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CONTBOLLER SYSTEM AND METHOD FOR YEHICLE CONTROL

PRIOEITY CLAIM

(8811 The present application claime the priority henefil of LES. Provisional Patent

Application No. 62/882,537, filed June ¥ 2018,
BACKGROUNRD

{66802] Comonuger {rain networks vepresent a raptdly growing industry,  This vapid

growth of rail commuter fransit is accowpanicd by development of Automatic Traip
Operation (ATGF syatema,  Overall objectives of these systems are to reduce spergy

comsamption and overall vehicle CO2 omissten, improve Umetable adberence, lessen
wear-and-tear on train drive trains, ensure safe and robust system failure detection and

fast subseguent response, and minimize the energy expenditure for a given trip,

BRIEV DESCRIPTION OF THE DRAWINGS

{88831 Ooe ormore erobodiments are Hustrated by way of example, and not by linvdtation, in
the figures of the aceompanying drawings, whereln cloments having the same reforenee numeral

designations represent ke elements droughout. 1 s emphasized that, in secordance with

standard practice W the ndustey var featurgs may not be deawn 1o soale aod ave used for
Htastration purposes only, In fact, the dimensions of the varioas features in the drawings mav be

arbitrarily incremscd or reduced for elarity of discussion,

0041 Fig 1 is a diagram of & motion contrefling part-of @ vehioks, in axcordancs with sue or

more embodiments.
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{008S] Fig. I s a diagrum of operations of the motion contelling part of Fig, L in

accordance with oneor more erabadiments.

{8086} Fig. 3 1s adiagram of a system, in accordance with one or more etmbodiments,
{0671 Fig 4 i flow chart of s mothed, naccordancs with one or more ersbodiments,
REHERE Fig. 3 1s fHow chart of 2 method, in accordance with one or more embodiments.

{0608}

i & i flow chart of a method, n sccordance with one or more embodiments,

L] Fig. 7 s Qo chart of a method, in accordance with one or more embodinents.
HEES! Fig. & 15 a bloek disgram of a computing platform, b accordance with one or wmose

embodiments.,

DETAILED BESCRIPTION

{60121 The following disclosure provides many different embodiments, of exmaples,
for Implementing different features of the provided subject matter. Specific examples
of components and arrangemients are described below to simplify the present disclosure,
These are. of course, merely examples and are net intended to be lmiting.  For
example, the formation or postiion of a first featurs over or on a second feature in the
deseription that follows may include smbodimenis in which the first and second
features are formed wr positionsd v divect contact, and may also hwlude smbodiments
in which additional features may be formed or positioned between the first and second
features, such that the first and second featurss may not be dn direct contast.  In
addition, the present disclosurs may repeat reference numerals andfor letters in the

carious cxampdes, This repetition s for the purpose of simplicity aud clavity and does
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not g wseld dictate a relationship hetween the various emhodimients  andior

nfigurations discussed,

(s Further, spatially relative termys. such as “heneath,”™ “below,” “lowier,”
{ = S k : N :

R

Sabove” Mupper™ and the ke, may be used herein for case of deseription 1o desceibe

oue element or featurg’s relationship to another elemant{s} or featuredsy as lastiated in
the figures, The spatially relative tevms are loteaded o encompass different orientations
of an apparatus, object I use or operation, or ohjests scanned in a three dimensional
space, in addition to the ortemtation thereof depieted in the figures. The apparatus may
be otherwise oriented {rotated 90 degrees or at other orientations) and the spatially

P

relative descriptors used herein may likewise be Interpreted accordingly,

{88314]  In some embodiments, a guideway is a track, rall, roadway, cable, serfes of

reflectors, serles of signs, g visible or fnvisible path, a projected path. a laser-guided

path, a global positioning system {(GPS)-directed path, an objgot-stndded path or other

suitable forrout of guide, path, track, mad or the Hke on which, ovar which, below

which, heside which, or along which & vehicle is cawsed to travel.  In some

P

embodiments, a vehicle is a raibway vehicle (uck as, a train) or a voad vehigls.

[OO13]  In some embodiments, a controller, such as a vehicle on-hoard controller (VOBC),
is contigured to confrol movement of a vebicle along a path from a start location 1o a target
lacation. For this purpose, at cach node along the path, a controel problem of the vehicle
is sedved over the remainder of the trip, and the solution, seeh as u driving profile, is
applied to drive the vehicle to the pext pode, The provess is repented antil the target

Jocation is reached. In af least one cmbodiment, the control problem is & convex second

order cone probiem. [ one or more embodiments, a first diiving profile of

<

s lending vehivle i
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sent ty a wrailing vehicle (o enable g controlier of the trailing vehicle o generte 8 second driviag

profile for contrnadling the teailing vehicle to fullow the leading vehicle. Advantages o sccordance
with some embodiments inelude, but are not hpted o, global optialiny robusiness of the selation

and enforcement of a safety bufler between vehicles {eg., tratng) following each other on the same

path {e.g., same track):

REE] tn sume ombodiments, the VORU is implemenizd by running a backgrowsyd process on
every vital machine having safety intemrity fovel 4 (SHL 4) in the system which lstens 1o
communication traffic and collents Koy data as dentified by a configurstion profile of the YOBC
fn some embodiments, SIL 4 35 based on Intomational Blestrotechnical Comynission’s (IEC)Y

standard TEC 61304, SIL level 4 means the probahility of failure per hour ranges from 10 4 107,

HED Fig. 1is a diagram of 8 motion controlling part of & vehicle 100, in accordsnce with
one or more embodiments. The motion controlling part of the vehicle 100 neludes a contoller
110 and & motoring and braking system 1200 In some embodiments, the controller 110

comprises at Jeast one provessor or computing platforn as desertbed with respect o Fig & Inat
sast one embodiment, the controller THY is implemented ay part of 3 VOBUC (not shown) of the
vehicle 10, For example, the controller 1H is implemented at least o part by a processor of the
VORI wiich s programmed to perform operations or functiovality of the controller 110 described
herstn. Inoat least one embodiment, the controller 110735 foplemented in havdwars separate from
the VOBC of the vehicle 100, Fov example, the controller 110 s Smplesvented at loast in paet by 2
processar cutside the VOB and programmed to perform operations or funcBonality of the
controlfer 110 described herem, The moloring and braking system 120 includes & propulsion

sourse configired to generate a force or scceleration o mnve the vehicle along a path. Examples of

a propulsion source include, but are not Umited o, an engine o0 an electric motor. The motoring
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and braling systemy 120 further comprises a break for decelerating and stopping the veliiele 130,
Other movements of the vehicle 100 are alse effonted by the wmotoring and braking system 120 16
varioys embodintents,  For example, in embodiments where steering o the vebicle HHE (g, rosd
vehicle) is possible, the motoving and braking systern 120 also inchudes a steetivg mechandsm for

steering the vehicle 1000

{50181 in some embodiments, the controller 110 Iy configured o apply an optiseal conirgl
technigue 10 drive the vehicle 106, In at least ong smbodiment, optimal control fnvolves teating

a contro] problem as a model-based optimization problem wherg the control law ix conpsied

throush

oplivuzing a given objective for & known process moded {the mode! of the svsiem, ez, a

vehicle, being controlled) under the presénce of one or mote constriaints.  For this purpose, the

controtler T, alan referred d1o 18 an aptimal controller in one or move erbodiments, is configursd

b sobve an oplimization problem based on & current state of the vebicte 100, at least one control

ehjective, and at least one constraint,

{8819} in the example configuration in Fige 1, the corrent state of the vehiele 106 inclades a
cugrent speed (or veloeity) Vi of the vebicle 1O, and a corrent position Xe of thevehicle 100 on the
path. n at least one embodiment, the current speed of the veldele 100 & acguived by a speed sensor
(oot shown} b the motoring and braking system 120 or by e mndependent speed detenmination
systern using Doppler radar, camers (video odemetry) andfor Light Detection And Ranging
(LiDAR) equipment.  The current position Xy of the whicle 100 s scquired, i one or more
embodiments, by a sensor (not shown), such as a camera, a radar, 8 LIDAR scanner, oF a radio
frequency (RF} transeciver, that reads corresponiding visible, radar, LIDAR or R¥Y datwembeddest

