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1 Introduction

This report documents the modeling, control desagd implementation logic of the CACC
(Cooperative Adaptive Cruise Control). IntuitiveyACC is based on ACC by adding intervehicle
communication. This does not mean that CACC comteslign is simply adopting ACC control
design with DSRC passed information from the fodwahicle(s). The deep reason is that: ACC
control does not need to consider string stahitityhulti-vehicle following since it is for a single
vehicle. It is fine as long as the feedback conisofobustly stable with respect to all the
disturbances from the external environment. CAGChe other hand, needs to considersthiag
stability [5] (also see the Appendix) of all the vehicleghe string beside the feedback stability
of the subject vehicle itself.

For simplicity, the overall control design is diedlinto upper level control and lower level control
The former is to select the desired acceleratiaglgeation based on speed and distance tracking
errors — the difference between the desired valddlze sensor measured value. The latter is from
the desired acceleration/deceleration to desirgthertorque. The upper level control is based on
linear kinematics and lower level control is basadchonlinear powertrain and drivetrain models.

2 Control System Design for Integrated ACC and CACC

This section describes the overall structure ofGAEC system, which includes: central control
computers, Laptop computers for development, D&t vehicle interface), sensors, DSRC
(dedicated-short-range-communication), J-1939 dasgs, and GPS (Global Positioning
System) receiver. The CACC algorithm resides inRfe104 central control computer running
as one of many processes.

2.1 Overall System Structure

Figure2-1 shows the main components of the overall conystlesns. The primary component is
the PC-104 computer. It interfaces with J1939 Bus&d all the vehicle data and send back control
commands including engine torque control, enginarder control, and service brake control. It
also runs the drivers for interfacing with othemgmnents such as the Tablet computer for Driver
Vehicle Interface (DVI), 5 Hz GPS with WAAS corremt, DSRC radio for vehicle-to-vehicle
communications, and Volvo XPC box which is respblaesior fusing the Doppler radar and video
camera data for front target detection and trackintaptop computer is linked with the PC-104
computer for convenient development purposes shedatter does not have a user interface.
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Figure 2-2 is the control logic structure for all the feedba&ontrollers: CC, ACC and CACC.
The upper level control generates desired accedarahd deceleration based on the kinematic
model which is linear. The lower level control © ¢onvert the desired acceleration and
deceleration to engine and brake control commaadsdon vehicle driveline dynamics.

Radar & Radar &
Video Camera Video Camera

A== T =

V2V Communication

Figure 2-3DSRC communications among trucks.

Figure 2-3 depicts the DSRC communication among the threekstult is a broadcast
communication system in which all trucks transméssages and can listen to the messages
sent by the other trucks — each truck will recéha=data packets from the other two trucks at
the frequency of 10 Hz. The definition of the packél be described in detail in the latter part

of this report.

2.2 Vehicle Kinematics and Upper Level Control

The model for upper level control is based on gnlinear second order kinematic model.
The feedback control for upper level control igrated in the following sense: CC, ACC and
CACC share the same feedback control structureafZ-1). The feedforward parts for CC, ACC
and CACC are designed according to the controlobivfes.

)+k & (1) +k £ (=0
)=% (1) =% (9 (Eq. 2-1)
£) =% (1) = Vet (1)
£ (1) =8 ges (1) ~ 2r (1)
x(t) - distance w. r. t. an inertia coordinate system
v(t) - speed w. r. t. the inertia coordinate system



a(t

acceleration w. r. t. the inertia coordinate syste
t) —relative distance to the preceding vehicle

pre

)=
Xore
Ve (t) = preceding vehicle speed measure
a,. (t) —p receding vehicle acceleration measured
(xref (1), Vier ( ),a,ef(t)) —reference distance, speed and acceleration foratamtr. t. an

inertia coordinate system
(k ., k ,) —are coefficients to be determined in control desigtine following characteristic

polynomial (Eg. 2-2).

The coefficients are chosen such that the followshgracteristic polynomials are Hurwitz for
i =1,...,N whereN is the number of vehicles in the platoon or string

H(s)=$+(k,+(i~1) K, T) s+ k, (Eq. 2-2)

Besides, the two eigenvalues are purposely chcrseslerahnegative(—/liyl,—/1i '2) such that
k.=A.04 ,

ki,lz_(Ai,l-'-/l ,2) (Eg. 2-3)
A1>4,>0

The main task for upper level control of CC, ACE&ACC is to design the feedforward part,
i.e., the reference trajectories for the subjetitiale. With such control gain choice, the analysis
in [5] (also see the Appendix) proved that: (a) teedback control on each vehicle is robustly
stable; and (b) the overall systenuismately bounded string stable

2.3 Feedforward Part for CC

The leader vehicle in a CC string has two drivirages in public traffic: if€C (Cruise Control)
when there is no other vehicle in forward sensngeaandACC (following a manually driven or
non-connected vehicle). The feedforward controkiimse two modes is different. In CC mode

Xer (1) = Vier (1)
Veer (1) = 2 (1)

In this case, one can generate a continuouslyrdiffeable reference speed trajectory(t) to

(Eq. 2-4)

satisfy those conditions. For CC, since there isomt target, the choice af,, (t) will make speed
error and distance error compatible in the folloyvense:



X = Ve

ve = ae = a_ ades
It is clear that the smoothness of the feedbackrabis guaranteed if the reference trajectory is
continuously differentiable (with continuous accaten and deceleration).

(Eq. 2-5)

2.4 Feedforward Part for ACC

For ACC, the interaction between the leader of @#CC string and other traffic must be
handled correctly for the following purposes:

(a) different driver behavior of the front vehicle

(b) safety in vehicle following to avoid collision

(c) to avoid over-conservativeness, which would eothse affect the overall traffic
performance

(c) CACC string stability to be guaranteed

(d) driver’'s comfort, avoiding excessive accelenasi and jerks..

For those objectives,@ogressive couplingpproach is proposed (progressively approaching
the front target) for the design of, (t).

2*D-Gap

3*D-Gap

Figure 2-4 Progressive coupling with front vehiclesed on clearance distance (D-Gap)

The above Figur@-4 shows how a subject vehicle in ACC mode shoulgpiogressively
coupling with its forward vehicle.

Once the forward vehicle falls into the D-Gap rarfgeange in Figure 2-4, the following
reference trajectory will be used for fully cougjiar following.

Xref = Tgapv
Vref = Vpre (Eq 2'6)
a‘ref = a'pre

whereT, - Time Gap (T-Gap) selected by the drivey. is preceding vehicle speed; aag, is
preceding vehicle acceleration.



Once the front vehicle is outside of the Distancap GD-Gap), the progressive coupling
approach is used by defining the reference trajgéto the different distance ranges in as follows:

Vi D(t)=3D,,,
Vi (1) = max{me‘1 ,Vmax—ﬂz(v( = Vo ( t))} . 20,,< D({< 3D,
max{me,2 ,Vmax—ﬂl( V(1) = v ( t))} , D= D()< 2D,
Dy = V(1) T, (Eq. 2-7)
B>5,>0

Where D(t) is the measured distance(t) is measured vehicle spedgR, 3,) are control gain
which are positive constant design paramefys;is the desired distance gal, is the T-

=25, V__,=1E are empirical

min,2 —

Gap selected by the drivev, , — the maximum speed/

'min,1
numbers for the Volvo VNL trucks, which may be athembers for other trucks. The algorithm
can be explained as:

« If the target distance is outsi@®®,___, the subject vehicle still uses traditional CC

gap’
« If the target distance is within the range betwe#  and 3D, , the subject vehicle still

uses CC with reduced speed; the reduction is ptiopai to the relative speed;
« If the target distance is within the range betweey and 2D, the reduction gairg, will

be larger for more cautious approaching;

Other vehicles cutting in front of the subject \aififrom an adjacent lane or from an onramp is an
important scenario to handle. The cut-in vehiclg/ imave (a) similar speed; (b) higher speed; or
(c) lower speed compared to the subject vehicle.clt-in vehicle may cut out for lane change or
to exit through off-ramp. The subject vehicle magd to catch up with the front vehicle in those
cases.

