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Abstract
Theoretical and experimental work performed over four dedaaleshown how,
basedon open literaturegp design PRT systems capable of servimgde variety
of needs. Ovethesefour decadegnormous advancdsave taken placan the
computer art and in other componeassential to PRTontrol, thus makingt
wholly practicalto build shortheadwayPRT systemghat will be safeand rela-
ble. A safety standard for PRT is recommended.

Introduction

Except for smalbpplications, the future of Personal Rapid Transit, or®ard depends on safe,
reliable operation at fractional second headways. This conclusion was read8x8 by the
United States Urban Mass Transportation Administrationianshpers presented at the 1971,
1973, and 1975 International Conferences on Pefrsagaid Tramsit, which weremanag@d by

the Department of Conferences at the University of Minng4¢taThis conclusion is also pt
ported by many sitgpecific studies of PRT made throughout the decades up to the present time.
However, this conclusion an counter taa railroadsafety requirement adopted by the @dit
States Congress in 1911, whielas that if one train stops instantly, the train belmmt be able

to stop beforecolliding withit. While this is a reasonable safety requirement foroads we all
know that it has not prevented serious accidents in railridatisre are evidentially more oo

plex considerations involved.sAis well known, enormous improvements have been made in
many technological areas since 1911, so the purpose gfapés is to examine how thosehec
nological improvementganaffect the future oPodCars.

. The 1973 Position of the Urban Mass Transportation Administration (UMTA)

On page 2, | reproduce a page from the United States Congress Congressional Rebatd [2]
documents hearings held on March 27, 19@8 that pagethe statements by UMN Adminis-
trator Frank Herringer that are of interest here are the following:

. -Cdpacity PRTgdould carry as many passengers as a rapid rail system for about a
guarter the cost. o
: : AA DOT program | eadi nhalfto ane sedord hehdway | o p m
highc apacity PRT system will be initiated in fi
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CURRENT OPTIMUM ITEADWAY ON PRT SYSTEMS

Mr. ConTe. What is the present optimum headway capacity that
has been developed for PRTs?

Mr. Hernixager. The shortest headways demonstrated by a
federally funded PRT development were realized st TRANSPO
1972, Both the Ford and Monocab systemns were capable of 8 second
hoadways. German and Japanese high capacity PRT developments,
in the full scale prototype test phase, are siming for minimum head-
ways between one-half and 1 second.

TARGET FOR HIGH CAPACITY PRT DEVELOPMENT

Mr. CoNTE. What areas are being investigated for purposes of
increasing the capacity of PRT systems and how far in the future
are the results and benefits?

Mr. Hegrivornr. Higher capacity will significantly improve the
cost cffectiveness of PRT as an urban transportation L'Eoice. By
Increasing capacity, more revenue passengers can be carried on the
expensive guideway investment, thus improving esapital utilization.
A useful measure of capital utilization in a transportation system is
the system cost per langmile divided by the passenger capacily in
seats per lane mile per hour. This number is agout. $800 for a rapid
rail svstem and approximately $200 for an advanced high-capacity
PRT system. This means that a high-cupacity PRT could carry as

an fiSsanEers As A nmiﬂ rail_system for about one quarter the
capitsl cost, f wuul_a like to introduce the following table in the record
to clanfy These points:

[The following follows:|
CAPITAL COST COMPARISON BETWEEN PRY AND RAFID RAIL

Cost

(dollacs per

R Gy e

System I2ne hour) lane heur) per bour)

Washi Melro (643 seat Uplas, 120 s headwsys)_ ... ... 19,500 15.2 180

Daitss/ort Worlh Aty PRT (16 saat veicles, 185 Beadwaya. . 3.200 16 812
Plasnnd PRT development (12 seat wehicles, 3 s headways).... . .. 14,200 Lo
High-capacity PRT (4 seat vehicles 56 s headways). . 800 50

The table indicates that shorter headways permit high-capacity
operation with smaller vehicles, thus permitting essentially nonstop
service at all times,

UMTA recognizes the advantages of shorter headwuys to achieve
higher PRT capacities and better service. The planned PRT system
development program (for possible application in Denver) will achieve
headways in the 3-second range. This system will be available for
urban deployment in approximately 3 years, A DOT progrs i
to the development of a short, one-half s

TSC'S AC PROFULSBION SYSTEM

Mr. Conre. What is the innovative a.c. propulsion system that
TSC plans to develop and test?