in a sign arranged along the path, in an arvangement known as 2 communication based train

rations whire the camvent state of the velucle 190 tnchde
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other operational parameters of the vehicle 100 andor how sueh opertional parameters arg
acyuired are within the scopes of various embodiments,  For example: in at least one embodiment,
the current state of the velacle 100 inchudes a carvent acceleration of the vehicle 100 acquived by an
aceeleration sevsorof the vebicle 104,

jog28] T the example configuration fn Pig. 1, af least one control objective and at least ene
constraint © be used by the controller 110 in formudating andfor solving the optimization

problest are fuchuled v a trip Hodts and objectives database 130, o track dutabase 140, and 2

vehivle configuration datbase 150, One or mogre of the trip Umits and objectives database 130,
track datubase MO and vebicle configuration daabase 130 isfare contatned in a computer
roadable storage modiom for access by the conwreller 116 or a processor thersof, as described

with respect to Fig. 8.

[86211 At least one control objective is included i the trip limits and ohjectives database [30.

Examples of at least one control olyective fnclode, but are not Hmited to, minimum amount of tims

ter drive the vebicle from a start focation to a target location on the path, minimum amount of energy
sopswption o drive the vehicle from the start location to the farget location, and minhmum
exeeazive braking along the path, In at Teast one embodiment, the contraller 118 s confizured to
solve the optimization problem with a0 mixed contro) objestive, for example, a mixed time and
energy objeofive, fo thiy sitution, the tip Hmity and objectives database 130 includes
corresponding time and energy welghts By the mixed dme and eneegy objective, A further example
iz fudes o mixed objective of thme, energy and excessive braking sith three corvesponding weights,
t somie embodiments, the contraller LI i configured to change or adjnst, in feal-time while the

vehicle is travelling on the patly, the control objeetive, In an example, the controller 11 changes the

contral objective frons thme o epergy, or from tine or energy to aomixed time and energy objective,
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i apother vample, the controller THE adjusts tme andfor energy weighls ing mixed  time and

enerey obsctive 1o adapt the motion of the vehinle o new quitements from the systom or a usar,
Other configurations for selecting and/or tpdating the control objective(s) are within the scopes of

varions embodiments,

jog2a] {onstraings in the optimization problem wehude one o more wip constraluts, track
ponstrants, and vehicle constraings, Trip constraints are Hmits refated to the wip of the vehicle

I

database 130, Hxamples of

10U along the path, and are included in the tip linits and objectives
irip constraints include, but are not imited 1o, maximuiyt and minivwrn aevival times gt o leation
an the path, and constradnts on braking. Track constraints are lindis related w the puth along
which the vehicle 100 travels, and are focluded o the track database 140, Examples of track
constraints include, but dre not lunited o, maxinun allowakde speed Umit, fiiction, traction s

grade profile of the path.  Vebigle consraints are 1imits related o the vebicle 108 aod arve

included in the vehicle configuration database 150, In wt least one embodimend, vehisle
conatraints sre prmrameters of sumade!l of the vehicle 100 10 be used by the cantroller 110 ' the
optimization problem, Examples of vehicle congtraints inglude, hut are not Hmited 1o, maximum

braking foree, magdmnn acceleration {or propalsion) force, vehicle wass, latencies/delavs in the

motoring and besking svstems. Like the eontrol objective, oneor more constraiids isfare changeahle
and/or adjustable by the controller 110 i real-time while the vebicle is travelling o the path, Other

cenfigurations for selecting and/or updating one or more constrabms  awe within the scopes of

varfous enthodiments.

[O0E3; The couirolfer 110 1s configured to selve the uptimization problem, using the current

state from the motoring and braking systomn 120 andfor st lesst one sensor, at least one conteol

objactive with any applicable corresponding weight from the trip Himtls and shjectives database
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P30, and one o movs constraints frem the inip Hindts and objectives database 130, track databass

140 and vehicle configuration database 1580, A solution fiar oplimal control can be frasible or

optimal. A feasible solution is oue which satislies the given constralnts, for examgle, driving &
vehicle from one Wwation (o another without over speding. o some situations, there are varions
possible ways, Lo, various feasible solutions, to a conirol problem. An optimal sclution is not
only fmpheithy feasible but s the best feasible solotion woong the availuble fensible sulutions,
Annptimal selution is aghieved via winindzing or maximizing a control objeetive, for example,
driving & vehicle Trom one location 1o another, without over speeding, 1n a minimum amount of

tmg. Thiz allows the number of fasible {possibie) solutions 0 the control problem o be
redoced from a lirge amoant o a single high quadity resudt fn some embodiments, the controler

solved an optiraization probleny when ag aptimal solution has been achieved.

{4241 In some embodiments, optinuzation models are confipured with an abm o guarantee
feasibihity and optimality of the resullant soluticn. This i achievable by presenting the optismad
control law in a convex representation which guaranies that both feasible and optimal sehutions
are aitainable for a feasible sob of constrainty,  In addilion, convex optimization problems arg
solvable far quicker and more efficeotly than non-convex optimization problems, Nevertheless,

in at feast one embaodiment, the optimization problens to be solved by the conteoller [T is 8 noue

convex nptimization problam. In at loast ong embodivent, the optinization problest & a convex
nptimization prablem. In at least one-embadiment, the convex aptimization problom i 3 convex
second ovder cone problem. Due to the mathematical nature of the conve ond arder cone

pradelorn, it is possible o deternine if the control problem s infeasible (& zod

arrival time, 3

ol or stopping polid are impossible o achieve) in a fraction of the time 1t takes 10 solve ong

comtrol iteration.  Farthor, 1f the control probles is determined fo be feasible, the solution is
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guarmdesd to be optimal, Examples of one or more non-convex optimization problems, convex

optimization problems and convex second order cone problems, and thetr corresponding

solutions, are deseribed i Appendix T andf/or Appendix

OIS fo the exwople configuration tn Fig. 1, the controller HO i configured to solve the

optirpization prablem in the dme domain, i accordanes with 2 clock signal i an internal clock

cirenit J60. For example, the controller 116 13 configwrad to solve the optimization problem. a

every conitrol cyele dictated by the clodk sigmal fom the et 1600 I at least one

»

embodiment, sach control cycle in 100 ms ov shoter. As o result, the optimization prohlem is

=t disCretization

solved multiple tmes at o plurality of discretization vodes dlong the path. Adj
nodes are arvanged at & predeterniined Uine nterval comesponding o the clock signal.  Physical
distances between adjacony discretization vodes are, bowevey, not necessirthy equal dae 1o von-
tinearities of various Tactors and/or parameters. In some situations, such non-linearities present one

or mors sonserns when attempting o sobve optimization problems in the thme dowmain,

{0826 in another example configiration, the controfler 110 &8 configared o solve the
optimization probient it the pusition domain, For example, the comrolier 11U s configared o solve

the optimization prohlem at every diseretization node among & pluality of discretization podes

arranged ot o predetermined distance along the path.  Adjacent disowtization nodes arve therefors
agually spaced. I some situations, discretization of the path and solving oplimization problams in
the: position domain address ane ov wore concemns met when altenpling to sulve optimization

problers in the tree domain,

6037 Fig. 2 s & diggram of operations 200 of the motien controlling patt in Fig L in

accordance with one ov more sovhediments, The operations 200 include a pluraliny of control

fterations 210, 220, 230,... 250 along a path 202 of the vehicle from a stast location 204 o a
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target Iocation 206, In the example configuration W Fig. 2, the path 202 i3 3 track o rail on which
the vehicle which is a trabn travels, the start Incation 204 ix a start station, and the target location 206
is a stop station.  However, other configusations are within the scopes of varlous embodiments. For
axample, W oat Jeast ong embodunent, the start loeation 204 and/or the target location 208 isfare

locations o the path 202 betwsen which optimization of the travel of the vehicle is o be

erformied. The speed of the vehigle atthe start tocation 204 and/oy the target location 208 is not
f E

