DEVELOPMENT OF AN INNOVATION CORRIDOR TESTBED FOR SHARED ELECTRIC
CONNECTED AND AUTOMATED TRANSPORTATION
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CE-CERT RESEARCH FocCus: RIVERSIDE | ce-cerr
AIR QUALITY, TRANSPORTATION AND ENERGY

Clean Air

Quantifying and Measuring Emissions
Toxic, Ozone and PM formation

Sustainable Transportation
Intelligent Transportation Systems
Connected and Automated Vehicles
Electric and Hybrid vehicle integration
Ecodriving, Shared Vehicle Systems

Renewable Fuels
Aqueous Processing of Biomass to Fuels
Thermochemical Processing of Biomass to Fuels

Renewable Electricity & Smart Grids
Advanced Solar Energy Production
Energy Storage
] Energy Management
Climate Change Impacts
Impacts of our fuels
Cloud formation & impacts




UC RIVERSIDE ADVANCED TRANSPORTATION RESEARCH
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Shared Mobility: &

» carsharing, ride hailing companies (e.g., Uber, Lyft), and advanced transit
» Drivers: Internet connectivity, convenience, and transportation costs

Electrification:

» electric drivetrains are becoming more common

« New regulations coupled with technological advances [
in motors, controls, and batteries

Connectivity:

* Vehicles are increasingly “connected”
» Drivers: cellular communications, dedicated short range communications

Automation:

* Vehicle automation is emerging in many forms
* Automation comes with many social implications




UCR’s CONNECTED AND AUTOMATED VEHICLE APPLICATION
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EXAMPLE CONNECTED VEHICLE TESTBEDS ACROSS CALIFORNIA

El Camino Real Testbed
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CITY OF RIVERSIDE: INNOVATION DISTRICT

Enhance Eastside
and Northside
Neighborhoods

Better tie
together UCR
with downtown
Riverside

Enhance Hunter
Business Park

Make Downtown
Riverside a
regional
employment,
governmental,
arts and
entertainment
center

PROPOSED INNOVATION DISTRICT PILOT AREA

<

Approximately Population:
3 Square Miles 22,971
Includes:
+ Downtown Riverside

» Portions of North Main Street

+ Underutilized Industrial Area North of 3@ St.
+ Portions of UC Riverside

« Eastside & Northside Neighborhoods

Eo Extensive community discussion

ey

on size and location

RiversideCA.gov




CiTY OF RIVERSIDE INNOVATION CORRIDOR:
RESEARCH TESTBED

*  Six mile section of University
Avenue between UC Riverside and
downtown Riverside

Microgrid *  All traffic signal controllers are
% i being updated to be compatible
BASaT . . .
Massachuseug Ave 2 MasS: with SAE connectivity standards

- E g thlcnd .
ngermdeMunlclpal 3rd St S * UCR and the City partnered to
Audltorlum = S = . .
e & install Dedicated Short Range
= W Lindgn St 2 W Linden St . -
z 2 I Communication modems at several
= et El UNIVERSITY . .
4R [ = §. ) : . traffic signals
e £ L iversity of
3 = alifornia, . .. . .
st § > ercide * UCRis also equipping corridor with

12th St /\3‘

new generation air quality sensors
University Gateway . .
Transit Genter and video analytics

*  Corridor is being used for connected
and automated vehicle experiments
(light-duty vehicles, ARPA-E hybrid

bus, etc.)



INNOVATION CORRIDOR INFRASTRUCTURE ARCHITECTURE
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MODELING THE INNOVATION CORRIDOR

* Complementing real world testing,
modeling enables the projection of
mobility and environmental
benefits from the wide-scale
adoption of shared, electric,
connected and automated vehicle
technologies

* The corridor is used to conduct
connected and automated vehicle
studies at signalized intersections.
Vehicles can communicate with the
infrastructure (e.g., signal’s phase
and timing) and adjust their speed
to reduce energy consumption and
improve throughput.
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CONNECTED VEHICLE RESEARCH: MANAGING VEHICLE DYNAMICS

Eco-Approach and Departure at Signalized Intersections
(aka GLOSA, TOSCao, Intelligent Signals, etc.)