2.5 Feedforward Part for CACC

The reference state trajectory for each scenartbffisrent, which will become clear in the
following discussions.

For i =2(vehicle 2): In this case, leader vehicle spedati asteleration are passed through
wireless communication directly, which are useddontrol. Therefore, the delay in the leader



vehicle speed and acceleration can be ignoredeSire distance measurement is still based on
remote sensor sources such as radar and lidadethg appears in the distance error.

Fori>2: In this case, the subject vehicle needs to follmh the forward (immediately
preceding) vehicle and the leader vehicle. A comtbispeeds (accelerations) of the leader and the
front vehicles and the relative distance to thatfreehicle are used in the control.

3 Control System Modeling Structure and Implementatian

This section documents the CACC system designCR@C implemented on the trucks is model-
based which is the following sense: the upper legelrol is based on vehicle kinematics which
is linear dynamics, the lower level control is lzhsa the full model of powertrain and drivetrain.
The upper/lower level control will be defined latghen we come to the point. These control
system modeling and design strategy have beenaiseATH over twenty years for almost all
road vehicle types: full size car, SUV, transitéaiand heavy-duty class 8 trucks, and it has been
proven to be very effective.

3.1 Control System Modeling Structure

Figure 3-1 depicts the overall schematic of the grorain and driveline (upper part) with respect
to the feedback control system. It is noted that\blvo trucks used for CACC in this project do
not have torque converter nor transmission retafder transmission is an electronically
actuated traditional 12-gear shifting instead ofae traditional automatic transmission with
fluid coupling. Therefore, the drivetrain is qudiferent from the Freightliner PATH used
before, which had a traditional automatic transimars®y Allison, including torque converter and
transmission retarder [8].
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Figure 3-1. Truck CACC Control System Modeling

3.2 Upper Level Control Implementation Logics

The following Figure 3-2 depicts the feedforwardicol logic for handling those scenarios for CC
and ACC of the leader vehicle in a CACC string.

Figure 3.2 shows the control logic and data floarsthe leader vehicle in public traffic. The
handling of cut-in and cut-out scenarios in theljgutraffic is important because it affects the
overall performance of the CACC string. Cut-in anttout are mainly sudden changes of the front
target distance but not solely. For example, iféhs a second cut-in (cut-out) in front of thestfir
cut-in vehicle, the distance to the immediatelycpding cut-in vehicle will change gradually
instead of suddenly. The time step between stepdkstep k-1 for control update is 20 ms,
representing a 50 Hz update rate. In this scentmcontrol mode changes could be one of the
following:

» CC=>» ACC due to cut-in

* ACC continuing with distance changes (increase&#ese corresponding to cut-in/cut-
out)

» ACC =>» CC due to cut-out of all the forward vehicles é@msor range

11



In all situations, the feedback control of ACC slddoe able to accommodate such changes to
keep the feedback control stable since it is glgb&tponentially ultimately bounded stable [5]
(also see Appendix).

Veh Positioning

| DVI: T-Gap |

Current meas
dik-1), v(k-1)

Cut-in? Other
scenarios?

DVI: T-Gap

F
Determine

No
v_des(k)

. = No | d des(ic
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ﬁ T
Determine Controller:
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Transition control
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reach D-Gap

Torque
command to

J-Bus

Figure 3-2 Control Logic for Vehicle 1 in CC and &@nodes

Figure 3-3 shows the logic for the CACC followeirs;luding handling the cut-in and cut-out
maneuvers. As in the previous discussion of th@degehicle, cut-in and cut-out are mainly sudden
changes of the forward target distance. For exanflgere is a second cut-in (cut-out) in front of
the first cut-in vehicle, the distance to the immé&zgly forward cut-in vehicle will change gradually
instead of suddenly. In principle, if there iseddt one cut-in between the subject vehicle and the
former forward CACC vehicle, the subject vehiclewd switch gradually from CACC mode to
ACC mode with a proper ACC T-Gap. A 15 s threshsldsed before such a switching process,
which means that the subject vehicle will stay RGT mode with longer T-Gap for 15 s which
has been determined empirically through practiestist If the cut-in vehicle still stays in between,
the subject vehicle will switch to ACC mode and dree the new leader of a CACC string with
reduced length. The feedback control of CACC shbeldble to accommodate such changes since
it is globally exponentially stable, and the ovemlistem is globally exponentially ultimately
bounded [5] (also see Appendix). It could be thatdut-in vehicle will stay in between for a long
time. However, the most probable situations arettiecut-in vehicle(s) will leave at the next off-
ramp. Then it is necessary to check regularlylitted cut-in vehicle(s) have cut-out. If this i®th
case, the subject vehicle needs to join the forfiorevard CACC vehicle to resume the previous
CACC string. If it is just a single vehicle cut ithe radar should be able to detect its cut-out.
However, if there are more than one vehicle cuthe,subject vehicle would not know how many
vehicles are actually between the subject vehiatethe front ACC/CACC vehicle of the string.

12



Therefore, after the immediate front cut-in vehiades cut-out, the subject vehicle does not know if
there is still other cut-in vehicle in the frontthut a ground truth. To detect such a full cut{out
partially cut-out) situation, a ground truth distaimeasurement is needed, which could be the GPS
distance between the two trucks. This distancdeastimated by using the GPS position estimates
passed among all the vehicles in the CACC string.

I=1

Current meas
d(k-1), vik-1)

| DVI: T-Gap |

Determine

D-Gap

Determine Controller:
v_des(k) a_des(k)
d_des(k) torg_des(k)

Transition control Transition to ACC
for cut-in; maintain Control:
CACC,determine Set: I=1
v_des(k)d_des(k) to String size reset
reach D-Gap
Set: I=I+1
String size reset

Torgue
command to
J-Bus

Figure 3-3 Feedforward Control for CACC vehiclell >

3.3 Logic for Transitions between Scenarios

The transitions among three driving modes arecatitior highway driving of CACC vehicles.
Basically, there are 3 driving modes when the vehgmoving, that is:

« Manual driving mode: the driver is taking over trwatrol action, which could happen at
anytime for any reason, such as driver's preference situation the CACC cannot
handle, or for any safety reasons

« CC: if there is no target close enough detectedche

» ACC:ifthereis atarget in certain range, say ab@vhich is the effective detection range
of the radar and video camera; in this range tiera progressive coupling process
involved for the following behavior of the subjeehicle

» CACC: if the front vehicle is in proximity of theedired D-Gap which depends on the T-
Gap selected by the driver and vehicle speed

The transitions between those modes are depictetjime 3-4. To guarantee smooth transitions
between two automatic control modes and from mamale to an automatic mode, it is necessary
to interpolate the reference state trajectory betwtbe two modes within a certain period of time,

say, 10 s. This can effectively avoid over-shodhefcontrol responses.

