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PREFACE

Numerous studies have been conducted concerning the feasibility of a

variety of control schemes for the longitudinal control of automated

vehicle systems. This report documents the experience gained in the

conversion of the Morgantown operational specifications into realizable
and performance predictable longitudinal control system elements.

Experience with the Morgantown Personal Rapid Transit System has shown

that use of simplified analytical models can lead to erroneous perfor­

mance predictions. Hardware nonlinearities and variations in control

system parameters may have a greater impact on system performance than

do external disturbances such as winds and grades if such nonlinearities

and parametric variations are not adequately considered in the system

design. Since available information on actual automated vehicle systems

hardware is limited, a description of the detailed nonlinear analytical

model which has been developed for Morgantown is included for possible

use in future studies.

The work described in this design summary was performed by the Boeing

Aerospace Company for the U.S. Department of Transportation. The design

of the Morgantown longitudinal control system includes contributions from

a large number of individuals. The author wishes to acknowledge, in

particular, the contributions made by Raymond C. Buckner, Raymond E. Hare,'

Milt A. Moorhead, Tom A. Owan, Curtiss W. Robinson, Dale G. Shellhorn,

and George E. Swartz during the Phase IB design, analysis and test effort.

The author also wishes to acknowledge the assistance of Robert C. Milnor

in the review and editing of this report.
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1. INTRODUCTION

Numerous studies have been conducted concerning the feasibility of a variety

of control schemes for the longitudinal control of automated vehicle systems.

The majority of these studies use simplified analytical models of the hard­

ware elements involved and are concerned primarily with system sensitivity to

external forces such as wind and grades. Experience with the Morgantown

Personal Rapid Transit (M-PRT) system has shown that use of simplified

analytical models can lead to erroneous performance predictions. Hardware

nonlinearities and variations in control system parameters can have a greater

impact on system performance than do external disturbances such as winds and

grades if such nonlinearities and parametric variations are not adequately

considered in the system design.

This report provides a design summary for the longitudinal control system

(LCS) used on each vehicle in the M-PRT system; where the LCS is defined as

the vehicle system which converts speed commands from the guideway into the

desired vehicle speed - position - time trajectory. The following material

documents the experience gained in the conversion of the Morgantown Phase IB

LCS operational specifications into realizable and performance predictable

LCS elements. Since available information on actual automated vehicle systems

hardware and the associated detailed design problems is limited, an emphasis

is placed on the major analysis and hardware design problems encountered.

This information is provided for possible use in the preparation of realistic

system specifications, evaluation of proposed system designs and in conduct­

ing meaningful analytical studies.

The Morgantown Project, which began in 1969, is an Urban Mass Transportation

Administration demonstration, to provide personal rapid transit (PRT) service

between the central business district of Morgantown, West Virginia and the



widely separated campuses of West Virginia University. The M-PRT system

consists of a fleet of relatively small, automatically controlled vehicles

which operate on a dedicated guideway, on a predetermined schedule basis or

on a passenger demand self-service basis. The oVtrall project is being

built in phases with the first phase consisting of a Phase IA and a Phase IB,

Phase lA, completed in September of 1973, resulted in a prototype system

consisting of 2.1 miles of guideway, 3 passenger stations, a maintenance and

central control facility and 5 test vehicles. Phase IB, which is the

primary subject of this report, provides the additional facilities required

for public service including a fleet of 45 vehicles. The system, of modular

design, allows growth from the present configuration to an expanded

configuration which could accommodate 70 to 100 vehicles, up to 6 passenger

stations and the associated interconnecting guideway. Figure 1 shows the

present guideway configuration and delineates the 3 basic system elements:

the Control and Communications System; the Vehicle System; and the Structures

and Power Bistribution System. The LCS includes hardware elements of both

the Control and Communications System and the Vehicle System.

2
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2. GENERAL SYSTEM DESCRIPTION

2.1 Synchronous Point. Follower System

The Control and Communications System (C&CS) automatically controls the

position of each vehicle by means of a synchronous point follower system.

The point follower system conceptually consists of a series of moving points

or slots, referenced to a fixed time base, circulating in the C&CS computers.

These imaginary or theoretical points, as viewed from a fixed point on the

guideway, pass at intervals which are multiples of 15 seconds. The minimum

nominal headway between vehicles is 15 seconds. Vehicle headway or position

control is accomplished by assigning a vehicle to one of the imaginary

points and designing the LCS such that the actual vehicle speed - position ­

time trajectory matches the trajectory of the theoretical point within

prescribed tolerances. The vehicles are physically assigned to a theoretical

point by control of their dispatch time. Once dispatched, vehicle control is

"open-loop". The LCS generates an on-board point (defined by the physical

location of the speed loops in the guideway and the corresponding time at

which the vehicle receives a change in speed command) and issues the brake

and motor commands required to follow the on-board point.

The function of the wayside computers, following dispatch, is to monitor

vehicle performance by means of presence detectors (PO) located along the

guideway. The system operator is notified if a vehicle is out-of-tolerance

and has the option of stopping vehicles via normal rate braking if an

emergency rate braking situation is imminent. No provisions are provided

for modification of a vehicle's trajectory following dispatch other than the

option to bring the vehicle to a stop. A hardwired check-in/check-out fixed

block system, which is independent of the primary control system, is used to

provide positive collision avoidance protection. Violation of the minimum

safe headway, determined via the fixed block system, results in removal of a

safe tone which brings the trailing vehicle to a stop via emergency rate

braking.

4



Analytically, the theoretical point follower position reference is defined as

the integral of the acceleration limited civil speed command or theoretical

speed reference defined below. Physically, the vehicles receive discrete

civil speed commands (4, 8, 22, 33 or 44 fps) from the guideway with changes

in speed command occurring at fixed guideway locations. The theoretical

speed reference is equal to the civil speed command trajectory except that

changes in speed are made at an acceleration/deceleration rate of 2 fps2.

The theoretical time for the start of each speed transition is the time at

which a perfect vehicle (one which exactly follows the theoretical speed

reference) crosses the guideway location defining the start of a ne~, speed

zone. A rigorous analytical definition of the theoretical point follower

position reference is given in Appendix A.

The vehicle longitudinal control system (LCS), which has the function of

producing the specified speed - position - time trajectory, consists of four

major elements: the Vehicle Control and Communications System (VCCS); an

electric propulsion system; a hydraulic friction brake system; and the vehicle

itself. A simplified block diagram of the LCS is given in Figure 2 which

shows the basic components of each major element and the functional interfaces

between components.

2.2 Vehicle Control and Communications System

The VCCS is that portion of the C&CS carried on-board the vehicle. It

responds to guideway and vehicle inputs and controls vehicle doors and

s\vitching as well as controlling vehicle speed. A summary of the VCCS input/

output characteristics is given in Figure 3; i.e., the functional interface

between the VCCS, the Station Control and Communications System (SCCS) or the

Guideway Control and Communications System (GCCS), and the vehicle.

Inductive coupling of electrical energy is the method used to transmit

information between the S/GCCS guideway loops and the VCCS. Communications

transmitted from the guideway to the VCCS consists of tones, to command

5



'lC
C

S
M

O
TO

R
PR

O
PU

LS
IO

N
S
Y
S
T
~
M

r1
0T

O
R

TO
RQ

UE

BR
AK

IN
G

TO
RQ

UE

'
!
~
H
I
C
L
E

&
DR

IV
E

LI
N

E
D
Y
N
A
~
l
l
C
S

O
'l

_
_

_
.

SP
EE

D
I

-
_

-
-

r-
A

C
C

E
L

-,
r
"

+
+

r-
-

-
-
,

Cr
1D

JE
R

K
~

+
r

--,
rz
UR
R~
NT
--
'

r-;
::/:

>I
LI

M
~

K l
l
~
-
e
x
r
-
-
1

VO
TE

R
r-

•
--J

AC
C

EL
I
~L

cm
~p

..
J:

-.
.J

C
O

N
TR

O
LL

ER
I

L
_

_
..J

I
L

_
.
J
-
l

-1
'

L
_

-.
J

L
L

IM
-1

-4
-

L
_

_
~

v
I

r-.
..,

I
r
-

L
-,

C
I

-
I

.
I

C
li

I
K 2

1
~

IK
3

l
I

I
I

L
r
-
l

L
T

..
J

r
-
.,

-of
-+

r f,x
~

r-1
KS

l
h~
11

--
I

r-
.J

L
_

..
J
+

+
-l

L
.J

I
r
-
,
+

I
v M

l
I

L
-

-
--

-1
K 4

l
f---

1
i

I
V

E
l

I
L

_
..

J
L

-
-
-
-
I
-
-
-
-
-
'-

.
TA

CH
FB

#1
J

I
I

TA
CH

FB
#2

1
-
-
-
-
-
-
-
-
-
-

·
,

I
r-

'"
I
L

'l M
2

I
t-

4
K S2

h
I

BR
AK

E
SY

ST
EM

V
·

I
L

;.
.J

+
I

+
E2

I
-,

-
r
:
-
-
~

1
-
-
-
,

,~
T

-
-

-,
r-

,+
tl

--
j

BR
AK

E
AM

P
H

SE
RV

O
1

-
-
lr

-,
I

t.-
i

K 42
~

I
~J
ER
K
L
I
~

L
V,

l\L
VE

--=
:1_

I
IK

h
i

L
_

-.
J

BR
AK

E
-

-
-

_
-
l

IC
R

A
"E

-
,

V
I

2
2

:
I

r
...,

I
D

EC
EL

'"
r

1-
--1

-
C2

L
_

-'
I

IK
32

I
C

M
D

'S
I

CA
LI
P~
RS

I
I

r
-
-
-
,

I
r
-
-
,
~
L

..J
I

r::
:--
-
~

,-
--

-,
L

(4
)

-.
J

L.
.I

~
AC

C
EL

:
I

I
K

+
-
~
I

-
~

I
BR

AK
E

AM
P

I
I

SE
RV

O
L

:J
-

..
-

--
,.

1
LI

M
..

.-
t

12
~
-

-
-

-
-

--
t

(J
E

R
K

LI
M

)
~

VA
LV

E
-

L
..-
_

_
-
'

L
_

.J
L

_
_
~

L
_

_
-.J

SP
EE

D
TO

NE
S

I 1
S

TA
TI

O
N

/G
U

ID
E

W
A

Y
CC

S
V

E
H

IC
LE

D
IS

PL
AC

EM
EN

T

FI
G

U
R

E
2

.
M

-P
R

T
LO

N
G

IT
U

D
IN

A
L

CO
NT

RO
L

SY
ST

EM



COOLI riG AIR
• (DOWNLINK)

XMlTA~

VCCS

SIGNALS
FROi,1
VEHICLE
ELEMENTS

SWITCH nL~BLE----~

VER IFY s',nTCHED RT ---tJo-i

VERIFY S\-JITCHED L---iloo-l

VERIFY RT COOR OPEN-----4~

VERIFY L DOOR OPEN----~

VERIFY ALL EXITS CLOSED
VEH ICLE REDUCED
PERFORr,~ANCE ------lillo-j

FAILURE OF HYDR.
Pi~EU, PH,1,SE. PROP
(LOSS PRH1E' PO:,':ER) J>
ODOMETER INPUT r'w. 1---0»-1
ODOi';ETER INPUT NO. 2-....."."L .J

~~ Cor~roiArw SW ITCH RT
,cor~ro1AND SWITCH LEFT
Cor·1MAND RT DOOR OPEN
COMMAND L DOOR OPEN
CONTROL PROPULSION ON/OFF
PROVIDE ARMING SIGNAL FOR
REMOTE POWER DISABLE
COMMAND MOTOR SPEED
COMMAND NORMAL MODE
BRAf~E NO. 1
CO~~t'1.V:p' iiORt!:AL ~'ODEBRAY,E 1,0. 2
COM~AND EMERGENCY
~\ODE BRAKES

SIGNALS
TO
VEHICLE
ELEt~[NTS

UPLI NK
e SPEED TONES
o SAFE TONE
o SI1ITCH TONE .
G STA STOP/CAL TONE
G FSK

DOOR CO~1r'1MIOS

PERFORMANCE LEVELS
10 REQUEST
H1ER BRAKE

Dm/NLINK
e SWITCH VERI FY
• FSK

- VEHICLE 10
- DOOR STATUS
- FAULT STATUS

FIGURE 3, vecs INPUT/OUTPUT CHARACTERISTICS
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specific functions to all VCCS units on a non-selective basis, a Frequency

Shift Keying (FSK) digital message to interrogate or command a VCCS function
dn a vehicle selective basis, and magnets which provide switch enable

commands via vehicle mounted reed switches. Communications from the VCCS to

the gU1Geway consists of an FSK message, reporting vehicle status and switch­

i!lg tones verifying the reslJonse of the vehicle to a switching command.

Transmission of sreed comma:lds, the major LCS interface betvJeen He VCCS and

guideway is illustrated in Figure 4.

The major longitudinal control function of the VCCS is to generate the brake

and motor commands required to rroduce the specified speed - position - time

v2hicle trajectory. This is accomplished by first comouting an acceleration­

limited sneed comma~d and by measuring speed and position error siqnals using

digital circuitry to achieve the required accuracy. Analog circuitry is then

used to ~enerate the required differential 0 to 10 vdc analoq brake and motor

commands according to the control lavJ shO\'!n in Figure 2. Two separate

channels, ctriven by redundant antennas and tachometers are used to maximize

safety. The redundant motor commands are compared and the lowest (safest) is

sent to ~he rrorulsion system. The redundant brake commands are both sent

to the brake system where the brake calipers ultimately vote the highest

(safest) command. An exception is the position error computation circuitry

which is single thread. Redundant position error circuits are not used

because of the complexity of the circuit and the fact that a full scale

position error failure does not constitute a safety hazard.

Measured sDeed and position error computations are based on inputs from two

redunda~t tachometers which are located on the motor shaft and are part of

the ~ro~ulsion system. The tachometers, which can also be considered as

odometers, are photoelectric digital devices which generate 76 pulses per

motor revolution or, nominally, one pulse per 0.166 inches of vehicle

travel. The incoming oulse train is converted, within the VCCS, to a

calibrated pulse train with a scaling of 0.25 inches/pulse to compensate

for variations in tire rollin~ radius. Required corrections in tachometer

scale factor are calculated by the VCCS

8
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from inputs provided by calibration tone loops which are 200 feet in length.

Calibration loop spacing, where the distance between loops is specified in

multiples of 100 feet, is used to compute automatic periodic updates in

the on-board ~easure of position error.

Vehicle speed. which is propo~·tional to tachometer pulse rate, is computed

by counting the number of calibrated tachometer pulses during 0.1 second

intervals. Position error is computed by feeding both the calibrated

tachometer pulse train and a reference pulse train (having a pulse rate

proportional to the acceleration limited speed command) to an up/down

counter. The output or net difference in pulses from the two sources is

proportional to position error or, functionally, the integral of speed

error. Position error is computed directly, rather than as the difference

between a commanded and measured total displacement, because of the

round-off errors inherent in the later approach.

A special purpose speed versus position command profile is used during

station stop sequences. Upon detection of a stop tone (in a 4 fps civil

speed zone), the VCCS switches from it~ normal acceleration limited civil

speed command reference to the speed command from the station stopprofiler.

The profiler reduces its output speed command from 4 to a fps solely on the

basis of distance traveled. Gecause of the loop closure on position, the

speed command and the actual speed reach zero at a precise point on the

guideway, rather than at a specified point in time, which minimizes errors

in final vehicle position.

Emergency stops are performed open-loop. The VCCS, in response to loss of a

safe tone or in response to specified on-board anomalies, disables the

propulsion system and issues a fai"l safe emergency brake command (removes

28 vdc) to the brake amplifiers. The brake amplifiers respond by profiling

the braking force commands to their nominal full scale value of 3737 lbf at

a rate of 3291 lbf/sec. The result is a deceleration rate of 0.3 g for a

10,



maximum weight vehicle with a 30 mph tailwind on a 0% grade. Because of the
open-loop or constant brake force control, actual deceleration rates vary
with changes in vehicle weight, grade, wind and brake system parameters.

The VCCS also has the capability, in response to anomalies not requiring an
emergency rate stop, to stop the vehicle at the normal rate of 2 fps2. This

is accomplished by setting a performance level to zero. A zero performance

level sets the velocity command input to the acceleration limiter to zero.
The limiter responds by profiling the speed command reference to zero at the

normal rate of 2 fps2 and the vehicle is brought to a stop via the normal

closed loop controller described in Figure 2.

2.3 Propulsion System

The electric propulsion system, which generates the torque required to
maintain speed or accelerate the vehicle, consists of a DC drive motor, a
motor controller, 2 redundant tachometers and a transformer. A simplified

functional diagram, Figure 5, illustrates the functions of each element.

The propulsion motor is a compound-wound DC motor rated at 70 hp at 2720 rpm
with 420 volts on the armature and 12.3 amps on the shunt field. Field

weakening is used to maintain a constant 70 hp from 2720 rpm up to the limit

of 3168 rpm. The motor drives the rear wheels through a conventional
differential having a gear ratio of 7.17:1. Included in the motor controller
are a three-phase full wave Silicon Controlled Rectifier (SCR) AC/DC

converter, current control circuits, speed control circuits, a jerk and

acceleration limiter and a tachometer digital to analog converter. The

tachometer drive units consist of motor shaft-mounted discs that spin
through an optical transducer. The signals are conditioned in the tachometer

enclosure and are fed to both the VCCS and motor controller. The transformer
converts incoming 575 vac, 3 phase power to 355 vac, 61 vac and 120 vac

voltage levels.

11
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The longitudinal control functions of the motor controller are illustrated in

both Figures 2 and 5. The propulsion system receives a differential 0 to 10

vde speed command from the VCCS having a scaling of 316.8 rpm/volt. The

incoming command is first passed through a jerk and acceleration limiter with

a jerk limit of 3.09 rev/sec 3 (0.1 g/sec) and an acceleration limit of

3.97 rev/sec 2 (0.125 g). Ttle main function of the limiter is to guard

against subjecting passengers to excessive jerks. The acceleration liniit of

0.125 g is not reached during normal operation since changes in speed command

occur at a nominal rate of 0.0625 g (2 fps2). The output of the limiter

becomes the command for an analog speed control loop. Speed feedback is

obtained by passing one of the two redundant digital tacho~eter outputs

through a D/A converter. Integral compensation provides the required steady­

state speed control accuracy of ! 13.2 rpm. Dynamically, for a nominal

weight vehicle, the speed loop has a natural frequency of 1.34 rad/sec

(0.213 Hz) with a damping ratio of 1.0.

