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Project Overview

MLl Barriers
» Project start: Oct. 2016 . .
» Eco-driving research rarely integrates
» Project end: Sep. 2019 advanced powertrain technologies
= Percent complete: 75% = Combining dynamics and powertrain control

results in complex control problems
Budget = Real-world implementation often

: challengin
= Total Funding (3 years): $2.3M Jing
* FY18 Funding: $660,000
* FY19 Funding: $850,000

» Many exogenous factors (e.g. traffic), affect
energy saving potential of eco-driving

» Lack of practical tools for “powertrain-
aware” eco-driving algorithm development
Partners

= Argonne: lead
» LLNL, LBNL: test data
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Project Objectives and Relevance

CAV Eco-Driving Control: can we save energy
through control of speed and powertrain? How much?

» For multiple powertrains: Conv., HEV, EV Enable energy
« Automation levels 2 to 5 efficient future
 For entire missions: real-world routes with mix of cruise-control, mobility systems

car-following, intersection approach and departure
» “Real-world implementable:” realistic I/Os, high-frequency
feedback loop, adapted to powertrain response time

CAV Simulation (RoadRunner): how to simulate
CAVs, baseline, current and future technologies?

« Advanced powertrain technologies Tool for eco-

» Multiple vehicles driving research
» Road (speed limits, traffic lights, etc.)

 Driver (human or automated) reacting to environment

« Communication (V2X) & sensors
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Approach

CAV Eco-Driving: Control of Powertrain AND Longitudinal Speed

A. Optimization & Trajectory planning B. Real-Time Control

» Future horizon >> most energy- » Current state >> what command to
efficient state & control trajectory follow optimal state & ctrl. trajectory?
(speed, torque, SOC, etc.) » MPC, Feedback loops, transients,

> Optimal control, Quadratic ﬂ dynamics . P
programming, etc. & T’@ 1°m1° x

Roap(~ _, S
Impacts

RUNNER

Real-World Data
Chassis Dyno '

CAV Modeling and Validation

Track Platooning, ACC, Human Driving
On-road
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VNESORES

_ Eco-driving: Demonstrate a "real-world
Energy impact of eco- implementable” controller working online in

driving strategies under RoadRunner environment
different scenarios v"On track

Quantify energy impact

2019 of advanced optimal eco-
driving over a range of

representative scenarios
v On track

>S5

Validate model of a CAV

RoadRunner: Complete the
development and validation of human

and automated driver models.
v"On track
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Validated Model of a 3-Truck Platoon

With EEMS033

Field test of er?\“ﬂ Ee————) ( [/0de| validation Rgﬁﬂ»éﬁ
CACC trucks | === < T~ |
Data analysis Compare test data with
Test data of 3-truck Importing test data simulation results

CACC operation at

» into Autonomie, :
freeway speed for Analysis on shifting Intr-vehlcle gap

modeling & validation. pattern, initial 60 vehicle2 g(i;:tl;lation)
| (FEMSOS3) ) \positon,. A PO i
. 8 30
IDM/ACC/CACC ~ Vehicle model \ A 20
development /controller calibration 10
00 0:5 1 1:5 2

Position, m %104

» Conv. Class8
Linehaul with 12

‘ .N) & ")) - Jl = speed transmission Fuel Consumption :
In Autonomie 9
. JRS y (A< .5%)
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Validating Prius Prime PHEV ACC Model

With EEMS041

Virtual lead vehicle

Vehlcle Speed

o)
o

—Vehlcle2(Test) |
Speed —Vehlcle2(S|muIation)7

(2]
o

Speed, mph
S
o

llllll

Chassis Dynamometer
__Toyota Prius Prime 20
@5 PHEV w/ sensor override .
A [0 emu{ate d/st.ance to » Vehicle Gap vs Time
4 preceding vehicle, stock g 90 G ~—vehiVenz(Test)
 Adaptive Cruise Control =3 ap ——Veh1-Veh2(Simulation)
(ACC) - EEMS041 © 40
RoadRunner | , , £
-, Previously validated Prius 2 20
= = == Prime PHEV Autonomie 8
= — =" model + newACC model £ I N I I B SR
0 100 200 300 400 500 600 700
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Developed Human Driver Model