¢

sesartly were, L. the velicle does aot necessaridy stact o end 1ts travel at the start focation
204 or target location 206, The coptrol iterations 210, 220, 230,... 250 are performed i the thme
domain or the position domain as described herein, In the time domain, the contyol iterations 219,

220, 23040 230 correspond to various discretization podes wranged at a predetermined time

interval comresponding to the clock signal (controt syele) of the wlonk cireutt 160, {n the position

domain, the control iterafions 210, 220, 230, 250 correspond to various diseretization nodes

distributed at a predetermined distance along the path 202

281 At each of the control Herations 218, 228, 230.... 230, the comtroller (10 s

T ‘: YUY d to, based ons carvent stafe of the ve

di, generate a taved plan for o remainder of the
path 202 from g current position of the vebicle o the tavget Jocation 206, For example, at the
first contral Reration 210 at the start lecation 204, the current state of the vehicle focludes the
wurvent speed Vi and the carrent position X, as deseribed with respect to Fig 1L Based on this

current state, the controller 110 is configured 1o perform an optimization problens to achieve ar feast

one vontro] objective under one o move constraints, ay describad with respect to Fig. [ The

sedution of the optingration problem ncludes at loast one deiving profile 216 which includes for
cach of discretization nodes 217, 218 on 8 rematnder of the path 202 betweey the current position,

i.on, the start location 204, and the target lncation 206, at least oue of Hme, position, speed or

10
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acogleration of the vehicle, At the fivst control tteration 21{, becanse the cwrent position of

the vehicle v the start location 204, the rematnder of the patk 202 ¥y the path 202 itselfl The

time, posttion, spead or acceleration of the vebicle ot each of the discretization nodes 217, 218 in
accordance with the driving profile 216 3¢ optimal to achieve the at least obe conirof ohjective wder

the oue or morg constraints of the optimization problem.  For example, when the oplimization
problem e perforped 1 the time dontaly, the deiving profile 216 inclades a position profie

thcfuding an optingd position of the véhicle at cach diseretization pode (e, at e

heontrol oy

Iy ancther &xampie, when the optimization problem s performed 1y the pesition domsaly, e driving

profile 216 includes a fime profile including an optimal fime when the vehiele arrives at each

diswretization node. In a further example, the driving profile 216 fcludes a speed or acdeloistion

profile insloding an optimal speed or aceeleration of the vehicle at cach discretization node. One or

more of the drving profile 216, ¢.g., a position prafile, 8 speed profile and an peccleration profile,

together define a travel plan for the vehiele over the rematider of the patle 202, Other duiving
k

profiles besides the deseribed time profils, positdon profile, speed profile and acceleration profile are

within the scopes of various smbodinents.

{0429 The controller 10 3 further contigured to comrol the motoring and braking system
P20 of the vebicle 1o exeeuts the fravel plan votil & next controd teration, For example, the first
element of the driving profile 216, e, al feastone of time, position, speed or aceeleration of the
vehiele, at the first diserstization wode 217 corresponding to the start location 204 wapplied. mthe
form of & contral vector Ty i Fig. 1, by the contreller 11 to control the  moloring and braking
systemt 1200 AL keast one erobodiment, the comtol vootor roprosents an dnput fovee command
cause the motoring and hraking systam 120 to gencrate a propulsion o braking force to achieve the

optimal time, position, speed or sceelestion in the fivst element of the driving profile 216, The

11
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motoring and braking svstom 120 maintaios the propilsion or braking force until the nest controd
iteration 220 {or next discretization node 227) s reached, at which fime the controtler 110 s

cortfigured o solve the oplindzation probleny again,

{6034 Specifically, at the second control iteration 220, the new current state of the vehicle
inclodes a new currentspeed and a vew curvent posidon Xy, The reniainder of the path 207 s
shortensd, aud fncludes @ section betvesn the new current positiony Xy sind the target location 206,

The controfler 110 & configueed to pegforn ion problem sgain, hased on the new

current state and any epdate/adiustiient 1o the control objective andfor cobstraints. The solution
i 8 pew driving profile for the remainder of the path 202 behween the new current position X and
the target Jocation 206, The first clement of the nevw drving profile at the diseretization node 227
is-applied by the cordrolier 110 to control the mosoring and braking system 120 10 move the vebicle
uatil the nost contrnl tteration 230 (or next discretization node 237} s reached, at which time the

controtier 110 s confimured o solve the optimdzation problem agai

{68831} Specifically, at the third control iteration 238, the current staie of the vehicle 8
updated.  The remainder of the path 202 is shodenad, and eludes a secdion between the new
surrent positton Xz and the target location 2060 The controller [} &5 configured to pertonn the

optinization problem again, based on the updated current state and any updatedadjustment o the
control objective and/or constraints. The solution is a futher driving profile for the rematnder of
the path 202 bebween the new curvent position X, and the target location 206, The {irst clementof

the turther deky

zprofife at the sdisoretization node 237 is applicd by the comtrolisy 11 @ control

Py
ey

he oolering and braking systern 120 0 move the vehicle until the next coutral iievation {or néxt

(%

woretization node) iv reached, at which time the vontroller 110 s configured o sobve the

optinnzation problem agatn. The sbove-descrbed operations are repeatedly perfirmed until the

12
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vetucke reacheos the targst ocation 206, As a résult, in ot least one cinbodinent, an optimal wavel of

,}

the vebicle st every discretization. node along the path 202 s achievable, while g into
congideration vagious chsnges ov adjustments in the contdl obijective (o, From fime fo eneigy),
fripy consirainds {e.g, updated maxinum or minimunm arrival tmed, rack constraints (e, updated

speed Hmit), and/or vehicle constraints (g, changed vehicle mass due o passe eRing on or

off the vehicke).

{8632} Fig. 3 v a diagram of a system 300, v accordance with one o mare embodiments,

e

The systern 308 is configured (o contral & pluraliny of vehicles 316, 320, one following another
along a common path 330, Az shown by the divection of motion arrow in Fig. 3, the vehicls 310
15 a leading vehicle and the vebicle 320 is a tratling or Iollowing vehicle that follows the leading

vehicle 310 on path 330, The leading vehicle 310 comprises a fist contralior 311, a mdtoring

and braking system 312, 3 position sensor 313, & velooity {or speed) sensor 314, and an acesioration

ped

sensor 315, The trailing vehicle 320 comprises a sccond controlier 3210 a modoring and braking

syatesn 322, a position sensor 323, & velocity (or speed) sensor 324, and an acceleration sensor 323,

In gt feast one embodiment, at Jenst one of e St conbioller 311 and second contralier 321

corresponds to the controller 111 at feast ope of the  mutoring and hraking systern 312 and

mesoring and braking system 327 covresponds to the motoring and beaking system 126, and at least

one of the position sengor 313, velowty sensor 314, scocleration semsor 315, positing sensor 323,

g

velovity sensor 324, acoeleration sensor 323 comesponds o a vespective sensmr desoribest with

respect to Figl 1. The first controller 311 conununicates over a sommunication 317 with a wayside

sign 331 arvranged slong the path 330, using & sonsor (not shown), auch s a camers, a radag,
LiDAR seavner, or an BE transegiver, moan CHTC arsngement gz deseribed hevein, the second

vontrotier 321 compinicates over ocomnumieation 327 with & wayside sign 332 arranged along

13
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the path 336, wsing g sensor (not showny, sacl ag s camers, o radar. a LIDAR scanner, or an RE
transceiver, in an CBTC arrangsment as desardibed herein.