So, why didnét the UMTA progr am p rfoo aneesthd ? I n
lished transportation industry [3]. To use a phrase coined by ARR# agency of the U. S.
Department of Energy, Personal Rapid Transitiguptive and transformational To quote

from aFunding Opportunity Announcemergleasedy ARPA-E on April 27, 2009

AThis is the first solicitati onEnergyrARPAER Advar
ARPA-E is a new organization within the Department of Energy (DOE), created specifically to

foster research and development (R&D Yrahsformationalenergyrelated technologies. Tran

formational technologies are by definition technologies disupt the status qudhey are not

merely better than current technologies, they are significantly béffien, a technology is oe

sidered tansformational when it so outperforms current approaches that it causes an industry to

shift its technology base to the new technolofye Nation needs transformational energy

related technologies to overcome the threats posed by climate change aydseoeriy, as-

ing from its reliance on traditional uses of fossil fuels and the dominant use of oil in transport
tion. o (Emphasi s added.)

Today, the situation is v different than it was in 1973Automobile manufacturing companies
continue to d what they know how to do and what their shareholdgpect More and more
automobile manufacturers inare and moreountriesbelieve theyneed to build more and more
automobiles ever year, notwithstanding that cities are already clogged with automobiles, and that
the enormous land requirememtsautomobileg30% in residential areas, and 50% to 70% in
major activities centergjause lowdensity living patterns that will be more and more difficult to
serve as energy getsore andnore expensive Forty years of expgnce ofgovernment subsyd

of conventional scheduled, &top transit shows that a relatively small fraction of tinean
population opts for these systemi 1968, studieauthorized by the United States Congress and
fundedthroughthe newy foundedUrban Mass Transportation Administration concluded that if
the Unied States encouragesly expansion of its conventional schéztl, altstop transit sy
tems, congdin will continually worsen, but if the new personal transit systems are deployed, it
will be possible to reverse the trend [A]great gapexistsbetween automobiles and conventio

al transit, a gap that can be fdldy systems weéhavecalled High-CapacityPRT orin Swecn

Pod Cars.

. Advances in Computer Technology since 197
While every PodCar Conference attendee is well aware of the enormous advances in computer

technology since 1% i.e. I years ago, it is worthwhile to review geeadvanceguantitatively
to the extent we can without becoming computer histarians



A Since about 1960, cgmut er me mor y h amondurmédlbyImed @&oumderii | a w0
GordonMoore: It has doubled every8 months! In 8 years there are4218-month periods
and 2*is 16,777,216,

A How about omputer spee?lin 1975 the state of the art was about 2 kilobytes per second.
Today, high performance computers run atgigzbytes per second, an improvement by a
factor of 6,000,000.

A Reliability: The main problem with continuously decreasing the size of computerocomp
nents is heat dissipationToo muchheat destraythe tiny transistors. By backing off the
preseh maximum transistor density by one order of mtagte, safetycritical microprocs-
sorshardly ever fail and these devices are now tiny compared to their size even a decade
aga

A As to the ase of computer programminanyexperiencectomputer programmer will attest
to enormous improvements.

A Computerdesign tooldikewise have improved in sophistication and spegdanany orders
of magnitude. In 1975 we did all our computing on mainframe computers costing hundreds
of dollars an hour for computer time. Since the 1980s, the personal corasiteecome
more and more usefdil now for many usegaking over the functiofiormerly assigned to
the work station.

4. Calculating Headway

Consider how we calculate headwain the following illustration, one vehicle of length co-
lored greenis cruisingto the rightat a spee& and is followed by anothereenvehicle of the
same sizéraveling at the same speata nosdo-tail separatiorH.

