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O1introduction - From GG to ACC to CACC




== U e

01introduction - Cooperative Adaptive Cruise Gontrol

- Take advantage of the Vehicle-to-Vehicle (V2U) and Vehicle-to-Infrastructure (V21)
communications

- Form piatoons/strings and driven at harmonized speed with smaller time gap

Platoon driving Platoon driving
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(D.Jia et al, 2016)
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01introduction - Cooperative Adaptive Cruise Gontrol

- Safer than human driving by taking a lot of danger out of the equation
- Roadway capacity is increasetl due to the reduction of inter-vehicle time gap

* Fuel consumption and pollutant emissions are reducetd due to the mitigation
of unnecessary stop and go, and aerodynamic drag of following vehicles

(source: WWWMIIIIIIIllB.ﬂI)MMGlI?\F“i fGKos4c)






Two sources: data from High-level controller is developed Low level controller converts
wireless safety unit and in MATLAB/Simulink and loaded the target speed commands
on-board sensors in the vehicle using a dSpace into throttle and brake actions
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02 Architectures — System Structure

Flag signals

Perception

Production ACC
High-Level Controller
(Speed Command)

CACC PATH-Nissan
High-Level Controller
(Speed command)

Planning

Low-Level Controller

(Engine/Brake
Commands)

Actuation
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02 Architectures - Communication Flow Topology
Denote how information Is transmitted among vehicles in a CACC vehicle string

(@) - Predecessor-following

F@) * Predecessor-leader following
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Consensus Control

H-Infinity Control

Distributed consensus algorithms in the field of multi-agent system are applied to
CACC systems

Optimal controllers for CACC are formulated as structured convex optimization
problem with the objective to minimize energy consumption or travel time

A real-time optimization problem is solved to compute optimal acceleration and
deceleration commands to minimize energy consumption

H-infinity control can deal with modeling uncertainties and external disturbances,
thus is widely studied to improve the robustness of CACC system

Besides uncertainties and external disturbances, sliding mode control is also widely
used to address string stability issue




== U IS

100 T T T T T T T T T
N 0
80 -
40
60 - -
30 -
40+ -
20 +
20 -
10
ol
ol
-20 F
10+
40 | 7
-20 - /‘}
-60 o | d D v
i\ -30
_80 ~ — é
-40
_100 1 1 1 1 1 1 1 1 1
-100 -80 -60 -40 20 0 20 40 60 80 100 -50 . : : L ! L L L L
-50 -40 -30 -20 -10 0 10 20 30 40 50

Arrive at their desired locations while
preserving the desired formation shape

i R iNIVERESITYROF CALIFORNIA

Converge to a desired location



== S

(%) = v(®)
vi(t) — —Clij [Xi(t) — X] (t — Tij(t)) + llf + l]r + x] (t — Tij(t)) (tlg] + Tij(t)) bl]

.

— Yay; [?'Ci (t) — x; (t — Tij(t))]

\
i=2,..,nj=i—1
x;(t) | Longitudinal position of vehicle i at time ¢ tg. Inter-vehicle time gap
x;(t) | Longitudinal speed of vehicle i at time ¢ lir | Length between GPS antenna to front
bumper
v;(t) | Longitudinal acceleration of vehicle i at lir | Length between GPS antenna to rear
time ¢ bumper
a;j (i, j)th entry of the adjacency matrix b; | Braking factor of vehicle i
7;j(t) | Communication delay at time t ¥ | Tuning parameter
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03 Contrels - Distributed Consensus Gontrol

(% () = vi(2)
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- Assumption Vehicle i
Every vehicle in the system is equipped with appropriate sensors

Platoon Vehicle i leaves the

platoon
- Protocol 1: Normal platoon formation
Yes
vehiclein a
Follower Leader
x . Driver Yes
Communicate with AT
its preceding vehicle contro
l No ‘
Algorithm is Cruise at a Drives however
applied constant velocity he/she wants




- Protocol 2: Merging and splitting maneuvers

Direction

Platoon
|
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- Scenario 1: Normal platoon formation

TasLE 1: Values of vehicle parameters.