10033 The first controller 311 comprisey 8 first commmunication ciragt 315, and the second
contredler 321 comprises a second compumication cireutt 325, The first compnnyeation cirouit 318
and the seeond conwnundeation cirewit 328 are configured to perform commumication 340 with each
other (o transmit a frst driving profile 316 from the st controlier 3T o the second controlier 321
as deseribed hersin.  In at least one embodbuent, the conwpumication 340 B a ooesway

eommunication 10 reduce the workload andfor ciroult complexity.

In the sxample eonfiguvation in
Fig. 3, the communication 340 is an over-the-air communication, for example, an RY chaonel, and
the first communication cireuit 318 and second conunaication clrenit 328 comprise comasponding
RE ransmitiing and receiving clreuils and/or antiznnas, respactively,  Other configurations of the

compuatication 340 are within the scopes of verbws swbodiments.  For example, the

communication 340 1s a two-way communication in at least one exbodiment,

{3 The first controller 311 assoctated with the leading vehicle 310 s configured 1o
generate the First driving profile 316, and control movement of the feading vehicle 31 afong the

paili 334 based o the generated first driving profile 316, 1n at least one embosimeny, the first

controler 311 is configured o generate the fiest driving profile 316 by solving an optimization

fem using the current state of the feading velilele 310 acquired fromy at least one of the

u:‘ N 1

osition sensor 313, velocity sensor 314, acceleration sensor 315, with respect to gt least one controd

objective and one or pove constraints as deseribed with respect to Figs, (20 Cither confiourations

ars within the seapes of varlous embodiments.  For evample, the fist deiving profile 318 is

generated in @ naones diffrent than solving an oplimization problem, ey stodriving profife

&

316 is estimated or zencrated by another ATO technique. 1ot least one embodiment, the first

14
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sontrofler 311 s configured to apply the first deiving profile 316 1o control the motoring and

braking system 312 1o drive the leading vehicle 310, as deseribed with respect to Fige, 142,

1381 The second controller 327 associated with the tailing vehicle 320 & configured w©
ceceive the first driving profile 316 generated by the {Trst controtler 311 over the commumication
340, The second contraller 321 s fiwther sonfigured to generate 3 second driving profife 326
based on the received first driving profile 316, and control movement of the trailing vehicle 320

along the path 330 and following the leading vehicle 314 based on the generated second driving

profife 326, buat least one embodiment, the second controlier 3

is configured to gonerats the
second driving profile 326 by solving an optimization problem using the curcent stale of the

=3

traiting vehicle 320 acguived from at |

cast ong of the position sensor 323, velovity sensor 324,
acceleration sensor 323, with vespest (o at feast one control objective and one or more cobstraings as

desortbed with respect fur Figs. 1.2, However, in addition W the one o more constraints described

with respect o the wip lnits and objectives databpse 130, track dalabase 140 and vehicle
configuration database 130, the second controller 321 solve the optimization problem using the fivs
driving profile 316 as an additional constraint, Specifically, the first deiving profile 316 includes

information ona position of the leading vehicle 310 at a given tine. The additional congtraint used

e soeond controlier 321 In solving the optimization problers ensares that the trailing vehicls

¥

320 ks it feast a distance d away from the pasilion of the jeading vebiole 310 at the ghven time.

{36} inat least one smibodiment, b sach control fteration, the second contro
the first driviog profile 316 and uses the (st deiving profile 316 as a constraint to genersie the
second driving profile 326 throogh solving an optimization problen,  In at Jeast one embodiment,

at each coutrol fretation. the Tst contoller 311 prneratés the first driving profile 316 through

solving an optimization problom, and sends the Hest dviving profife 316 o the second contrailer 321,
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In some embodiments, the optimization problems sobved by the fist controller 311 and the second

controfler 321 differ in at least one control ebjective and/or ong orimose constraints. For example, o
control objective of the first congroller 311 i time, whereas a control ebjective of the second

controller 321 i a mixe

d time and energy ohjective. Exaroaples of optimization problems solved by
the frst controtfer 31 andfor the second contredler 321 to control the tratling vehicle 320 to follow
the leading vehucle 31 at an intended separation are describad in Appendix Eand/or Appendin 2

{0371 i at feast ome embodiment, more than two vebicles are Included in a fleet of vehicles
following cach other on the path 330, i an example, a fuether trailing vebicle (ot shownd follows
the trailing vehicle 320, A third controler {(not shown) associated with the further trailing vehivle is
cortfigured 10 megive the sveond driving profile 326 genersted by the seoond comtroller 321,
generate a third driving profile based on the recelved sevond deiving profile 326, and contrel
movement of the further tailing vehicle slong the path 330 and following the wailing vehicle 320
based on the gencrated thivd driving profile, 8 maswer similar 1o the deseribed operations of the
second controller 321 fi at least ove embodiment, the leading vehicle 310 is catehing up with &
further Joading vebicle (not showny and becomes a tailing wohisle. I tus situstion, the fisst
vontroller 311 receives a driving profife from the further leading vehicle snd uses the received
driving profile as a consteajot in solving an optinization problew W update the frst driving profile

316, in a mavmer similay to the desceibed operations of the second comteoller 321, An example of

this sityation i met where the path 338 &3 a closed foop, and the leading vehicle 319 being a fivst

ehicle of the fleet is catching ap with a lastvehiele and becomes a teailing vehicle, The controlfer

on each velitole i the Heet repeatadly apdates #s driving profile based oo a detving

from the vehicle fmmedintely ahead, and sends the updated driving profile
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‘ 3

immediately bebind, Asa conll the vehicles in the fleat follow cach oiher at an sntended sepasation

i an mmn 1al annei

{$8.38] The above deseription includes exaamples, and other confiearations are within the scopes

of vartoius embodiments.

RUERES For example, in some embodiments, the controlier 118, 311 o s configured 1o, at
esch control fevation, estimate o patameter of the vebicle, and use the estimated paramster in
rating the travel plan for the vehinle over the remainder of the path. For example, instead of
using 4 constani pararieter reirieved from the vehicle configuration databuse 150, the paeameter of
the wehicle 18 constantly updated through estimation which further improves optimality of the
eplimization problea solution, L&, the driving profile of the vehicle. In at least e embodiment,
the parameter of the vehick to be wpdated cludes the mass or weight of the vehicle, which

chauges, for sxample, when passengers get on or off the velucle. Insnother example, the parameter

of the vehicle o be opdated 1s o paganeter that changes as the vehicle ages through normal wear-

and-tear. Examples of parameter estimation echoiques are deseribed o Appendix 2.
HEAETH ] Fn senme situations, tHme delays are observed in operations of the motoring and braking

systern 1L For example, when the contol vedtor is outputted by the controller 110 1o the
motoring and braking system 120 1o drive the vehicke, there are time delays from when the control
vector 18 received until the propulsion source, such as, & motor, or the brake sencrates the

o ar barking foree

sonding metonng asprnding to the control vector. The motoring thne

delay sssociated with the propulsian source and the braking time delwy gsseeiated with the brake are
similar in some siteations, and different in other stiuations, One or more entbodiments take such

time delays it accowtt to further improve optimaliy of the solution, Lo, the driving profile
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genernted throngh optimisation. Examples of cmbodiments that consider time delays of &
motoring and braking systemy are deseribed I Appendix 3 In the described exangple
erhodiments, at each control fteration, the controller determines, hetween the current position and
the target loeation, a predicted position of the vebicle corresponding 1o at least one delay of the
motoring and braking systenr. The controller next solves sn optimization problems o determive a
{ivat part of the travel plan betevesn the predicted position and the target location. The controller
ther deternuines, based on the first part of the travel plan, 4 second part of the tavel plan botween

the current position and the predicted position, for example, through tverpolation.