13
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Figure 3-4. Logic for transitions among 3 drivingaes: manual, ACC and CACC

In Figure 3-4, the State include: Manual, ACC, &&CC Driving modes.
3.4 Logic for Fault Detection and Handling
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Figure 3-5. Preliminary fault detection and hanglliar truck CACC system
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Fault detection and management is worthy of extensivestigation as an independent project. It
would involve the fault detection and managemerseskeral parts of the system, to name a few:
» Hardware: central control computer, DSRC, DVI, raddeo camera to front target
detection, GPS, other onboard sensors through 9808, ...
» Software: all the interface drivers, process schigucontrol command execution, J-1939
Bus interface and data acquisition, ...
» Control: upper/lower level control, any data fault,
Figure 3-5 depicts the simple logic as to how thétf are handled if they are detected.

This project only considered some critical and $emiaults and developed some preliminary
approaches for handling those faults. In particutae following faults are detected and handled
in real-time:

* DSRC fault including packet drop

» Radar/camera for front target detection and traxkault

» Actuator faults: engine torque control, and brakaygtem fault (engine retarder and or

service brake control)
» DVI fault: driver did not input a proper command,tbere is a connection fault.

DSRC fault: A DSRC fault is detected by using an integeruded in the communication packet,
which is increased by one at each interval (10&imse DSRC is updated at 10 Hz frequency). If
there is packet drop for more than 20 time stdya, it 2 s, it is considered as a communication
fault. For vehicle 2, it transitions to ACC modeatiar/video camera target detection is still fine;
for vehicle 3, there are three cases: (a) faultclmmmunication from vehicle 1; (b) fault for
communication from vehicle 2; and (c) fault fromtibaehicle 1 and 2. Those three faults are
handled in different ways. For case (a) vehiclel®¥s vehicle 2 still in CACC mode; for case
(b) and (c), vehicle 3 transitions to ACC modedar/camera data are fine; otherwise, it transtion
to manual mode.

Radar/camera detection fault only: the radar status parameter (target availabidityd the target
distance usually provide the health condition ¢f tletection and tracking; the response is to
directly transition to manual control for the suttjeehicle; and vehicle control modes for the other
vehicles do not change.

Actuator faults only: the detection can be done using measured actietel@nd deceleration
compared with the desired values; the responsederéctly transition to manual control for the
subject vehicle; and vehicle control modes do hainge for the other vehicles.

DVI faults: this fault usually comes from the WIFI connectlmetween the DVI unit and the PC-
104 computer; if there is a WIFI connection fatiite driving mode will be determined by the

health status of the overall system as stated &efod the T-Dap (or D-Gap) will be set to level 4

15



as the default value (for ACC: 1.6 s; for CACC: §)5Table 3-1 contains the T-Gap implemented
for Acc and CACC modes for the trucks. The selectd those numbers was based on driver
acceptance and research experience in the past.

Table 3-1Available Time Gaps Implemented for ACC and CACCdds

ACC Level ACC Time CACC Level | CACC Time Gap
Gap [s] [s]
1 1.1 1 0.6
2 13 2 0.9
3 1.5 3 1.2
4 1.7 4 1.5
5 1.9 5 1.8

3.5 Lower Level Control

The lower level control maps from the desired amregion/deceleration to the desired net engine
torque or braking torque. From the desired acceterao desired net engine output torque
implicitly requires that the engine torque be ati¢éid through the CAN Bus. This control execution
requires a functional relationship which is essdlytian inverted vehicle drivetrain dynamics in
the following sequence: wheel accelerat¥driveshaft torque® final driving gear® propeller
shaft=» differential = transmission (gear boxp engine output shaft as shown in FigGré.
Truck CACC Control System Modelingof [5] (also ste Appendix). The braking torque is
shared by the engine brake and foundation (pnearmiasiervice) brake. The physical principle of
the engine retarder is to use the compressionestnathout fueling to generate braking torque,
which has a much faster response than the servate bBesides, the braking torque is easier to
estimate. However, engine braking tends to havesiloraking torque as the engine speed
decreases. Therefore, the engine brake is usegefacle following most of the time. The
foundation brake is used instead for emergencgtsims or complete stopping, which needs larger
braking torque. Because of internal logic withive tVolvo ACC system, any actuation of the
foundation brakes deactivates the ACC, so the fatiowl brakes could not be used for normal
control purposes.

16



3.6 Stability and String Stability

There are two stability considerations for CACC.:

 The feedback control for each vehicle is stable;
» The overall string should be practically stringot¢a

The robust stability of the closed loop systemhaf tipper level feedback loop is clear based
on the choice of coefficients to place the corresiing eigenvalues in the left of the complex
plane. The string stability as a whole system iavg all the vehicles in the string has been
analyzed in [5] ( also see the Appendix) in detalijch will not be repeated here.

17



4 DSRC Communication Messages among Trucks

The DSRC packet is broadcasted by each vehicle/ @@ ms (or 10 Hz interval). Each vehicle
is expected to receive the data packet from albther vehicles if the communication is heathy
as shown in Figure 2-3. The message sets werespetlin [7].

4.1 DSRC for CACC/Platooning

Although the BSM (Basic Safety Message) Part 1JLwas set as a standard to support
cooperative collision warnings, it is not adequareCACC control. It is therefore necessary to
come up with a minimum set of messages which gdtisfneeds of CACC as well as active safety
(to enhance vehicle and driver safety with autooadintrol technologies).

PATH has previously developed and field-tested gragsr car and heavy-duty-truck CACC
on freeways with other traffic, and in supportiwdttwork we have defined a set of V2V messages
to support CACC functionality. Although more messsagassed between vehicles will likely lead
to better performance of CACC in general, thereukhbe a minimum set of messages that is
adequate for both CACC maneuverability and safetpakes sense to minimize the size of such
messages due to potentially significant overhead2¥ messaging in a practical traffic system
since hundreds of vehicles may be within V2V comitation range of the subject vehicle. The
set of messages suggested here includes messageaneuvers of individual vehicles within a
CACC string, as well as for the coordination of iedhmaneuvers among multiple CACC strings
in the same lane and different lanes in real taffi

The messages include the following data:

» Data for longitudinal control CACC (Cooperative Adi®ze Cruise Control) and
platooning

» Data for lateral control (this is for future devehoent although not implemented yet)

» Data for maneuvers of individual vehicles withiplatoon (or string)

» Data for coordinated maneuvers among multiple plago(or strings), including
exchange of vehicles between two platoons (orgsjin

» Data for fault detection and management for sadaty maintaining platoon operation
under anomalous conditions.

Some of the messages are already included in BE84adic Safety Message I) and BSM 1l
(Basic Safety Message Il), but some are newly adlaledontrol and coordination purposes. This
chapter explains the data sets sorted by theitifuradities.

For communication purposes, the data to be tramsferre encoded to the needed data types

such as integers and then built into communicgtieckets. At the receiving end, the packets are
resolved and decoded.