L L "’4— Drailure stop —P‘
. D

L‘ Vtc > Demergency stop > 1

At a certaininstant, the lead vehicle decelerates to a stop atghtmostred position a distance
Drailure stop@head. The vehicle behind senses the failure and after & thegirts to decelerate to
a stop in distance dergencystop  The stopping distance ggven by the equation
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in which A'is the deceleration anhis the jerk. From the diagram, we have
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It is clear that the shortest time headway is obtain#tkifeactiontime t; is very short and iho
reasonable failure can causeehicle to stop in @ime shorter than any vehicle can stop if the
emergency brakes are appli]. Thus,for afractionatseconeheadway PRT system, the time
headway is given by

YQ Q'O (= u_')+%

. How do we keep Vehicles from Crashing?

Themeans of control tecomnend is described in Referencd.[@ his strategycan be classified

as anfiasynchronous point follower.ltisfias y n ¢ h r o n o uhe operatiencohauPRE sy

tem is entirely demand activated. Such a sysegmires no clock synchronizatidor any re-
sonother tharthat calculatiorof speed and position must bengin real timeand, just as in the
automobile system, merge conflicts are resolved at each mé&rgestrategy recommend is a

froi nt foll owerd because t he v e hhatarkcalaulatedla® s e |
functions ofrealtime and arecommanded by wayside comprge | have found7, 19 that the

code requireda operate an asynchronous pewitowing strategy is the simplest that can lge d
vised.

Instrumentswe use today to measure position and speed are much moratacttian we need

and today our computemrgspond to and correct speed and position two hundred times per
second.Wayside zone controllexdoselymonitor vehicle motiorand cause the vehicles to slow

to creep speed if an anomaly is sens€lde state othe art now is such that computers routinely
land airplanes on aircraffarrier decks, a much more complex problem because both the airplane
and the carrier deck are subjecthoee translational and three rotationations, while we need

only be concerad with PRT motion in one direction, with the merging of two-dimeensional
streams the most complex maneuvktore detail on this fundamentally important questiol fo
lows.



6. The 19906s Automated i ghway Project (PATH

The picture to the right is of sig7-ft (5.18 meter) lond@guick automobilesoperating during the
1990s under automatic control on a freeway near San Diego, Califgfniat 60 mph or 26.8
meters per seconthé closest headway these vehicles operatedhs a noseto-tail spacing of
seven feet (2.13 m)Thus the minimum time headwa
was (5.18 + 2.13)/26.8 = 0.273 seconda¢hich is closer §
than we need in a PRT systeit suchaclose headway, E=%
the emergency brakingme must be as short as thelfai
ure brakng time, in which casé. = H/V = 2.13/26.8 = |
0.080 sec.The PATHprogram was funded by the Unite
States Federal Government and was monitored by #he
tional Highway Traffic Safety Board. Thus, if high

capacity PRT could be classified as a type of autome :
highway, safety certification woulalreadybe in hand.  Figure 1. Buicks operating at short headway.

7. The Minimum -Headway Graph

A series ofplots of the headway equation of Sectidms shownin Figure 2for a vehicle length
appropriate to a PRT vehicldt can be seen that to achieve fractiesatond headways, thelfai
ure deceleration cannot bmuichmore than the emergency deceleration of any vehicle.

MINIMUM TIME HEADWAY in a PRT SYSTEM

Vehicle Length 2.75 m, Control Time Constant 80 msec
Emergency braking rate 0.5g, Failure rate Af

Emergency Jerk 2g, Failure Jerk 10g

MINIMUM TIME HEADWAY, seconds

0.5 [

0.0
5 10 15 20 25 30

SPEED, meters per second

Figure 2. Minimum Time Headway.

2PATH =Partners for Advanced Transit & Highways.
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8. The Use of Linear Induction Motors

In the PATHProgram described in Section 6, the vehicles afecourse propelled and braked
through the wheelsHigh-capacityin PRT can be attainesiuchmore safey and reliablyin all
reasonable weather conditiomsve propel and brake the vehicles uslimgar induction motors
(LIMs). The operation oLIMs is described in the Appendixt.et us compare the characteristics
of these two means of propulsion and braking:

A Braking rate

Wheel braking depends dniction, grade,or wind and it is necessary tassume the worst
conditions when calculation the minimum safe headwhiM braking is constant as ¢o-
manded,ndependent ofriction, grade,or wind and we can depend orLEM -operated &-
hicle to stop as quickly as a failed vehicidependent of the friction of the running surface