Roadside
. Equipment Unit
% —_—

Traffic Signal
Controller with
SPaT Interface

Application utilizes traffic signal
phase and timing (SPaT) data to
provide driver recommendations
that encourage “green” approaches
to signalized intersections

Vehicle Equipped with the
Eco-Approach and

Example scenarios: Departurs at Signatized

Intersections Application

e Coast down earlier to a red light; (CACC capabilities

optional)

Traffic Signal

* Modestly speed up to make it Souse o Hosmar s Head
(safely) through the intersection
on green
Energy Savings: 10% - 20% Demo at:

https://vyoutu.be/j9Tg2g9YTjc

Modest mobility improvements


https://youtu.be/j9Tg2g9YTjc

Simulation Modeling...

baseline

eco approach & departure




UC RIVERSIDE CE-CERT RESEARCH

Eco-Approach and Departure at Signalized Intersections:
Field Studies

Variabl nder . _ Scenario o Ene_rgy
ariables under Study Technology Location Communication | Savings Ref
e Mixed traffic
»  Multi-intersections Richmond, CA 1 4G/LTE 14% [1]
e Actuated signal prediction
e Turni . . . Ri ide, CA 1 DSR 11%-28% 2
: Rz;n;r;:;zvements EAD with Fixed Signals iverside, C SRC 0-28% [2]
* lane positioning McLean, VA 1 DSRC 2.5%-18% [2]
*  MAP messaging
* Roadside messages EAD with Actuated Riverside, CA 1 DSRC 5-25% [3]
(queue prediction) Signals
e Combinati ith CACC
omaination i Palo Alto, CA 2 DSRC 7% [4]
GlidePath (HMI- 1
assisted) McLean, VA DSRC 10-20% [5]

Scenario 1: Single Vehicle; Scenario 2: Mixed Traffic



I College of Engineering- Center for ‘
Environmental Research & Technology
Research Paper: Evaluating the Environmental Impacts of

Connected and Automated Vehicles - Potential Shortcomings of a
Binned-Based Emissions Model

 Goal: compares different energy and emissions modeling approaches
for analyzing connected and automated vehicles

 Also measured energy and emissions from a set of vehicles

« Model comparison: EPA MOVES model and CMEM modal emissions
model

 Hypothesis: because MOVES uses a binning approach, it is likely
underestimating the true energy and emissions savings that occur when
connected and automated vehicle applications smooth traffic flow
Oswald, D., Scora, G., Williams, N., Hao, P., & Barth, M. (2019). “Evaluating the Environmental Impacts of Connected and

Automated Vehicles: Potential Shortcomings of a Binned-Based Emissions Model”, Proceedings of the 2019 IEEE Intelligent
Transportation Systems Conference (ITSC). doi:10.1109/itsc.2019.8917014



College of Engineering- Center for P~
Environmental Research & Technology

Project-Level Emission Modeling

Travel time = 10 minutes
Travel distance = 3.7 miles
Travel speed = 21.9 mph

o] vehicle activity
; WM (velocity trajectory and
grade if available)

vehicle calibration

or:

P | Emissions
Modeling

‘ parameters and emissions

factors
0.018
30 - NOy emission=15¢
25 Fuel consumption = 464 g = 0.17 gallons 0.015 (NOy emission fee = X dollars/g)
- Fuel price = $2.7/gallon (Travel NO, emission cost = 1.5X dollars)
< 20l Travel fuel cost = 0.5 dollars 00121
%15 ‘ 0.009 | “ i i
510— | 0.006 4 |l “‘ ‘ M‘\ LI “ ‘ ‘ ‘
£
€ , 0L 0.003 } ‘ “h | I [ L M‘\ I
! I
0,000 . : . .
00 1 101 201 301 401 501 601

fuel consumption emissions



College of Engineering- Center for :
Environmental Research & Technology

Motor Vehicles Emission Simulator (MOVES)