20

Parameters Vehicle 1 Vehicle 2 Vehicle 3 Vehicle 4
GPS antenna to front bumper [;¢ 3m im 3im 6m
GPS antenna to rear bumper ;. 2m 2m 2m 4m
braking factor b; 1 1 1.1 1.6
initial velocity %;, 30 m/s 33 mfs 36 mfs 39 m/s
desired velocity X, 30 mfs 30 mfs 30 mfs 30 mfs
initial time gap zgo 091s 1.11s 1.67 s
initial weighted inter-vehicle distance d; g 3J0m 40 m 65 m
desired time gap tﬁ 0.43s 0.48 s 0.69 s
desired time headway ¢/} 06s 0.64 s 0.86s
desired weighted inter-vehicle distance d;; I3m 143 m 20.8 m
desired unweighted inter-vehicle distance d;;/b; 13m 13m 13m
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TaBLE 1: Values of vehicle parameters.

Parameters Vehicle 1 Vehicle 2 Vehicle 3 Vehicle 4
GPS antenna to front bumper [;¢ 3m 3m 3m 6m
GPS antenna to rear bumper I;, 2m 2m Zm 4m
braking factor b; 1 1 1.1 1.6
initial velocity %, 30 m/s 33 m/fs 36 m/s 39 m/fs
desired velocity X; 30 m/s 30 m/s 30 m/s 30 m/s
initial time gap t; 0.91s 1.1ls 1.67 s
initial weighted inter-vehicle distance d; 4 30m 40 m 65 m
desired time gap tf;. 0.43 s 0.48 s 0.69 5
desired time headway t/} 06s 0.64s 0.86s
desired weighted inter-vehicle distance d;; 13m 143 m 208 m
desired unweighted inter-vehicle distance d;;/b; 13m 13m 13m
Unweighted Inter-Vehicle Distance -0 Weighted Inter-Vehicle Distance 50 Velocity of Vehicles in Platoon
= vehicle 1-2 I = vehicle 1-2 /]
«==== vehicle 2-3 60 «==== vehicle 2-3 | ennny2
40 ~= =vehicle 3-4 | | == =vehicle 3-4 - =y3|]
o 501\ | % —--va
£ 30 £ £30
© o 40 1 =
O O >
= = o=
8 &30 1 8
2207 1 B S20f ]
O (a) ~ i
ey 20— -==17
10t J — 10t ]
10} i
O 1 L L il O 1 L L il 0 I I I I
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Time (s) Time (s) Time (s) 1 i V E R



== U IS

- Scenario 2: Platoon restoration from disturbances
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Velocity of Vehicles in Platoon
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Velocity of Vehicles in Platoon
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Vehicles driven in a form of platoon/string with harmonized speed and constant time

Vehicle Platooning
headway

Vehicles collaborate with others to conduct eco-driving maneuvers along signalized
corridors

Virtual CACC string can be developed to allow vehicles to merge in a cooperative
manner

Collision-free intersection without traffic signal can be designed by CACC technology

Autonomous Intersection
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Out of
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Algorithm 1: Role transition of CED wvehicles

Input: inter-vehicle distance dmw, distance to

the intersection d,, time-to-arrival of the ego

vehicle %7

, time-to-arrival of the preceding
vehicle tpr

OQutput: vehicle role

01: for all CED vehicles do

23: end for

02: | if dye, <V2V range then * Only CED vehicles are classified into leaders and followers, while
03: if d,,, >d, then . .
gap 1
04 e vehicle is a CED leader conventional vehicles are not
05: else
06: if preceding is a CED vehicle then
07: if (t¥7" —=t37) =threshold then .. . .
08 - ‘ ego Veh;cfe is a CED leader * CED leaders conduct eco-driving maneuvers with respect to the traffic
09: lse
10: T ego wehicle is a CED follower signals through V2I communications
11: end if
12: else
13: if (teollision) «threshold then
14: T ego vehicle is a CED follower * CED followers follow the movements of CED leaders through V2V
15: else
16: l €go vehicle is a CED leader communications
17: nd if
18: end if
16: end if
20: else
21: ego vehicle is a CED leader UNIVERSITY OF CALIFORNIA
22: | end if RI