A Reaction time

Based on the data | have seen, it takes several hundred milliseconds for the full effect of a
wheelbrake command to be feltWhen aLIM is operationabrakingis almost instantaneous

A Moving parts

A vehicle propelled and braked through wheels has many moving pafite. LIM propul-

sion and brakinghe only moving part is a fan need for air king of the LIM, and that is not
asafety critical item.If one of at least two fans @alLIM were to fail, and the vehicle has two
LIMs, the one with the defective fan can be shut off and the vehicle stopped at theanext st
tion, where passengers would egrdeowing whichthe vehicle wuld be sent empty to the
nearest maintenance station.

A How can weobtainanadequatéraking forc@

With propulsion and braking through whe@ls PRTusually rubber tired)te running surface
must besufficiently rough to enable amyehicle to stop quickly on a wet or icy surface.
Raytheonhaving opted for propulsion and braking through wheeRhag Il of the Chicago
PRT project,discoveredtoo latethat wetweather operatiomequired themto roughen the
running surface by bonding toattype ofsandused on aircraft carrier decks prevent crew
members from sliding on a wet deckwo problems result:

1. If the irrevocable emergency brakes neede applied on a dryoughenedurface,
the deceler#on rate isbetween 0.7 and 0.9 g, which is enough to throw ae-unr



strained passenganto the windshield. Yethe Chicago RTA lawyers insisted that
there be no restraining devices in the vehifleish ey di d n 6precedeaaet t o
This problem was never resolved.

2. Repeated acceleration and braking through the rubber tires leaves some tire material
imbedded in the roughened surface, and eventually the surface must be replaced
sulting in a large maintenance cost.

With LIM propulsion and primary braking, we want thenningsurface to be as smooth asgra

tical, and we want the wheels to be rollers only, i.e., no braking through the wheels. In this case,
in the remote chance that a wheel beawege tofreeze, the écelerating force will be less than
about 20% of one quarter of the gross weight of the vehadiech would cause a deceleration

rate of no more than abouD8g.

There must be a backup emergency braking system. We have proposed a pair of brake shoes
supported fronthe lower surface of th@ehicle chassighroughparallelogram linkage so that

they remain paralleto and very closé¢o the running surfaceEachof two independenbrake

shoes is activated by a ng@oweron, nepoweroff ball-screw actuatoand is restrained from

moving past the point of maximum extensitinus satisfying the requirement that they be-irr
vocable The actuators arm@ectricallyconneted to activate from an auxiliary eboard battery

if vehicle emergencydecelerations a tolerancdess thanrcommandedemergencydeceleration
Eachbrake shoewill befitted with a highfriction brakingsurface, while the main support sre

will be selected fdiow friction.

Each of two LIMs is driven by aariablefrequency variablevoltage drive. Study of such

drives interacting with a LIM shows that each speed there is a frequency that minimizes cu

rent, andhatthis frequency increases linearly with spe&ince the electrical losses increase as

the square of the current, it is important to operate the LIMs close to the frequency at each speed
that minimizes current.

. The Hardware for Control

Operationof the control system requiresy+board and waysidsensors of position and speed, a
communication link between the vehicles and wayside zone controllers, a communication link
between the zone controllers andeatcal computer, andomputers on each vehicle, at wayside
zones, and in a central location.

A For on-boardposition and speed measuremastuse @jital encoder$9]. The position aag-
racy of these devices is currently well under one millimeter. Since time can be measared
few nanoseconds, speed accurgylifferentiationis well better than we need.



A For continuous communication betweeghicles to zone controllesse use a commercially
available leaky cable inside the guideway only a centimeter away from transmtters-
ceivers mounted on the vehicle. The antenna required for these devices is only about 15 cm
in diameter. Such cables were not commercially available in the 1970s, which made the
communications probletmenmuch more difficult.

A For communicatiorbetween each waysideze controlleranda central computewe use i
ber optic cable

A For wayside position and speed measurement westustegically spacegairs of magnetic
markers inside thguideway.