An analog current control loop provides the commands to the SCR's and

regulates motor current (torque) as called for by the speed controller.

Commutator arcing is prevented by limiting the current command rate to a

maximum of 1400 amps/second. An adjustable upper current command limit

of approximately 400 amps is us~d to prevent excessive motor currents and

potential motor damage. An adjustable lower limit on current command of

approximately 10 amps is used to maintain a bias current level at all times,

thereby preloading the drive and minimizing time delays and the effects of

backlash in the drivel ine. The nominal gain fran1 current to torque is

0.917 ft lb/amp.

The main 28 vdc power supply and battery charger for the vehicle is located

in the motor controller cabinet. This section furnishes all of the DC loads

of the vehicle including the motor control circuits, and is on whenever

power is applied to the vehicle. The propulsion system, in addition to the

speed command, receives an on/off command from the VCCS. An "off" command

is iS5ued whenever the vehicle is stopped or is in an emergency stop

13



sequence. The propulsion system responds to an "off"conHTiand .by removing

AC power from the vehicle (which maximizes pas;enger safety) and cages or

initializes its control circuits. Motor control circuits re~ain on during

these periods.

2.4 Grake System

The vehicle brake system, which generates the braking torque required to

decelerRte or stop the vehicle, is a dual system, eit~er one of which t~n

stop the vehicle safely. As ~hown in Figure 2, the major components

consist of two brake amplifie~s, two servo valves and four brake calipers

(one per wheel). The sjstem is redundant and independent up to the bnke

pads. The brakes are discs on all four wheels, with a single caliper and

rotor at each wheel. A detailed schematic of the complete brake system is

given ln Figure 6,

Redundant braking signals come from the VCCS to the brake amplifiers. The

brake amplifiers command the servo valves (hydraulic pressure regulators) to

respond, and the servo valves apply the prope~ pressure (20 to 900 psig) to

the calipers. There are two braking modes: normal and emergency. In the

normal mode, the VCCS provides a differential 0 to 10 vdc analog signal to

the brake amplifier and the servo valve responds with 20 to 700 psig. The

nominal normal ~ode deceleration is 2 fps2 (0.0625 g) with the brake system

providing a brake force capability in excess of 0.2 g to compensate for

grades and controller lags. The emergency mode is created by an ab~ence of

a 28 vdc signal to the brake amplifier which causes the servo valve to

release up to 900 psig to the calipers and results in a nominal emergency

rate deceleration of 0.3 g.

The brake artlpl ifiers perform a number of control functions in addition to

thei.r prime function of converting from a voltage command to the current

command required by the servo valves. These functions include:

14
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o Jerk limiting of the VCCS deceleration command to prevent excessive

vehicle jerks and to provide accurate off time control during a

startup sequence.

o Limiting of the minimum output to an adjustable bias level to

minimize brake time delays.

o Shaping of the output command near null to optimize the tradeoff

between brake drag and brake time delays.

o Limiting of the 'naximum output to specified normal and emergency

values to prevent excessive deceleration levels.

The calipers contain tandem piston actuators with independent h~draulic

actuation. Either piston in the caliper assembly is able to actuate the

brakes at full capacity; but, when both pistons are actuated, which is

normal, the braking results are not additive. Functionally, the tandem

pistons perform the voting function for the redundant system, with braking

torque being proportional to the highest (safest) of the two input pressures.

Retractor springs are used to prevent brake drag below a specified pressure

threshold. The brake pads, two with each caliper, and the brake rotors are

of standard automotive design. The caliper design includes an automatic

adjustment feature which compensates for brake pad wear and minimizes

on-time delays.

Two orifices and bypass check valves are used to limit hydraulic fluid flow

rates and minimize coupling between the hydraulic systems. These orifiies

limit flow and allow the servo valves to maintain the desired pressure

during periods of floating (voting) caliper piston motion caused by a change

in the dominant pressure.
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Brake energy and control are provided by the hydraulic and the_electrical

systems respectively. In the absence of either or both, hydraulic energy is

provided from the accumulators and energy for control is provided from the

batteries. In an extreme case, when loss of power and failure of the batter­
ies might occur, a special emergency braking system is activated by two

solenoid valves in the system, which open upon absence of DC voltage,

by-pass the servo valves, and dump all the energy in the accumulators
directly into the brake calipers.

Two hydraulic pressure switches continuously monitor pressure in the

accumulators and issue a fault signal to the VCCS if either pressure falls

below a specified level. A second pair of pressure switches monitor the

servo valve output control pressures and report a loss of brake redundancy

to the VCCS if the control pressures differ by more than a specified

tal erance.

Independent parking brake calipers are mounted on the front wheels and are

spring loaded assemblies which are held off by hydraulic pressure. In the

event hydraulic pressure decays to an unsafe level, the-parkin~ br~kes

automatically come on and provide a fail safe backup'to the primary system.
The parking brakes also serve to hold the vehicle in place during s-torage

in a power-off condition.

2.5 Vehicle

The controlled vehicle is the final element of the longitudinal control

system. The M-PRT vehicle, shown in Figure 7, is relatively small carrying

up to 21 passengers - 8 seated and 13 standing. The vehicle size has been

selected to provide economical service during both peak and low demand

periods. Key physical characteristics are:
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Length

Height
I)id th

:!e i 0ht
\Iheel Base

Tread \·Ii dth

15 ft. 6 in.

8ft.9in.

6ft.Sin.

:'>75'1 1bm emrty to 11,900 1bfTI max i InUIl

127 in.

62 in.

Conventional hiCls-ply rubber tirr.s and an air sorinn suslJension are used to
provide a quiet and comfortable ride. Four-~heel steering is used, with the

direction of the wheels controlled by a hydra~li:ally-b00steJ mechani:al

linkage using guide wheels at either end of a steering arm. Steering guide

wheels follow rails mounted on the side of the 9~ideway. The systen is

bi aseJ to use either th'2 1eft or ri ght steeri n9 ra il, de~1("ndin9 on the

desired route. The' steering system provides the capability of do'!m to a In

foot turninCJ radius. T:12 :)rop:Jlsion system provides the capability for

speeds :J;J to 30 rip h.

Figure 7 also shows a cross section of a typical section of guideway. Ar­
~roximately 65% of the gui1eway is elevat~d, the remainder beinq at ground

level. Roth single and double lane guideway is used. The running surfaco

is concrete containing distribution piping for 0uideway h~atin~ to allow all­

v.Jeather o)eration. Inductive comlliunication .loors are also installed in the

running surface. Steel'ing and electrical pOI'!er rails are [;Jounted vertically

along the side of the guideway. From a longitudinal control standpoint, the

key iJarar:leter is a maximum iJrade value of + lm<.

2.6 Overall Vehicle Control Task

This section illustrates o~eration of the longit'~din(\l control syster] in the

context of the overall vehicle control task. A general description is given

of the sequence of events which are re~uired for automatic vehicle control

from dispatch to the vehicle's arrival at its d~stination. The control

functions are performed by a combination of the Central Control and

COMmunication System (CCCS) which is resronsihle for overall system

19
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scheduling, monitoring and fault reaction, four Station Control and

Communication Systems (SCCS) which handle all vehicle operatlons within

a localized area. and four Guideway Control and Communication System~ (GCeS).

The latter act only to relay passivel} c~mnands and signals between the VCCS

and sees and will not be discussed further.

After the passengers have boarded and the allotted vehicle door open time

has expired, the door is automatically closed and the vehicle is ready for

dispatch. The sees requests a dispatch time from eees in the demand mode, or

determines if the scheduled dispatch time can be met in the scheduled mod~.

The dispatch time is determined so that a vehicle following the point

follower profile for that station and starting position will merge on the

guideway with its assigned moving slot position. The sees clocks are

synchronized with the eees clock so that the system operates relative to a

common time standard. Dispatch is accomplished by removal of ' the stop tone

from the stopping communication loop at the specified time. If a scheduled

dispatch time cannot be met, a new time allocation is requested from eces.

The vehicle accelerates to 8 fps and proceeds at this speed to the

acceleration ramp. Steering switching commands direct the vehicle from the

platform channel to the acceleration ramp. On the ramp, the vehicle

accelerates at 2 fps2 until the main guideway speed of 22 or 33 fpS is

reached. The vehicle steers right on the acceleration ramp past the merge

point on the main guideway and then is commanded to steer left.

The sees monitors ttle dispatched vehicle's movement via presence detector

(PO) data to assure that guideway speed is reached and that the vehicle has

followed the point follower control law. If the PO hit times are within

tolerance the vehicle is committed to the main guideway. The collision

avoidance systems on the acceleration ramp and on the appropriate section Of

main guideway are interlocked so that out-of-tolerance vehicles will initiate

emergency braking.
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Vehicle progress on the guideway is monitored by the sees via PO hit times.

The sees also monitors vehicle status. A vehicle downlink status report

includes: vehicle identification; current location; current destination

and switch condition; current performance level; current civil speed command;

door status; brake system status; and any current anomaly. Status data are

periodically transmitted to eees for overall system monitoring and for

control of handover from station to station.

eivil speed is 22, 33 or 44 fps on different sections of the main guideway.

A speed change is commanded by the step change in speed tone occurring at two

adjacent speed tone communication loops. This step change is detected by the

vehicle vees which commands a speed transition at the point follower control

law rate of 2 fps2.

Responsibility for detailed vehicle management is transferred from one sees

to the next at a designated guideway PD. eees infornls the receiving sees of

the enroute vehicle identification, destination, status, and assigned point

follower slot. When the vehicle arrives at the PO, the receiving sees takes

over vehicle control and fault report monitoring tasks.

As the vehicle approaches each enroute station, it is interrogated for its

identification. At the destination station the identification is recognized

and the availability of an open unloading berth 1S checked. If no space is

available at a berth the vehicle is stopped on the ramp until a space opens.

If no space is available at a ramp the station is bypassed and the central

operator is notified to take appropriate action. Under normal conditions an

unloading berth will be available and a switching command is sent to exit the

vehicle from the main guideway. Switch verification is sent to the sees

from the vehicle. Failure to receive switching verification results in a

St00 comm~nd from the sees.
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Routing of an incoming vehicle to an unloading berth is based on: channel

assignment and station fill policy, and the availability of an open berth.

The routing logic decisions are implemented at station branch points by

steering commands which direct the vehicle into the proper channel. Normal

vehicle speed during channel switching is 8 fps. After the switching region

is cleared, the vehicle is decelerated to 4 fps from which a vehicle will

initiate a station stop sequence. The sees commands a station stop by

energizing the stopping loop at the channel location at which the vehicle is

scheduled to unload.

In llnloading positions the door is commanded open for a preselected time to

all 01'1 passengers to depart. The door is then automatically closed and the

vehicle is commanded to "move up" to the forward position in the channel

(loading position) and open its door (in the scheduled mode) ,or wait for a

destination request (in the demand mode). The first empty car in a station

channel may be sent to another station to meet demands if not required at the

current station. During the scheduled mode, vehicles are cOi:!lT'anded to have

station dwell times sufficient to unload, move up, and load to meet their

scheduled departure.
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3. PHASE 18 DESIGN TASK AND REQUIREMENTS
)

This section describes the key requirements on the longitudinal control system
and the resulting design, analysis and development test program undertaken to
meet these requirements. A major goal of the design effort was to improve on
both the performance and reliability of the prototype Phase IA system design.
The design effort was performed in conjunction with changes in VCCS, propulsion
and brake system suppliers.

3.1 Requirements

The key LCS requirements are as follows:

a Station stop accuracy; ! 6 inches.

o Regulation (position control); + 1.1 seconds.

o Speed control; + 3~ -4 fps.

o Acceleration control during speed transitions; 2.0 ~~:~ fps2.

o Jerk control
For time intervals equal to or greater than 0.2 seconds; + 4.025 fps3

\+ 0.125 g/sec)- ~,

Over any 0.1 second time interval; ~ B.05 fps3
(! 0.25 g/sec).

o Maximum brake drag; 36 ft. lb. of wheel torque.

The major LCS requirement is a vehicle regulation or position control requirement.
The specific requirement is to maintain vehicle position within ~ 1.1 seconds of
the moving point defined by the nominal vehicle trajectory. This requirement is
derived from system level requirements to be able to run vehicles at nominal
intervals or headways of 15 seconds and to be able to safely stop a vehicle
which encounters another stopped vehicle on
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the guideway. These system requirements are met by an allocation of the 15

seconds into requirements on vehicle regulation, safe stopping distance and

collision avoidance system block size. The point follower control law and

regulation requirement are terminated at the beginning of a stopping sequence

in the stations.

Vehicle speed errors are constrained by an LCS requirement to maintain vehicle

speed within +3 fps, -4 fps of the acceleration limited civil speed command

reference. A major factor leading to the 3 fps overs peed limit is the safe

stopping distance requirement since stopping distance capability is strongly

dependent on initial vehicle speed.

The acceleration and jerk control limits given are derived from passenger ride

comfort considerations. All acceleration and deceleration ramps are designed

on the basis of nominal acceleration/deceleration and jerk levels of 2.0 fps2
3and 3.22 fps , respectively.

The brake drag requirement is imposed by the Vehicle System for the purpose

of preventing overheating of the motor and the possibility of brake fade due

to excessive heating.

All of the above requirements (except for nominal values) are interpreted as

30 limits on system performance capability.

3.2 Phase 18 Design Task

The following paragraphs provide a summary of the overall Phase IB design

task. This summary is in the form of a chronological description of the

major tasks performed. They included several iterations of the basic

development steps of simulation, analysis, design, fabrication and test.
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The first sten in the design effort was the development of a detailed non­

linear analytical model and simulation of the final prototype Phase IA design

used as an initial baseline. A preliminary design simulation developed early

in the Phase IA oroqram served as the starting point. Performance deficiencies

not nredicted by Phase IA analyses led to the initial requirement for a more

det3iled model.

A neriod of extensive testing of Phase IA vehicles followed, with tests

conducted both at Morgantown and in Seattle at the Surface Transoortation

Test Facility (STTF). Time history data for all key LCS variables were

recorded with the specific objective of determining the cause or causes of

excessive station stOG final position errors. A seconda~y objective was to

verify the accuracy of the analytical mod~l via comparison of simulation

results aqainst actual test data.

Test data results led to a station stop analysis and trade study effort

ending in a basic change in the station stop control law. The test results

also initiated a brake system servo valve analysis and test effort ending

in a change in servo valve suppliers.

The foregoing simulation development, testing and analysis provided the

initial baseline design for Phase IS and the analysis tool needed for

sensitivity studies. The next ster was to conduct a detailed analysis of the

desi~n. Position, speed, acceleration and jerk control sensitivity studies

were performed to determine the subsystem and component requirements needed

to insure compliance with LCS requirements. The results of these studies led

to several minor changes in the initial baseline design and the formal

requirements on the Phase 18 hardware.

The sensitivity studies were followed by a second simulation development

effort to account for minor differences in hardware characteristics resulting

from changes in VCCS, propulsion system and brake caliper suppliers.
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Initial design verification was accomplished by closed-loop testing of all
non-moving portions of the first Phase IS hardware units. Loop closure was

achieved via an analog computer simulation of the vehicle and motor dynamics.

Test results were in good agreement with analysis predictions.

Preliminary testing of the first complete Phase 18 vehicle at STTF uncovered

two major problems not discovered in the initial design verification

integration testing. The first of these problems was a propulsion speed

controller instability. The second probl~m was a combination of brake caliper

performance deficiencies and a servo valve~low capability problem.

The propulsion instability proved to be a classical linear flexible-body

stability problem involving the driveline dynamics. The problem had not

been predicted by simulation studies because of inaccuracies in the model in

the frequency range of interest. An update of model parameters, based on

the results of detailed testing, led to simulation instabilities of the type

observed in testing. Subsequent analyses resulted in a solution consisting

of a phase compensation network and changes in several motor controller

parameters.

Test data showed the major brake problem to be an inability of the servo valve

to maintain commanded pressure under some transient conditions due to a

limited hydraulic fluid flow capability of the servo valve. An analysis and

design trade study effort was conducted leading to installation of two orifices

and bypass check valves which externally limit fluld flow rates to within a

range where the servo valve can maintain adequate pressure regulation. A

secondary brake problem was caliper gain nonlinearities and differences in

gain between the redundant channels. This problem was solved by revising

the brake system analyses defining the brake amplifier settings and using

existing brake amplifier adjustment capabilities to compensate for known

caliper nonlinearities.
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Final design verification tests were then run at STTF with an extensive
instrumentation package recording time history data for all key LCS

variables. Test data analyses showed performance was within required limits

in all areas, except for excessive short term jerk levels, which did not

result in a noticeable ride comfort problem.

Final testing at Morgantown was directed primarily at vehicle regulation.

The objectives were to establish a data base for monitoring vehicle performance

and to verify that regulation errors were within the ~ 1.1 second requirement.

A data base representing nominal vehicle performance rather than the theoretical

point follower control law is used in the operational C&CS system as a

reference for computing regulation errors. The result of using a nominal

vehicle trajectory in computing regulation errors is to provide increased

design margins by removing systematic or bias errors which do not affect

headway control capability.
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4. ANALYSIS AND TEST RESULTS

A major finding in both the Phase IA and Phase IB LCS design efforts is that

hardware nonlinearities and variations in control system parameter values have

a significant impact on system performance. This section describes the results

of the analyses and tests conducted in Phase IB with an emphasis on: the key

nonlinearities and parameter variations affecting system performance; the major

proble~s encountered along with their solutions; and the estimat~d performance

capability of the final design. The material is organized under the followinq

headinas:

o Regulation (Position Control)

o Station Stop

n Station Start

o Brake Amplifier Settings

o Speed Control (Overspeed/Underspeed)

o Acceleration and Jerk Control

o Propulsion Stability Studies.