18



4.2 Data for Control and Active Safety

Society of Automotive Engineers standard SAE J133%s the standard for heavy vehicle
CAN (Control Area Network) bus used for communigcatiand diagnostics among vehicle
components. It originated in the diesel-powered dn heavy-duty truck industry in the United
States and is now widely used in other parts ofwibdd. One driving force behind this is the
increasing adoption of the engine Electronic Cdrithait (ECU), which provides one method of
controlling exhaust gas emissions within US andopean standards. Control data include those
from onboard sensors and J-1939 or other CAN (@brArea Network) Bus and control
commands which would directly affect the interacticamong the vehicles in the platoon. The
minimum set of data used for control usually wébagnd on the control design method. The set of
data listed here are those which PATH has usepl&ooning of passenger cars, buses and trucks
to keeppractical string stability[4, 5, 6]. This represents 133 bytes plus 3 Aite following
Table 4-1 is a list of messages for both longitatland lateral control and active safety.
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Table 4-1. DSRC Messages list for control and vctafety purpose

Data 8 Data BSM BSM New
ID DRV LTI il el Type Data Sources | Il Message
Individual vehicle yes
1. . i . operation mode: O-stop; 1+
Drive mode 1-8 Short int manual: 2-CC: 3-CACC;
4-const D-Gap Platoon
2. Vehicle m/s 0-70 float Sensor measurement, CAN Yes
Speed data
Desired t- 0-5.0;
3. Gap or D- S 0- float Driver from DVI on the Yes
Gap 100.0 lead truck
4. Set speed km/hr 5-120 float Driver selection from DVI Yes
Distance to
5. preceding m 0-150 float Estimated from sensor daja Yes
vehicle
6. UTC Time S long int From GPS Yes
7. GPS From GPS Yes
Latitude deg double
8. GPS From GPS Yes
Longitude deg double
9. GPS m float From GPS Yes
Altitude
10. GPS speed m/s float From GPS Yes
11. GPS float From GPS Yes
Heading
GPS number . From GPS Yes
12. i int
of satellites
13. Position m float From GPS Yes
Accuracy
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14 Relative Speed to
preceding vehicle m/s *30 float Estimated from sensor data Yes
15 Veh long Acceleration nfls +10 float | Sensor measurement, CAN Yes
data
16 | Veh lateral Acceleratiorn /s 10 float Sensor measurement CAN Yes
data
Sensor measurement CAN
0,
17 Road grade % +20 | float data Yes
. Brake pedal deflection;
0 - 0 !
18 Brake pedal position ) 0-100% float CAN data Yes
Acceleration pedal 0 1000 Acceleration pedal
19 position % 0-100%| float deflection; CAN data Yes
20 Fuel rate gls 0-100| float CAN data Yes
21 : .
ACC Switch On-off 0-1 bit CAN data Yes
29 Resume / Engaged ACC  On-off 0-1| hit CAN data Yes
23 Desired speed (control m/g 0-70 float Vehicle speed control Yes
commani
24 | Desired torque (control N-m 0-5000 float Engine torque control Yes
command
25 Desired deceleration N-m 0-10 float Control foundation brake Yes
(control)
command
26 Desired transmission N-m 0-5000 | float Control of engine brake Yes
retarder torque (control
command
Desired engine retarde -
27 N-m 0-5000 | float Transmission retarder Yes
torque (control)
control command
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Data Data name | Units Range Data BSM BSM New
ID 9 Type Data Sources I Il Message
28. Roll rate -90 ~ float Sensor measurement

Degls | 190 CAN data ves

29, Pitch rate -90 ~ float Sensor measurement

Degls | 190 CAN data ves
30. Yaw rate -90 ~ float Sensor measurement
Degls | 190 CAN data ves
31. Roll de -180~ float Sensor measurement Yes
9 | +180 CAN data
32 Pitch de -90 ~ float Sensor measurement Yes
9 | +90 CAN data
33. Yaw de -180 ~ float Sensor measurement Yes
9 | +180 CAN data
34. Steering -720 ~ float Sensor measurement
angle deg +720 CAN data Yes
Lateral 10 ~

35. position to m +10 float Estimated parameter| Yes

lane center

36. Air Bag )

Status 0-1 bit CAN data Yes

4.3 Data for Coordination of Maneuvers within Platoon

This set of data as listed Tiable 4-2s used for the coordination of the maneuveradifidual
vehicles within a platoon, which is different frahme platoon behavior as a collective. The data
for coordination are usually defined by the consgétem designer. The control designer could
define a particular meaning of a number which caelatesent a particular maneuver. To avoid
confusion for communication between vehicles ofedént makes, it is necessary to standardize
this set of data. Broadcasting the current manestagus is very important for control of individual
vehicles and safety so that all the vehicles instrae string know what the others are doing right
now. Obviously, one of the control strategies foe subject vehicle is to avoid any space-time
conflict with other vehicles in the same string &afety, maneuvering efficiency and string
stability.

Parameters for maneuver coordination include: therdination and indication of the
maneuver (dynamic interaction) of an individual ieéhin the platoon. This information is also
useful from a control viewpoint for the immediatédlowing or preceding platoon to handle the
dynamic interaction between platoons. The latteuld include, but not be limited to: the time
adjustment between platoons, and exchange of estdtween platoons in the same lane (joining
the front platoon from the back) and adjacent |la® change). This represents 16 bytes of data.
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Table 4-2. Message list for the coordination of marers with a CACC string/platoon

Data Data name Units Range Data el el New
ID 9 Type Data Sources | ] Message
. Designated anonymously
1 Vehlll:J)mque int by platoon leader for Yes
control purpose only
Eront cut-in Determined from remote
2. flag {-1,1} Short int sensor and GPS etc.; Yes

1: cut-in; -1: cut-out

3. | Veh position

in arou 1~36| Shortint | Determined by DSRC and Yes
group GPS data
Vehicle 0~
4. maneuver 127 Short int Designated by platoon Yes
des leader
5. n:/;nh(;fjl\(/eer 0~ Short int Actual maneuver executed, Yes
D 127 determined by individual
vehicle
6 Distance to 0~ Estimated from
' lead vehicle m 150 float communicated GPS data Yes
Dist t Estimated from
IS ;nce 0 0~ communicated GPS datdie
7. ed. m 150 float preceding vehicle is the Yes
prececing platoon mate; not the
vehicle

cut-in vehicle(s)

4.4 Data for Fault Detection and Handling

Parameters to represent the current health conddmlisted in Tablé-3 DSRC messages for
CACC string/platooning fault detection and managet)nef the control system are very important
information for other vehicles in the same plataoa other platoons nearby (in the same lane or
adjacent lane) to make correct decisions for safeauvers. This information should include the
fault types and the means for handling the fauft.cQurse, all the other messages are also
necessary for this purpose. The outcome of theesstal fault handling should be a proper control
mode or relevant maneuver to avoid a collision.

It is noted that the vehicle fault mode is représénvith a single long integer. The reason is
explained as follows: there could be many posg#l#s/error that could affect automated vehicle
control; to name a few: V2V communication dropdatiradar detection, other sensors (speed,
gyro, road grade, GPS, ...), network switch, CAN amiérface, control computer, control
software including database, DVI (Driver Vehicletdriace), engine torque control, engine
retarder control, torque converter, transmissi¢arder control, and foundation brake control, etc.
Since each component would affect platooning ifedéht aspects and at different levels, all such
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information should be built into the Vehicle FaMibde parameter. To achieve this, one could use
a bit-map with each bit (assuming a conventiongjusace of order for all possible faults)
corresponding to a specific fault. Then this bippneauld be converted into a long integer (8 byte)
which can represent the fault status of 63 diffesmponents. To avoid confusion in the fault
mode definition, it is necessary to have a standemngch defines the threshold of fault. As
examples, if inter-vehicle communication contindgulops for longer than 2 s, it is considered
as a communication fault; if the distance estimmatiscrepancy is over 10% of the actual distance,
it is considered as a distance measurement fathie relative speed estimation error is over 10%
of the actual relative speed, it is consideredateeha relative speed measurement error; etc. This
guantification should be specified for all paramgtbat are critical for the control. This reprse

12 bytes plus one bit.