{41} In some embodiments, G Hmit wesr-and-iear on the braking systeny, hard braling i
reserved for an emergeney or a modelling ervor. For sxaraple, the constraints {o be used for
aptimization comprises a first brake constraint and a sevond brake constrainl. The second brake
constrain corresponds to a harder brake operstion (or force) than the first brake constraint. In at
feast ove embodiment, the second brake consttaint corresponds 1o the performance Himit, o, the
foaxiin brakibg foree, of the Braking systern, whercas the est brake constraint corresponds 1o a
sofler braking operationy {or fove) 1o Improve passenger camiort, stop the vehicle without overshoot
i the event of & modelling ereor, of adjust 10 & vew shortér stopping distance.  The conwoelfer is
configured to solve the optimization problem constrained by the first (soff) beuke constraint. The
abjective finction of the controller penalizes braking above the soft braking constmintflevel, In
fogpong 10 a detdrmination that the optimization prablers constrajved by the first brake sonstraint is

feasibde, te controller s vonfigared W control the  motoring and hraking svstem of the vehicle

bused on the solution of the aptimivation peoblent  On the ofher hand. in response to a
determination that the ontimvization problevn constriined by the first brake consiraiit is infeasible

(e, madeling eror ewusts and oxtra braling B requived o satisty the constrsinis of the
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optimbeation problem), the controller Is confipured W sobve the optinmization probdem sonstrained by
the second brabe constraint carresponding to the harder brake operation. As discunsed herain, in
embodiments where the optimization problem is a convex secomd order cone problery, it 1s possible

tor determine H the control problem §s bfeasible (e.g, arival thee, speed Hinit, or stopping pointare

impossible to achieve) fn i fraction of the time it tales 1o solve one cottrol eration, and therefore,

it i posaible to trigger the emergeney biake thos saving valuable tme and inereasing the chavtces of

a safe arrpval.

{80421 Insome embodiwents, o opiimize the controf of a fleet of vehicles, only a ong-
wiy communication s needed from a leading vehicle to a trailing vehicls to drive the
entive fleet opimally, o at kast one embodiment, sach vehicle 18 running at the optimal
Automatic Speed Contral {ASC), and ransmitting its forepasied optimal contral profile,
g, a driviog profile including at lesst ove of position, spead, velocity, et for s
entive remaining distance to the target location W its mmmediately following vehicle,

The fellowing vebicle adds the received driving profile o the constratn set for s
contraller for optimization at the following vehicle. Hach following vehicle asswmes
that it is possible for the leading vebicle to come o an wuuediate stop at auy point in
its forecasted trajectory to account for any possible way in which the vebicle iy o stop
{normal stop, crash, ete. ) 1y at least one eobodiment, this allows to optimally cowtenl an
entire fleet of vebicles with a basic sontrol architecture and allows to move vehicles
closer together, achieve higher passenger comfort, reduce more wear-and-tesr on the
vehicles and conserve significantly more energy than s possilde with moving-biock

pd

CBTC.
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o,

G0431 A praciical application of some embodiments 18 CBTC syslems configursd {0
oparate in ATO, driverless oy wnatiended modes of operation where the VOBC
commands the requested propalsion and braking effort aleng with coasting w the
vehicle's confrol systems. A further practieal application of sowe embodiments is for
off~line geveration of speed profiles to buprove the capabilitios of existing speed

controflers.  In at least one ewbodiment, the controller is used for larger seale contral

room routing and wanagenent of complete vebicle fleets or other mobile I

cpistical

planning.  While trains are a practioal application of some cmbodiments, at lfeast one
smbeodimoent has a practical application in road vohicles, such as autonomous cars, travelting
o a goideway, espeelally w0 the form of a tleet of vehicle one following another as

deseribed hereln,

{e44]  Compared to alternative approachss, one or more embodiments provide one ot
mowe advantages discussed herein, Specifieally, an alternative approach involves ad-hoe
techuigues which are tuned to a specific vehicle: The underlving architecture i vsually
a PID {(Propottiopal-Integral-Derivative) where a current present measurzment set
{speed, acesieration, position) is fed back into a controller which plans oaly its pressnt
souotrol decision withowt factoring in the future conscguences of its action, Thse PID

attempts to track a per~defined speed profile. Thus, a present control decision may

cayse an over apeed further down the Hug. Since a PID is a Hnear controlier that is not

desigied for non~-finear systams, it is usvally patched with other ad-hoo technigues to

work 1o d@n acceptable level in an advasced nos-linear system. This paich-on-patch
dusipn model [or a controller s nentbér sostainable nor robust,  From. the conwroller

it s ditieult to tane a linear controller on a velicle maindy due to
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the compley behavior and systen interactions of the vehicle, Additionally, itis difticult
o undersiand and debug contrel properties of sach 3 linear controlier. These factors
make 1t diffictlt to ensure that a Hnear controller San eipe under all possible conditions.

design e a manber where the required constraing such ag time-table sdberende and

yocopsumplion fovels can be satisfied,  Such controllers depend heavily on ther
g aod are offen addittonally Umited by the shoplifications o the vehicle modet
which arg veguired for their fonetion. A dontra] objectives and models become more

complex, alternative control aschitectures bedoane fess able to Kedp up and sventually

become eompletely unable to meet the vebicle control requiraments.

jOR451  To address ong or more coneerns ohserved in the ad-line techuiques, a further
alternative approach involves controflers based on optismal contrel. Such aptimal
controllers bvgely suffer from the inahility 1o solve the eonurol taw last enough to he
usable as sutomatic speed controlier. Therefore, due 1o the lurge muwerical computation

requiraments for these controllers, they wre utitized as offling planning algorithms for

existing condrollers, or as driver assist systems.  For exmnple, o driver sssist sy

s

tom
computes switching points between motoring/speed-hold/coast/brake states, and intorms
the driver when they should change modes. 11 takes 2 fow seconds to re-optimize the
switching curve profile wheveny an AT in ATO operation aveds to operate at
frequencies in the order of MiHz, The alternative approach alse greatly simplifies the
underlying vebicle and trip model and does not account for the possibility of numming

hehind another vebicle, The aliernative approach {s net real-time capable and cannet
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drive a vehicle on U8 own but instead relies oo the deiver following the switching

curves that is geseradey

[0046]  In costrast, one or more gmbodivents allow for real-ime oplimal and
adaptive control afthe vehicle 1o achiove goals defined by the eperator while satisfying
defined constraints o a driverless or anaitended wmodes of operation. In av least ong
embodient, the controller repeats optimization cach and every control eyvele in realitime

and returns a solution substantially Taster than 100ms,

{8471 Since the type of controller in some smbodiments i model based, it is possible
to mrathemativally detevarine the most optimal vourse of action {eg., driving profile) for
the vehicle. I addition, at least one smbodiment altows fTor havd constraiuts {(inclading,
but pot Hmited to, spesd lmits, arvival thoe limits, cowntrol Hmits, ete...} {o be
numerically speeified and mathemativally guarantees that the coutrol faw will adbere to
the hard constraints assunting that the constraints are Teasible.  Therefore, control

bjectives such as minimum time or constrained arrival time and cogrgy optimal driving

siralegies ave possible, These capabilities are not available in the described alfesnative

approaches.