The analyses described were conducted at various times du~inn the design cycle

and in some cases by different analysts. As a result, minor differences in

assumed parameter values and the analytical models used occur. Unless otherwise
noted, these differences do not have a significant impact on the results presented.
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4. 1 Re~ulation (Position Control)

The reaulation requirement is to maintain vehicle position within ~ 1.1 seconds

of the movinq point defined by the speed-position-time trajectory for a nominal

vehicle. Use of a nominal trajectory as a reference for computing regulation

error, rather than the theoretical point follower control law defined in

Appendix A, removes systematic or bias errors, which do not affect system operation,

from the error budget. This change from Phase IA is made possible by use of a

data base (which corresponds to a nominal vehicle trajectory) for monitoring

vehicle rerformance in the operational system. The results of the Phase IB
analyses are summarized in Table 1 which shows the error sources involved and

the allocation of the 1.1 seconds between error sources.

TABLE 1. REGULAT10N ERROR BUDGET

+ 0.71

+ 0.25
+ n. ()8

.
Odometer calibration

Duration of illegal speed command

VCCS clock accuracy

i LCS Servo Loop III Steady-state position error I + 0 43 II

! I - .
i Vehicle dynamic response I + n.60 ,

[ Stopping position I + 0.125 !
,~-------~---------------+----­
I

: VCCS

;- ERROR
I SOURCE
! CATEGORY
i

I

1 Wayside controller Software dispatch tolerance
Central clock accuracy

+ O. 2il

+ (). 28
i -

i

RSS Total =+1.1 seconds
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The error source category termed LCS servo loop includes all errors in follow­

ing the on-board generated reference trajectory. VCCS errors are those in the

calculation of the on-board trajectory which are caused by error sources on the

vehicle. Wayside controller/guideway errors are those in the calculation of

the on-board trajectory which are caused by error sources in the guideway or

wayside controller.

A description of each error source and the derivation of the error allocations

are given below followed by a discussion of system test results.

Steady-State Position Error

The LCS control loop configuration is such that a steady-state position error is

required to compensate for long term variations in VCCS motor speed command,

motor scale factor and tire rolling radius. A non-zero steady-state position

error also will occur under nominal constant speed operation causing the

vehicle to run a nominal value of 0.24 second behind point. The pur~ose of

this intentional bias is to minimize brake/motor interaction by depressing the

brake command. The steady-state position error entry in Table 1 refers only to

varintions in the intentional position error bias.

Actual vehicle speed for a perfectly calibrated vehicle in a steady-state condition

(where measured speed equals the VCCS speed command reference) is given by

where

=: (1)

R~JRR

NGR
K~~

actuJl vehicle sreed

= VCCS speed command reference (acceleration limited civil speed
command)

= Tire rollinq radius

Differential gear ratio

=: Motor scale factor

Gain from VCS to VCCS motor speed command

= Position error gain

Position error relative to on-board point.
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Solving Equation 1 for the regulation error due to a steady-state position

error gives:

= XE/VCS = [(KVCKMRWRR/NGR)-l]/(KXEKMRWRR/NGR)'

0.24 second.

( 2)

This error is included in the nominal trajectory and does not enter into the

error budg et.

The tolerance limits on KVC ' KMamRWRR are ~ 3%, ~ 0.42% and ~ 1.6%,

respectively. Random variations in TRE due to KVC ' KMand RWRR variations
are computed as follows:

= (3 )

Calculation of the limits on variations in tire rolling radius is given in

Table 2. The estimated variations are for the conventional bias ply type of

tire design used on the M-PRT vehicles.

TABLE 2.

I PARAMETER

Tire pressure

VARIATIONS IN TIRE ROLLING RADIUS

PARAMETER LIMITS

67.3 to 90 psig

VARIATION IN I
ROLLING RADIUS

+ 0.42%

Tire wear 0.0 to 0.4 inch

~Lo_a_d_i_n_g ~188 to 2975 lbm/wheel

+ 1. 39%

+ 0.59%

RSS Total = ~ 1.6% = 6RWRR
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The random variation in steady-state error of 0.17 second relative to the
on-board point results in an additional error (in the on-board point) at

the start of each speed transition because the transition starts at the

wrong time. The position error before and after a transition remains constant

in terms of feet of error. The regulation or time error, which is the position

error divided by the commanded speed, however, changes as a function of the

initial and final commanded speeds. This change represents a permanent error

in the on-board point. This error mechanism is included in the steady-state

position error entry of Table 1 and is computed as follows:

Error at 4-8 transition = 0.5 sec/sec

Error at 8-33 transition = 0.76 sec/sec
Error at 33-44 trans iti on = 0.25 sec/sec

Tota 1 1. 51 sec/sec.

Tota 1 error = 0.17 (l + 1.51) 0.43 second.

Vehicle Dynamic Response

Dynamic response errors are those relative to the on-board point over and above

the steady-state errors. These transient servo loop errors occur primarily in

response to guideway grades and speed transitions. The error allocation for

dynamic errors was initially arrived at by first determining capability relative

to the remaining error sources and then assigning the remainder of the 1.1

seconds (0.6 second), on an RSS basis, to vehicle dynamic response. The follow­

ing paragraphs describe the analysis subsequently performed to verify that this

allocation could be met by the Phase 18 design.

The first step taken in determining dynamic performance capability was to make

a run from Engineering to Walnut using the nonlinear LCS simulation. As shown

in Figure 1, a trip from Engineering to Walnut covers the entire Phase 18

guideway. All parameter values were set at nominal or baseline values in this

run. The objective was to locate the worst guideway point in terms of regu­

lation capability.
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Figure 8 shows the regulation error computed by the simulation for a nominal

vehicle. Also shown are the corresponding grade profile and location of speed

transitions, both ai a function of distance from Engineering. The data shows

an initial negative regulation error of -1.3 seconds which is a consequence
of the VCCS/motor/brake phasing sequence used during station start and discussed

in a later section. At the 8-33 fps speed transition, the regulation error has

decreased to -0.3 second which is close to the steady-state error value of -0.24

second. The initial -1.3 second error does not present a significant problem

as it is quickly corrected for and there are no moving vehicles directly behind

a vehicle which has just been dispatched.

Figure 8 shows two areas where significant dynamic regulation errors occur: the first

is on the 10% downgrade leaving Engineering where TRE = 0.43 second; and the second

is at the 4.5% downgrade approaching Walnut where TRE = + 0.3 second. Higher

. regulation errors occur on downgrades because of the different and somewhat lower

performance control loop used during braking.

The errors of concern are the variations from the nominal trajectory shown in

Figure 8, as the nominal errors relative to the theoretical trajectory are

accounted for in the software data base. The 10% downgrade area vias chosen for

further study to obtain a 30 estimate of these variations from nominal. The

specific variations considered and their impact on regulation are given in Table 3.

The RSS total of the individual pertubations from nominal is 0.12 second, well

within the n.~ second allocated in Table 1.

Stopping Position

Errors in stopping a vehicle at the prescribed location in a berth are also errors

in starting position which result in an initial error in the on-board point. The

stopping requirement of ~ 6 inches (~0.5 foot) divided by 4 fps, the initial

civil speed command, ~ives the maximum allowable initial regulation error of

0.125 second.
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TABLE 3. DYNAMIC REGULATION SENSITIVITY ANALYSIS

ERROR SOURCE PARAMETER

Jerk limit on increasing brake command

Jerk limit on decreasing brake command

Magnitude of brake amplifier static
compensa t ion

Brake amplifier static compensation
break point

Servo valve hysteresis

Servo valve gain
I
i Servo valve null pressure
!
: Brake caliper pressure threshold

Brake caliper gain

Propulsion speed scale factor

Motor torque command bias

. Aerodynami c drag coeffi ci ent

: Rolling resistance

! Vehi c1e we i ght

VARIATION INCREASE IN
FROM REGULATI ON ERROR

NOMINAL (SEC)

-5% 0.009

-10% 0.008

+3% 0.007

-20% 0.010

-0.6 rna 0.013

-10% 0.056

-25 psi 0.062

+10% 0.017

-10% 0.047

+0.042% 0.012

+45% 0.020

-25% 0.013

-40% 0.034

+13.2% 0.045

RSS Total = + 0.12 second
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Odometer Calibration

Required corrections in tachometer/odometer scale factor are calculated by the
VCCS based on inputs provided by 200 foot calibration tone loops. The tachom­

eters,0hich generate 76 pulse~ per motor shaft revolution, are also used as

odometers to determine measured position by counting the number of scaled pulses

rather than the pulse rate. The method of calibration is to count the number

of scaled pulses during the presence of a calibration tone. If the measured

displacement is greater or less than 200 feet. the scale factor is adjusted

accordingly. The VCCS requirement is to calibrate to within + 0.5% of·the

true scale factor.

The distance between calibration loops is nominally 800 feet with a require­

ment that spacing be a multiple of 100 feet. Automatic position updates are

made at the end of each calibration loop encountered during a vehicle trip.

The first update is computed by counting the number of scaled odometer pulses

between the start and end of the first loop. The counting process is restarted

at the end of each loop and the second and subsequent updates are based upon

the number of pulses counted between the ends of calibration loops.

Because of the position update function, the only place where calibration

errors result in a significant regulation error is from dispatch to the start

of the first calibration loop. Table 4 gives the maximum time to the start

of the first calibration loop for each station including Maintenance.

TABLE 4. MAXIMUM TIME BEFORE CALIBRATION

----~-----~-- ....-_._--------,

DIRECTION01 SPATCH STA nON

Engi neeri ng

Ma i ntenance

Ma i ntenance

Beechurst

Beechurst
! Walnut

::...::...----

TIME BEFORE
CALI BRATI ON

(SEC)

Southbound 21

Southbound 30

Northbound 29

Southbound 28

Northbound 55
.,

Northbo.:::..un:..:.:d:.- 3_2 __J
36



The factors contributing to regulation error are VCCS calibration accuracy,

changes in tire rolling radius with passenger loading/unloading and errors

in calibration loop length. The errors in loop length are compensated for by

adjustments in dispatch times and are not considered further here.

The maximum regulation error d~e to odometer calibration is based on a northbound

dispatch from Beechurst which qives the lonqest time (55 seconds) to the start

of the first calibration loop. A + 0.5% calibration error for the 55 seconds

gives a regulation error of ~ 0.27 second. The maximum change in tire rolling
radius with loading (Table 2) of 1.2% gives a corresponding regulation error of

0.66 second. The error allocation of 0.71 seconds is the RSS sum of the two
component error sources.

Duration of Illegal Speed Command

In crossing from one FSK guideway loop to the next it is possible for the VCCS

to detect speed tones from both loops resulting in an illegal combination of the

three speed tones for a short period. The VCCS interprets an illegal speed

command (presence of all three tones) as a 4 fps command. The possibility of

receiving all three tones exists at the 8-33 fps, 22-33 fps and 33-44 fps speed

transitions. The VCCS responds to the assumed 4 fps command by starting to

profile the limited speed command down at a rate of 2 fps2. Since the limited

speed command must first be profiled back to the initial value before proceeding

to the new, higher speed command, the effect is to delay start of the speed

transition for a time equal to twice the duration of the illegal command.

A worst case trip on the Phase IB guideway will have additive illegal speed

command errors at an 8-33 fps and a 33-44 fps speed transition. The hardware

requirement is to limit duration of an illegal command to a maximum of 0.125

second for a total delay of 0.25 seconds in the start of the speed transition.

The regulation error due to an illegal speed command is the total delay in the
start of the transition times the difference in initial and final speeds divided

by the final speed.
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Regulation error due to illegal speed commands, for a worst case trip, is

computed as follows:

Error at 8-33 transition

Error at 33-44 transition =

Tota 1

n.76 sec/sec

0.25 sec/sec
1.01 sec/sec.

Total error = 0.125 x 2 x 1.01 = 0.25 second.

VCCS Clock Accuracy

The autonomous VCCS clock establishes the time base for computation of the on-board

point follower command trajectory. A VCCS clock error, therefore, translates

directly into an error in the on-board point which increases with trip time
and is greatest at the end of a vehicle trip. The longest possible trip time

is 427 seconds for a run from Engine~ring to Walnut. The regulation error allo­

cation of 0.08 second is computed by multiplying the 427 seconds by the VCCS

clock accuracy requirement of 0~02%.

Software Dispatch Tolerance

A major function of the station software is to dispatch vehicles at the specific

time prescribed by central. Th~ requirement is to issue the,dispatch command

within + 0.2 second which covers software cycle time, quantization and communi­

cation delay errors.

Central Clock Accuracy

All of the wayside'computing equipment, including central, uses the incoming

power line frequency as a time base. The central clock accuracy error source,

therefore, refers to the accuracy or stability of the power line frequency.

The impact of central clock errors on vehicle regulation is in the accuracy of

dispatching two vehicles which later merge on the main guideway. The worst

case Phase IB condition is a vehicle from Beechurst merging with a vehicle from
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Engineering (See Figure 1) where the time between dispatches is at a maximum

of 285 second. The regulation error allocation of 0.28 seconds is computed by

multiplying the 285 seconds by an assumed power line frequency accuracy of 0.1%.

Typically, a power company will only guarantee ~ 0.83% (~0.5 Hz) on power line

frequency which obviously is not adequate. Short term accuracy which is the

parameter of interest is, however, typically much better. Realistic limits on
frequency variations were arrived at by an analysis of actual frequency variation

data at Morgantown over a period from 19 November 1973 to 27 November 1973.

The largest deviations observed in the analysis, considering both magnitude and

duration, are qiven in Table 5. The maximum variation of 0.067% is well within
the 0.1% assumed limit, leading to the conclusion that use of power line frequency
as a time base will, in fact, give acceptable p~rformance.

TABLE 5. POWER LINE FREQUENCY VARIATIONS

~-'AX IMUt~ DURATION PERCENT!
DEVIATIO~j (SEC) ERROR I

(Hz)

+0.037 600 +0.062

+0.025 3600 +0.042

-0.025 1800 -0.042

+0.035 600 +0.058

+0.04 600 +0.067

Estimated Performance Capability

Each error allocation in the regulation error budget of Table I, with the

exception of vehicle dynamic response, represents the estimated capability

relative to the applicable error source. Using 0.12 second as the 30 limit

for vehicle dynamic response gives a total RSS estimated system performance

capability of 0.95 second, just under the requirement of 1.1 seconds.
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Design Verification

Design verification testing was performed both at STTF (Surface Transportation

Test Facility) and at Morgantown. Overall, the data obtained shows good vehicle

repeatability with average errors relative to the theoretical trajectory being

larger than expected. Variations in tire rolling radius and errors accumulated

at the start of speed transitions were found to be the dominant error sources,

rather than errors due to wind and grades as assumed in many analyses. Total

error was found not to be a strong function of trip length, but, rather of the

number and type of speed transitions encountered.

An example of the test results obtained is given in Figures 9 and 10. Figure 9

shows the 30 variations for 12 minimum weight and 12 maximum weight trips at

STTF. These variations from average, which have a maximum value of 0.55 second,
illustrate the good trip to trip repeatability observed in all of the data. A

comparison of the average vehicle trajectory, for the STTF data of Figure 9,

to the theoretical trajectory is given in Figure 10. The relatively large

deviations from the theoretical trajectory (0.9 second maximum) illustrates

the motivation for using the nominal trajectory as a basis for computing

regulation error.

In Phase lA, the theoretical trajectory was used in the operational software

for dispatching vehicles and monitoring performance. Regulation errors relative

to the theoretical trajectory, as defined in Appendix A, were, therefore, the

parameter of interest.

In Phase IB, a data base representing a nominal or average vehicle trajectory

is used in the operational software for dispatching vehicles and monitoring

performance. As a consequence, only regulation errors relative to the nominal

trajectory are of-interest and these random errors are shown by the test data

to be within the ~ 1.1 second requirement. Large systematic errors of the
type shown in Figure 10 are of interest only in the definition of the required

data base.
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4.2 Station Stop

The station stop requirement is to stop the vehicle within ~ 6 inches of its
assigned position in a station berth. Two station stopping control concepts
are discussed: the Phase IA control concept which did not meet the require­
ments; and the Phase IB control concept used in the operational Phase IB
system, which does meet the requirement.

Phase IA Control Concept

Figure 11 illustrates the Phase IA station s~op concept. The vehicle is com-
I

manded to a speed of 4 fps prior to reaching the stop tone loop. Upon detection
of the leading edge of the stop tone signal, the speed command is profiled
down to 2' fps at the normal rate of 2 fps2. Closed-loop control is continued
until a short time after detection of the stop tone null resulting from the
loop crossover shown in Figure 11. A "forced brake" signal or a full scale normal

brake command is issued by the VCCS following receipt of a specified number of
scaled odometer pulses after detection of the stop tone null. In this final
portion of the sequence, open-loop braking is used to bring the vehicle to a
stop, i. e., the brake ampl ifier responds to the "forced brake" command by
profiling the servo valve current command to full scale at the specified jerk
rate. The brakes are left in their full scale "on " condition until dispatch
to insure no vehicle movement after it has been brought to a stop.

Actual performance of the Phase IA concept is illustrated in Figure 12. This
histogram is a compilation of data for 649 stops at both Morgantown and STTF.
As shown, final position errors exceed the requirement by approximately a

factor of three. A second problem with the concept is that the LCS had diffi­
culty providing adequate speed control at 2 fps. The specific problem is
excessive underspeeds following the 4-2 fps speed transition which gave very
poor ride quality, i.e., a roller coaster type of ride.
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Special tests were conducted to understand and identify the cause or causes

of the excessive stopping errors. Time history data for 20 key LCS variables

were recorded under a variety of conditions. Of particular interest was the

final "forced brake" portion of the stopping sequence, because of the inherent

accuracy problem associated with open-loop control.

A detailed analysis of the open-loop braking portion of the test data resulted

in the identification of six error sources which have a significant impact on

stopping accuracy. Table 6 summarizes the results of a statistical error
analysis conducted to determine the net impact on stopping accuracy capability

of the six error sources identified. This analysis covers only the final open­

loop braking portion of the stopping sequence.

Table 6 shows two 30 or "RSS total" estimates of stopping accuracy. The first

estimate of + 27.4, -16.2 inches is for Phase IA error source limits derived

from the test data. The reason these estimates of stopping accuracy are

slightly higher than the measured errors of Figure 12 is believed to be a

correlation between initial velocity and acceleration errors not accounted

for in the analysis. The second estimate of + 10.6, -8.3 inches is for

estimated minimum hardware limits used in conjunction with the Phase IA

braking concept. These minimum limits are estimates of the lowest variations

which can be achieved within realistic hardware and cost constraints.