Table 4-3 DSRC messages for CACC string/platoofanyj detection and management

BClE Data name Units Range BClE EIS0 el N
ID 9 Type Data Sources I Il Message
Veh fault . Determined by individual
long int . Yes
mode ID vehicle
Communica 0~127 int For communication fault Yes
tion count detection
Brake Sensor-CAN
Lights or On-off bit Yes
Switch

4.5 Data for coordination between Platoons

This data set (as listed in Table 4-4) is for usedordinating maneuvers between platoons,
including transfers of individual vehicle betwedatpons, as well as platoon actions as an entity.
It could be used for V2V communications betweenl#aelers of two platoons. However, due to
power limits and limited range of V2V communicatiohmay also be passed between the last
vehicle in the lead platoon and the leader of tlewing platoon. Since each vehicle would have
a chance to be the leader or the last vehicleplataon, for convenience, it would be necessary to
include this 21-byte set of data in the V2V comnaation packet.

24



Table 4-4 DSRC message list for the coordinatidween CACC strings/platoons

Data Data name Units Range Data el el New
ID 9 Type Data Sources I Il Message
hr'min-s: 0-23 intint: Synchronized (or
Time stamp .ms 1 0-59 int.'int. universal) time based on Yes
0-999 ‘ but different form GPS
UTC time
Group ID 0-127| Shortint | Designated by roadside Yes
coordination manag
Group size 0-31 | Short int de5|gr!ateg| by roadside Yes
coordination manager
Following mode of the
Group mode 0-31| Shortint | platoon; designated by the Yes
coordination manger
Group coorl?i?r?;%gitﬁatr’l); er
maneuver 0-127 | Shortint . 9 N Yes
d desired (such as join:
es ;
acceleration to close the
gap to the front platoo
Group Representing actual
maneuver 0-127 | Shortint | maneuver; designated by Yes
ID platoon leader

4.6 Concluding Remarks

Communication data is critical for connected autmmaehicles. On one hand, it is desirable
to pass as much information as possible betweenlesland between the vehicle and the roadside
coordination manager. The latter will be necessérthe market penetration of connected
automated vehicles is high, but may not be necegsdaen the market penetration is low. On the
other hand, more information passing would mearenscommunication overhead considering so
many vehicles are broadcasting and receiving withenDSRC range. For control performance
and safety, it is necessary to have a minimum conization data set. The suggested data sets
above are initial suggestions based on the exmariem connected automated vehicle control
research at California PATH for the past thirty ngeaDifferent vehicle types, including both light
and heavy-duty vehicles, have been taken into dereiion.

If we assume the following data size: short inbiyles; int: 4 bytes; long int: 8 bytes; float: 4
bytes; long float: 8 bytes, the total packet szedntain the suggested data will be 182 bytes plus
4 bits.
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6 Appendix: Integrated ACC and CACC Development for Heavy-Duty
Truck Partial Automation

This appendix contains the reference paper by lduSiadover 2017 presented at the
American Control Conference 2017 in Seattle Wagbimg/Ve have included it here for the

convenience of readers of this report.
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Integrated ACC and CACC Development for Heavy-DutyTruck Partial Automation

Xiao-Yun LU (3942), Steven Shladover (588B)ember, IEEE

Abstract— This paper focuses on the design, implementatiofL0-12] (including Emergency Stop and Emergency

and field test of integrated Adaptive Cruise Coh{thCC) and
Cooperative ACC (CACC) with inter-vehicle commuriioa for
Heavy-Duty-Truck (HDT). The objective for develoginsuch
system is to push automated longitudinal controkrtial
automation) into market progressively. The contrg}stem
modeling, integrated ACC and CACC control logics foactical

string stability and handling different traffic s@gios such as cut-

in and cut-out, and will be considered for CACC ings.
Experiments have been successfully conducted witket Volvo
trucks on Interstate Highways near Berkeley Catitowith public
traffic and professional truck drivers. Results Iwlile briefly
presented.

|. INTRODUCTION

This paper focuses on the design, implementatiah al

field test of integrated Adaptive Cruise ControlG@) and
Cooperative ACC (CACQ) with
communication. The first vehicle is always in AC©ate for
a CACC string to interaction with other vehicles mfblic
drivers. The second vehicle and the vehicle behiticoe in

CACC mode if wireless communication maintains ahd

there is no cut-in. The objective for developinglssystem
is to push automated longitudinal control (pardialomation)
into market progressively. CACC is different frotatponing
in the following senses: (i) platooning using camstdistance
gap (D-Gap) while CACC using constant Time Gap @pis
to adapt driver behavior; (ii) platooning is desdnfor

operation in Automated Highway Systems or dedicat

lane(s), while CACC is designed for operation irrrent
public traffic. It is well-known from stability amgsis and
practice that ACC currently in market cannot mamtring
stability: if three ACC vehicles running in tandemd if the

leader vehicle has large speed fluctuations or has

emergency braking, the third vehicle does not ren@ugh
time for response before crashing into the secbad¢hicle
if the following distance is not long enough. Tigsdue to
the cumulative total delays (= sensor and procgsiitays +
control actuation delays) from the first vehicle tbe
following vehicles.

The integration is in the following sense: (a) A@&d
CACC have the same control structure; (b) the cbaesign
will guarantee fast response and stability of thedback
control of individual vehicles and to maintgiractical string

stability (to be defined later) as a whole system; (c) the

control for each vehicle will need to handle intdi@ens with
other vehicles such as cut-in and cut-out betwieenrtcks.

Cruise Control (CC), and ACC were extensively stddi

both in theory and experiment in [1-8], Stop & ®&d9], and
automatic lane changing, Collision Warning & Avaida in

Xiao-Yun Lu,(* corresponding author), Univ. of Cfalinia at Berkeley,

inter-vehicle

Change). The CC is simply peed regulation. By defal
ACC involves both interehicle distance and speed con
Results from a 1998 intelligent cruise control d
operational test [13] suggested that drivers wéraced t
using ACC for two main reasons: the first was thkevel
“throttle stress” (the stress of continually acting anc
deactivating the throttle); and the second wasdaation ir
“headway stress” which was defined as the abttitperceiv
range and relative velocity during manual contihile it
would be beneficial to have an ACC system
simultaneously considers speed and spacing corfuie
economy, vehicle safety and adaptability to indiraddrive
characteristics, the design of a control systenoines
significant challenge with those ntiple objectives take
to account. Interestingly, some research was woted it
this field and meaningful results were obtained].[JXCC
developed by NISSAN Motor Company with algori
described in [20] and the IDM (Intelligent Driverddel) fo
ACC presented in [19]; and the CACC controller devel
and reported in [17]. Of the three controllers, tiEV
lcontroller is the most conservative. Its respdasgow an
cannot keep the desired constant T-gagways larger. Tt
ACC controller developetty NISSAN has better respo
and produce close constant GBp and correspondi
distance gap. The main problem for ACC is thahiké o
more ACC vehicles are in tandem, the system isc

e\%QStable [15, 16]. In fact, a string unstable cedpjroup ¢

hicles on highways is more likely to result in Itiple-
vehicle crashing, which is believed to be the dealdifect
of ACC. To solve this problem, Cooperative Adapiiueiist
Control (CACC) with V2V is necessary.