With EEMS045

“Feature-Rich” On-Road Human Driver Model Development
Data Collection

» Data-driven (M) and Analytical Approach ()
— Environment # &=

Instrumented vehicles

e 4 ))
Perception & Action N
Decision Calculate Minimal
..;i; Driving Regime Jerk Trajectory i’
Update Parameter Add Imperfection
CAN & Radar \ — -

-
Model Validation (Compare experimental data with model)

I I I I I I I I

=100 & & — Data
é ..I..II.-...-I....I...I % % 2 === Model
[a W .
S 751 Avg. 99.2 % (Highly correlated) = ~0
z D Q.
8_ (&) 2 | ! |
0 3 6 9 12 15 18 21 24 27 <
C b O 0 20 40 60 80 0 20 40 60 80
ase number seconds seconds
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Model-Predictive Control (MPC) Framework for Real-
Time Implementation of Optimization Algorithms

Controller using MPC framework

v Move horizon to next step |
Q 1. Horizon 2. Optimization 3. Application
Map g% Predicting future ) Optimal trajec- *Apply first Command
Sensors (I |constraints tory of Horizon command
VaX () - _ Powertrain

N
N N
N

[esz} o
40r —— |
w &
X
N
i
;
;
;

T
— NV .

Optimization algorithms (solvers) Feedback loop allows real-time implementation:
* Quadratic Programming (QP) < Optimization model is simplified
* PMP for dynamics only * Knowledge of environment is imperfect
* PMP for dyn. + powertrain * Future speed of preceding vehicle unknown
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MPC Controller Implemented in RoadRunner with
Various Optimization Options

Interfaces with complex dynamic systems; deals Eco-approach with V2I.

with transients, constraints, delays, etc. Can use traffic signal phase
and timing if available for

further energy savings

Works for entire mission:
cruising
car-following
intersection approach &g
and departure

Real- world
Implementable

Two optimization options:
— 1. Speed/Acceleration optimization only (EcoDrv Spd/Accel)
— 2. Powertrain and speed co-optimization (EcoDrv PT+Spd)
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1. Speed Optimization with Analytical Solution

(No Powertrain)

/Eco-Driving Optimal Control Problem\

t'f 2 S=v .
=fdatdr = 5y Simple
analytical

Minimize Vehicle solution

Acceleration Dynamics

Command u = a (acceleration)
States s : distance, v : speed /

Pontryagin
Minimum
Principle
(PMP)

« Simple model allows analytical solution

« Powertrain not taken into account, so it can
be applied to any vehicle

* Not sensitive to grade

EcoDrv Spd/Accel

Without preceding vehicle
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2. Optimization for Combined Powertrain and Speed

Contro

/co Driving Optimal Control Problem

‘ +m-m+

» Powertrain-specific to achieve
maximum energy savings
« Takes into account grade

- " « Requires some numerical solvers
Minimize Powertrain Vehicle
Fuel/Energy Dynamics Dynamics
K Command = torques, gear, clutch /
@ Pontryagin Minimum Completed optimization algorithm for:
Principle (PMP) - 3 powertrains (Conv., EV, HEV)

Periodic control (“Pulse and Glide”)
Stop approach and departure
Car-following

Minimize Hamiltonian
H= P4+ A0+ A $

power AN

Pr Fuel power (Conv) veh. dynamics
Py, Electric power (EV)
P; + Ag P, Equivalent power (HEV)

e .
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Summary of Control Strategies Used in Case Study