A Our computers on board vehicles, at wayside zones, and in a central locationchitcked
dual duplex (see Section 10

A Forindependent backup emergency control that would be activated in the highly unlikely case
of a failure of the software of the prary emergency cordl system we will use eithersmnar
or radar sensing system.

A All of these components are availabecommoditiesr easily designed.
10.The 1984 Boeing Advanced Group Rapid Transi(AGRT) Program

Referencd10] and its 50 referencatocument the extensive work of Boeing Aerospace Gemp

ny on the federally funded AGRT program. Notwithstanding the 25 years that have passed since
this work wascomplegd, it is the most recent work relatedatomated transiunded by the

United Statessovernmentjt is the most weldocumented worlasa precursor to our work on

PRT control, it contains much useful informatityat can guideny new PRT control groyand

it was performed by a firatlass group of control engineermsloreover, it is avdable to the pb-

lic, and it was a valuable source of information for our Chicago RTA PRT Design Btlidy

which work is also available.

A Safety Criterion. UMTA retained the Battelle Memorial Institute as its safetyamtatron
the AGRT program.Battelle specified that AGRT had to bes @afe as modern rapid rail
system. When Boeing managers asked for a more specific definition, they were tadd to a
sumethatit was as if the vital relay that determines the safety of a modern rapid rail system
had a mean time to failure (MTBF) of one million years. So the design criterion for AGRT
was set as a control system MTBF of one million yéarsinsafe failures
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MICROPROCESSOR REDUNDANCY CONFIGURATIONS

Boeing tested the microprocessor redundancy configurations shown in Figure 3, wkich is r

produced fronreferencg12], and recommended the Dual Duplex configuration. | recently
learned that Honeywell currently also recommends Dual Duplex.

A

A
Duplex:
Triplex:
Dual-Duplex:

TheBoeing1984MTBF estimatan yearg12] was as follows:

MTBUF MTBSI MTBF
400million 0.6 0.6
140 million 1900 0.4
200 million 1400 0.3

MTBUF = Mean Time Between Unsafe Failures
MTBSI = Mean Time Between Service Interruptions

MTBF

= Mean Time Between Failures of each unit

A In a system of 1000 vehiclthe failure rate within theystemwould of course be 1/1000

times theabove values.

Boeingods

A G R Twaswperfoknedn theh latee 1970s and early 1980sednot

mention seHchecking software; however, by 1991 in the Chicago Phase | PRT Design
Study [11] Raytheon engineerstivwhom |worked recommendd self-checking software,
which has the added aaivtage that the microprocessor watfailure can be identéd. This
extends the system MTBUF remarkably.

11.Requirements forHigh-Capacity PRT System Reliability and Safety[5]

A Few moving parts ithevehicle.

10
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No safetycritical moving parts inthe motors.
Propulsion and braking independent of friction.

No moving track parts ithe switch.

Redundant motors, sensors, and power supply.
Checkedual Duplex computers.

Faulttolerant hardware and softwasgth built-in tests
Dual indgpendent emergency braking

Exclusive guideway.

Result:The dhance ofnjury is close to zero!

12. Examples of Fault Tolerant Design

A

>\

v v D> >

A

Each vayside zone controller (ZC) emits speed signal every 100ilinsecs

With no speed signahe vehiclesareprogrammed to stop.
Each £ receives position and speed from each veleidey 100 millisecs

With no communicatiorthe cognizanZC stopshe speed signand reports upstream
Independent wayside means for measuring position and speadtwekhicle.
All commands returned and verifibéfore action is taken
Thrustetempeaturesensorseport possibl®verheat conditions
The energency brake commamON unless OFfs received every 100 ith secs
Whenthe switch is thrownacommand is given tetop unless cancel&d 500 milliseconds
(the switchthrow timewith tolerancg by a signalfrom a proximity sensor.
Sonar or radar baelp emergency contrdd availablen case of a software fault