The conclusion of the analysis is that meeting the ~ 6 inch requirement with

the open-loop braking concept requires extremely close and expensive control
of error source parameter variations. The low probability of meeting the

requirement with open-loop braking led to a decision to discard the Phase IA

concept and adopt the closed-loop control concept described in the next

section.
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TABLE 6. PHASE IA STATION STOP ERROR ANALYSIS

i I < IMPACT I,
i ON FINAL I

ESTIMATED POS ITION I
ERROR SOURCE NOMINAL PHASE IA ERROR

IPARAMETER UNITS I VALUE 30 LlMITS* (INCHES)

Initial velocity fps 2.0 2.73 (2.5) +10.6 (+7.1) I
I

1.27 (1.5) - 8.8 (-6.2) ,

Initial acceleration fps2 0.0 +l.S (+0.64) +23.0 (+5.8)

I
-1.S (-0.64) -10.9 (-3.9)

,
Brake time delay sec 0.0 +0.26 (+0.2)

I
+6.2 (+4.S)

. -0.0 (-0.0) -0:0 (-0.0) I

Initial brake pressure psig I 0.0.
,..0.0 (-0.0) +0.0 (+0.0)
+26.9 (+10.0) -7.0 (-3.2)

I
Jerk limit variations

I
Brake pressure psig/sec 65.0 31.0 (58.5) +8.0 (+1.0)
rate 99.0 (71.5) -3.4 (-0.8)

Brake pad friction 1bflps ig 1.6 1. 34 (1 .34 ) +1. 6 (+1.6)
coefficient 1. 86 (1 .86) -1.3 (-:- 1.3)

Vehicle weight lbm 10390 11965 (11965) +1.3 (+1.3)
8815 (8815) -1.4 (-1.4)

I
Oscillation in vehicle fps2 0.0 -0.0 (-0.0) +0.0 (+0.0)
deceleration (half +1.29 (+0.32) -0.9 (-0.2)
amplitude)

II

*Numbers in ( ) are estimates of
lowest achievable variations.

RSS Total
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Phase 18 Control Concept

Figure 13 illustrates the Phase IB station stop control concept. As in the

Phase IA concept, the vehicle is commanded to a speed of 4 fps prior to reaching

the stop tone loop. Upon detection of the leading edge of the stop tone signal,
the VCCS switches from its normal acceleration limited civil speed command
reference to the special purpose speed versus position command profile shown

in Figure 13. During the station stop sequence, this command to the closed­
loop speed servo is reduced from 4 to n fps solely on the basis of distance

traveled. Because of this loop closure on position, the speed command and the
actual speed reach zero at a precise point on the guideway, rather than at a

precise point in time, which minimizes errors in final vehicle position.

The closed-loop nature of the Phase IB station stop speed command eliminates the

open-loop braking feature of the Phase IA concept and its attendant sensitivity

to error sources. The square law profile chosen produces an effective constant

deceleration command of 0.84 fps2 (0.026 g) in the time domain which maximizes

ride quality and eliminates the two stage deceleration characteristic of the

Phase IA concept. Stop tone loop crossovers and the need to detect a null in

the stop tone signal are eliminated since the entire profile is referenced to

the leading edge of the stop tone. Use of the leading edge of the stop tone as

the final position reference requires an accurate calibrated odometer which, in

the M-PRT LCS design, is available as a result of the normal point follower
controller requirements.

The total length of the station stop profile stored in the VCCS is 127.5 inches.

A preset or initial value capability is included in the odometer pulse counter

which provides the input to the profiler. Upon detection of the stop tone, the

counter (for the channel driven by the forward antenna) starts from an initial

value of 11.5 inches giving an effective profile length of 116 inches as shown

in Figure 13. This preset function provides the capability to compensate for
any bias or systematic errors uncovered in initial testing and also allows

compensation for the difference in longitudinal location of the two redundant

vehicle uplink antennas. Length of the total profile was chosen to allow

use of existing stop tone loops.
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Existing LCS speed control circuits are used, with one modification, to provide

control of actual vehicle speed during the stopping sequence. The one modifi­

cation is to disable the VCCS position error feedback loop used during point

follower control. The position error feedback is not needed because of the
position dependent speed command and could degrade stopping accuracy if large

position errors were present at the start of the stop sequence.

Vehicle motion, once stopped. is prevented by a "forced brake" signal or a full

scale normal brake command from the VCCS. as was the case in the Phase IA

concept. The difference is that the "forced brake" command is issued by the
VCCS upon detection of a zero speed command. just prior to the actual vehicle

stop, at which point good stopping accuracy is assured.

A detailed sensitivity analysis of the Phase IB concept verified that it was,

in fact. insensitive to system parameter variations. The results of this

analysis are sU~larized in Table 7. The predicted 30 stopping accuracy limits

of +3.5. -2.8 inches are well within the ~ 6 inch requirement.

The stopping errors shown in Table 7 were computed using the nonlinear LCS

simulation where each error source parameter was varied. one at a time. to

determine its impact on stopping accuracy. Of the error sources considered.

three are dominant, namely:

o Errors in tachometer/odometer calibration,

o Initial overspeeds at the start of the stop sequence, and

o Location and detection of the leading edge of the stop tone.
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TABLE '7. PHASE IB STATION STOP ERROR ANALYSIS

Gain from velocity error to brake 3.9 v/fps
command

ERROR SOURCE PARAMETER

Tachometer/odometer scale factor

NOMINAL
VALUE
&
UNITS

O. 1675 ft/rad

ESTIMATED
PHASE IB
30
VARIATIONS

-0.0033
+0.0033

-0.125
. +0.125

IMPACT I
ON FINAL :
POSITION!
ERROR I
(I NCHES) I

I
+2.40 i

1

-2.16 i

+0.12
-0.12

Brake command null offset 0.0 v

Motor command null offset 0.0 v

Jerk limit on increasing brake 4.425 v/sec
command,

'.

Magnitude of brake amplifier static 2.4 rna
compensation

Brake amplifier static compensation 0.25 v
break point

Brake amplifier steady state gain 2.51 ma/v

Servo valve hysteresis 0.6 rna

Servo valve gain 22.42 psig/ma

Servo valve null pressure 8.3 psig

-0.05
+0.05

+0.10
-0.10

-0.221
+0.221

-0.07
+0.07

+0.05
. -0.05

-0.13
+0.13

+0.6
-0.6

-2.24
+2.24

-25.8
+46.7

+0.12
,.0.12

+0.24
-0.0

+0.0
-0. 12

+0.0
-0.12

+0.12
-0.12

+0.12
-0.24

+0.48
-0.24

+0.48
-0.36

+0.72
-1.20

Brake caliper pressure threshold 50 psig +5.0
-5,.0

Brake caliper gain 5.757 ft lb/psig +0.576
-0.576

Propulsion speed loop gain resistor 250,000 ohms +150,000
-150,000

+0.12
-0.24

+0.36
-0.36

+0.0
-0.12

Vehicle weight 10,325 1bm
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TABLE 7. PHASE IB STATION STOP ERROR ANALYSIS

(Continued)

ERROR SOURCE PARAMETER

Rolling resistance

Initial velocity

I Stop Tone acquisition delay

I
'I' Stop tone loop leading edge
, location
I
i
! Detection of stop tone leading

NOMINAL ESTIMATED i IMPACT,
VALUE PHASE IB I ON FINAL,
& 30 POSITION i
UNITS VARIATI ONS ERROR i

(INCHES) \
----j

!
152 lbf -61 +0.12 I

+91 -0.12 ,

i
I

4.0 fps +1.0 +2.04
-1. 0 -0.0

0.001 sec +0.001 +0.05
-0.001 -0.05

0.0 in +0.5 +0.5
-0.5 -0.5

edge 1.57 in +0.78 +0.78
-0.78 -0.78

RSS Total =
+3.50 inches
-2.80 inches
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Actual performance of the Phase IB concept is illustrated in Figure 14. This

histogram is a compilation of measured stopping accuracy for the 12 maximum
weight and 12 minimum weight runs made at STTF to obtain the regulation data

presented in Figures 9 and 10. Two stops, one at a rear berth and one at the
forward berth, were made for each run qiving a total of 48 data points. The
two groupings of data fepresent the difference between berths rather than

variations in stopping accuracy at a given berth. In summary, this data

verifies analysis predictions that stopping errors will be significantly less
than the ~ 6 inch requirement.

4.3 Station Start

Regulation and ride comfort requirements dictate close control of VCCS, brake

and motor phasing during startup from zero speed. The design task is somewhat

complicated by the fact that, for safety reasons, the brakes are left in a

full scale "on" state and the motor is disabled or turned off when the vehicle

is at rest. The requirements during startup can be summarized as follows:

a To avoid excessive jerks, the motor must not begin producing

torque before the brakes are off.

o To avoid excessive overspeeds, the motor must begin producing

torque as soon as possible following start of the speed command
profil e.

a To avoid excessive regulation errors, the vehicle must reach the first

speed transition at a consistent time relative to dispatch.

Figure 15 illustrates the startup phasing adopted for M-PRT. The startup

sequence is normally initiated by removal of the stop tone which corresponds

to a dispatch command. (Startups on the guideway, followinq an anomaly, are

initiated by issuing a 100% performance level command.) In response to the

stop tone removal, the VCCS begins profiling its acceleration limited speed

command reference from n to 4 fps, removes the "forced brake" or full scale brake

command, and issues a propulsion system "on" command.
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The brake system responds to the removal of the IIforced brake ll signal by reducing
the hydraulic brake pressure to bias levels. Brake lI off" time is governed by
the jerk limiter used in the brake amplifier to limit vehicle jerks during

normal closed-loop. control. To insure repeatability, an 1I 0 ff il time requirement
of 0.9 + 0.1 seconG is imposed on the brake system.

The propulsion system requirement is to reach an output current value of 10 amps
above bias level within 1.0 ~ n.l seconds after receipt of an "on " command. One

amp equals approximately one ft lb of output torque at the motor shaft. As

shown in Figure 15, there are three basic series components in the 1.0 second

delay. The initial delay of approximately 0.1 second is the time required to

activate the relays or contactors which apply power to the system. The second

delay of approximately 0.3 second is due to a timer which provides the adjust­

ment capability needed to insure meeting the accuracy requirement on the total

delay. The timer inhibits the speed controller circuits, but allows the current
controller to turn on resulting in the residual current level shown in Fiqure 15.

The final delay of approximately 0.6 second is the dynamic response lag of the

jerk and acceleration limiter and speed loop control circuits.

The delay in motor torque, without a corresponding delay in the speed command

profi1er, causes some increase in'speed overshoot at the end of the speed

transition. This increase, however, is small compared to the 3 fps overs peed

limit and does not justify the circuitry required to delay the speed command.

The delay also means each vehicle will cross the first presence detector

approximately 1 second late relative to the theoretical trajectory. This bias
error affects system performance only in that it must be included in the data

base used to monitor vehicle performance at the fi~st presence detector. The

error accumulated initially is eventually corrected for by the position error
circuitry. "
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4.4 Brake Amplifier Settings

The primary function of the brake amplifiers is to generate a servo valve

current command proportional to the 0 - 10 vdc VCCS analog brake command

issued during normal operation. The brake amplifiers also have a significant

number of control functions which include:

o Jerk limiting of the VCCS deceleration command to prevent excessive

vehicle jerks and to provide accurate off time control during a
startup sequence.

o Limiting of the minimum output to an adjustable bias level to

minimize brake time delays.

o Shaping of the output command near null to optimize the tradeoff

between brake drag and brake time delays.

o Limiting of the maximum output to specified normal and emergency

values to prevent excessive deceleration levels.

These control functions result in a total of seven specific parameters which

must be assigned values. namely:

o Output bias level (for 0.0 volt brake command)

o Off time (time to go from full scale normal rate braking output to

static compensation break point)

o Initial static compensation step

o Full scale emergency rate braking output

o Full scale normal rate braking output

o Maximum emergency rate braking "on" rate

o Maximum normal rate braking "on" rate.
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The design task is to assign values to the above parameters. This section
describes the rationale and computations used in deriving values for these
adjustable parameters and illustrates their use in compensating for caliper

nonlinearities and servo valve flow limit problems discovered late in the

design cycle. Included are sections describing the brake system analytical
model used and an analysis of brake drag performance.

Simplified Brake System Model

The elements of the brake system and the interconnections between elements

are defined in Figure 6. Figure 16 provides a simplified analytical model

for this brake system during normal operation. The model, which does not

account for system redundancy, is the model used in the LCS simulation for

the majority of the analyses conducted and, specifically, forms the basis

of the analyses described in this section. A significantly more detailed

model, required to describe the caliper nonlinearities and servo valve flow

limit problems encountered, is presented in Section 5.

Figure 10 also provides a simplified schematic of the brake caliper design.

An understanding of this design, which has the important function of voting

the higher of the two input pressures, is required to follow many of the

calculations made in choosing amplifier settings. In terms of the brake

schematic of Figure 6, Brake System "A" refers to the brake amplifier and

servo valve controlling the inboard pressure input of each caliper. Brake

System "B", in turn, controls the outboard pressure input of each caliper.

Voting is accomplished by movement of the floating caliper piston. If the

outboard pressure is high, the floating piston moves to the right on Figure 16

and allows the outboard system to supply all of the force on the primary

piston which produces the brake torque. If the inboard pressure is high,

the floating piston moves to the left and allows the inboard system to

supply all of the force on the primary piston via contact with the floating

piston. The caliper design also has retractor springs and a pad wear compen­

sator mechanism not shown in Figure 16. The retractor springs result in a

pressure threshold which must be exceeded to produce braking torque and
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thereby mini~izes brake drag. The compensator mechani~m has the function of
reducing time delays by minimizing the distance the primary piston must

travel to accomplish pad to rotor contact.

Output Bias Level

The reason for ~equiring a non-zero servo valve bias level, which was not

part of the original design, is to reduce excessive initial servo valve time

delays. Test data show that use of a small bias significantly reduces delays.

Large brake system time delays, in excess of 0.2 second, are of concern

because of their adverse effect on speed control, jerk control and emergency

brake stopping distances.

The bias levels selected are 20 psig for the outboard system and 35 psig
for the inboard system. To reduce the impact of valve-to-valvevariations,

the brake amplifier bias levels are set (after installation) to give the

actual pressure bias levels specified as measured by a pressure gauge.

The major factor in choosing bias levels is their value relative to the brake

caliper pressure threshold. If the bias exceeds the threshold, brake drag

. will occur. If the bias is significantly less than the threshold, excessive

time delays will occur since th~ brake pressure can increase no faster ~han

the amplifier jerk limit setting. The optimum value for the difference

between the caliper threshold and the bias level is 45 psig, based on expected
. parameter variations and their impact on brake drag and brake time delays.

Use of a non-zero bias level required an increase in the caliper threshold

relative to the original design value. This was accomplished by adding a

second retractor spring to each of the calipers. Threshold measurements

on the final caliper design provided the following estimates of the nominal

threshold value and limits:

o Outboard system 1front and rear calipers), 65 + 15 psig

o Inboard system (front calipers), 80 + 15 psig

o Inboard system (rear calipers), 105 + 15 psig.
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These estimates and the desired pressure d~fferential between bias and
threshold values of 45 psig form the basis of the bias level requirements

stated above.

Setting the inboard system bias level higher than that of the outboard system

has two additional advantages, namely:

o Because of differences between caliper inboard and outboard

pressure - torque gains and the different bias levels, the
inboard system (which is the preferred system) will normally

start out in control and stay in control. Movement of the

caliper floating piston and the resulting fluid flow rates

is thereby minimized.

o During brake applications, when the inboard system is in

control, the front calipers will normally start producing

torque before the rear calipers engage. This built in phasing

has the benefit of reducing short term jerk at the start of

braking.

Off Time

The brake system "off" time requirement is to respond to the removal of a

"forced brake" full scale normal brake command by reducing brake press'ure

from its full scale level to its bias level in a time period of 0.9 ~ 0.1

second. The reason for this requirement, described in Section IV-C, is
to insure proper VCCS/brake/motor phasing during startup. "Off" time is

controlled by the brake amplifier, specifically the parameter which sets

the amplifier jerk limit during a decreasing output condition.

A major factor in setting the brake amplifier "off" time requirement is

the impact of the two orifices and check valves shown in Figure 6. The

function of these orifices is to limit fluid flow rates in the reverse
direction. The reason for this function, which was not part of the
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orig.inal design, is an inability of the servo valves to maintain commanded
pressure during periods of high fluid flow rates. Without the orifices.
high flow rates caused by movement of the caliper floating pistons resulted

in time delays on the order of one second under some dynamic conditions.

The impact of the orifices on "off" time is to cause the pressure "off" time

to be longer than that commanded by the amplifiers. During the final portion
of the pressure reduction. the caliper retractor springs force the primary

piston away from the rotor resulting in a reverse fluid flow in both
pressure systems. Because of the restriction imposed by the orifices. the

pressure decay is exponential and slower than that commanded by the amplifiers
which results in the increase in "off" time.

The brake amplifier "off" time requirement selected is 0.7 + 0.1 second and

was arrived at empirically via a trial and error test procedure. A 0.7
second amplifier "off" time results in a pressure level, 0.9 second after
removal of the full scale brake command. which is approximately 45 psig
above the bias level or right at the caliper pressure threshold point.

Initial Static Compensation Step

The function of the brake amplifier static compensation circuit (See Figure 16)

is to optimize the tradeoff between brake drag and brake time delays through

shaping of the servo valve command near null. The compensation circuit provides
a two stage amplifier gain characteristic. Specifically. the output stage

gain near null is s~ven times higher than the gain (KBA in Figure 16) over the
remaihder of the operating range. Without this compensation, the time needed

to achieve the initial 45 psig change in pressure (required to reach the
caliper threshold and obtain braking torque) would be excessive. The reason

is the limit imposed by the jerk limiter on the output command rate. With
the compensation, a very small change in jerk limiter output puts the amplifier

output and valve pressure at the threshold point due to the initial high gain.