{0648] In some smbodiments, the real-time capability to ro~optimize the entive
driving profile up to the mrget location, eg., the pext station, at every control eration
allows an engrgy and Hme mimmized driving stratggy. The controller in scoordancs

with some cmbodiments does not need 10 be supphind with & speed cwrve and i3

therefore muoch easier to deploy in the field. In addition, it is robust {less sensifive) to

changes in the trip reguircments,  For fastance, i a vehicle running a BID controller
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st be delayed for any reason o 8 pext plaform the PLD controller will bring the

vehicle 1o a complete stop, walt the delay time, and then resome following Hy reference

t

spead curve, This ig greatly ipefficient, uncomfortable o passeagers, and detrimental

to the ratlway operators reputation. One or more embodimesits mitigate this by immediate

re-~optimizing the eative driving profile over the remainder of the itended travel and

continued driving in the newly caleulated {adaptive) most optimal manner,

{49 The controller i some evbodinients s » model-based contraller which within
itselt knows the entire model of the vebiele It is controlling, Thoretore, the controller
plans the most offigtent and sate courses of action, bat iz also easy to adapiio dilferent
vehicles,  This romoves the need for the adshoo pateheon-pateh work-flow that g

present with controllers in accordance with aliernative approaches, and allows for a

streambined ease to configurs and understand the controtler m at loast voe ernbodiment,

(88307 The convexity of the optimization problem handled by s controlier in af least

one embodiment andfor the algorithmie de provide(s) the controller’s capability of

reab-time operation. {n contrast to eptimal vebicle speed control methads in alternative

approachies, the controller in at east ope embodiment i fully capable of

raal-time

operation on minimal hardware:

{0851] The conwvoller I some  embodiments  alse presents  an  inter-vehicle

communication and aptimization method aliowing many vehicles to follow one close &

another 1a an optimal manner. a.g., during high sgevice hours, The centroller in some

entbodiments allows for much smoother and more energy efficient driving than is

carrently possible with controllers in alternative approaches,
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{B832]  Some embodiments Further provide one or more advantagss inchuding, but not
ndted o, buge emsrpy savings and gusvantesd timetable adborence glong due o optinal
constiained driving, greatly reduced toning effort for deplovipent i the feld, and selfSluning and

iderpal optimization steategy permitting the controller to adapt to the vehiele and doss oot

deteriorate in parformance as the vehicke ag

JB053]  Fig. 4 is flow chart of a method 400, in secordance with ong or more
smbodiments. I al lvast one erbodiment, the method 400 8 performed by one o more of

the gontroller TH), firsycontrotler 311 and sécond controlier 321,

[OBS4] At operation 418, g convex optunization s performed 10 genersle a travel plan
for the vehicle slong a path. The convey optinuzation comprises a second order one

problem.  For example, the controller 110 solves a convex optimization problem which i 3

second order cone problen, as described with respect to Fig. 1.

{BO351 At operation 425, 8 motoring and brabing systemy of the vehicle is controled
i exeeute the geasrated travel plan to move the vehicle along the patle For sxample. the
matoring and braking svstem 120 5 controlled to exevute the traved plan generated by the condrolier

£10 1o move the vehicle along the pathy, as described with respectio ¥

i 1,
&

F0836)  Filg, & iy flow chart of & method 300, in accordance with ong or move
embodiments. Inat least one embodiment, the method 500 is perfored by one or more of

the controller 110, fivst controller 311 and second controller 321

(ST As indicated at loop operation 805, the method 300 jncludes operations 513

and 325 which arc repeatedly peefonmed for cach of a phurality of contved iterations along a path
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from a st loeation to g target Jocation,  For example, the control vieeations in the method SO0

corresponding to the control Herstions 2100 224, 230, 380, which ars porfonmed at various
focations X0, X1, X2, along the path 202 frooy e start Jovation 204 1o a target location 206, as

deseribed with respect to Fig 2

FO038] At operation 315, & tave! plan Tor a remainder of the path from s current
position of the vehicle to the targes location is generated. For example, at the control
jteration 224, a travel plan for a remainder of the path 202 from a current position X1 of

the vehicle to the {arget lovation 206 is generated. as deseribed with respect to Fig: 2

[0039)  Aroperation 5325, a motoring and braking system is controlied to exscute the

erated travel plan until & next control jteration. For example, the fest element 227

c:r:

of the travel plan st the discretization node 227 i applied by the controller 110 W
cordrol the motoring and braking svatern 120 to move the vehicle vntil the next control
Heration 230 {or next discretization node 237} is reached. Iw ab least ong embaodisuent, the
abave-deseribed operations are repeatedly performed until the vehicle reaches the target

-

tocation 206, as deseribed with respeet to Fig. 2.

{B868]  Fig. 6 i3 flow chart of a method 600, in accordance with one or more
embodiments.  In at least one cmbodiment,  the weothed 800 is performed by the first

contraller 311 and second controller 321, The lett-side part of the flow chart in Fig 6

includes operations on g trailing vehicle, sush as the tratling vehicle 320 in Fig. 3. The
vight-side part of the tlow chart in Fig. 6 inclodes oporations on a loading vehiole, sueh as

the feading vebicle 310 1y Fig. 3.
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108611 On the lzading vebicle side. at operation 615, & fiest driving profile i3

- o

generated for the leading vehicle, For sxample, the first contraller 311 of the leading
vehiele 310 gensrates o fivst driving profife 316 for the leading vehicle 314, as deseribed

with respect to Fig, 3. In at Jeast one embediment, the firss driving profile 31018 ge

rated by
solving an optimization problem as described with vespest to Figo 1. In ar least one
embodiment, the first driving profile 316 & otherwise geserated, without selvivg an optinygrzation

prablent. The first deiving prefile 316 s angmitted fo the trailing vehicle, as indicated at 630

{88621 At operstion 823, movement of the lvading vebicle along the path is contrelled
based on the generated first driving profile, For examyple, the first controtler 311 controls
the motoring and braking systom 312 of the leading vebicle 310 o wove the leading

L

vehicle 318 along the path, as desetibed with respect to Fig. 3.

j0063]  On the trailing vebicle side. ab opomtion 648, the first driving profils
generated by the first controller is rectived. For example, the secoud coutroller 321 of the
tratling vehicle 320 receives the fivat driving profile 316 over a compumication 340, as deseribed

23

&

with respect o Fi

e8] AL operation 639, 5 second driving prefile is generated based on the received
first driving profite. For example, the seconsd controlier 321 solves an dptimization problem
willy thie first driving profife 316 as & constraint, to obtaln the second driving prodile 326, as

deseribed with respect to Fig, 3.

REEU RS At operation 865, movement of the fratling veldole along the path and
folowing the leading vehivle is controlled based on the gencrated second driving

profite. For exomple, the second controller 321 controls the  mistoring and beaking

systemt
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> of the trailing veldele 320 10 move the railing vehicle 320 along the path 3340 and

following the leading vehicle 310, as deseribad with respectio Fig. 3.

o8es]  Fig. 7 s flow chart of o wethod 700, 1w accordines with one or maore
embodiments. I at least one embodiment,  the method 700 15 performed by the first

cositrotler 3 and second controller 321, The lefteside past of the flow chart in Fig

fncludes operations on a trailing vehicle, such as the tratling vehicle 320 in Big 3. The

right-side part of the flow charg in Fig 7 ncludes operations on 3 leading vebisle, such as

the leading vehicle 318 in Fig 3.

&

({8671 On the leading vehicle side, as indicated at loep operation 703, the method

B
I

700 inchudes operations 715 and 7235 which are repeatedly performed for cach of a phuality
of control erations along & path Fom a start ocation 10 a farget Jocation,  Likewise, on the
trailing vehicle side, ag indicated av loop operstion 733, the method 700 includes
opergtions 745, 755 and 765 which are repeatedly performed for eachoof a plarality of vootvol
iterstions along the path from the stiwt location o the target location. o at least one embodiment,
the control Herations of the leading vehuele corresponds i a one-to-one relationship to the control
iterations of the wailing vebicle.  Other confipurations are within the scopes of vavious
embodiments, In an example, the control iterations for at keast one of the leading vebicle 31 or the

tradting vehicle 320 in the wethod 700 corresponding o the contrel fievations 210, 220, 230,... 2584,

‘}"

which are performed at various leeations NG, X1, X2 0XN along the path 202 frow a start Jocation

"

204 to a target focation 206, as dese

{0868 On the leading vebicle side, at operation 713, 1 travel plan for a remainder of

the path from a current pesition of the leading vehicle 310 to the 1arget locativn is
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generated by the first contrefer 311, in 2 manner stmilar to operation S1S of the method

SO

06T At operation 723, the imotoring and braking system 312 of the leading vehivle
310 15 controlled 1o execute the generated travel plan entil o mext contral fteration, in a

mapngt siriiar to operation 3235 of the metbod 300,

HI781 As indicated at 730, a driving profile corvespondiug to the generated travel

plan of the leading vehiele 310 is transmitied to the watlhing vehiels 324,

(#0731 On the trailing vebiele side, at operation 7

from the Nirsteontroller.