13. Do Reliability Requirements increase with System Size?

Define DEPENDABILITY = 17 PersonHoursof delay/RersonHours of operation Thisis a
valuable quantity that canhbe measured routinely in conventiotrainsit systemsvithout great
expenseand inconveniengebut it is the primary measure of systemtone perfomance [13.
Because a PRBystemmust knowevery tip destination,dependabilitycan routinelybe both
measured in an operating systemd calculated in advance during the system development
process. Tése calculationswere performed duringur Phase | PRT Design Studyl[lwith a
resulting estimate of dependability of 99.96T%4]. An important conclusion from refamce

[13] is thatdependability is independent of system size

My paper on optimum reliabilitallocation[15] comes to a similar conclusion: The component
reliability needed to mmimize life cycle costof the entire system while meeting a given aepe
dability requiremenis independent of system size

11



14.The Recommended Control Strategy

From system simulation work [19 doneduring the abowenentionedChicago project| found

[6], as mentioned abovthat the best strategy for operation of a PRT system of any size-or co
figuration is an asynchronous point follower. Just as in a highway system, the events in a PRT
network are determined by when and howch time is required for people to ingress and egress
from vehicles which can be treated as a normal distribution with a certain meaa eedain
variance. Tere is no need for clock synchronization for any reason other than to calculate
commanded masuvers in real time. The later of course is a function not found in a highway
system, but one that permits pise controbf the position and speed of each vehicle at all times,
whetherthe speed ishanging or BHld constant. The speed and position ai&h vehicle can now

be measured more accurately than necessary by means of commercially available digital enco
ers. With this information and with a higjain control system the vehicles clos&ilow com-
manded maneuvers.

In reference [1PBl show that i one can assume the propulsion system can be represented at least
roughly as a firsbrder lag, the required control gains can be calculated in terms of well
understood quantities an assumed vehicle masshatural frequencya damping ratioand a
dimensionlesgparameter that lies between 0 andThe gains are as follows:

Position Gain= rw/ (1 - H
, eb 4]
Speed Gairr s~— R WL -)by
p ey, 2 Py
m, = Assumed vehicle mass
w, = Control system natural frequency, radiger se

VV = Damping ratio
b = A dimensional parameter between 0 and 1

12



'Natural Frequency 6.63 Hz; Damping Ratio 0.6; Control updates every 20 ms
Vehicle Mass 750 kg, mass assumed in control system 900 kg

-g 14 T Thrust time constant 10 msec
€ 42 ~ 1% Wind Gust
% 10 | Command Speed
£ f o
w sr ;
8 :
Lw 6T :
o <
w 4t
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E_ 2 f L ro
a ) A ._._:\ ,_ ..................................... J'M-....
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% 2 Ehvim.= Speed Error, mm/s
4}
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Figure4. Simulated Response to a Wind Gust.

Also in reference [@] | showed the results, reproduced in Figure 4iwiulating a PRT control
system usg the above position and spegains Note that the error in speélmagnified by a

factor of 1000. An error of about 2 mm/sec is seen at the beginning and the end of a maneuver
from rest to line speed while the coranded speed profile moves from constant jerk to constant

acceleratiorand back again A large wind gust producesdewatlon in actual speed frommo
manded speed barely more than one mm/decased il

this control scheme in the fedized, pasengefcarrying
LIM -propelledvehicleKnutson Construction Compan
working with Taxi 2000 Corporatiortitansportedo the g
2003 Minnesota State FajFigure 5). Thousands of| .

vehicle started and later stoppedhee wereno can-

trol-system failureseven though there was no redu
dancy

Flgure 5. State Fair EX|b|t of Taxi 2000

15. Calculation of Maneuvers

To provide pointfollowing control codeis necessaryto calculateeach of the following maneu
ers Such calculations adiscused in the Boeing AGRT workLD], were developed in our ©h
cago projecfll], and have been carried out by othéfeese maneuvers are:

A Startingwith given speed and aceehtion within the valid rangeause the vehicle to slip
back a given distance and then return to line spéeglire 6shows such a maneuysvhich
is usedat the command point ahead of eacbrge The merge routine causes each vehicle
behind the vehid that slips at the merge command point to also slip if the minimum

13



headway requirement woulatherwisebe violated. In this way, potential merge conflicts
are resolved without resorting to synchronization.

A TYPICAL SLIP MANEUVER

IS
.