VER
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1. The vehicle’s longitudinal acceleration is controlled by the proposed

Algorithm 3: Estimated time-to-arrival of the CED

distributed consensus algorithm

follower
— Input: available green window T CED leader’s
arer =B (dgap — drer) *(Vpre — V . ; . ' .
T'ef 'B gap ref +y ( pre egO) estimated time-to—-arrival borrl o« preceding
. vehicle’s estimated time-to-arrival tarrp
dref — mln(dgap; dsafe) position of the ego CED follower in the string n,

length of a red phase t,.4, length of an amber phase
tamber, desired time headway thegdway
Output: estimated time-to-arrival t,.,

01: for a1l CED followers in the VZI range do

dgap = Vego * tgap

0z2: tﬂ.rr_temp = tarr'_i +n: theadway
. . . . . 03: Lf torrtemp €T then

2. The estimated time-to-arrival should be updated all the time, in case o:: tarr = tarr_temp
05: else

the CED follower cannot travel through the intersection during the o Tf Jerp ST then

. arr — farr_p amber red

08: else

green phase - in that case, the CED follower changes into CED leader 09: | tarr = tarp + theadway
10: end if
11: end if

11: end for

R UNIVERSITY OF CALIFORNIA



== U ESS

The simulation study is conducted based on the University Avenue corridor in Riverside, CA
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Simulation setup and energy results

TABLE IV. PARAMETERS OF THE SIMULATION TRAFFIC NETWORK AND VEHICLES

Parameters Value Parameters Value
Simulation Date June 2™, 2016 Desired Speed of Vehicles v, 20 m/s
Simulation Period 7:00 — 8:00 AM Free Acceleration Exponent § 4
Simulation Resolution 10 time steps/second | Damping Gain 0.58
V2V Communication Range 100 m Damping Gain y 1

V2I Communication Range 300 m Desired Time Gap tq,, 05s
Average Standstill Distance a * x 2m Minimum Allowed Inter-Vehicle Distance dg, ¢, 3m
Additive Part of Safety Distance b - x,44 2m Maximum Allowed Jerk jerk,,,, 10 m/s’
Multiplicative Part of Safety Distance b * X, 3m Maximum Allowed Acceleration a,, 1.5 m/s’
Coefficient z 0.5 Maximum Allowed Deceleration d,,,, -2.5 m/s’

TABLE V. SIMULATION RESULTS OF ENERGY CONSUMPTION AND POLLUTANT EMISSIONS

Scenario | Vehicle Composition Energy NOx HC CO CcO,
(D 0% CED & 100% Conventional | 442.65 kJ/km 0.00599 g/km 0.00166 g/km 0.16751 g/km 31.811 g/km
2 0% CED & 100% EAD-Only 417.52 kJ/km 0.00555 g/km 0.00151 g/km 0.15053 g/km 30.006 g/km
Reductions ratio with respectto | Sce.(1) | Sce.(2) | Sce.(1) | Sce.(2) | Sce.(1) | Sce.(2) | Sce.(1) | Sce.(2) | Sce.(1) | Sce.(2)
3) 20% CED & 80% Conventional | -13.5% | -20.4% | 13.8% 6.93% 14.0% 5.41% 15.9% 6.45% -13.5% | -20.3%
@ 40% CED & 60% Conventional | -13.2% | -20.1% | 24.9% 19.0% | 26.1% 18.7% | 27.4% 192% | -13.2% | -20.0%
5) 60% CED & 40% Conventional -3.6% | -9.8% 372% | 32.2% | 39.5% | 33.5% | 40.7% | 34.0% | -3.6% -9.8%
(6) 80% CED & 20% Conventional 52% | -0.5% | 463% | 42.1% | 493% | 443% | 50.1% | 445% | 5.2% -0.5% UVERSITY OF CALIFRRNIA
@ 100% CED 83% | 2.83% | 543% | 50.7% | 57.0% | 52.7% | 58.8% | 542% | 83% 2.8% V E R I