A combined ACC and CACC design was prsed in [6
The main advantage of CACC is the fully use of Vith
information passing to reduce time delay and to pemsat
for remote senor deficiency in control. The work [iV]
presented the first work in the world for CACC col
implemented on fie passenger cars, and preliminary
tests in public traffic. The CACC control obvioudigve th
fastest response and the minimum speed and di
tracking errors than any ACC controls. Model
simulation in [18] indicate that a simple modelnegenting
first-order lag response can be used to model the pidy
developed CACC controller.

Most reference on ACC focused on feedback cc
including to reducing time delayhe ACC design presen
in this paper particularly takes into accountotvextr:
factors: relationship of the whole string with respto th
front vehicles, even when the distance is outdigedesire
following distance;considering the ACC to be used in
first vehicle; and string stability of the whol@ACC string
Although, remote sensors such as radar most likelyuol

Berkeley Global Campus, 1357 Soutt"4&., Richmond, CA, 94804-4648 (atect vehicle in the immediate front within cemtdistance

phone: 510-665-3644; e-mail: xiaoyunlu@berkeley,edu
Steven Shladover, ibid. (e-madless@berkeley.ejiu

age range within which the leagehicle to be taken in

account (incoupling) is very important. Besides, the way



Volvo Truck Modeling & Control System Structure

lead vehicle is coupling with the front vehicle atso
important. From the control design viewpoint, tiigsthe
feedforward part of the closed-loop control systéfost of
the previous study on ACC did not consider thopeets.
The second sense of integration is from the controlz
design: both ACC and CACC feedback control usestirae
controller in the following senses:
» Upper level control: is based on linear kinematics
from desired distance and speed to desired ‘

acceleration; Upper level model is independent from
vehicle types and sizes, and linear and therefemeym e I e ‘
legacy or complicated control design method could [F==]_| S e ]
be used and easily implemented; this approach i — [~ | =

particularly favorable for different vehicles typesFig. 1 Driveline modeling an€ontrol system structure
(large or small) form different vehicle makers te b
mtegrate:d intoone string and for large market lll.  UPPERLEVEL CONTROL FORINTEGRATEDACC &
penetration
) . . CACC

* Lower level control: from desired acceleration to
desired torque (net engine driving torque or total The main task for upper level control design i
braking torque); lower level control capture thespecify the reference trajectory for the subjetiicle.
dn‘ferences between vehicle longitudinal dynam|c§, A. Upper Level Control for ACC
which the manufacturer could produce with their *° ~F™" . . .
products, again suitable for high level market his is divided in two modes: leader vehicl€d@ (Cruise

penetration of different vehicle types and makes ~ Control) andACCrespectively. In CC mode

It is obvious that this integrated approach is ahié for Yot (1) = Vi (1)
massive implementation on different vehicle makesl a v (t):aT (t) @)
typeS. ref ef

In this case, one can generate a continu
differentiable reference speed curvg (t) to satisfy thos

are its Constant time headway which is inheritedmr %onditions. For CC control, since there is taigahe front

common drive behavior. This means that the Distapap SUch choice of v, (t) will lead to the folloving
(D-Gap) is proportional to the speed. For free-flmaffic, compatibility conditions for speed error and distrerror
its D-Gap would be Constant. However, for nonwhich means that there is no conflict between e t

A. Difference between CACC and Platooning
The main characteristics of ACC/CACC vs. platoonin

homogeneous traffic, the D-Gap is changing, whighai X, =V, 9
challenge to control. V.=a =a- 3, @
The v, (t) is designed for ACC of the leader progressively
II. HDT SYSTEM MODELING AND LONGITUDINAL i . i
CONTROL according to the distance to the front targebgressively
coupling

Truck System Modeling and Longitudinal Control: §hi
section will present the modeling approaches usad f
control design and analysis. To address modelind an
controller implementation challenges due to congbéd
nonlinear vehicle dynamics through driveline, diffiet )
vehicle types, models and response capabilitieSHPAas S
been adopting model based control design approace s
1990s. This approach can be described as follayagper
level control is based on linear kinematics: fromtahce
and speed tracking error to desired acceleratiant (b)
lower level control based on nonlinear vehicle iardjnal  Fig 2 progressively coupling with front vehicle based®Gap
dynamics: from desired acceleration to desiredrengrque
and braking torque. This is essentially a feedback ACC is used if there is target in the front.
linearization approach. The following Fig. 1 shaws drive
line modeling. Xet = TV

f = Vpre (3)
29 Ay = apre




A Progressive Coupling for ACC is proposed to harie
following traffic scenarios:

Vi (1) = max{ 25V, — ,BZ(V( )= v, t))} . D, D)< D,
max{ 15V,,,, = B(V() = Ve (0)} + Dpp= D(1) < D,
Dgap = V(t) D-QBD (4)

B>p5>0

v, D(t)

where D, is the desired distance Gap;is the T-Gap the

driver selected. The algorithm can be explainefbisws:
« If the target distance is outsi@®___, the subject

vehicle still use traditional CC
« If the target distance is within the range betwezd,_

and 3D, , the subject vehicle still use CC with

reduced speed; the reduction is proportional to the
relative speed;
« If the target distance is within the range betwep,,

and 2D___, the situation will be similar but the

gap’

gap’

reduction gaing, will be larger (to be more cautiously

approaching)

Other vehicle cut-in (from adjacent lane or fromramp)

with (a) similar speed; (b) higher speed; or (e&)do speed

Current meas
dk-1).vik-1)

DVI: T-Gap

No

Transition to ACC
Control:

Set: I=1

String size reset

Transition control
for cut-in; maintain
CACC, determine
v_des(k)d_des(k) to
reach D-Gap
Set: [=I+1
String size reset

Controller:
a_des(k)
torq_des(k)

Torque
command to
J-Bus

Fig. 4 Control Strategy for CACC vehicle | >1

The following Fig. 4 depicts the control logics handling
the traffic scenarios mentioned before for CACC tioé
following vehicles.

Il. STRING STABILITY CONSIDERATIONS

String stability for CACC needs to consider thédaing:

» The feedback control for each vehicle is stable;

* The overall string (as a one system) should begstri
stable in some sense.

The string stability may not be asymptotic dueetag in

practice for HDV. It could be bounded stabilitysame

* The subject vehicle catch up some slower vehicles ¢anse to be defined.

in the front

e Other vehicle in the front cut-out: (&) To adjacent

lane; and (b) To off-ramp for leaving
The following Fig. 3 depicts the control logicshiandling
those scenarios for CC and ACC of the lead vehicle.

DVL: T-Gap

Transition control
for

cut-in; determine
v des(k)d_des(i)to
reach D-Gap

Determine
D-Gap .

Determine
v_des(k)
d_des(k)

Torque
command to
J-Bus

Fig. 3 Control Logics for Veh 1 in CC and ACC mode

A. Upper Level Control for CACC
The referenced state trajectory is chosen for CASC

Xref = Tgapv
Vref =a Ij/pre + (1_ O’) Vlead (5)
aref =a Ba‘pre + (l_ a) a1ead

O<ax<1l

A. Stability of Feedback Control for each Vehicle

For i =1: vehicle control is in CC mode, the reference
trajectory(xref (1), Vigr (1), Ay (t)) can always be chosen as

(6) such that

£ (1) +ke& (1) + kg (1) =0

& (t)=x (1) =% (9

(1) =v (0 -va (1) ©
X (1) =V

where the coefficients are chosen such that
Ho(s)=¢+ kst k @)

is Hurwitz polynomial, then the feedback system is
asymptotically stable. Besides, the two real raoéschosen

as(-A,,—4,) such that
A>A,>0 (8)

with this choice,k, = A, [,; k,=~(1,+1,)

30



For i =1: vehicle control is in ACC mode,

AV kaw (3+0.{)

A, ,(t) :(aO(t kysao( 1) = ko v ')) + kyof v }

where index 0 means the target vehicle in frorithefACC
vehicle which is the leader in the CACC stringsihoted
that the acceleration, speed and relative distareall from
remote sensor measurement. Therefore, the delaaepm
all of them. The coefficients are chosen such et
following polynomial is Hurwitz.