[N
!
1
\
\
\

-----------

=
(=]

o)
T

1

1

SPEED, meters/sec; ACCELERATION, meters/sec2
(2]

TIME, seconds

Figure 6. Atypical dlip maneuvetaking place at a linéo-line merge
A Startingwith given speed and acceleration within the valid range, cause the vehicie to m

neuver to a different speed and zero acceleration, for example mafeuwex statiornto
line speed.Figure 7shows such a aneuver.

TYPICAL STATION-TO-LINE-SPEED MANEUVER

ACCEL, nV/s2; SPEED, m/s; ACCEL POWER, watts/kg
h bk wa N o
-

TIME, seconds

Figure 7. A typical transition from a station to the main line.
In Figure 7, acceleration maintains its maximum comfort value until the speed reaches half
line speed, then declines linearly until it has reduced to half the maximum waleireupon

it drops at the maximum jerk rate to zero. If this procedure was not followed, the acceler
tion power, shown in Figure 7, would have almost doubled the value shown, which means

14



16.

17.

that the electric current would have doubled. Since the losses liméar motor increase as

the square of the current, the heat dissipation capability would have had to quadruple, which
would have significant consequences for the size, weight, and cost of the variable frequency
drive. Lack of understanding of this pohas caused the variable frequency drives in some
LIM -propelled vehicles to be much larger than necessary.

A Startingwith given speed and acceleration within the valid range, cause the vehicleto dec
lerate to as stop in a given distance.

A Startingwith zero speed and zero acceleration, cause the vehicle to advance a given distance
and then stop. This is a special case of the third maneuver, but desirable because it is a
common maneuver within stations and the code is much simpler.

A Startingwith given speed and acceleration within the valid range, cause the vehigle to u
dergo an emergency stop

Conventional Safety Philosophy

As mentionedn Section 1 the conventional railway safety philosophy is and has been in the
United Sates since passed into law in the 1911 Railway Safety Act that if one train stops instan
ly the train behinanust be able tstop before colliding.This makes sense in railway€ollision
avoidancein conventional railwayslepends on a carefully manufactured, highly reliable vital
relay. It is held open against gravity by an electromagnet and if the train ahead has stopped, a
current in the rail is cut and the relay falls. aimextremely unlikely circumstance in which the
vital relaysticks andfails to dropwhentrain aheadasstogped a collision may occurlt is fun-
damental thathe smultaneous occurrence of two independent evientfose proximity in space

and timesets upa possibility fora collision. This is inavoidable in any moving systenfor
example, if in an emergency sitiom in an automobildéhe brakes fail or the steering system
goes awrywhen needed a collision is possible

Recommended PRT Safety Philosophy

In our work on highkhcapacity PRT our philosophy is and has been that if one vehicle were to stop
instantly someone would have been kil[&ll. Thus,we design so that the probability of one
vehicle stopping instantly isxtremely andicceptably low. Awayrdbm a diverge point in a sy

tem using exclusive guideways with no interference from other modes of ttearel,is no sy
teminduced situation that could cause a vehicle to stop instantlyhae however neecdto
studypassage througadiverge point diagramed in Figure &gery carefullyand have also an

lyzed [17 situations in which an event outside the system could cause an accident in the system.
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Figure 8. A vehicle approaching a diverge point.

18. Design of the Guideway Diverge

Theproblem of safety as a vehicle passes through a diverge point is considered in deta# in refe

ence [17] assuminga specific means of switching. There it is shown how to design thenswitc
ing procedure in such a way that set up the conditions for poslelbimpact with the diverge
junction would require the simultaneous occurrence of two indepehdgy unlikely failures

in close proximity in space andtilpel us an fAAct of Godo sucih as

it occurred at precisely the rigline and was of a specific shagause the switch to throw even
though measures are taken to shibklswitch torquefrom avoltagespike.