(GB72] AL oporation 755, a wavel plan for g remainder of the path from g current

position of the tratling vehicle 320 to the wwpet location is s the second

controfler 321, in a manner similar to operation 315 of the method 300, with the recetved

deiving profile as a constraint,

08731 At operstion 765, the motoring sud braking systens 322 of the trailing vebisle
320 is controlled 1o execute the generated travel plan until a next contred iteration, in a

manner similar 1o operfation 825 of the method 500,

{741 Cme or pwwe advantages achisvable in the sysien 100 andinr sysiem 3

3O by
gne or woerg of the contreller 10, Hirst controtler 311 and second condroiter 321 isfars

also achiovable in one or more of the methods 404, 300, 600 and 700,
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j8075) The described ethods wdlude example opsralions, but they are not nesdssarily
required o be pertormed in the order shown. Operations may be added, veplaced, changed order,
and/or eliminated &€ appropriate, v secordance with the spiitand séope of enbodiments of the
disclosure.  Embodiments that combine different foptures and/or ditfeeent embodunents are
within the scops of the disclosure and will be spparent to those of ardinary skill i the art after

reviewing this diselosore.

{76} Fig, 815 @ block diagram of a comynating platforan 800, in secordance with one or
mors cmbodiments,  n some embodiments, one or more of the controller 110, vt controller
3

3t second controller 321, a VOB of any one v move of the vehicle 100, leading vehicle 310

2y

and trathing vehiele 320 i3fare implentented as one ov more computing platform{s) 800,

Q477 The computing platform 800 includes a specific-purpose hardware processor 802 and
P 3 ¥ £ §

a non-transitory, computer readable storage medium 804 storing computer program cods 803

and/or dita 305, The computer readable stovage mediom 804 s also encoded with instroctions

RO7 for imerfacing with the vehicle on which the computing platform 800 is installed.  The
processor 802 is electrically coupled to the computer readable storage medinm 804 via a bus
808, The processor 802 is also electrically coupled 1o an 1O wterface 810 by the bus 808. A
nebwork interface 812 dx electrically coppested to the processor 802 via the bus 808, The
network interface 812 is connected o a network 814, so that the procsssor 802 and/or the

computer readable storage medinm 804 is/are conpestable 1o external cloments andfor systams

via the network 814

HHI78] I some erpbodiments, the processor 802 s a centrad processing wdt {OPU), & mudti
processor, a distributed processing system, an apphice e Jotegrated curowit {ASIO),

snd/or a suitable hardwars processing enit,
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HHHTH i some embodisents, the pocgssor B2 I configored o oxcoute the computer
program code 803 and/or access the data 803 stored in the computer readable storage medium

B4 in order o cause the computing platfornt 300ty perform as one or puwe components of the

system T and/or svst

e 300, and/er to perforpe a portion or all of the oporations as deseribed
ome or more of the methods 406, 500, 600 and 700, For sxample, the computer program cuods
803 includes one or more algorithin or model for causing the processor 802 to solve opthmization
profdems or estimate a pwrameter of the vehiele, The computer readable storage medium S04
inclades one of wore of the twip Umits angd objectives database 130, track database 140 and
vebicle conftguration database 180 with at least one control objective and ong oy move constraints

for the eptinuization prableros and/or parameter estimation,

[B888]  In some embodiments, the processoer 802 is hard-wired (e, a5 an ABIC) to cause the

somputing platformo 830 1o perform as ong or more companents of the system 1 and/or systens
300, and/or 1o perform a portion ov all of the operations as described in one or more of te

methods 406, 300, 600 and 700,

{H081 i sovoe embodiments, the compuier readable storage medivm 304 15 an electronie,
magnetic, optical, electromagnetic, infraved, andfor a semiconductor system {ov apparatus oy
devize), For sxample, the computer readable storage medium 804 includes a somiconductor o
selidestate memary, a magnetic tape, a removable computer disketie, a raudom access memory
(RAM) a readeonly memory (ROM), a rigld magnetic disk, andfor ap optical disk. In some
embodiments uxing optical disks, the computer readable storage mediom 804 ncludes a compact
diskeread only memory (CU-ROM), a compact disk-read/write {CD-RAWY, andfor a digital vider

dise (DY),
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a8z Ju some embodiments, the FOnterfice 810 is couplod o external circuitry. T some
gmbodiments, the JO interface 819 focludes a kevboaed, kevpad, mouse, teackball, trackpad.
anddor curaor divection koys for commumicating wlormation and commands & processor 862, In
st Teast one embodiment, the QO mmertice 818 is coupled to 4 communication etrouit for velucle-to-
vehiole covanmnication as desoribed with respect fo Fig. 3.

{80R3] n sonte embuodiments, the vetwork: interfrce 812 allows the compting platform 800
fo comymuonicate with nebwork 8140 o which ong or more other computing platforms we

comieeted.  The setwerk terface 812 includes wireless nebwork  interfices such as

BLUETOQOTH, WIFL WIMAX, GPRA, or WUDMAL or wired network inferface such ag

ETHERMET, USBE, or [EF

I some cmbodiments, the method 300A andfor method
3008 are implemented i two o miove computing pladorms SO and variows executable
instruciions sudfor data are exchanged between difforent computing platforms. 800 vin the

network 814.

180841 By being configured o exepute some or all of functionalities andfor operations
deseribed with vespeet to Fige. 127, the computing plarfornt 800 oahles the realization of one or

sove advantages and/or effects described with respect to Figs, £-7.

[R5 Iy some ombodimants, a controller for a vebiele comprises 8 proceaser configured 1o
epeatedly pesform eperations, at vach vontrol deration among a plurality of control Herstions
along a path of the vehicle frow a start location © g target location, by solving an optimization
problem. The aperations inelude, based on a curpent state of the vebicle, generating a travel plan
Tor & remaindsr of the path from & eurrent position of the vehicle to the et Jocation. The

operations further include controfling a wotoring aud braking system of the velicle 10 exsoute

the generated travel plan until s next controb Beration among the plurality of control Berations
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{886} I some embodiments, » system for contralling s phurality of vehicles along & comimon
path comprizses a {irst controller associated with @ leading vebicle among the pluralise of
vehicles, and a second controller assoclated with o trailing vebicle among the plurality of
vebicles,  The furst controller is configured v gencrate g first driving profile, and control
movement of the feading vehisle along the path based on the generated first driviog profile. The
second confroller s configived o receive the st driving profile génerated by the first
cordrotles, generdte & second deiving profile based on the recsived Ninst driving prafile, and

coptrol miovement of the tralling vihicle alony the path and following the leading vebicle based

o the generated sccond driving |

b

{0087} n sorse enabodiments, a method of controlling a vehicle comprises performing convex

optintzation 1o generatea travel plag for the vebicle along a path, and controlling a2 motoring and

braking systemof the vehdele o execute the generated travel plan to move the velucle along the path.