H(s)=s+(k-kh) & &

Besides, its two roots can be choser{-a4,-4,) such that
they are real as

(9)

A>1,>0

With this choicek, = A, A,; (k= k,h)==(1,+1))
Now, we will show that one ACC vehicle can achi
bounded stabléollowing with linear feedback control.

Lemma 1. The ACC feedback of the first vehicle with delay

T is bounded stable.

Proof. First, it is clear that the remainder tenm, (t) is

uniformly bounded, i.e. there exist§ >0 such that

A, (1) <3, Ot= C (11)
Now, writing the error dynamics in a matrix fc
W, (t) = Aw, (1) +2, (1)
A_{ 0 1 }
_(kl - kzh) - kz ( )

w,(8)=[w,, (). w, (9]
t)= [O,Alyz(t)f

Now considerincthe following Lyapunov function candidate

V(w)=w Pw, whereP, is a 2-dim symmetric positive

definite matrix and differentiat¥, (w) with respect to the
above error dynamics to get

(10)

Vl(V\g):v\{(ATP+ PA) w+2 W B, (13)

Since A is asymptotically stable matrix, i.e. all its
eigenvalues are on the left hand side of the coxgen,
according system theory [21] it always possiblehoose
B such that

AP+ PA=-Q
A_{ 0 1 }
Tm(kmkh) -k
w,(1)=[w,,(0,w,,(9]
t)=[0.8,,(t)]
where Q is positive definite. Sincé\, is bounded
V(w)=

ThereforeV (w) <0 if ||, is large enough. This means
that the feedback system is globally uniformly baech [21].

(14)

-wWQw+2wW R, <- W Qw+2| v, | pa, (15)

Fori=2

u (8) = a(t) - k(vw(9-w(§)- k(%)= o # h- Bf}))
=a,(t) =k (w()-w() - k(x()- x(I- W} + 7Y
=a,(t) - (k- kT)éu()- ke {9+ K[ T- H ()

In this case, leader vehicle speed and accelerati¢

Joassed through wireless communication directly.réfoee

the delay in in the leader vehicle speed and act@le cal
be ignored. However, since the distance measurstili
based on remote sensor such as radar and liareféherth
delay h is in the distance error.

b+ K T- b

(16)

(0= (e-1T) w3 o)
Wz,l(t) =£,4(1)
W, () = £,,(t)
B,,(t) =ky(T, = h) (Y

Itis noted that the disturbance tery, (t) is different fron

that of the vehicle 1 due to less time delays. Wiithilar
arguments as for vehicle 1, and there is a positefimite
matrix

For the same positive definite mati@, we have

(17)

vz(Wz)z_V\éQV\é"'ZV\Z R,s-

v Quit 2| .| 0
For i >2: In this case, the subject vehicle needs to follow

both the front vehicle and the leader vehicle. The
feedforward signal can be treated as linear intatjpm of

3t?ose from the front and the leader vehicles:



lel. <lal = [ |9(7)ler

)
()28t ) (v(') wi(1)- K x() ( h- 2} lo. 1. <lal,Del, (22]
=3, (0 =k (V)= va(9) = k(x(d= x I+ wo( ) I Ti\) I (). <] a (9,
=a.(t) (k= k)& (- ke L+ KT~ ')‘ { Thus the interconnected system is string stable if
ua(t)=a)-k(v()-v(d)- k(- A+ ') Pl( ) |lo (t)], <1, and it is string unstable |5, ()|, >1.
=a(t) = (k kT, )9 s {9+ (T - Due to large time delay in longitudinal dynamicsHidV, it
Osa<l is impossible to use this concept for string sigbénalysis
We need to extend the practical string stabilitg] [&ver
further for this purpose, which is discussed nésgp.s
w (1) =w, (1) B. Practical String Stability
o ' Assumptions: (1) Information passing through wirels
w,(t)= _(ki‘ "21;) wo( - kw,(1+4 () communication can be ignored; this is reasbmasinc
— _ _ DSRC update rate H0[Hz]; (2) delays fromriternal vehicl
Ft)=x(t t)+(1 t 18
w, (1) = (1) (‘”?—1( )+(1-a) x.u )) (18) sensor reading information throughl939 Bus is ignore
w, (1) =v ()= (av.,()+@-a) v, (1)) this is reasonable since speed and acceleratiatingseare
_ B B usually everny20[ms]; (3) All the remote sensor detect
Ai’z(t) B kz(Tg h)(a'\(( t)+(1 a) Y( t)) and processing delays are lump-summed hasfor all

vehicles, which only appear in the distance measent.
It can be observed that:

e« The reference trajectory is a linear combination of

vehicle(i-1) and vehicle 1 (the leader Definition 1. In vehicle longitudinal following, two string
bility concepts are defined as follows: constterratio
the 2norm of the state trajectory tracing error for ang
consecutive vehicle, if for a give constant reahber 7,

there exists a, >0 such that

e The error dynamics has the same dynamic propertyﬁ
in the case of =1,2;

« TheA,,(t) is also a linear combination
« therefore, with the same argument as before, tioe er

dynamics is ultimate bounded and the closed loop e (t)||

system is stable; however, this cannot lead to the "£ " sl+n, t>7, (23)

conclusion of string stability of the overall syste - ’
i=2,...N

A. Theoretical String Stability

Let state tracking error dynamics based the kiniemat Hold uniformly for all t >T, and giverN.
model be:

g (t) =x (t) _ X-l(t) @i if /7 <0, the vehicle following system is said to be
PR strictly string stable

& (1) =v (1) - v (1) (19) (i) if 7=0, the vehicle following system is said to be
£(t)=a(t)-a,(1) marginally string stablg

(i) if n >0 butn is sufficiently small, the vehicle
G, (s)be the transfer function of the closed loop control fstig(k))\llglng system is said to tring bounded
system for vehiclé. Then Remark 1. Case (i) and {ii means that the string
platoon) for vehicle following can be of any lengih
principle, which is obviously an ideal case andnanbe
(2 )ach|eved in practice; in practice, due to delaysamtro
actuators and distam sensors, measurement error,
disturbances of the road geometry, one can nevde\&
string stability of infinite length. Is it cleardh for case (i}i,
smaller nwill lead to longer string. Based on the |

experiencesat California PATH, for passenger cars,

Let E (s) be the Laplace transformation ef(t) and

The string stability [22] for automated vehicle
platooning ofn vehicles requires that

"E” "w < "En'luw S-S "51"00 (1) number is about 10~15; and for healyty trucks, thi
which say that the state trajectory tracking ewiirnot number is about 4~5 approximately.
exaggerate from downstream to upstream in the gtato
From linear system theory Theorem 1. Practical string stability for longitudinal vekec

ggllowing: with the following strategy stated alevcr a



given 17 >0, there existsT and N such that the overall
system (with N vehicles) is string bounded stable.