In general the requirements for safe passage through diverge sections of the guideway are the

following:

A Thevehicle must be constraingd one side of guidewaso that under normal circutasices
it cannot be forced away from that sideaaresult of a combination dfe maximum cros-
wind thatwould be permittedinder operational conditior{the Chicago RTA spéted the
maximum cross wind to be 70 mph [112 km/hpl)s the maximum unbalanced passenger
load

A In the distance ahead dhe diverge pointhrough which the vehicle moves at line speed
during the switchthrow time the design must preveran unautheized throw ofthe switch
as a result of, for examplelightning droke

A The font of both vehicle andthe wayside diverge junctiomust by design bas narrow as
practicalto minimize the probabilityf impaling the vehicle on theiverge junctionn the
remote possibility that the vehicle became unconstrained

19. Design Requirementsfor Minimum Safe Headway

With some repetition from Section 11, the design requiremerashievehe minimum practical
safe headwagre adollows:

A All controllerson board and at wayside areecked dual duplex.
A The switch is bstable, invehicle,and conservatively designed

16
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A Theswitch torqueis shielded from stray voltage spikes

A There is eitherristantaneous baakp to primary poweror there is no mode in which pran

ry power can fail suddeyl

A If power is supplied from wayside, tipewerpickup shoesnust be designed so that there is
no reasonablevay they can fall off or in any emergency situation rotate and short out the

power rai.
Propulsion and primary braking must be frictionless

> > >

20.The Mean Time between Unsafe Failures

In reference [1J;, the following mean times to failu(TBF) are calculated:

Type of component failure MTBF, years
On-Board computer system 400 (105°
Communication system 137,000
On-Board Encoder system 214,000
On-Board Propulsion system 700,000
Vehicle incapable of moving 75,000
Pushing incidents w/500 vehicles 150
Zone controller 30(10)®
Vehicle-vehicle collision 10+
Merge collision 10"
Estimated life time of the universe 13.6(10§

Auto accident rate PRT accidentrate  20(10)"

These results are based on data obtained during the Chicago PRT designi$iwdyi¢h a-

curred18 years agoHow much better can we do today?

21.Proposed PRT Safety Standard

From the National Transportation Statistics data for the year 2006 the number of passksger

by private automobile in the United States was 2,640,170(Ithe number ofnjuries in auto
accidents was 1,475,000 and the number of fatalities was 16,520. Thus, the number of miles
(km) per injury was 1,790,000 (2,880,000), and the ratio of injuries to fatalities was 89.3.

| recommend that safety in Pod Cars (PB&)measureth terms ofunsafe incidents pei0* km
of travel in occupied vehicledn the auto system there would be at least 347,00s quantity
can be measured routinely just as Dependability can be calculated routkhely. iun & af e
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The emergencigrakingsystem must be completely independent of primary braking
Independent sonar or radar back mpst beprovided for collision warningin case of a
software error in the primary control system, even when it has been thoroughly checked
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d e n todld bedefined ane that requires vehicles to slow down to a creep Speedenough
so that a collision with the vehicle ahead wounlat cause a deceleratiaaf more than 0.5 g.
Such incidents would be required to be reported to authorities. Consideriagtthinjury ratel,
recommend that an unsaReod Car (PRT)xystem be defined as one in which the distarae tr
velled for oneunsafe incident b&essthan 16° km This is such a large number that for many
years it will have to be estimated through extigasnvestigation of all failure modes.

22.Early Applications

A Early applications wilby necessityave to be small, in which caBeadways betweehand
3 seonds aresufiicient. These headwayto notviolatethe 1911 Railway Safety Act.

A The systenshould be designed with shorter headways in mind.

A It will be necessary testsystemsat shorter headwaysithout passengersntil safety is
assured.

A 1t will be necessary tmspectindependentland rigorouslyall aspects ofhe control system

23.Conclusions

The stateof the art of computers and other critical components needed in -@dpgleity PRT
system is todaguchthat we can design and build PRT systems suitable to be expanded to serve
entire metropolitan areas, thus making fully practicalesential pioneering work of The Aer

space Corporation led by its genius Vice President Dr. Jack H. Irv@jg Mn unsafePod Car

(PRT) systenshould bedefined as one in which thei@morethan oneunsafe incidenin 10"

km of travel in occupied vehiclesinally, we observe thatigh-Capacity PRT has much more

in common with an automated highway theith a railroad.
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remembering that a noble, logical diagram once
recorded will never die, but long after we are gone
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