» Data-Driven Emission Model
» Developed by the U.S. Environmental Protection Agency (EPA)
* Uses aBinning Approach for Vehicle Operation Mode (OpMode) and Emission Factors

Speed (mph)

0 25 50 50+ * Vehicle Specific Power (VSP) is an estimate of the power
demand on the engine during driving
11 21 . :
0 12 22 33 e Calculated using the second-by-second speed values in a
3 13 23 driving schedule, along with information about the type of
6 vehicle being operated.
14 24 .
9 15 25 35 « Equation:
25: 12 — VSP = (A* Speed + B * Speed? + C * Speed? + Mass * Speed * Accel ) /
S 27 37 Mass
< 48! —  Where:
o — VSP is in KW/Metric Ton
7
> 16 28 38 — Speed is in meters/second (mps)
24 — Accel is in meters/second?
29 39 — Ais rolling resistance term in KW / mps
30 — B is friction term in KW / mps?
30 40 — C is aerodynamic drag term in KW / mps?
30+ — Mass is in metric tons (1000 kg)

16



College of Engineering- Center for
Environmental Research & Technology

Comprehensive Modal Emission Model (CMEM)

Vehicle Activity (velocity trajectory) . T~

Travel time = 10 minutes Normal Emitting Cars
Travel distance = 3.7 miles
Travel speed = 21.9 mph ( No Catalyst
2-way Catalyst
3-way Catalyst, Carbureted

3-way Catalyst, Fl, >50K miles, low power/weight
3-way Catalyst, FI, >50K miles, high power/weight
3-way Catalyst, Fi, <50K miles, low power/weight
3-way Catalyst, Fl, <50K miles, high power/weight

Tier 1, >50K miles, low power/weight

Tier 1, >50K miles, high power/weight

3

Vehicle Speed, mph
B8 s 88

3

Lo

5
BB s O W B WM e

Grade (optional)
Calibration Vehicle Parameters
. 10 Tier 1, <50K miles, low power/weight
General Vehicle Parameters 1 Tier1, <S0K miles, high power/weight
24 Tier 1, >100K miles
' 26 Ultra Low Emission Vehicle (ULEV)
27 Super Ultra Low Emission Vehicle (SULEV) / Partial Zero
Emission Vehicle (PZEV)
I CMEM I 28 LDV < Normal Emitting Trucks
12 Pre-1979 (<=8500 GVW)
13 1979 to 1983 (<=8500 GVW)
oo 14 1984 to 1987 (<=8500 GVW)
oot NOj emission = 1.5_g 15 1988 to 1993, <=3750 LVW
o012 g‘lr\"g\x/eelnllllsélo;rr:ieszi:):(cggl":’il.g? dollars) 16 A88 L1, = S VN
- 17 Tier 1LDT2/3 (3751-5750 LVW or Alt, LVW)
0009 18 Tier 1LDT4 (6001-8500 GVW, >5750 Alt. LVW)
0.006 25 Gasoline-powered, LDT (> 8500 GVW)
0,003 40 Diesel-powered, LDT (> 8500 GVW)
0000 High Emitting Vehicles
1 101 201 301 401 501 601 19 Runs lean
Fuel Consumption - RURETE
30 2 Misfire
2 Fuel copsu[nption =464 ¢=0.17 gallons 22 Bad catalyst
Fuel price = $2.7/gallon
g 20 Travel fuel cost = 0.5 dollars \ 23 Runs very rich
'; i, Heavy Duty Diesel Trucks
S 45 1994 to 1997, 4-stroke, Elec. FI HDDT
Eh 3 HDDV 6 1998, 4-stroke, Elec. FI HDDT
o 47 1999 to 2000, 4-stroke, Elec. FI HDDT
00




College of Engineering- Center for
Environmental Research & Technology

Experiments

i il

 Tests were performed along the Innovation Corridor (3 intersections)