Supervisory: Engine/Motor Torque Baseline
Visual | HuUmMan ’gccﬁl ((o{/")); fgggg cr(])qr%crrr(])th ,(__;,f(?tj on Braking Powertrain | Baseline / Human
; rake (7o ! imizati
Info Driver constraints Torque (No optimization)
o | EcoDrv Spd/Accel
IOptimized Accel (%)y| Supervisory: Engine/Motor Torque Eco-driving with
| y2x info "| Driving i| torque control, Friction Braking Optimization
I constraints , o
e = = Torque (No powertrain optimization)
|- T T T T T T T T T s s s s s s s == 1
| Optimized Dynamics and Energy I EcoDrv PT+Spd
: I ., .
: Sensors, ~Management g’;%’: e/Motor Torque | Powertrain Eco'd”‘””.g with
| V2Xinfo Combined control of speed and Etion Braking T I Powertrain and
| torques riction bra /ng Ol’que : Speed Optlmlzatlon
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Simulation Setup: A Large Number of Scenarios for

a Representative Energy Impact Evaluation

Vehicles
Midsize, Current Tech.

Real-world routes
Data from HERE maps

| ®

| 14 Mixed
%éod‘ 6 Suburban
- 8 Urban
B 16 Highway
Scenario - Control
PR
: Baseline Baseline, no optimization
2 vehicles
o EcoDrv Eco-driving with
Traffic signal phase and Spd/Accel Speed/Acceleration Optimization

timing info (V2I): 0% or 100% Eco-driving with Powertrain and

EcoDrv PT+Spd Speed Optimization
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Lead Vehicle: Eco-Driving Saves Energy;

Greater Savings with Powertrain Awareness and V2|

M | (B
5% III IIII Illl‘

Control

[0 Baseline

B Baseline + V2I

O EcoDrv Spd/Accel

—-10% B EcoDrv Spd/Accel, V2l
A CONV E EcoDrv PT+Spd
SRE W EcoDrv PT+Spd,V2I
-
2 0% Scenario
g. Highway Mixed Suburban Urban Lead vehicle,
S 0% l I I I I I I control vs baseline
7))
c
O -4%
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>
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O
c
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Non-Equipped Vehicles also Save Energy Thanks

to Optimized Lead Vehicle

0% |— _ o Control

L I I [0 Baseline
2% B Baseline + V2I
O EcoDrv Spd/Accel
4% B EcoDrv Spd/Accel,V2I

2
R

M EcoDrv PT+Spd
B EcoDrv PT+Spd,V2I

2
S

Scenario

-
2
o~

Hiah Mixed Suburban Urban Baseline Optimized
ighwa ixe ubu
e ol
On/o__
Vs.
4% Baseline Baseline
l“\ o O3

3
2

Energy Consumption (% Diff.)

2
R

We are Iookmg at the
consumption of the

following vehicle

-10%

— - .
: II I. III I II|

-12%
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Eco-Driving Reduces Engine Efficiency and

Positive Tractive Energy

ghway Mixed Suburban Urban

0% A .

i || I
-2%

-3%

-4%

Control

[0 Baseline

M Baseline + V2I

O EcoDrv Spd/Accel

% B EcoDrv Spd/Accel, V2I
8% E EcoDrv PT+Spd

9% ss%ll EcoDrv PT+Spd,V2I

el | LT

Sl R TTRT T
-10%

-15%

ol con

-6%

Engine Efficiency (A%)

Scenario
Lead vehicle,
control vs baseline

B Con )

-25%

27.7%

-30%

Positive Wheel Energy (A%)
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Response to Previous Year Reviewers’ Comments

Reviewer Comments Response

Reviewer prefers this We significantly expanded the number of scenarios
approach over stating large fuel to make our results even more representative
economy improvements for very

specific situations

Why both an offline Optimization finds optimal trajectories over a
(optimization) and online horizon. MPC provides a framework to use these
(model predictive control [MPC]) optimization algorithms in real-time with a
framework had been used [?] feedback loop.