This allows use of the pressure differential (45 psig) needed to meet the
brake drag requirement and still maintains a minimum time delay characteristic.
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The design task is to compute the value of the initial static compensation step

or break point (ISVCTH in Figure 16) in the two stage gain curve. The criteria

used is to select a value for ISVCTH which exactly cancels the intentional

pressure bias level to caliper threshold separation under nominal conditions.
The value selected for ISVCTH is 2.6 rna and is computed by the equation

ISVCTH = HYSUL + (BCTH - PSVB)/KSVG

where

HYSUL = Servo valve hysteresis

= 0.6 rna

BCTH = Brake caliper pressure threshold

= 65 psig for outboard system

= 80 psig for inboard system

PSVB = Servo valve control pressure bias level

= 20 psig for outboard system

= 35 psig for inboard system

KSVG = Steady-state servo valve gain

= 22.36 psig/ma.

Full Scale Emergency Rate Braking Output

(4)

Emergency stops are performed open-loop and are initiated by the VCCS which

removes a 28 vdc logic signal to the brake amplifiers.· The amplifiers

respond by replacing the 0 - 10 vdc analog input to the jerk limiter with
a constant voltage input (See Figure 16) having a value which gives the
required full scale emergency rate braking output. The jerk limit (KBJLP
in Figure 16) is also changed to the higher level required during emergency

rate braking. The amplifiers respond by profiling their output to the

full scale emergency level, at the specified jerk rate, and hold this level
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untii a reset signal is received. The result is an open-loop constant
braking force stop. Except for the change in inputs .and jerk limits,

operation of the brake system is the same as during normal operation.

The emergency deceleration requirement is to generate a nominal full scale

braking force of 0.3 g under 0% grade, 30 mph tailwind and maximum weight

conditions. The design task is to choose a full scale pressure level and
corresponding amplifier output level which meets this requirement.

The required full scale braking force is computed by the equation

= 1.06 x WEIGHT x Xg
20.01 x WEIGHT! 0.037 VWIND (5 )

= 1.06 x 11900 x 0.3 - 0.01 x 11900 + 0.037 (30 x ~~)2

= 3737 lbf,

where

WEIGHT = Vehicle weight in lbm

X = Vehicle deceleration in g'sg

VWIND = Wind ve 1oc ity in fps.

The initial factor of 1.06 accounts for the momentum of rotating parts such

as the motor armature and wheels. The corresponding full scale braking torque

required is 4410 ft lb and is based on a nominal axle height of 1.18 ft.

Figure 17 shows the results of dynamometer testing of the final caliper

design. This .data illustrates 2 deficiencies observed in the caliper per­
formance characteristics: the outboard and inboard system gains are not
equal as called for .in the original design; and the inboard system gain is

lower than the minimum level specified. Rather than redesign the calipers

to meet the requirements, the solution adopted was to compensate for the

difference in gain by the choice of brake amplifier gains and corresponding

full scale servo valve commands.
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The full scale emergency braking pressure levels selected, based on the
data of Figure 17, are:

o 790 psig for the outboard system

o 900 psig for the inboard system.

The 900 psig level, which is slightly lower than the level called for by

Figure 17, reflects a measured characteristic of the calipers to produce
slightly more torque when both systems are pressurized than when only one

side is pressurized. This modification was not made on the outboard system
as the inboard system is normally in control.

To reduce the impact of valve-to-valve variations, the full scale emergency

rate amplifier outputs are specified in psig rather than ma and are set

(after installation) to give the actual pressure outputs specified as

measured by a pressure gauge.

Full Scale Normal Rate Braking Output

Deceleration during normal operation is performed in a closed-loop manner

using the VCCS measured speed signal to close the loop. The brake system

requirement is to provide sufficient braking force capability to follow a

2 fps2 deceleration command ramp on a 10% downgrade. The derived require­

ment is that the brake system shall provide a minimum full scale deceleration

capability of 0.2 g under 0% grade, 30 mph tailwind and maximum weight

conditions. An 0.2 g force capability provides 1.2 fPs2 (0.0375 g) of

reserve capability which is needed by the servo to compensate for initial
dynamic response lags during a downspeed transition on a 10% downgrade.

The required minimum full scale braking force is 2475 lbf, based on Equation 5,

with a corresponding torque requirement of 2922 ft lb. The full scale pressure

levels required are:

a 510 psig for the outboard system and

o 635 psig for the inboard system

based on the measured caliper data of Figure 17.
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The full scale amplifier outputs required to achieve the above pressure
1eve1s are

o 23 rna for the outboard system and
o 28.6 rna for the inboard system

and are computed by the equation

ISVC~~ = HYSUL + (PSV~~ - PSVLL)/KSVG '

where

HYSUL = Servo valve hysteresis
= 0.6 rna

PSV NB
= Full scale normal rate braking pressure levelrs

PSVLL = Servo valve null offset

= 8.3 psig

KSVG = Steady-state servo valve gain

= 22.36 psig/ma.

(6 )

Tolerances on the full scale normal rate braking force are not critical and

tuning of ISVC~~ by means of a pressure gauge is not required as was the
case for the emergency braking full scale set point.

The above pressure settings resulted in a minor problem concerning the

pressure switches used to verify redundancy when a vehicle is stopped and

the pressures are at their full scale levels. These on/off switches are

set to come on at a maximum pressure of 500 psig. A full scale outboard

system pressure of 510 psig, which is lower than the original design value,

means that normal parameter variations could result in a failure of one

pressure switch to come on leading to unnecessary vehicle fault messages.

The solution adopted is to raise each amplifier setting by 3.0 rna for a

pressure increase of 67 psig. This avoided replacement of the pressure

switches with no significant impact on system performance. The final full
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scale amplifier output settings resulting are:

o 26 rna for the outboard system and
o 31.6 rna for the inboard system.

Maximum Emergency Rate Braking "On" Rate

The emergency braking jerk requirement is to limit the average jerk due to

braking to a maximum of 0.33 g/sec under any allowable operating conditions.

After accounting for grade. weight and wind variations. the braking torque

rate required is 3291 lbf/sec. The brake amplifier jerk limit or emergency

braking "on" rate is computed by the equation

ISVCEB

where

= (7)

PSV EB
FS

TB EB = Emergency rate braking torque rate limit

= 3291 ft lb/sec

= Full scale emergency rate braking pressure level
= 790 psig for outboard system

= 900 l psig for inboard system

TB~~ = Full scale emergency rate braking torque level
= 4410 ft lb

BCTH and KSVG are as previously defined.

The emergency braking "on 'l rate limits given by Equation 7 are:

o 24.2 rna/sec for the outboard system. and

o 27.4 rna/sec for the inboard system.
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Maximum Normal Rate Braking "On" Rate

The long term jerk requirement during normal operation is to limit vehicle

jerk to a maximum of ~ 4.025fpS3(~ 0.125 g/sec). The resulting jerk limit

under nominal conditions is + 3.22 fps3 (+ 0.1 g/sec). Table 8 summarizes

the analysis conducted to Ve~ify that a n;minal limit of 3.22 fps3 meets the

requirement of ~ 4.025 fps3.

TABLE 8. LONG TERM JERK DURING BRAKING

0.16111 .911.3 ma/sec

ERROR SOURCE PARAMETER
----------------,--N-o=-~,-=lI-N-:-AL------,.-W-=O--R-ST=----I----:--=--=-:--

VALUE & CASE i
UNITS VALUE

'Braker amplifier "on" rate limit

Servo valve gain

Brake caliper gain
I
I Wheel radius (axle height)

I Vehicle weight
I •

22.36 psig/ma

4.65 ft lb/psig

1.18 ft

10325 lbm

24.86

5.35

1.22

8750

0.361

0.483

0.100

0.-491

RSS Total =

+ Nominal =

+0.800 fps3

+3.220 fps3

= 30 Jerk Limit 4.02 fps3
(0.125 g/sec)

The braking torque rate required to achieve a nominal jerk level of 3.22 fps3

is 1293 ft lb/sec. The brake amplifier jerk limit or normal braking "on"

rate limit is computed by Equation 7 using normal rate braking rather than

emergency rate braking parameter values. The resulting normal braking "on"

rate limits are:

o 8.8 ma/sec for the outboard system and

o 11.3 ma/sec for the inboard system.
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Brake Drag

The brake drag requirement is to limit the total braking torque (in the absence

of a brake command) toa maximum of 36 ft lb. Analysis of brake drag is com~

plicated by the nonlinear nature of the equations! which is largely due to
the intentional caliper pressure threshold; and which makes the output of any

conventional linearized sensitivity analysis meaningless. The analysis

approach taken is to compute brake drag statistics using a Monte-Carlo

approach where computer random number generation techniques are used to

determine brake drag values for a large number of parameter value combinations.

The analytical model used in computing brake drag is given by the equation

= KTBl [PSVBl + PSVCl - BCTH1J

for all parameter value combinations
where the outboard system is in control
and the caliper threshold is exceeded

(8 )

= KTB2F [PSVB2 + PSVe2 - BCTH2FJ

+ KTB2R [PSVB2 + PSVC2 - BCTH2RJ

for all parameter value combinations
where the inboard system is in control
and the caliper threshold is exceeded

where

= o otherwise,

KTB

PSVB
psve

BeTH
F, R

1, 2

= Brake caliper gain

Servo valve control pressure bias level

Servo valve control pressure due to VCCS brake command
null offset

= Brake caliper pressure threshold

refers to front and rear calipers, respectively

refers to outboard and inboard pressure systems, respectively.
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Servo valve
given by

PSVC

where
KSVG

KBA

BC O

control pressure due to VCCS brake command null offset is

=

= Steady-state servo valve gain

= Brake amplifier steady-state gain

= VCCS brake command null offset.

(9)

The individual parameter statistics used in the analysis are given in Table 9.

Results of the analysis are shown in Figure 18. Interpreting the requirement

as a 30 limit means the probability of exceeding 36 ft lb of drag must not

exceed 0.0027.

A major finding of the study is the sensitivity of brake drag to the maximum

value of VCCS brake command null offsets. Figure 18 shows the results for

null offset limits of 0.1 and 0.167 volts. Results were also computed for a

null offset limit of 0.055 volts showing a negligible probability of incurring

any brake drag.

The reason for the sensitivity to null offsets is a change in the brake

command voltage required to place the amplifier output at the knee of the

static compensation two slope gain curve. The original requirement was for

the knee to occur at an input command of 0.25 + 0.05 volts. This characteristic

was achieved by adjusting the amplifier null output level as required. In the

present design. the amplifier null adjustment is used to provide a positive

servo valve bias. As a result. the input voltage at the knee of the curve is

determined solely by the magnitude of the static compensation and is signifi­

cantly less than 0.25 volts.
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TABLE 9. MONTE-CARLO BRAKE DRAG ANALYSIS INPUTS

ERROR SOURCE

I

NOMINAL VALUE LOWER UPPER \

PARAMETER * & UNITS 30 LIMIT 30 LIMIT

BC01 • BC02 0.0 v - 0.167 I + 0.167
II

I
KBA1

I 2.34 ma/v 2.22 2.46

IKBA2 2.90 ma/v 2.76 3.04

KSVG1 • KSVG2 22.36 psig/ma 19.86 24.86 I
PSVB1 20.0 psig 0.0 45.0 I

I

PSVB2 35.0 psig 10.0
I

60.0 I
I

BCTH1 65.0 psig 50.0 I
80.0

I
I

BCTH2F 80.0 psig 65.0 95.0

BCTH2R 105.0 psig 90.0 120.0

KTB1 6.6 ft lb/psig 5.3 7.9

KTB2F 3.7 ft lb/psig 3.0 4.4

KTB2R 1. 6 ft lbjpsig 1.3 1.9

j

* See text for definition of parameter symbols.
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The brake command null offset limits of ~ 0.167 volts quoted in Table 9 are
for VCCS temperature limits of 25 ! 60 degrees Centigrade and assume a

failure of the vehicle Environmental Control Unit.

VCCS temperature limits under normal operation are 25 + 20 degrees Centigrade..
with corresponding estimated null offset limits of ~ 0.055 volts. The analysis
shows, therefore, that the brake drag requirement is met except during extreme

anomaly conditions.

4.5 Speed Control (OverspeedjUnderspeed)

The speed control requirement is to maintain overspeeds within 3 fps and

underspeeds within 4 frs of the acceleration limited speed command during

normal operation. Overspeeds greater than 3 fps result in an automatic

emergenCj rate stop. This response requirement is a result of the sensitivity

of safe stopping distance to overspeed errors. Underspeeds greater than 4 fps,

which indicate a sick vehicle, result in a downlink fault message and removal

of the vehicle from service at the next opportunity. The speed control require­

ment is of concern primarily during speed and grade transients, as the regu­

lation or position control requirement limits speed errors in steady-state

operation to a much lower value. The problem is to insure that transient

conditions do not trip the overspeed or underspeed limits.

A worst case test of speed control capability, based on Phase IA experience,

is the Beechurst underpass segment of the Morgantown guideway, which contains

a rapid change in grade at a speed of 22 fps. The grade profile consists of
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an 80 foot 10 percent downgrade followed by an 80 foot 10 percent upgrade,
with grade changes made at a rate of 0.167 percent per foot. Total length
of the grade profile is 400 feet.

A detailed sensitivity analysis of speed control performance through the
Beechurst underpass was conducted using the nonlinear computer simulation.
The parameter variations considered and the impact of each are given in
Table 10. 30 limits for both overspeed and underspeed are 1.98 fps, well
within the requirements.

The above analysis assumes a limit of 0.2 second on brake system time delays,
the original design requirement. Actual delays are significantly in excess
of 0.2 second, due to limited servo valve flow capability relative to caliper
flow requirements. Following is a description of an analysis conducted to

determine the impact on vehicle overs peed control.

The first step involved in determining the impact of large time delays is to
estimate the maximum value of the expected delays. Table 11 shows the results
of a brake time delay sensitivity analysis. Estimated limits on time delay
are 0.312 second during normal operation or for the case where the outboard
system is inactive and 0.586 second for the case where the inboard system

is inactive. Delays are larger when the inboard system is inactive for two
basic reasons:

o Lower outboard system amplifier gains increase the time required
to reach the caliper threshold; and

o Larger caliper volumes on the outboard system side increase
flow requirements and magnify the impact of servo valve flow
limits.
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The second step consisted of determining the impact of large time delays
via the nonlinear computer simulation for the Beechurst underpass case
and for a 33-22 fps downspeed transition. Runs were made using a nominal
time delay value of 0.1 second and a near worst case value of 0.5 second,
Other parameter values were held at nominal values. The impact of a 0.5
second delay is an increase of 0.5 fps in maximum overspeed relative to
the nominal value. Extrapolating, a worst case delay of 0.586 second would
increase maximum overs peed by 0.73 fps. Adding this 0.73 fps to the

original estimate of 1.98 fps gives a revised overspeed limit of 2.7 fps
or a design margin of 0.3 fps.

Design verification test data taken at STTF during regulation testing shows

that, with two exceptions, speed errors are less than ~ 2.0 fps. The first
exception is on station starts where underspeeds are typically on the order

of 2.5 fps. The reason is the VCCS/brake/motor phasing used duri"ng startup
and described in Section 4.3. The 2.5 fps underspeed is larger than the
analysis 30 prediction of 1.98 fps, which did not consider a station start

situation, but still well below the 4.0 fps requirement. The second

exception is on the first two runs following a change from minimum to
maximum vehicle weight. An overspeed of just under the limit of 3.0 fps
and an overspeed of 2.4 fps occurred at the start of the 44-33 fps downspeed

transition. The reason for these high overspeeds are a combination of a
position correction, a major calibration update and the start of a speed

transition all occurring at essentially the same point in time. The

severity of this inadvertent test of speed control, which is not a normal

condition at Morgantown, is a good indication of the system's capability
to meet the overspeed requirement.
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4.6 Acceleration and Jerk Control

All acceleration and deceleration ramps are designed on the basis of nominal

acceleration/deceleration and jerk levels of 2.0 fps2 and 3.22 fps3, respecti­

vely. In addition to these nominal values, limits are given on peak acceleration;

deceleration and jerk to insure passenger ride comfort. The specific require­

ments are to:

o Limit peak acceleration/deceleration to a maximum of
4.4 fps2 (0.137 g),

o Limit peak long term jerk to a maximum of ~ 4.025 fps3

(~0.125 g/sec) where long term jerk is defined as the

average over any time interval of 0.2 second or greater, and

o Limit peak short term jerk (average over any 0.1 second

interval) to a maximum of ~ 8.05 fps3 (~0.25 g/sec).

Control of peak acceleration is accomplished by setting the acceleration limit

in the propulsion system jerk and acceleration limiter (See Figure 2) at
3.83 rev/sec2 which gives a nominal limit on acceleration of 4.0 fps2. In

normal operation this limit will not be reached, as the VCCS speed and
position loops will maintain the rate of change (acceleration) of the motor

speed command close to the nominal value of 2.0 fps2 during speed transitions.

Control of peak deceleration during use of the brakes is provided by the

dynamics of the speed and position loops used. Specifically, the dynamics

of the control system used during braking can be characterized by a second­

order system having a natural frequency of 0.286 rad/sec and a damping ratio

of 2.45. The overdamped characteristic of the dynamics result in peak

deceleration values close to the nominal commanded value of 2.0 fps2.
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Control of peak long term jerk is accomplished by setting the jerk limit in

the propulsion system jerk and acceleration limiter and in the brake system

jerk limiter at 3.22 f ps 3 (0.1 g/sec) under nominal conditions. As shown in
Table 8 (Section 4.4), a nominal bra.ke system jerk limiter setting of 3.22 fps3

gives a 30 vehicle long term jerk limit of 4.02 fps3 which is equal to the

allowed maximum. Peak long term jerk when using the motor will be less due

to the speed and current feedback loops which reduce variations downstream
of the limiter.

Short term jerk is a problem primarily during transitions between braking and

use of the motor where nonlinearities and differences in the dynamics of the

control systems used have the greatest impact. Table 12 summarizes the

results of a computer simulation study to determine a.30 limit on short term

jerk. These results are for the Beechurst underpass segment of the Mor~antown

guideway where the grade profile requires a transition from use of the motor

to use of the brakes and back to use of the motor. The estimated 30 limit of

5.08 fps3 (0.158 g/sec) is significantly below the requirement of 8.05 fps3.

An analysis of test data taken at STTF gave the measured range of maximum

jerk levels shown in Figure 19. As shown, the measured peak jerk levels

exceed both the requirement and analysis predictions by a substantial amount.