 Two light-duty vehicles were tested at the same time with real-world traffic
— One vehicle was employing the eco-approach and departure application

— One vehicle driving normally

 Model parameters were calibrated specifically for the test vehicles

((«)) DsrerGPs
‘ Antenna

U:EX\ On-Board
Unit

\

Radar
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College of Engineering- Center for e il
Environmental Research & Technology

Results

No EAD EAD Improvement

Fuel (g/mi) 137.63 128.5 6.63%

Fuel 138.97 132.5 4.65%
(g/mi)




College of Engineering- Center for ‘
Environmental Research & Technology
Paper Conclusions and Future Work

Binning model overestimated overall
fuel consumption by 13.1%

Traffic Smoothing effects tend to get
washed out in MOVES due to bin size

MOVES can be preserved and
enhanced with a sub-binning
approach

MOVES could be used at different
“resolutions” using a Bin-Pyramid
approach; original MOVES model is
preserved

Top Level (Current Bins)

Oswald, D., Scora, G., Williams, N., Hao, P., & Barth, M. (2019). “Evaluating the Environmental Impacts of Connected and
Automated Vehicles: Potential Shortcomings of a Binned-Based Emissions Model”, Proceedings of the 2019 IEEE
Intelligent Transportation Systems Conference (ITSC). doi:10.1109/itsc.2019.8917014 21




CURRENT WORK:
IMPROVED RESULTS FOR ACTUATED SIGNALS

With fixed-timed signals, it is easy
to plan vehicle speed trajectories
driving through intersections
Fixed-time signals will provide the
highest energy/emission savings
It is much more challenging to
plan vehicle dynamics for actuated
signals (e.g., cross traffic can
trigger a light change)

We are improving the trajectory
planning algorithms for actuated
signals, resulting in improved
energy/emissions savings

Extended Planning Horizon
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Additional Current and Future Activities
Utilizing the Innovation Corridor



Connected Eco-Bus
an ARPA-E NEXTCAR project

Key Technical Achievements:

« Developed an innovative vehicle-powertrain eco-operation
system for plug-in hybrid electric buses through co-
optimization of vehicle dynamics and powertrain controls,
achieving 20+% energy efficiency increase

« Developed three key innovative velocity trajectory planning
modules: Eco-Approach and Departure at Signalized
Intersections; Eco-Stop and Launch; and Eco-Cruise

« Developed innovative powertrain modules: Efficiency Based
Powertrain Controls, Intelligent Energy Management

e Developed a new hardware-in-the-loop development and
testing approach called Dyno-in-the-Loop (DiL) testing

Information
Integration

Sensor inforemarion

Trafficand Ro(:;'dlmI
Infrastructure Sensing

ggggg

—

Define reachable
region

Scenario
Identification

wwwwww

Simplified =
Powertrain | |

Model

s Trajectory
Planning

Simplified model as |
—1| Cost in the graph

Key strategy as
simplified model

Optimal trajectory

as driving cycle
D= Q-
3 j Y h J f HYACR

?

DEPE

Powertrain
Model in
= Y Simulink
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CONNECTED Eco-Bus

EFFICIENCY BREAKDOWN TABLE
Efficiency Improvements Due to Control Strategies:

. - . . Traffic
Eco-Approach and Determines energy-eff|C|en_t §pee_d proflle_ based on Signal Phase 50 - 20% simulation &
Departure and Timing information . .
field studies
Vehicle Eco-Stop and Determines energy-efficient speed profile for decelerating to and 3% - 17% Numerical
Dynamics (VD) Launch accelerating from bus stops and stop signs simulation
Control . o . ) )
Eco-Cruise Determines cruising speed prpﬁle ba}s_ed on look-ahead traffic and Up to 10% l\!umenpal
terrain conditions simulation
Integrated VD Combined vehicle dynamics control strategies on target corridor 8% - 14%; siJL?;IIi((:)n'
Efficiency-Based PT Optimizes poth the engine and motor/generator operation by 13 - 15% Simulation
. Control managing transmission and battery state-of-charge
Powertrain
(PT) Control Intelligent Energy Optimizes power split between ICE and electric motor for the . .
: : 3-8% Simulation
Management vehicle speed and power demand profiles
Integration of above strategies with VD&PT co-optimization 18% - 24% Simulation