Increased collaboration with « Models of existing CAV validated when data
OEMs is needed to ensure becomes available.

optimal control assumptions are + Team had positive feedback from OEM R&D.
possible in a production setting, < We are building partnerships to demonstrate our

and to correlate results with control algorithms in actual vehicles (FY20 and
currently developed CAV beyond, provided funding)
systems.
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Partnerships and Collaborations

,~\| ] Truck platooning data [EEMS033]
CACC testing data (future work) [EEMS059]
Mortar task (RoadRunner + micro-simulation) [EEMS076]

BERKELEY LAB

Lawrence

LLgt:gg:;'e Aerodynamic drag reduction coefficients from 3D modeling and
ey wind tunnel

Demonstrating RoadRunner for TARDEC use cases
TNARID=C
Ay 4 WA

Argonne &  “Feature-rich” on-road test data from [EEMS045]

e “Math-to-lab-to-road” initiative [E EMS04 1]
Advanced Mobility Research

RoadRunner Core development [EEMS058]

Other SMART Autonomie vehicles for SMART studies [EEMS058]
OEMs Presentations, discussions, sharing of prototypes
a®
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Remaining Challenges and Barriers

« Human and CAV model development in RoadRunner:
—Quality data is in short supply, limiting how representative models are
—Human driver model improvements so far focused on stop approach

 Eco-driving controller with optimization of speed and powertrain:
— Conventional and EV powertrain for now
—Some manual tuning required (e.g. setting target speed)

—Powertrain dynamics & Drivability/NVH need to be improved (shifting events,
accelerations)

« CAV energy impact case study:
— 2 Autonomie vehicles for now (Conv., EV with current technology)
— Traffic situations not modeled at this point
—Travel time not exactly the same

F B & 0 —~
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Proposed Future Research*

« Continue human and CAV model development in RoadRunner:

— Improve acceleration and cruising modes for the human driver model
— Complete CAV validation work (Prius ACC, CACC)

* Finalize eco-driving controller with optimization of speed and powertrain:
— Complete controller for HEV
— Improve handling of transients

* Rerun larger and more representative CAV energy impact case study:

— Add vehicles with future technologies (e.g. better efficiency and higher
accessory load for future vehicles) developed for SMART

— Add scenarios with traffic [EEMSO076]
—Analyze energy savings/travel time trade off for each controller

*Any proposed future work is subject to change based on funding levels
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Summary: On-Track to Complete Original Year 3 Goals

Developed
models and
algorithms

Evaluated
energy
Impact

Future

research

FY20 & Beyond
(Provided funding)

F B
2 o8 SHARTMOBILITY

v' Validated RoadRunner models of human driving, truck

platooning, ACC

v' Developed real-world implementable CAV eco-driving

controllers:
» Optimization of powertrain AND speed
» Multiple powertrains: conventional, EV, HEV (in progress)

5% to 17% energy savings for CAV in lead position w/ V2I
Optimizing powertrain AND speed saves extra 1-5%

V21 brings 3% to 8% (pts) extra savings

Non-CAVs also benefit (~10% savings) [following a CAV]

Expanded impact case study
Collaborative eco-driving
In-vehicle/on-road testing and demo
Powertrain design optimization for CAVs
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EEMS016
Energy Efficient Connected and Automated Vehicles

Thank you!

Dominik Namdoo Jongryeol (JJ) Daliang
Karbowski Kim Jeong Shen







RoadRunner: a Framework to Simulate Powertrain

and Driving Dynamics for CAVs

Eco-driving control for CAVs
CAV energy impacts

ROA D))) ((( b Powgr_train Component operating

conditions

RU N N E R Predictive Powertrain Control

‘ .
Driver Matlab/Simulink, 10ms
H Automated MR &
uman or Automate SIMULINK— sample time, dynamic models