The major reason for the high jerk levels is the servo valve flow limit
problem discussed in Section 4.4. The analyses performed prior to STTF

testing used the brake system model shown in Figure 16 which did not account

~ for fluid flow dynamics and assumed the servo valve would meet its require­

ments and maintain commanded pressure independent of actual flow levels.

The final brake system model, developed after the completion of STTF testing,

illustrates the level of detail required to adequately simulate the nonlinear­

ities of the as-built brake system and to accurately predict actual vehicle

jerk performance.
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TABLE 12. SHORT TERM JERK SENSITIVITY ANALYSIS
(Beechurst Underpass Simulation Results)

INCREASE IN :
I

WORST MAXIMUM
INOMINAL VALUE CASE JERK

ERROR SOURCE PARAMETER & UNITS VALUE (FPS3)

VCCS tachometer/odometer 0.1675 ft/rad 0.166 0.193
scale factor

VCCS brake command null I 0.0 v -0.22 0.129
offset

VCCS motor command null 0.0 v -0. 1 0.483
offset

Magnitude of brake amplifier 2.6 rna 1.3 0.483
static compensation

Servo valve gain 22.36 psig/ma 20.5 0.129 I

I
Brake caliper pressure 40.0 psig 50.0 0.161

Ithreshold
I
I

Brake caliper gain 5.68 ft lb/psig 5. 12 0.129 I
I

Motor tachometer scale 0.025 v/rad/sec 0.02512 0.097 Ifactor
1

Motor integral compensation 1.25 sec 2.5 1.51
lead term

Rolling resistance 200 1bf 100 I 0.097

Vehicle weight 10325 1bm 8750 0.322

RSS Total =
+ Nominal =

= 30 Limit
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1.727 fps3
3.349 f ps 3

5.076 fps3
(0.158 f/sec)
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Excessive jerk levels are caused by the servo valve sensitivity to flow

levels in the following manner. During a typical brake application the

servo valve command is a ramp command having a slope equal to the nominal

jerk limit amplifier setting. The servo valve responds by initially

increasing its output pressure to a level just under the caliper threshold.

The pressure remains at this level for 0.1 to 0.4 second, as the primary

caliper piston moves toward the brake rotor, rather than following the

commanded pressure ramp. The reason is the inability of the servo valve
to maintain commanded pressure during the fluid flow condition caused by

the caliper piston motion. When the brake pad makes contact with the rotor,

piston motion and fluid flow levels are reduced to negligible levels and the
control pressure quickly rises to the commanded level at a rate significantly
above the commanded jerk rate. It is this final pressure transient and the

resulting brake force transient which is the primary cause of the excessive

jerk levels shown in Figure 19.

The above results illustrate the sensitivity of short term vehicle jerk to

component nonlinearities. Because of this sensitivity, very detailed

analytical models along with corresponding data on detailed hardware
performance characteristics are required to accurately predict actual peak

jerk levels.

An interesting fact is that the peak jerk levels of Figure 19 are, at worst,

barely noticeable by passengers and do not significantly impact ride quality.

This conclusion is based on observations by numerous project engineers who

tend to be more critical of vehicle performance than would the general

public. The conclusion is that the impact of high jerk levels is strongly

dependent on their duration and that research is needed in the area of

deriving realistic specifications on vehicle jerk.

Since reduction of the high jerk levels required major hardware modifications

and since these levels do not significantly impact ride quality, a decision

was made to accept the as-built final design with no further modifications.
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4.7 Propulsion Stability Studies

Initial testing of the first complete Phase IB vehicle uncovered a

propulsion speed loop instability with a frequency of oscillation close

to the computed natural driveline frequency of 38.7 rad/sec (6.2 Hz). A
factor of-10 reduction in loop gain, from the level required to meet

performance requirements, was required to regain stability and allow

initial vehicle movement under manual control. Analysis of preliminary

test data identified the problem as a classical flexible~body stability

problem caused by the dynamics or flexibility of the driveline.

A simplified block diagram of the propulsion speed control loop is given in

Figure 20 and shows how the dynamics of the driveli~e affect operation of
the control loop. Modeling driveline dynamics by single stiffness and damping

parameters leads to the second~order transfer function shown. The effect

of this transfer function is to introduce a large peak in loop gain at the

natural frequency of the driveline. Because of higher phase lags in the

electronics and an increase of the driveline natural frequency relative to

the Phase IA design, total phase lag in the frequency range of interest

exceeds 180 degrees resulting in the observed divergent oscillation or

ins ta bi 1i ty .

The failure of earlier propulsion system testing to uncover the stability

problem is a consequence of using test loads with significantly different

dynamic characteristics from those seen in actual operation. Simulation

studies also failed, to predict the problem due to insufficient data on actual

hardware phase lag characteristics. The .current rate limiter, in particular,

exhibits nonlinear operation and significantly higher phase lags than

expected due to tachometer pulse ripple originating at the output of the D/A

converter.

The first step taken in deriving a solution to the stability problem was to

concurrently obtain time history test data on all key motor control system

variables under various conditions and to update the nonlinear analytical
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model to agree with measured characteristics. Thespetific test data case
selected for the analytical model verification effort is a case where the
motor speed loop oscillation is excited by external forces and decays very
slowly. Gains selected for this test case of close to neutral stability
give KVE .and TVE values of 4 s~c~l and 1.25 s~conds, respectively; Corres~

ponding design values are 14.7sec~1 and 1.496 seconds. The frequency of the
measured oscillation is 7.12 H~ and the damping or time to reach half
amplitude is 2.1 seconds or ·15 cycles. Comparable simulation results were
subsequently obtained with the simulation giving an oscillation of 7.0 Hz
and a 40% reduttion i~ oscillation magnitude after 2.1 seconds. Matching test
data results required numerous parameter value changes but no major changes
in the model structure, which is described in Section 5.

A linearized model of the updated nonline~r mode~ was subsequently developed
to allow use of classical linear design techniques. The analysis approach
taken is to define potential parameter value changes and compensation
circuits on tn~ basis of the linear model and to verify their effect on
system operation using the nonlinear simulation. Figure 21 shows the
linear model developed and represents the fJnal design configuration. Speed
loop gain an~ phase-eharacteristics of the final design are shown in Figure 22:

Both gain and phase stabilization approaches were considered. The objective
of gain stabilization is to attenuate the gain peak shown in Figure 22
via compensation networkS ~uch that the loop gain at the driveline frequency
never exceeds a db under worst case conditions. Attenuating gain via.first
order lag filters was rejected because of the adverse effect on control system
performance,i .e., such filters also affect gain and phase: in the frequency
region of interest. Use of notch filters, which reduce gain only near a
specified frequency, was rejected because of concern over variations in
driveline frequency between vehicles. A third approach, which will be
discussed later, is a change in tachometer location. The objective of phase
stabilization, which is the approach selected, is to maintain total loop:
phase lag below 180 degrees for all frequencies where the gain exceeds a db.
In this manner, a negative feedback situation is assured. Phase stabilization
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of the speed loop required use of the lead compensation shown in Figure 22

as well as a number of control circuit parameter value changes. Each of

the changes made are discussed in detail in the following paragraphs.

Test results, with the speed feedback loop open, showed the current control

loop to have negligible damping in the frequency range of interest. Two
changes were made to improve current loop dynamic characteristics. The

first change was removal of a positive feedback loop from measured back emf to
SCR firing angle command. The purpose of this feedback, included by the

supplier, is to maintain firing angle or current command close to nominal

values during a power interrupt condition and, thereby, minimize vehicle jerk

due to the transient caused by reapplication of power. During normal

operation, the positive feedback has the adverse effect of effectively

canceling any inherent damping provided by the internal back emf feedback

within the motor and, thereby, adding to the speed loon stability problem.

The second modification made, to reduce current loop phase lag, was to

replace the original K
I1

and TIE values of 10.0 sec- 1 and 0.0056 second
with values of 2.5 sec- and 0.08 second.

An important characteristic of the current control loop is the fact that

large nonlinear variations in the gain KSCR (Figure 21) occur as a function

of current level and speed. Low values of KSCR result in the largest
current control loop phase lags and are the critical case for stability. The

minimum KSCR value, and the worst case for stability, occurs at speeds of
4 to 8 fps with current levels around 30 amps. The gain/phase characteristics

shown in Figure 22 are for a worst case value of KSCR '

The function of the current rate limiter is to limit current rates to a

maximum value of 1400 amps/sec. The re&son for this function is to prevent

commutator arcing and a corresponding potential fire hazard. This function

is included in the Phase 18 design and not in the Phase IA design due to the

higher operating voltage level of the Phase 18 propulsion system. The impact

of the current rate limiter on stability ;s to introduce significant phase

lags under some conditions.
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Design of the current rate limiter is essentially identical to the brake
amplifier je~k limiter design illustrated in Figure 16. It is a high gain

first order feedback circuit with a nonlinear clamp on output rate.

For inputs with rates less than the specified maximum, the circuit behaves
as a first order filter with the transfer function shown in Figure 21.
For inputs with rates greater than the specified maximum, the output is a

ramp having a slope equal to the specified maximum. The problem with this
circuit is its susceptibility to high frequency noise, specifically ripple

from the tachometer D/A converter. The high input rates associated with the
noise result in limiter saturation such that its response to low frequency

signals is similar to that of a low frequency filter. Attenuations of up to
50 percent and phase lags of up to 90 degrees have been observed in test

data for frequencies near that of the driveline. The loop gain of the

limiter circuit was reduced by a factor of 8.3 from its original value to
reduce its sensitivity to noise. To further insure stability, an overall

speed loop design has been selected which gives positive stability margins

for a worst case current rate limiter characteristic. The lower of the
gain/phase curves shown in Figure 22 are for this worst case limiter

condition.

The digital tachometer pulses are converted to an analog speed signal by

passing the pulses through a first order filter with the time constant, TSFB '

shown in Figure 21. A large value of TSFB reduces tachometer pulse ripple

on the measured speed signal and, thereby, reduces current rate limiter phase

lags, but increases the phase lag of the D/A converter. A low value of TSFB
reduces phase lags of the converter but increases limiter phase lag. The

optimum value for TSFB ' as determined by a trial and error test procedure,
is 0.011 second and is a change from the original design value of 0.0052

second.

The final modification to the original design is the addition of the lead
compensation shown in Figu~e 21. The function of this lead/lag circuit is

td reduce phase lag at frequencies between 40 and 100 rad/sec where the

loop gain falls below a db for the final time. With the lead compensation,
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the design provides 6 db of gain margin and 20 degrees of phase margin under
worst case conditions. Without the lead circuit, a small negative (unstable)
phase margin condition would occur. Under most operating conditions, phase
margins of the final design meet or exceed the design goal of 45 degrees.

Design verification tests included a gain margin check where the loop gain

was set at twice its design value. The analysis results of Figure 22 pre­

dict that this 6 db gain increase will result in a condition just short of
neutral stability for worst case track conditions. Test data, showing

lightly dampened oscillations around 55 rad/sec (8.6 Hz), confirmed this
predi cti on.

The lead compensation required to insure stability results in a minor side

effect at speeds of 4 fps or less. Because lead compensation is a

differentiating process, the circuit amplifies tachometer pulse ripple at

low speeds where the ripple has the largest magnitude. The speed compen­

sation circuit includes a clamp on negative current commands, allowing only

positive current commands at the output. This clamp, in conjunction with the

amplified tachometer pulse ripple, results in an increase in average current

command or bias level over that required to maintain constant speed. The

result is a brake/motor interaction problem due to the high current command

which causes the vehicle to run faster than the commanded speed. Since

constant low speed operation of 4 fps or less is not a normal situation at

Morgantown, this side effect does not significantly impact system operation.

An alternative stabilization approach, which was studied but rejected on the

basis of cost, is to move the motor tachometer from its motor shaft location

to a wheel mounted location. (Regarding costs, the phase stabilization

solution adopted has the advantage of requiring only minor changes to exist­

ing circuitry such as changes in existing resistor and capacitor values.)

A key aspect of the stability problem is that motion due to driveline

oscillations is greatest at the motor shaft where the tachometers are located.

Mounting the tachometer at the wheels results in a significant reduction

(30 db) in loop gain at the driveline frequency due to the reduction in
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actual oscillation ma,gnitude. Loop gain and phase characteristics for a
wheel-mounted tachometer are sFtown in Pigure 22. The change in tachometer
location allows use of gain stabilization techniques and elimtnates the need
for careful control of phase lags, along witFt tFte associated problems
due to tachometer pulse ripple. The conclusion is that wheel-mounted
tachometers should be used in any new design, to minimize the impact of
driveline dynami~s.
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5, ,~NAL YTrC~,~ >10JE~

A detailed nonlinear analytical model was developed as a result of the LC5

design effort. This section, in conjunction with Appendix B, describes

the final model configuration in sufficient detail to allow use of all or

portions of the model in the analysis and evaluation of future system

designs. Included in this section are: a block diagram description of the

model (Figures 23 through 32); definition of the variables used (Table 13);

and a list of nominal parameter values along with estimated limits on

parameter value-variations where available (Tables 14 through 17). For

easier reference, Tables 13 through 17 are presented together at the end

of this section. Appendix B provides a listing of the problem dependent

Fortran code used in the digital computer simulation of the analytical

model. The coding supplied can be used to implement the model in a

variety of general purpose simulation programs.

5.1 Vehicle Control and Communications System

Figures 23 and 24 are a block diagram description of the VCCS model.

Figure 23 represents the digital portion of the VCCS and Figure 24 represents

primarily the analog portion. In Figure 23, VCl and VC2 are the redundant

discrete civil speed commands received from the guideway. VCMULT is the

performance level multiplier where a value of 1.0 represents a 100 percent

performance level command. Analog models of the digital acceleration

limiters are used to obtain the acceleration limited speed commands, VC51

and VC52, which define the commanded vehicle speed-position-time point

follower trajectory. The tachometers and the VCC5 tachometer output

processing circuitry are modeled by simple gains in conjunction with an

absolute value function giving the redundant measured speed outputs, VMl

and VM2. Position error, XE, is obtained in the model by integrating speed

error and is single thread as is the case in the VCC5 hardware. The

parameters 5511 and S5I2 are switching variables having a value of 0 or 1

and illustrate the actual switching which takes place during a station stop

91



SS
Il

VC
MU

LT

1
.0 N

+2
FT

/S
EC

VC
Sl

VC
SD

Al
VC

l
(F

T/
SE

C
)

+.<
A

r;
-

Jf
C

HI
(F

T/
SE

C
)

lL
(F

T/
SE

C
)

~
t
-
-

CI
V

IL
'<

;Y

-
SP

EE
D

-2
FT

/S
EC

/1
=

0.
25

XE
XE

DA
C

PO
SI

TI
ON

.,.-
f

(F
T)

1
/

(F
T)

ER
RO

R
+

I:

UP
DA

TE
+

\(
V

-
I/

LO
GI

C*
!J.

=
0.

12
5

V~
l:
Jt
~l

VM
l

lL
,..

.-
1

KT
AC

Hl
H
~

(F
T/

SE
C

)
(F

T/
SE

C
)

t
CH

AN
NE

L
/1

=
0.

20
8

#1
O
D
O
~
l
E
T
E
R

SS
Il

VC
SS

1
__

XM
Sl

lL
XM

SQ
l

_
L
~

CA
LI

GR
AT

E
I

(F
T/

SE
C

)
f

(F
T)

(F
T)

D
LO

GI
C

*
OM

EG
AM

~
-

'"
-

(R
AD

/S
EC

)
6.=

1/
24

/1
=

o.
12

5
-
-

MO
TO

R
;
(

OD
OM

ET
E-

R-

ro-
w-

II/I
XM

SQ
21
bl

SP
EE

D
•

-
~
~

CA
LI

BR
AT

E
VC

S5
2

LO
GI

C*
(

)
t::

.=
1/

24
(F

T
)

D.
=

0.
12

5
(F

T/
SE

C
S5

I2
CH

AN
NE

L
l

VM
2

#2

lL
KT

AC
H2

4-:
(F

T/
SE

C
)

-
r-

VM
DA

2
(F

T/
SE

C
)

l:i:
=

0.
20

8
+2

FT
/S

EC
VC

S2
lL

(F
T/

SE
C

)
VC

5D
A2

(F
T/

SE
C

)
-2

ET
/S

EC
I

l:i
=

0.
25

CI
V

IL
SP

EE
D

VC
2

(F
T/

SE
C

)
5S

I2
VC

MU
LT

*N
OT

IN
CL

UD
ED

IN
SI
MU
LA
TI
~N

FI
GU

RE
23

.
PH

AS
E

IB
VC

CS
AN

AL
YT

IC
AL

MO
DE

L
(P

AR
T

1
)



Vc
r-

~U
L
T

F
B

S
'

i--
-V

i.:
D

A
1

LO
G

IC
~
V
C
S
V
l

f-
S

S
Il

*T
O

1
OF

2
E8

C
IR

CU
IT

S
NO

T
S

U
lU

LA
TE

D
)

K pA
1

~1
Cl

MC
+

tV
OL

TS
)

.
(V

O
LT

S
)

VO
TI

N
G

i'
~O
TO
R

M
C

1L
l

F'l
C2

lO
G

IC
SP

EE
D

(V
a

lT
S

)
CM

O

5S
I1

.
V

C
5P

l
V

C5
V

l
, +

(V
O

LT
S

)

K OA
C

K CS
1

SS
ll
~~

I
- ~

T
..
I~~

SA
1

+

V
E

X
*

~
+

~T
/5
EC
)

-1mJ
I

11
.'

8.
47

+

~
H
A
N
N
E
L

_#
1

_

T
C

H
A

N
N

E
L

#2

FB
Sl

VM
Vl

(V
O

LT
S

)
K

K M
SB

1
10

0.

V"n
"l

OA
C

BC
1N

O
1'

,.
..
/;

+
(F

T
jS

E
C

)
+B
~l

55
11

(,
O

lT
S

)
ER

AK
E

~
XE

DA
C

O
E

C
E

l.
(F

T
)

.
•
~

__
I

.
,
,
-
-
-

C_
;·_

:O
I_

S_

~
XE
Vl
Ir
~

.
/
~

-
-
-
-
-
-

-
-
-
-
-
-

-

~
/
~
.
-
.
l

~
.
/

L
.
.
-
-
-
'

BC
2

~
~

(V
O

LT
S)

K pA
2

+

vt
·m

A
2

(F
T

jS
E

C
)

K
VM

V2
(V

O
LT

S)
K

.
'-D

AC
M

SB
2

t=
.