Integrated VD&PT Control on target corridor 16% (DiL) DiL



LANE-LEVEL MAPPING AND POSITIONING

Lanes Extend to
other Intersections

e Many Connected and Automated Waypoint between start of
lane and end of lane

Vehicle applications require lane-level
positioning accuracy and maps

* Achieving lane-level position accuracy
in all conditions is challenging

* Research is underway to establish lane
level accuracy for the Innovation
Corridor

Williams, N., & Barth, M. (2020) “A Qualitative Analysis of
Vehicle Positioning Requirements for Connected Vehicle
Applications”, IEEE Intelligent Transportation Systems
Magazine, doi:10.1109/mits.2019.2953521




AIR QUALITY FRONTIER: DECISION-ENABLING TECHNOLOGY

Smart calibrated flexible monitoring High-resolution mobile monitoring
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Air Quality Monitoring along
Riverside’s Innovation Corridor

Goals:

e Deploy a 10-node Clarity Clarity Node Measurements: CE-CERT August 2019
monitoring network along —NO2 —AQI —PM2.5
the Innovation Corridor :::

®  Monitor PM, ; and NO, at Em k
high-traffic intersections, %::: ! l l
upwind and downwind of R J I\ H |'\|
US-91 and US-60 g% Tl

e 15 second measurements 2: w‘\J N @r

uploaded directly to the
cloud

Professor Sunni lvey:
https://www.iveylab.com/
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https://www.iveylab.com/

CAMERA SYSTEMS AND VIDEO ANALYTICS

GRIDSMART Video Analytics System

e Currently being installed at University and lowa
intersection

* Will provide accurate traffic counts, turning
movements, etc.

* Potential to track not only vehicles, but also bicycles
and pedestrians

Turning Movement Counts




Focus on Shared Mobility in Riverside
e CE-CERT is leveraging it travel demand activity based modeling

e Using BEAM (Behavior, Energy, Autonomy, Mobility) model developed at

| CAV-influenced mode choice model
y | -
N B> &
? ®, %
Travel Behavior ; 4

Connected and q,ﬂ; @
Automated Vehicles

Ride-sharing |_‘ :tlc\::;t:tir—yEnergy
factors in AR 5 |
Ny idering CAV
travel Agent-based Madel \\V:7l:on5| ering CAVs
behavior 1 i

Clustering and extrapolation model
|' "\\ Statewide Energy
Shared Mobility ' Efficiency Evaluation



Modeling Shared Mobility in Riverside

e Specific Scenario Evaluation:

* StratoShare carsharing system rollout &
Expansion Plans

e City of Riverside TNC Policies: pick up and
drop offs at specific locations

e City of Riverside Micro-Mobility Policies:
considering geo-fencing locations

* Transit: Light Rail, Bus Rapid Transit, Clean
Bus Rule

e Metrics:

* Mobility improvements (traffic throughput)

* VMT reductions by enabling other modes
* Energy and emissions reductions

* Access in disadvantaged communities

Demo at: https://www.youtube.com/watch?v=C-owmP8laGA&feature=youtu.be



https://www.youtube.com/watch?v=C-owmP8laGA&feature=youtu.be

City of Riverside TCC Grant (Strategic Growth Council)
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Conclusions and Future Activities

Continue to expand the capabilities and use of the Innovation Corridor
Testbed = part of the CalTestBed program (California Energy Commission)

Expand research and real-world experiments in shared, electric,
connected, and automated vehicles

Integrate transportation and air quality data and models
Future: expand vehicle communication capability: DSRC = C-V2X, 5G
Future: co-optimization of intersection management and vehicle dynamics

Migrate developed technology to other testbeds and pilots
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