~~ ~___ Full powertrains models for
V2X Connectivity auToNaMie ™ from Autonomie

&0 Road attributes from HERE
maps

Road
Speed limits, grade,
traffic lights

Sensors
¢ | inks with

E . Jﬂ e

CARLA

3D environment for
autonomous driving

/

Multi-Vehicle
1-10 vehicles

Powertrain
Conv., HEV, EV, etc.
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RoadRunner Model Architecture

[ =
Aerodynamic —
. = | i
- Vehiclel Control & o
. Signal iy [ —— -
Intersections |~ | e -4 Powgrtram :
= Router Vehiclel |-
eme T wat_possion
et > e e E— ]
- " Ly T—— o
- _,-" ek poation.
. S : Road
- ’—- mm=n- | Position
- ol Vel _speed -
== COmputation
Vehicle2 Contro| & |—=s====m —
AL signal Powertrain = S
: V2X signal Router Vehicle2 | >
[T
Position Resitier (Grade BrakeLight————@® - <= [Pl
BUS_RadioChannels grade T BrakeLight iy — ]
BUS_Comm_channels AUTAONOMIE D i e
BUS_NearVeh [
BUS_NearVeh - BUS_env_info BUS_emd Speed——————@ o
BUS_Nxt_intersec Speed
BUS_Nxt_intersec
; BUS_SpdLim_Curves \—ABUS_env_info ]
BUS_SpdLim_Curves AeroRedCoeff  BUS_sensors_out [
BUS_Powertrain_sensors vehicle n | oo i
o
Sensors and Communication Control Powertrain N Control & ot
Processing eror o Signal Powertrain === ===
eroRe ]
Router Vehicle n [——====== e -
‘ | e ) | :
i @ U3, DERARTHINT OF CHRGY — OAK —
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Validated Human Driver Model

* Two Measures
— Normalized Cross Correlation Power (NCCP)
_ _ max| Ry (7)]
NCCP = mMax|Ryx (T),Ryy (D]’
— Normalized Root-Mean-Squared-Error (NRMSE)

JZiT=o(xi—Yi)2/T
— NRMSE =

where R,,, = Tlim x(t) o y(t —1)dt

(Ymax—Ymin)
* VValidation Results for 27 cases

Avg.

(small error)

S W N O BN

0 3 6 9 12 15 18 21 24 27
Case number
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EcoDrv PT+Spd

Optimization for Combined Powertrain and Speed

Control in Various CAV Scenarios

3 Powertrain Options Periodic Cruise-Control

[HJM?*%IH @“‘?‘Eﬂﬂ m}:—?—ﬂm Up to 4.8% savings relative fuel-eco advantage
on highwa o . L
Paf&el Hev  H H ey Dl 1,
a5 'mm T i S 13
’ C @ | [7&‘7&‘— B ke <
_________ onvéntiona YT 0 I
1 ; g S & 8

rel. dev. from avg. [-] 1 avg spd [m/s]

Stop Approach & Departure Car-Following Slgnal Phase & Time

_ coII|5|on|I|
S SN
s A S 4 R
— : X
E 6 Pﬁ(ﬂ T
E . o i
— 3 ] \ . E i %(’
2 Z— front obj. = L
L 1 _,@ _ t-s-traj. x e
7 distance [km] @ i t distance [km]
SO i
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Traffic Signal Eco-Approach with V2| Approach

. . . . i
Pass situation Stop situation ] Results
S S ! -
‘ = = 3300 — = Baseline SR E—
: £ ! 3200 F |- Easgines+c\1l/f\l 1+V2l /
; . s = r |=-=-- EcoDrv ccel + i
» Vehicle cannot | £ e >
] p = £ 3100F - -
de i pass within 12 --
,,,,,,,,,,,,,,,,,,, y~  currentgreen |£ 3000 ¢ T
1 >t ; » L light phase ; 200, o
t.: Current Time te P . 300 310 320 330 340 350 360
| Time [s]
i
Baseline Pass Stop and go I 2 . Baseline —
1 =16 T EeOn Spdihccel +v2l 1
. @ ~-~-- EcoDrv Spd/Accel +
= Baseline + , | B TY i v e 7
& V2l Pass Decelerate first and then cruise | < X N e
O [ ] 53 - ~ y -
E— ! % 4 - ' -.:.:w— e _\_,..r“/ -
% EcoDrv | 0 | | . . !
o) Spd/Accel Pass Decelerate optimally i 300 310 320 330 340 350 360
ULJ) +V2I i Time [s]
Argonne®=? KSR % 2iNREL 33