55
12

VC
I'
~U
lT

V
C

5S
2

t
+

K
.

FB
S

Vi
·:D

A2
(F

T
/S

E
C

)
...

(2
)

_
h5

A
2

1
0

0
.

FB
S2

LO
G

IC
VC

SV
2

("
O

"O
R

"l
")

55
12

+
+

-.
..

.-
-i

..
>

..
:}

--
--

.l
K

K
+

M
C2

VC
SO

A2
lT

J
VC

SP
2

DA
C

VC
SV

2
C

52
+
r

M
C

2L
l

(V
O

LT
S

)
(F

T
/S

E
C

)
f5

S1
2

(V
O

LT
S

)
tl;

C2
:iO
~
'
-

FI
G

U
R

E
2

4
.

PH
AS

E
18

ve
es

A
N

A
LY

TI
C

A
L

M
O

DE
L

(P
AR

T
2

)

VC
SS

l
(F

T
/S

E
C

)

VC
SD

Al
(F

T
/S

E
C

)



sequence. A table lookup block is used to generate the position dependent
station stop speed command profile as is the case in the actual hardware.
VCCS quantization is modeled by truncating the outputs on the right of
Figure 23 to the next lowest quantum level. The value of one VCCS least
significant bit is shown under each quantization block.

The O/A converters are modeled by the gain parameter, KOAC ' as shown in
Figure 24. A total of five O/A converters are used. The blocks down­
stream of the converters represent the analog VCCS implementation of the
separate control laws used to generate the motor speed command, Me, and
the redundant brake commands, BCl and BC2. The function of the position
error clamp, XEVLIM, is to minimize the possibility of a large negative
(behind point) error causing a 3 fps overs peed and an emergency stop.
Output null offsets are modeled by the parameters MC1NO, MC2NO, BC1NO and
BC2NO. MC1LL and MC2LL are lower motor speed command limi~ with BCUL
being the upper full scale brake command limit. FBSl and FBS2 are the
redundant Forced Brake logic signals which generate the full scale brake
commands used to hold a vehicle in place when stopped. For safety reasons,
a Forced Brake signal also sets the motor speed command at its lower
limit. VEX represents the input to one of two redundant overs peed
detectors used to initiate emergency braking in the event of an overspeed
of 3 fps or greater. Prior to computing VEX, the acceleration limited
speed command, VCSP1, is passed through a first-order filter to approximate
the intentional effect of the jerk limiters located external to the VCCS.

5.2 Propulsion System

The propulsion system consists of a motor and an associated current

controller plus a speed controller which generates the required current
commands. Figure 25 provides a block diagram description of the speed
controller model. The model of the motor and current controller is

described in Figures 26 and 27.
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The first function performed by the speed controller is to jerk and

acceleration limit the VCCS speed command, MC, giving the limi~ed speed
command, MCl, shown in Figure 25. The analog limiter used is a second­
order high gain filter with clamps on the first and second derivatives
of the output to provide the desired limits. The limiter is followed by
a speed loop similar to that used within the VCCS. The elements required
to compute the measured speed feedback signal are: the scale factor, KTACH ;
the first order filter characteristic of the D/A converter with time
constant TSFS ; and the lead compensation required for stability with time

constants TlD and TlG . The current command signal, VMCI, is proportional
to speed error and its integral, MVEI, i.e., integral compensation is used
to provide good steady-state speed control accuracy. The variable, MSSERR,
is used to model the small speed errors which can occur. The upper limit

on current command is used to prevent excessive motor current levels. The
lower limit, VMCIll, provides a small positive torque bias, even when

braking. This small bias maintains a preload on the driveline thereby
eliminating any impact of backlash and minimizes initial time delays by
keeping the current controller "on" at all times. The final current
command, VMCIP, is rate limited as discussed in Section 4.7 to minimize

the possibility of commutator arcing. The. discrete variables MSW1, MSW2,
MSW3 and MSW4, which have a value of 0 or 1, are used to model the caging

or initialization circuitry which provides the required sequencing during
startup and fault response conditions.

Figure 26 describes the current controller circuitry which generates the
SCR pulse generator commands. The initial SCR command, VSCR, is proportional

to current error and its integral, MIEI. This command is subsequently

shaped as shown to partially compensate for downstream nonlinearities. The

inner positive feedback loop from back emf to SCR command is included in
the model although no longer used for the reasons presented in Section 4.7;

i.e:, KVMAP= 0 in the p~esent design.
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Characteristics of the motor and SCR's are described in Figure 27. As

shown, firing angle of the SCR's is inversely proportional to the command

in this specific design. Armature current is a nonlinear function of firing

angl e and back emf and is computed inane of two ways dependi,ng upon the

actual current level. For currents above about 30 amps a continuous current

flow through the armature occurs and current level is computed via the

upper chain of blocks shown in Figure 27. For low current levels where

discontinuous conduction occurs, current level is computed via the table

lookup block shown. A table lookup approach is used in this region because

of the complexity of the equations involved. The first order filter with

time constant, TMA , represents the effect of motor inductance. This filter

has a high frequency and neg1igble effect on system operation. It is

included only to prevent an algebraic loop in the model and thereby

prevent the computational difficulties associated with algebraic loops in

a computer simulation. A series of empirical tables are used in computing

back emf, VBEMF, with the details described in the coding presented in

Appendix B. Motor torque is assumed to be proportional to motor current.

and KSCR2 ' shown in Figure 26 are derived parameters
the input parameters listed in Table 15 by the

The parameters, KSCRl
and are computed from

following equations:

= [4.51 + (35.1 x

6

· l03/ Rn ) + (20.0
KSCRl

+ (150.2 x 10 / (R77 x R28P ) )

KSCR2 = (35.1 x 103/ R77 ) + (150.2 x 106/

-1

x 103/ R28P ) 1
J

(Rn x R28P ))'

( 10)

(11 )

5,3 Brake System

The original single-thread model used to describe brake system operation is

illustrated in Figure 16. In this model, the brake calipers were represented

by a gain term and a pressure threshold. Servo valve flow limits and
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coupling between pressure systems were not included as the servo valves

were expected to maintain the desire~ pressures independent of the caliper

flow requirements. It was assumed that the two brake channels had identical
characteristics which allowed use of a single-thread (non-redundant) model

to generate the required performance predictions.

The analytical model required to adequately describe the characteristics

of the as-built brake system is given in block diagram form in Figures 28

through 30 .. Key features of this significantly more complex mbdel are:
o Unique parameter values for each brake amplifier (required

to compensate for unequal gains within the brake calipers)

o Servo valve flow characteristics and limits (required to

simulate time delays and transients shown. in test data)
o Check valve models (required to account for the check valves

installed to minimize the flow requirements on the servo
valves)

o Separate front and rear brake caliper models (required to

account for measured differences in gains and pressure thesholds)

o Brake caliper floating and primary piston dynamics (required
to generate the fluid flow characteristics resulting from

various pressure conditions)

o Brake caliper hysteresis (required to account for measured
hysteresis effects).

Figure 28 provides a block diagram description of the outboard pressure

.system brake amplifier and servo valve models. The inboard pressure

system models are identical except for parameter name and value changes.

The brake amplifier model is unchanged from Figure 16 except that both

amplifiers are now modeJ~d independently. Servo valve flow limits,

~QSVLIM, are accounted for by modeling the valve in terms of its output

. spool displacement, XSV1. Output of the valve model is now flow, QV1,

which is ~ssumed proportional to spool displacement. The pressure of

the fluid between the servo valve and check valve, PV1, is obtained by
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integrating the net flow into this volume as shown in Figure 29. Pressure

regulation is accomplished by control of the flow into the volume upstream

of the check valve and is a more realistic description of how the valve
actually operates than was the simplified model originally used (Figure 16).

The dynamics introduced by the orifices and bypass check valves used to

limit reverse fluid flow are modeled as shown in Figure 29. Fluid flow

through the check valves, 001 and 002, is assumed proportional to the

pressure differential across the valves, PVl - PCl and PV2-PC2. The

check valves are open and offer little resistance to flow when the flow

is toward the calipers giving the high gain terms KCVPl and KCVP2. Reverse

flow, toward the servo valves, is restricted to pass through the,orifices

giving the low gain terms, KCVNl and KCVN2. Pressures are obtained by

integrating the net flows into the volumes upstream and downstream of the

check valves. Fluid flow within a caliper is a function of piston velocities

and areas and is modeled as shown on the right hand side of Figure 29.

The rear brake calipers are modeled as shown in Figure 30. The front brake

caliper model is identical except for parameter name and value changes.

The final output gains, KBTR and KBTF , include a factor of two to account

for the presence of two calipers on each end of the vehicle. Separate

models are used for front and rear calipers to account for measured

differences in gains and pressure thresholds.

Models of the dynamics of both the primary and floating caliper pistons are

included for the purpose of computing piston velocities XC1DF, XC1DR,

XC2DF and XC2DR which are required in computing fluid flow rates. The
flow rates, in turn, are used to establish the pressure levels, PCl and PC2,

as a function of time and to determine which pressure is in control. The

two pressures are multiplied by the appropriate areas to obtain corresponding

force levels. Voting is accomplishing by the switching variable BSWRS

which has a steady-state value of 0 or 1. The filter between BSWR and BSWRS

is included to smooth the switching transients and, thereby, eliminate
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problems encountered with the numerical integration algorithm used in

the simulation. The force selected by this voting logic is used as the
forcing function for the primary piston dynamics and in computing the
output torque, TBCR. A hysteresis model is used in computed output

torque to account for measured hysteresis effects. A force threshold,
FTHR, is used in this calculation to account for measured caliper pressure

threshold characteristics. Dynamics of the primary piston and the

associated retractor springs are modeled as a second-order system. Primary

piston displacement is constrained to a total range of 0.015 inch.

Floating piston velocity, XC2DR, is assumed proportional to the pressure

differential across the piston with displacement, XC2R, constrained to

stay within the limits of -0.12 and +0.016 inches.

Nominal brake system parameter values and limits, where available, are
given in Table 16. Because of limited availability of detailed information

on the servo valves and brake calipers, many of the parameter values are

the result of matching the simulation to available input/output test data

by a trial and error procedure. Therefore, while the model accurately

describes overall operation of the as-built system, discrepancies between

specific parameter values and actual component characteristics may occur.

Also, some parameter values, such as hydraulic fluid compliance, were

purposely kept low to keep the model frequencies low enough to prevent

excessive computer run times.

A simulation/test data comparison is shown in Figure 31 for one of the

test cases used to establish parameter values. This specific test case

represents brake system operation during the onset of braking at the end

of a 0 to 4 fps speed transition. The commanded pressure trajectory

consists of a 45 psig step at 0.2 second followed by a constant rate

pressure ramp. The initial pressure flat spot, starting at 0.3 second, is

caused by the flow required as the caliper pistons travel the distance

needed to achieve pad to rotor contact. This flat spot is followed by a

high pressure rate as the pressure jumps to the commanded value and occurs
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after contact is made and the fluid flow goes to zero. The second flat

spot in the outboard system pressure is caused by the check valves which
allow the inboard pressure to force the outboard pressure above its

commanded value.

The parameters BCL1TH, BCL2TH, ISVBl and ISVB2 shown in Figure 28 are derived

parameters and are computed from the input parameters listed in Table 16

by the following equations:

BCL1TH = ISVCT1/(7 x KBA1 ) (12)
BCL2TH = ISVCT2/(7 x KBA2 ) (13)
ISVBl = PSVBliKSVGl (14)

ISVB2 = PSVB2/KSVG2 ' (15)

5.4 Vehicle

Figure 32 provides a block diagram description of the controlled element

(the vehicle) of the system. With the exception of driveline flexibility,

the vehicle is modeled as a rigid body. Vehicle mass and motion are

modeled in rotational terms with OMEGAW being the average rotational wheel

speed and IWAV representing the effective total inertia of the vehicle and

wheels. Actual vehicle disp1acement (OISP), speed (RATE), and acceleration

(ACCEL) are computed in translational units for simulation output purposes
from the rotational variables used to represent vehicle dynamics. Orive­

line dynamics are modeled in terms of a stiffness parameter, KOT ' and a

damping term, COT. IMR is the inertia of the motor armature as seen at
the wheel side of the differential. A major output of the driveline
model is motor speed, OMEGAM, which is the sensed variable used to provide

closed-loop control. Torques or forces on the vehicle include motor torque,

TMG, forces due to grades, FGRAV, and the total braking torque, TBF.

Polarity of the total braking torque variable, TBF, is equal to wheel speed

polarity, i.e., the sign is always such that the TBF feedback will cause a

deceleration or reduction in speed. Components of TBF include the output

torque of the brake system, TB, aerodynamic drag, KAERO x OMEGAW2, and
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rolling resistance, TRR + KRR x OMEGAW.

Nominal vehicle parameter values and limits are given in Table 17. The

parameters IMR , IWAV ' KAERO , TRR, and KRR shown in Figure 32 are derived
parameters and are computed by the following equations:

IWAV = 2 x IW+ (RWAH 2) (WEIGHT/32.2) (17)

TRR = CTRR x RWAH x WEIGHT (19)

KRR = CKRR x WEIGHT x RWAH 2, (20)

5.5 Definitions and Parameter Values

A list of the variables used in the analytical model is given in Table 13,

to aid in the understanding and use of the model. Nominal values for each

Constant or parameter used in the model are given in Tables 14 through 17.

Estimated parameter value tolerances (30 limits on random variations) are

also given for those cases where a reasonable basis for limits has been

established. These tolerances provide the basis for computing performance

limits via sensitivity studies.
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TABLE 13. DEFINITION OF VARIABLES USED IN ANALYTICAL MODEL

Vehicle displacement
Brake caliper force output

VCCS "Forced Brake" logic signals
Force due to guideway grade
Motor current
Input to motor current filter

Servo valve commands
Outputs of servo valve hysteresis models
Final VCCS motor speed command

VCCS motor speed commands prior to voting

Motor jerk and acceleration limiter error signal
Limited motor speed command
Limited motor speed command rate
Motor SCR firing angle
Integral of motor current error
Logic variables used to cage motor control circuits
Integral of motor speed error
Motor speed
Average wheel speed
Motor speed with gear ratio factor
Brake caliper input pressures
Servo valve output pressures
Brake caliper input fluid flow rates

v

v

v

v

v

v

deg

rad/sec
rad/sec
rad/sec
psig
psig

in~/sec

ft
lbf

gls

amps
amps
rna

ma

I v

VARIABLE I~ DEFINITION

ACCEL 191 s i ---'v-e-h-ic-1-e-a-c-ce-1-e-r-a-t-io-n---------------

BC1, 2 I v I VCCS brake commands
BCL1,2 I v I Jerk limited VCCS brake commands
BSWF,R I Logic variables used to establish brake caliper

mode of operation
Filtered versions of BSWF and BSWRBSWF, RS

DISP
FBCF, R

FBS1, 2
FGRAV
IMA
IMAC

I
ISVC1 .2
ISVP1 ,2

IMC

I
MC1,2

~1CE

MCL
MCLD

I r~FA

MIEI
MSW1,2,3.4

MVEI
OMEGAM
OMEGAW
OMEGMS
PC1,2
PV1 ,2
Q01,2
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TABLE 13. DEFINITION OF VARIABLES USED IN ANALYTICAL MODEL
(Cont jnued1

VARIABLE UNITS DEFINITION

Servo valve output fluid flow rates
Vehicle speed
Logic variables used in station stop switching

Logical inverses of SSIl and SSI2
Total brake system output torque
Output torque from front/rear brake calipers

Total braking torque
Driveline deflection angle
Motor torque

Motor back emf
vees civil speed command signals
Acceleration limited civil speed commands

Quantized acceleration limited civil speed commands

Final vecs reference speed commands

Quantized station stop speed commands

Outputs of speed command D/A converters
Speed error signal used to set emergency brakes
Measured motor currentv

v

v

ft/sec

ft/sec
ft/sec

ft/see

ft/sec

ft/sec

ft lb
ft lb
ft 1b

rad
ft lb

in.3/sec

ft/sec

QVl ,2

RATE
SS 11 ,2

SS I1 ,2

TB
TBCF, R

TBF

THMSMW
TMG

VBH~F

Vel,2

VCS1,2

VCSDA1,2
VCSP1,2

VCSS1,2

VCSV1,2

VEX
VFBI
VM1,2 ft/sec Calibrated measured speed signals
VMA v Effective dc motor source voltage
VMAF v Measured motor armature voltage

'I· VMAP v Effective de voltage across motor armature
VMAFB v Measured motor armature voltage after scaling

I VMCI v Motor current command
VMCIP v I Final rate limited motor current command

I_~~~:~:.__ -'- ~t:sec_!_ ~~~~~i~e::::~~ ;~~~:_~:;:~~_~;~ c:~~:;:::~:a
1

s
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TABLE 13. DEFINITION OF VARIABLES USED IN ANALYTICAL MODEL

(Cont inued)

I VARIABLE UNITS DEFINITION

IVSCRP v Final motor SCR controller command
IVSCRSJ v Intermediate motor SCR controller command
!VTACH v Measured motor speed
Ii VTACHF v Final motor speed feedback signal
I VTACHP v Intermediate speed feedback compensation variable
I

!XC1F.R in. I Brake caliper primary piston displacements
i . / Ii XC1DF, R In. sec, Brake caliper primary piston velocities
Ii XC2F. R in· Brake caliper floating piston displacements
IXC2DF,R in;/sec Brake caliper floating piston velocities-

IXE ft! Position error
!XEDAC ft I Quantized position error
I XEV v I Output of pos iti on cl amp ci rcuit

! Xr~Sl,2 ft 1'1 Inputs to station stop command profilers
I XMSQ1,2 ft Quantized inputs to station stop command profilers

IXSV1,2 I in. I Servo valve output spool displacements I
l ,_,~ .1 ..__ ---, -- -- --- ---, --- .- ----- ---. ----- -- ---- ---- -----.-- --------------_.----.-----.--.-- - - -- --- ._- -- --- -
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TABLE 14. NOMINAL VCCS PARAMETER VALUES AND TOLERANCES

PARAMETER \ NOMINAL VALUE
I AND UNITS·

TOLERANCE
LOWER UPPER
LIMIT LIMIT

,
I

0.760 I 0.789
1

24.2 I
I 25.8
I

0.226 I0.234

1 .48
!