The coinve

sptimnizatiog conprises a seoond order cone probism,

EEIERY Iv will bo readily seen by ome of ondinary shill in the vt that the disclosed
embodirnents falii one or-more of the advantages set forth above, Alter reading the foregoing
specification, one of ordinary skill will be able w affect various changes, substitutions of
equivalents and various other embodimenty as broadly disclosed herein. M i3 therefore intended
that the protection granted hereon be hintited only by the definition contained in the appended

alabis and coquivalents thereof,
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Appendix 1
A Convex Real-time Capable On-line Optimal

Controller for a
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Appendix 3
Optimal Control of a Commuter Train with Traction

and Braking
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WHAT I8 CLATMED IS

A controller for a vehicls, the contralier comprisiag:

a procossor configured to repeatedly performy, at cach contrel itsvation amoung a plurality

of control tterations along & path of the vehicle from a stawt location o target location,

operations including

based mi g current state of the vetucle

cnerating a wavel plan for s remainder of

the path from a cusrent position of the vehiele to the target location, by solving an optimization
problem, and

controlling a motoring and braking system of the vehicle to execute the generated

travel plan until a next control Beration amor

-
1

g the plurality of control lterations.

The controller of ¢laim 1, wherein

the processor is configured 1o solve the optimization problem based an
the current state of the velicle,

at teast one control objective, and

3. The controller of olabm 1, whisein
the oplimization problem wmeludes a convex second order cone problent,
g,

The contradler of ¢laim 1, wherein

the processor is configured

o change, mreabtime while the vehicle s wavelimg on the
prth, one or more of
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the at least ong consiraint.

5. The controller ot claim 1, wherein
the at least one constralist compises a first wake constraint and a sseoaud brake constraing,
the second brike constraint corresponding to a harder brake operation than the first biake
constraint,
the processor is configured to
sofve the opthmization problem constrained by the first brake constraing,
in respouse to & determination that the optimization probient constrained by the
first brake constraint is feasible, contral the motoring and braking system of the vehicle baged
on a solution of the optimization problem,
in vegponse to @ determination that the eptimization probleiy constrained by the
first brakeconstraint 15 infeasible, solve the optimization problént constraiuad by the second

brake consiraint corresponding to the harder brake operation,
6. The controller.of ¢labm §, whereln

the sptimization probisin elades a convex second order cone problem, and the
processor v confizured to determine whether the convex second order cone problem s feasible

or not in g single control teration.

7. The controller of claim L, further conpmising:
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& conununicaiion circnit contigured to perform communication with a further controller
of # trathing vehicls that follows the vehicle with the controler on the path from the start location
tor the target location,

whergin the processor is further configured o repeatedly parform, at each control

tteration among the pluralily of control sterations alovg the path frow the start Jotation to the
farget location,

assing the eompmnication clrait to ransmit a driving profife covresponding to
the travel plan ga

generated ju said control tteration to the further controller of the tratling vehisle o
beused by the further controlier a3 a constraing in

i generating & fuvther travel plan for the trailing
vehicke,

The controller of vlaim 1, Turther comprising
£

a communication circlit configured to perform communication with s further controtler
of o leading vehick that ihe vehicls with the controller follows on the path from the stert lovation
o thie target Jodation,

wherein the processor is further condigured to repeatedly perform, at cach control

Herstinn aroong the pleality of control Hievations along the path from the start loetion t the
target location,

causing the commumication cirewt to receive, fronm the further controller, 8 further
travel plan of the leading vehicle, and

using the reperved further fravel plan of the leading vehicle as & constraint 1n said

gensrting the travel plap for the vehicke with the comraller,
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3 The controller of elaym 1, wherein
the processor 46 further configured (o repeatedly perform, at cach control iteration among

the phurality of control ficrations along the path from the start focation 1o the target losation,
estuuating a parmmeter of the vehicle, and

ysing the estimated parameter in said generating the trave! plan for the vebicle.

e confrellee of claim 1, wherein
the processor is further confipured to perform said generating the travel plan for the
remainder of the path fom the corrent position of the veldele to the target leation by
determining, between the current poston and the tarzet location, & predicted
position of the vehicle coprespanding to a delay of the metoring and braking system,
sefving the optimization problem to determine a first partof the travel plan

between the predieted position and the tw

et location, and

-

determining, based on the Girst part of the travel plan, a second part of the traved

plan hetween the current pasition and the predicted positian,

T A system for controlling a plurality of veldcles along a common path, the system
comprising:
1 first coptroller sssociated with a leading vebicle among the phrality of vehicles, the

tirst controller configored w

i

snerads a first driving profife, and
control movement of the leading vehicle slong the path based on the generated

first driving profife; and
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i sepond controller sssoniatad wish & tratling vehicle among the plurality of vehicles, the
seeond sontrollsr sonfigured to
receive the fiest driving profile generated by the first controlier,
aenerate a sucond driving profile based on the recetvend {irst driving profile, and
control movement of the tiling vehicks slong the path ansd following the leading

vehiole based on the gererated second driving profile,

2, The system af claim H, wherein
the first and second contrellers further comprise first and second communication circuits,
respeatively, configured to perform one-wiy communication with sach other 1o transmit the firsg

driving profife feam the fiest controtler to the second controilet.

13 The systerm of claim 1, wherein
each of the first and second controllers is configured to repentedly perforny, at each
control iteration sivong a plorality of control iterations along the path froe a start location 1o o
target locadon, operations including
based on @ carrent state of the corresponding leading or tratling vehicle,

generating a travel plan for the corresponding leading or trailing vebicle ona remainder of the
path frow a current position of the corvesponding leading oy trasling vehicle o the target location,
and

sonfrofling @ motoring and braking system of the corresponding leading or trailing
vehicle o exevats the geverated trave] plan untif o next control iteration among the plurality of

contral Herations, and
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the second slier s further configured to perform said generating the sraved plan for
the tratlingvehicls based on the fivst deiving profile received from the first controfler, the first

and second driving profiles correspomding to the travel plans generated by the first and second

controdlers, respectively, for the leadh

g vehicle and the wailing vehicle, respectively,

systent of elatmg 11, wherain
the seoored controller bveonfigured to ganerate the second driving profile by solving an

optimization problem using the recaived first driving profile as a comstraint.

13, The systern o claim 14, wherein

the firstconiroiler-is configured tov gengrate the first driving profile by solving a further
optimization problem, and

the pptimization preblem solved by the second controller and the futher optimization

problem selved by the first controller have at lesst one cominon control objective.

i
@

The systenvof claim 14, wherein

the Hest controtler s configured o geverate the fisst driving protile by sobving o tfurther
apimization problem, and

the optimization problest solved by the second controlier and the farther optitiization

profrlem solved by the festcontroller have difteront contral abjottives,

17 The system of elwim 1, further comprising:
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g third controller associated with & further trailing vebicle among the phivabity of veh

o8 Ci\m.\
the further t

trathng vehicle following the tratling vehicle,

wh

sin the third controller is configured

reecive the second driving profite generated by the second vontroller,

generate 8 third driving profile based on the received second driving protide
comtrol movenent of the further trailing vehicls along the path and following the

ile, and

wrailing vehicle based on the generated th

il driving profile.

18, A method of controlhing a vehicle, the method conyrising:
porforniing convey aptimization fo generate g ravel plan for the vebicle slovg a path; and
controtling a motoving and beaking system of the vehicle to excente the ge

generated travel
plan to move the velicle along the path

whereln the convex eptimization comprises @ second ovder cone problem.

5. Fhe mcthod of clabm 18, further comprising

defining a plurality of discretization nodes on the path bet

between a start 1

QUATHON
and a target location: and

repeatedly porfimming, at cach discretivation node gmony the plurall

afity of discretization
ey,

the convex optindzation, based on a current state of the vehiel, {o generaie a

controb vector inchading control elomenis corresponding to diseratization nodes remaining o the

path from a curvent position of the vehicle to the tarpet Tocation, and
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sontrelling the motoring and braking systont of the vebiele to exscnia a first
control element among the control elements of the generated comirol vector 1o move the vehicke fo a
next diseretization sode among the diseretization nodes remaining on the path

20 The method of claim 19, wharein

sald defining comprises distributing the phurality of discretization nodes

at a predetermined distance from ench other, or

at a predetermined time interval from each other,

73