Benefits of cooperative on-ramp merging system
e Increase merging safety by applying V2X communications
e Increase traffic mobility by assigning vehicles into cooperative adaptive cruise control
string before merging
e Reduce energy consumption by avoiding unnecessary speed changes

V2I » Merging Point
Communication
Starting Point Vm
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TFollowthe = 3 Process tlata.
reference vehicle
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Mountain View, CA modeled in Unity3D environment
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Ramp modeled used to conduct simulation
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[ Gcoiab - [ & [ accoune - |8 m

O (nspector

» Waypoint Marager
» Convas
» Environment
Direcoonal Light
* rampCar
» mainCarl
mainCarz
» mainCar3
» mainCarq
» mainCars
» mainCaré
» hifux (4)
 hilux (5)
¥ hilux (8}
¥ PriuscC (1)
» PriusC {2)
W Priusc (3)
¥ Priusc (4)
W Priuse (5)
¥ SchoolbusPOLY
¥ 2015 _Lexus_NX_LOW (3)
¥ 2015_Lexus_fiX_LOW (4)
2015 _Lexus_NNX_LOW (5)
#2015 _Lexus NX_LOW (6)
¥ SchoolbusPOLY (1)
»RSU
Skid Trails - Detached
» € DontDestroyOnLoad

* il Map Generator

» o RoadMeshGeneratar
Scenes

;imm By Turh Navigatien

¥ & MountainViewBuildings

G NatureStarterkit2

» @ Resources

» @ AWT_Result

¥ Scenes

> City_Test_7

Cty_Test_7
OnRamp

¥~ Transform

I ‘maincarz
Tag Car

Profat | Salect

o
Postion  %/1158.84 n 77.2:1093.11}
Rotation  X[0.483 ¥ [-128.9 2 0.0
Scale X1 VJ!

LOL e R
|_ Car User Control (Script)

» (L Spline Move (Scrij

Add Component

[ cansole
Colapae | Cleaton Play | Eror Paus
5 ecty

Current simulabion time is: 00994
UnityEngine Debug:Log{Object)

| Current simulation time is: 0.12
UnityEngine Debug:Log(Object)

| Current simulabon time is; 0.14
UnityEngine Debug:Log{Object)
Curvent simulaton time is; 0.16
UnityEngine Debug:Log(Object)
Current simulabon time is 0,18
UnityEngine Debug:Log(Object)

) Curent simulation time is; 0.
UnityEngine Debug:Log(Object)
Current simulation time is: 0,22
UnityEngine Debug:Log(Object)
Current ﬂmulahon time is: 024
UnityEngine Debug:Log(Cb; d)
Current nmulwun time is:
UnityEngine Debug: Leu(oum)
Current simulation timi
UnityEngine Debug: ou(omem
Current simulation time is
UnityEngine.Debu

urrent simulation 0.52

UnityEngine.Debug:Log(Object}

ulation time is: 0,34
bug:Log(OL
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Simulation setting: 1 ramp vehicle, 6
highway vehicles (already formed vehicle
string)

been created===
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The realistic traffic network will introduce highly dynamic environment, including
changing information flow topologies, varying workload distribution between
different CAVSs, and packet loss of Y2V communications

Methodologies need to he tested under all kinds of different conditions
and environments, and also for a rather long mileage. Since GACC systems
often involves several GAVS, it would he difficult to conduct enough tests

Making new policies, updating roadside infrastructure, testing the
proposed methods in real traffic cost a lot of money. To achieve a
preferred penetration rate of CAVs in the application, the general public
also need to spend money to purchase new vehicles
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