Proof. The homogeneous part of error dynamics has the
following general solution:

Y=GY+GY, y=e¥, y= &

For chosen(4,,4,) as in (10), find the Wronskian of

(v, y,) as follows:

At At

e
_/]Ze‘ﬂz‘

o
— /]1e‘/11‘

Y1
A

Yo _
Y

W= =(A - A,)e " 20, Ot

Therefore (yl, y2) are fundamental solutions. The general

solution of the non-homogeneous error dynamics is:
" I‘ e’n,,(r) 4

° w(y
+ é"zlJ“ e, (1)

(A -A,) €5

&M

j( e™A,, (1) ¢+

o W(t)

,[; o e, (1)

£=¢¢ Ay géA21 +|:_

&Mt

d

=ce™+geM +{—

mee et 2[ e‘lj g0, (r)dr+ e[ en, (r )d}
i=2,...N

B, ,(t) = AA,(T, = h) vi(1)

Ai‘z(t) :AlAZ Tg _h)(avl 1(t)+(1_a) Vl( t))' i>2

Since the first part, i.e. the general solutiomhef
homogeneous part of the error dynamics approaches 0
exponentially, it is only necessary to considerdéeond
part, i.e. the special solution of the non-homogesesrror
dynamics:

o] e () €] () o
&l e [lenn, (1) ar+ e[ & ,(r) d

—e’*"_[o & (ay(r)+(1-a) y(r)) d+ éf‘Z'_[; & (a
(

(1) +(1-a) 7)) o

e[l e (av,(Y+(1-a) v()) a+ & € (a y()+(2-a) X)) @
2
ol
-a€ ”"'[ e‘l’ yl(r)) d+a e"Z‘J é’ - )b d

-e'*l‘Le“’(am (— J¥()) a+ e f, & (a (>t+<1 a) ()

Since A, > A, as in (10)

f;eAlr(”Vl-l(t)Jf(l—a) v(1)) a>0
f;eAzr(”Vl-l(t)Jf(l—a) v(D)) a>0

_J~: —ae"“‘J';e* (v(r)-
e Le (ava (9 +(
ae™ L& |(y(r) - va(r)) & +a & &]( ¥
e *Z'I e ( av1(1)+(1 a)y(}) d+ €[ & (av()+(2-a)u(D)ar
(v - (@) draes (N -y () @
[L(é’ Yo ei-a v ) ¢
ae™ ;(e*i’ + & )|(v(r) - w(7)) o

[ [e = #)an()+a-0) o ) o

(n) d+ae] €( )= () @
) (f)) ¢+ e[ (a () (1-a) §))
)~ ¥

l&]

1-

For vehicle speeds_, (t) >1,v,(t) > 1,
av_, (t)+(1-a)v,(t) > 1. Therefore, it holds that

“_

adll 1e

as*], & &)t )
| f(e - ¢) ¢
M e) o

_ e—)lzt) _/T];(l_ e—/lzt)

|| |+1
||

- i (e(/ll‘/lz)t
/11

1 - _ 1 _

J (A=At _ st L1 gt
sa“{/‘l(e © )+/‘z(1 © )}
/T];(e()ll—)lz)t _ e—/lzt)_/T];(l_ e—)lzt)

- aod if t-o o

i1

Where it is true from previous analysis that thexists

constantsg,; , such that

Now, for given 77 >0, there exists t>T, and small
enough a such that, for alt >T,

[£.] .+1|

This completes the proof.

<l+np

|I. LoOVERLEVEL CONTROL

The model represents the relationship between de
acceleration/deceleration from the upper level rabnto
desired engine torque, or desired braking torquéchwie
disseminated to engine brake control and pneurtsgiwice
brake control.

A. Engine Torque Control

Due to the builin engine controller, it is impossible
directly access the fuel rate command. Insteadiretbd:
3sed as input. This section emphasizes on brakeoton
There are two fundamentally different pure timeagie



Case 1. with inter-vehicle communication
Relative distance of the subject vehicle is estua
from distance sensor(s) (such as radar and/oy lidar
Case 2: Without inter-vehicle communication
_ Irdrg-l-des_(r J rtd+T b+ F b r+ Frhr+ MghrSIne)
es |

| I | I
ghr r.dzi_'_r.dZ dr1+ dr2+7W+Mh

h h
Nage +(rd o+ To+ F 0+ F b+ Mghsing)
es rfg
The last is the mapping from desired acceleratiodesired
torque. This is the torque command to be sentdoséhicle

through J-1939 Bus for control. Figure 6 is zoomed from Fig. 5, which shows in more
A. Braking System Control details for the vehicle in the string to handlirther vehicle

Braking system for automatic control is composed dtut-in and cut-out scenarios.
two parts: Jake brake, and pneumatic brake. Eatthas its
own characteristics. To understand these charstitsrifor
braking system control strategy is the key factar dood [ll. CONCLUSION

performance of the control system and safety. Engias  an integrated ACC and CACC control systems haven
limited braking torque with faster response andayldess geveloped for HDT to be driven in the pubtiaffic with

than 200[ms]. The service brake has larger brakingher vehicles. This is believed to be a milestanpush th

Speed [mph]: V/(r), Target V(b), Ref V(g), Max V(k) Distance [m; Traget Dist(r), Des Ref Dist(b), Front Range(c)
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r
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d time [s]

Fig. 6. Three-truck CACC with other vehicles cut-in and-out:
speed and distance trajectories (zoomed)

capability with much larger delay, s&300[ms] ~ 1.5[s]
depending on make and air pressure on reservoie. tbu
those characteristics, the following strategy
maximum use of engine brake

The total feasible braking torque on all wheels is

=T
T, <T< T
T << T
-E, > Témax)

(25)

Test Results: this section will present field tessults of
three Volvo trucks in public traffic on Interstateghway |-

80 and I-580, and Highway 4 near Berkeley Califayr@ind
with professional truck drivers. The maximum speed
55[mph]. Figure 5 shows how the three vehiclesakelin

steady —state following to maintain string stapiind in cut-
in and cut-out maneuvers by other vehicles.

Speed [mph: V(r), Target V(b), Ref V(g), Max V(k)

TESTRESULTS

Distance [m]-Traget Dist(r), Des Ref Dist(b), Front Range(c)
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Fig. 5. Three truck CACC with other vehicles cut-in and-gut:
speed and distance trajectories

isedus

automated and connected vehicle technologies ssiged)
into market. The leader vehicle has to dynamichbiydle¢
vehicles of its front. A progressive coupling ammb it
proposed which has been tested as successful. Eactle
has to handle maneuvers of other vehicles includingn
and cut-out. A generalized concept pfactical string
stability has been extended from previous work and us
analyze the dynamic behaviof the CACC string to HD’
This concept can also be used for other vehicleSACC
mode which is different from automated vehicle qdating
in both riving environment and feedforward partamtrol.

APPENDIX NOTATION LIST

The following notations are used throughout thegpap
x(t)- distance w. r. t. an inertia coordinate system

v(t)- speed w. r. t. the inertia coordinate system
a(t) - acceleration w. r. t. the inertia coordinate syste
X, (t) = relative distance to the preceding vehicle
(1

. (1)

X (t) - reference distance for control w. r. t. an inertia
coordinate system

v, (t) = reference speed for control w. r. t. the inertia

ref
coordinate system
ays(t) — desired acceleration for control

T, — Time Gap (T-Gap) the driver selected
D, (t) =T, ¥(t) - distance gap (D-Gap) for control
T, — desired braking torque

34 T, -engine brake to be applied

v, preceding vehicle speed measure

re

p receding vehicle acceleration measured



Tj(kmax) (w) —maximum engine braking torque
T, — desired service braking torque

Témax) —maximum air braking torque can be obtained
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