Y 2010 Compact Conventional low Acceleration - U 5. Performance Mefrics 609403 2 2
EHH Results
-""M EV Range(2-NA T-Fail 0 Pass) 2010 Compact BEVI00 DM low BEVProc: US BEV shortcut (1634) 2 0
| fuel_consumption 2010 Compact BEV100 DM low Leceleration - .S, Performance Metrics 2 2
- 16 2010 Compact BEV100 low BEVFroc: US BEV shortcut (J1634) 2 0
| phev_fusl_consumption L 2010 Compact BEV100 low Leceleration - .S, Performance Metrics 2 2
| procedure_Zcycle 2010 Compact BEV 200 DM low BEVFroc: US BEV shortcut (J1634) 2 0
2 ProcessiCycle Name 2010 Compact BEV 200 DM low Aeceleration - LS. Performance Metrics 2 2
g Whee! 2010 Compact BEV 200 low BEVFroc: US BEV shortcut (J1634) 2 0
2010 Compact BEV 200 low Acceleration - .S, Performance Metrics 2 2
2010 Compact BEV300 DM low BEVFroc: US BEV shortcut (J1634) 2 0
2010 Compact BEV300 DM low Acceleration - .S, Performance Metrics 2 2
2010 Compact BEV300 low BEVFroc: US BEV shortcut (J1634) 2 0
2010 Compact BEV300 low Acceleration - .S, Performance Metrics 2 2
010 Compact EREVPHEV3 low PHEVProc: 2 Urban Cycles with Soak 774116 0 2
2010 Compact EREVPHEVA low PHEVProc: Highway Cycle 258.79% 0 2
2010 Compact EREV PHEV30 low FHEVProc: 16 Urban Cycles 260,666 0 2
2010 Compact EREVPHEV30 low PHEVProc: 16 Highway Cycles 28263 0 2
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QA/QC Report Generated

= Statistical procedures are applied to flag erroneous results.

= Methods are developed to have the ability to trace invalid results.

PAGE LAYOUT

Cliphsard & Fant

a2 - > S| ey
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Angnment n Number

$-%

]

04-5ep-2013, QAQC Report.xlsx - Bxcel

¥ B

Conational Format 3
Formatting = Table »

Explonatory ... Hyperlink

N

Calculation -

Editing

T E - 5 X

A Mozwad, Ayman =

A
or ik
Sort & Find &
Filer = Select =
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Al Transmissiong | A1l sededs Engine Min Speed ERELH 3163 SELBEDEY ] em -B7.a373 811114 16 | e
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Al Al 3peeds Engine Torgue Min 1762 ~19.084 314738 EFit] Hm -321.2168 21486 L] Gligk for
Al Transmissions | Al Spreds Engine Avg Efficiency 11762 26,605 19596 37.368 k. 17,0066 362033 pri:) Click for distribution
Al Transmissians | All Speecs Delen SOC 21870 0DO1RGA4 095 013044 L) 036138 0265 324 L
Al All Speeds £33 Ma Power Cut 21870 93209 024 431142 L0 310801 49.6811 319 Sligk for
Al Transmizsions | Al Seeeds E55 Min Power Dut 21870 5AE36 S5TATIS 038247 L3 -26.0842 15,1569 438 Sleck for digtribution
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Distribution Plots Generated as Part of the
Report for Visual Perspectives.

Distribution of Fuel Consumption for Eng: Eng1 3SOHC
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summary

= A new process has been developed to use full vehicle
simulation results as input to the Volpe/CAFE model.

= This process leverages Autonomie, a tool developed and
validated by the U.S. DOE over the past 20+ years.

= All the models and controls are open to users.

= All the assumptions and results will be made available as part
of the project.
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