Eco-Driving Reduces Motor Efficiency and Positive

Tractive Energy

— ., Highway Mixed Suburban Urban  Control
o .. .
2\1 e 0 Baseline
= ' o N - B Baseline + V2|
0.0% | — s —— e — — —
2 - Ew - [ ] l ] O EcoDrv Spd/Accel
s M EcoDrv Spd/Accel, V2
E 4% E EcoDrv PT+Spd
e B EcoDrv PT+Spd,V2I
8 0.8%
O
> -1.0%
A1.2% Scenario
< 0% | wwm o o o Lead vehicle,
i O I I . control vs baseline
E) -2% EV
()
LICJ -4%
[0
() -6%
e
% -8%
2
= -10%
(7]
(@]
o
e _
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How Does Eco-Driving (PT+Spd) Save Fuel?

Case of cruising with grade information

5 . ‘ . SPeed vs‘ Dislanrl:e . . . 2600 . Engine speed vs Distanee .
Sl . /« | _ /\ |
E'ss = > \\ 5
IR / ] ]
Grade chan- | / N .|

e detected . :: g-':f‘;:fe' ] . g::isAp:‘:jcel
) ' e Different .

fro m h e re : 2, Y 2.5 2.6 2.7 2.8 2.9 43 2.4 2 5 2.6 2.7 43
Distance, m =10 Steady State Distance, m *10
Ste ady State . Glrade vs‘Disiznr'Te . . . Engine torque vs Distance . .

=

n

(%]

(=]

o
T

Vil

ngine speed, rpm

speed starts

T T
speed by
PT+Spd | |
0 ch grade
o change -t ]
& g
6 : > o =
| =
T+S|::.:e x 1]
_8 1 L 1 === L 1 1 1 50 1 1 L 1
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 3 2 2. 1 2.2 2.4 2.6 2.7 2. 29 3
Distance, m ><10“ Grade Change Distance m <10%
7 Gear number vs Distance 2 Engine fuel rate vs Distance
T T T T T T T T T T T T T T
n IeSS fuel ———Spd/Accel
651 o5l PT+Spd | |
T [ T 1}
& 3
I | E sl
3.3 —— sSpdiAccel 2" _/\—\
PT+Spd wi
1 L 1 1 L 1 1 1 1 0 1 | 1 -
52 21 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3 2 21 2.2 23 M 26 2.7 2.8 29 3
Distance, m %10 Distance, m «10%

I-5 Highway trip between Oregon and California 35



How Does Eco-Driving (PT+Spd) Save Fuel?

Urban Driving with V2I

«- Slow down to - 5000 Enaine speed vs Time
i § 4000 Slow down
5. avoid stop g .
g g 3000 to avoid stop |
‘2’-20 E 2000 1 |
w g’moo E:’-Il-nSpd |
% 500 1000 1500

Distance, m
Position vs Time

Distance, m

60 80 100 120 140 160

0 L !
140
me, sec
Engi arque vs Time
300 g ik T T

Time, sec
6 Gearnumbervs Time | | hitial acceleration
Ll to save total fuel
J
(U] 2l
::TSpd
00 2I0 4:0 éﬁ 8I0 1(;0 12IO 1;0 160

Urban trip in Seattle

Time, sec

Engine fuel r

Bsin
PT+Spd
%0 Y 20 60 80 100 120 140
Time, sec
s /\ Engine fuel rate vs Time

Total Fuel Use
Range 1 Range 2

Time, sec

3239 VS 312

160
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