1.54

0.1666 10.1682

I
I
I

I
-1.0 i -0.6

I
-0. 1 i +0.1

1.075 1.115

-0.055 +0.055

9.5 13.0

0.156 v/ft/sec
or

0.156 v/ft

0.0 v

\0.775

25.0

0.23

1. 51
I

1
0 .97

I

0.1674 ft(rad

I110. a v

I
11 .095

limi- 10.0 sec-1

speed command lower limit -0.8 v

I
10.OV
I

Brake control law gain

MC1,ZLL--Motor

MC1,2NO -- Motor speed command null
offset

~SA1,2--Motor control law gain

,~SBl ,2-- Brake control law gain

KpAl ,2 Motor control law gain

· KpC -- Brake control law gain

KTACHl 2 -- Tachometer/odometer
I ' scale factor

! KVCS -- Loop gain of acceleration
I ter model

· BCUL--Brake deceleration command
upper 1imit

· KCS1,Z--Motor control law gain

· KOAC - - 0/A converter gain

· BC1,2NO--Brake deceleration command
null offset

\VCMULT--Performance level 1.0
i
iXEVLIM--Position error clamp -3.78 v
I i
:-.--_------,.--------------------~----~-------_...__ ..~ '. ~-_._,--.-~ "

. ~- "- j ._-~._. -- - - . --- •.• --~
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TABLE 15. NOMINAL PROPULSION PARAMETER VALUES AND TOLERANCES

PARAMETER NOMINAL VALUE
AND UNITS

TOLERANCE
LOWER UPPER
LIMIT LIMIT

KIMA -- Current sensor scale factor

~A -- Motor torque gain
i
I~Cl -- Jerk and accel. limiter gain

~C2 -- Jerk and accel. limiter gain

~C3 -- Jerk and accel. limiter gain

~CB -- Speed scale factor adjustment

~CE -- Jerk and eccel. limiter gain

KMCIE -- Current rate limiter gain

~CIL -- Current rate limiter gain

~IEl -- Current control law gain

KM1E2 -- Current control law gain

KMVE1 -- Speed control law gain

KMVE2 -- Speed control law gain

KTACH -- Tachometer fb. scale factor

KvMA -- Maximum DC voltage across
motor armature

KVMAP -- Bach emf sensor gain
,

MCAL -- Acceleration limit

MCJL -- Jerk limit

0.025 v/amp

0.917 ft lb/amp

0.8 0.72

0.07038

0.0303

1.0

1650. sec- 2

60.5

3.31 sec- l

2.5 sec- l

0.2
-114.7 sec 13.2

22.0 20.9

0.03 v/rad/sec

472.6 v

0.0

10.3 v

10.3 v

0.88

16.2

23.1

MFABS -- Firing angle bias level

MSSERR-- Steady state speed error

R28P -- Circuit gain resi~tor

R77 -- Circuit gain resistor

RMA -- Armature resistance

114

1.64 deg
0.0 v

22600. ohms

82000. ohms

0.079 ohms

-0.042 +0.042

I
I

I



TABLE 15. NOMINAL PROPULSION PARAMETER VALUES AND TOLERANCES
(Continued)

TOLERANCE IPARAMETER NOMINAL VALUE LOWER UPPER
AND UNITS LIMIT LIMIT

\
I

RMAT -- Resistance of armature and line 0.158 ohm

TLD -- Lead compensation time constant 0.024 sec

TLG -- Lead compensation time constant 0.008 sec I
TMA -- Armature time constant 0.002 sec

TpFB -- Back emf sensor time constant 0.025 sec

TSFB -- Tachometer D/A converter time 0.011 sec
constant

VMCILL -- Current command lower 1imit 0.2455 v 0.136 0.355

VMCIUL -- Current command upper 1i mi t 9.25 v 8.8 9.7
I
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TABLE 16. NOMINAL BRAKE PARAMETER VALUES AND TOLERANCES

Front caliper output hystere- -113. ft lb
sis

TOLERANCE
LOHER UPPER
LIMIT LIMIT

1ACl F,

IAC2F
I

!
j AC2R
!
i FTHF ,R
!
: HYSBCF

PARAMETER

R __ Primary caliper piston area

Floating front caliper piston
area

Floating rear caliper piston
area

Caliper force threshold

! • 2I6.5 1 n.

i 5. 7 in.
2

4.08 in. 2

423. 1bf 325. 520 ..

..
!

HYSBCR Rear caliper output hystere- -66.7 ft lb
sis

iHYSUL1,2
I

i ISVCT1,2

Servo valve hysteresis

Magnitude of brake
amplifier static compen­
sation

I

10.6 ma
I

2.6 ma

0.0

2.34

1.2

2.86

Amplifier steady-state gain
outboard system

Amplifier steady-state gain
inboard system

KBCE -- Jerk limiter error gain

KBFF,R -- Calip2r retractor spring gain

KBJLNl 2 -- Jerk limit for decreasing
, output -- both systems

2.34 ma/v

2.90 ma/v

25.0

28200. lb/in.

1.43 sec -1

2.22

2.76

1. 22

2.46

3.04

1 .64

KBJLPl Jerk limit for increasing . 0.376 -1 0.357 0.395sec
output -- outboard system

KBJLP2 -- Jerk limit for increasing ! 0.390 -1 0.371 0.410sec
output -- inboard system

Torque gain of front calipers

Torque gain of rear calipers

: 0.513 ft lb/1bf 0.436

: 0.423 ft 1b/lbf 0.350

116
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, TABLE 16. NOMINAL BRAKE PARAMETER VALUES AND TOLERANCES
(Continued)

PARAMETER
I
iNOMINAL VALUE
iAND UNITS

I_..:..:TO~L~E~RA~.:..N~C_=_E J
LOWER UPPER I

LIMIT LIMIT I
i

564. lb sec/in

400. . /. 3pSlg In.

100. sec -1

KCVN1 ,2 Check valve reverse flow gain 0.04 in:/sec/psig

KCVP1 ,2 Check valve forward flow gain 1.0 in~/sec/psi9

KOCp -- Caliper piston damping term

KFC1A,B -- KFc2A ,B -- Fluid compliance

KHYSF,Rl Gain in caliper hysteresis
model

KHYSF ,R2 Gain in caliper hysteresis
model

-110. sec

KHySV -- Gain in servo valve hysteresis 100.
model

KQLFl 2 -- Ch~ck valve/caliper flow 15.0
, galn

.

KQV1 ,2 -- Servo valve flow gain 1.5 in 3/sec/in.

KSVD1 ,2 Servo valve gain 0.214 ma/in. 0.107 0.321

KSVG1 ,2 Steady-state servo valve gain 22.36 psig/ma 19.86 24.86

KSVP1 ,2 Servo valve gain 294 in/sec/ma 220. 368.

MCp -- Primary caliper piston mass 11.28 lb sec2;in.

QSVLIM--Servo valve flow limit 6.0 in?/sec 4.8 7.2

I
, I

______.•......1..--- . •__ •__ l .~ L ._~. ._)

PSVBl -- Servo valve control pressure
bias level--outboard system

PSVB2--Servo valve control pressure
bias level--inboard system

20.0 psig

35.0 psig

0.0

10. a

45.0

60.0
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TABLE 17. NOMINAL VEHICLE PARAMETER VALUES AND TOLERANCES

0.037 0.062

TOLERANCE
TOWER-UPPER-
LIMIT LIMIT

NOMINAL VALUE
AND UNITS

PARAMETER

CAERO -- Aerodynamic drag coefficient

I

IC DT -- Driveline damping coefficient

I
CKRR -- Rolling resistance coefficient

I

I
f---------------+-------l-----+--------i

0.0495 lb sec2
j

ft 2

13.2 ft lb sec/ I
rad

3.41 x 10-5

secjft

CTRR -- Rolling resistance coefficient

IG -- Differential gear inertia

1M-- Motor armature inertia

Ip -- Differential pinion inertia

jIw-- Inertia of wheels

0.015 0.009

0.0932 slug
ft2

0.248 slug ft2

0.0311 slug ft2

0.932 slug ft 2

0.024

1. 143 1.2171. 18 ft

7.17

21600 ft lbjradKOT -- Driveline stiffness

NGR -- Differential gear ratio

IRWAH -- Axle height

I

I
I
IIR T' 11 . d . 12ft I 1 18 1 22 I

I WRR -- lre ro lng ra lUS . t·· i
I I I

jWEIGHT -- Vehicle weight 10325 Ibm I 8750 11900 j
1 ------------------ ~ • _
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6. SUMMARY AND POTENTIAL SYSTEM IMPROVEMENTS

Estimated performance capability of the M-PRT longitudinal control system
along with its requirements are summarized in Table 18. The primary perfor­
mance requirements on speed and posttton control are met although design
margins, the ability to handle out~of-tolerance parameter variations,
are low. The only requirement not met by the Phase IB design is the jerk
control requirement. The high jerk values are primarily a consequence of
brake performance problems. The fact that these high jerk values are, at
worst, barely noticeable by passengers indicates the need for further
research in the area of deriving realistic ride comfort specifications.

TABLE 18. ESTIMATED DESIGN CAPABILITY VS REQUIREMENTS

ESTIMATED 30
IPERFORMANCE PARAMETER REQUIREMENT LIMITS FOR PHASE I

IB DESIGN I
Regulation (position control) +1.1 seconds +0.95 second
Station stop accuracy - +6 inches +3.5, -2.8 inches-
Speed control +3, -4 fps +3.0, -2.5 fps
Peak acceleration/deceleration ~4. 4 fps 2 (~O. 137 g) ~4.0 fps2 (~O.125g)

Jerk' control

ILong term (At.,. 0.2 second) ,:4.025 fps3 ,:12.9 fps3

(~O .125g/sec) (.:O.4g/sec)
Short term (L:l. t ::: O. 1 second) !8.05 fps3 ,:19.3 fps3

(.:O.25g/sec) (.:O.6g/sec)
Maximum brake drag 36 ft lb * 0.0 ft lb

I

*derived requirement
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The M-PRT LCS can be characterized as a relatively complex and highly nonlinear
control system. A major finding is the large number of hardware parameter

variations and nonlinearities which have a significant impact on system
performance. This fact is evidenced by the magnitude of the design and analysis
effort required to define ways of accommodating both known and unexpected non~

linearities and parameter variations within the framework of the existing
Phase IA control system structure. Because of cost and schedule constraints,
major changes in control system structure to reduce sensitivity, such as the
change i~ station stop control law described in Section 4.2, were ~llowed

only as a last resort.

Much of the design and analysis effort was devoted to the task of developing

the detailed nonlinear analytical models required to produce meaningful analy­

sis results. Difficulties in this area, as evidenced by the number of model

updates required and the motor stability and brake performance problems en~

countered late in the design cycle, were encountered for a number of reasons.
The initial problem was the absence of any detailed models to use as a

starting point and the time which had to be spent on this initial model
development. A major reason for including a description of the final M-PRT

model in this report is to provide an improved starting point for future

design efforts and, thereby, shorten the time required to generate meaning-
(

ful analysis results. A second problem was in determining the level of

detail required. A major benefit of the M-PRT experience described in this report
is a substantial improvement in the knowledge of the relative importance of

the various hardware characteristics. This information has considerable

future value in the development of analytical models, in the preparation of

hardware specifications, in the evaluation of proposed designs, and in defining
future studies to be performed. A third problem was obtaining data on
detailed hardware characteristics early in the program. The final model is

based in large part on detailed circuit schematics and on system and subsystem

test data. This problem, which is by no means unique to the M-PRT effort,

was compounded by the need for very detailed models, the short schedule
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(the first production vehicle provided the first opportunity to test all

portions of the LCS), and the failure in some cases of hardware suppliers

to deliver hardware which met its requirements. This problem can be

reduced, but probably not eliminated, in future efforts by improvements in
hardware specifications and enforcement of these requirements and by providing

for extensive detailed subsystem and system testing at the earliest opportunity.

A number of ways of improving system performance capability and reducing

sensitivity to hardware parameter variations and nonlinearities have been
identified as a result of experience with the M-PRT LCS design. These

potential system improvements, which are the subject of the remainder of

this section, represent logical candidates for future research and develop­
ment. The specific changes proposed are:

a Single point torque control

o A jerk and acceleration limited speed command
o Consolidation of control functions within the VCCS

o Wheel mounted tachometers

o Steel belted radial tires

a Closed-loop emergency braking
o Dynamic or regenerative braking.

Single Point Torque Control

The M-PRT design uses significantly different control laws to compute the
required brake and motor torque commands as shown in Figure 2. The proposed
approach is to use a single control law or speed loop to generate a single

torque command which is sent either to the propulsion or brake subsystems

depending on its polarity. The proposed c~ncept, exclusive of redundancy,

is illustrated in Figure 33. A dual redundancy concept, similar to M-PRT,

could be used with redundant torque commands computed by identical control
laws. In this approach the lowest (safest) command would be sent to the
propulsion subsystem and both commands would be sent to a dual brake system

with the calipers v1ting the safest (highest) of the two input pressures.
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Advantages of the proposed change are.

o Reduced brake/motor interaction

Because of the different brake and motor control laws used
in the M-PRT design, it is extremely difficult to prevent
simultaneous non-zero brake and motor torque commands under all

operating conditions. This problem is significantly reduced
in the proposed design since both brake and motor commands are
derived from the same torque command.

o Reduced sensitivity and improved performance potential

Much of the M-PRT sensitivity to parameter variations is

a consequence of interaction between the independent and

different brake and motor control laws. The proposed design
reduces sensitivity by eliminating the source of these interactions

and opens up the possibility of improved speed and position control
via an increase in control loop gain.

a Design and analysis simplification

Use of a single control law provides a design simplification which

reduces the number of components required, eliminates unnecessary

duplication of control functions, and simplifies the interface

between subsystems thereby simplifying the task of developing

adequate hardware specifications. The hardware simplification

also provides a corresponding simplification in the analysis task.

Jerk and Acceleration Limited Speed Command

Jerk limiting of the motor speed and brake deceleration commands is used in

the M-PRT design to provide vehicle jerk control. The proposed approach is

to jerk and acceleration limit the civil speed command and rely on the
speed loop to follow the limited command with sufficient accuracy to prevent
excessive jerks. This jerk and acceleration limiter would be located

within the speed command module shown in Figure 33. Advantages of the

proposed change are:
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o Increased speed loop bandwidth
The M-PRT approach of placing jerk limiters within the speed loop
severely constrains the bandwidth or response time capability of
the servo. This constraint is eliminated by locating the
limiters external to the servo.

o Reduced speed errors
The proposed change reducps sDPed errors for several reasons. Use
of a jerk and acceleration limited command as a basis for computing spee~

errors, in place of the M-PRT reference which is only acceleration
limited, provides a more accurate measure of the trajectory the
vehicle is expected to follow. Jerk limiting of the command
eliminates rapid changes or discontinuities in the command resulting
in a command which is easier for the servo to follow. Fi.nally,
elimination of the jerk limiters within the speed loop improves its
capability to accurately follow the command.

o Design simplification and improved flexibility
The proposed change simplifies the design by replacing threE jerk
and/or acceleration limiters with a single limiter. Design flexibility
is increased as jerk and/or acceleration limits can be changed
with no impact on the speed control system design.

o Analysis simplification
Elimination of the major nonlinearity within the speed loop,
assuming use of a single speed loop, significantly simplifies the
analysis task by allowing use of linear design techniques in initial
design studies. The highly nonlinear M-PRT design required extensive
and time consuming nonlinear simulation studies in all phases of
the design effort.

Changing the location of the jerk limiting function requires the proposed
change to single point torque control, to obtain the servo performance
necessary to prevent excessive jerks. Conversely, to obtain the full
benefit of the change to single point torque control requires the proposed

change in jerk limiter location.
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Consolidation of Control Functions within the VCCS

An undesirable characteristic of the M-PRT LCS design is a wide distribution
of control functions among the VCCS, brake, and propulsion subsystems.
Disadvantages of this approach are a duplication of many control functions~

complex interfaces between subsystems, and the lack of a single control

system design focal point. The proposed approach is to consolidate, to
the maximum extent possible, all control functions within the VCCS. The
proposed LCS design shown in Figure 33 illustrates the type of control

function distribution envisioned. In this example, the M~PRT propulsion
speed controller and the brake amplifiers are eliminated and their control

functions consolidated within the VCCS. Both the propulsion and brake
subsystems receive torque commands with the brake servo valves driven
directly by the VCCS. Both the propulsion and brake subsystems now have
the identical functions of producing torques proportional to the command
with similar requirements on response time, linearity, null offsets, etc.

The VCCS is further organized into two basic elements I a speed and position

controller; and a speed command module. The speed and position controller

generates the torque commands required to follow the commanded speed~

position-time trajectory and operates in the same manner in all modes of
operation. The primary function of the speed command module is to generate

the jerk and acceleration limited speed command which defines the desired
vehicle trajectory. To simplify interfaces, many of the logic functions
required in an automated vehicle system are consolidated within the speed
command module. Examples are control of start up phasing, generation
of the motor on/off command, and commanding braking while stopped. In

addition, the M-PRT station stop speed command profile and associated logic

is generated within the speed command module.

Wheel Mounted Tachometers

The major factor impacting speed loop stability is the location of the

tachometers as indicated in Figure 22 and discussed in Section 4.7, A
wheel mounted tachometer location is strongly recommended in any future
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design, rather than the M~PRT motor shaft location, to minimize the impact

of driveline dynamics on speed loop stability. The phase stabilization

approach used to stabilize the ~-PRT motor ~peed loop represents, at best,

a difficult design problem. The 30 db reduction in the gain of the drive­
line mode dynamics obtained by moving the tachometers to a wheel location

allows gain stabilization of the speed loop and eliminates the need for

careful control of the phase lag of each element in the loop. The proposed

change also eliminates any possibility of a runaway vehicle due to a broken
axle. The major impact is a reduction in the rate of tachometer pulses since

wheel speed is considerably slower than the speed of the motor shaft. This
reduction will require either a change in the method used to process tacho~

meter data or a change in tachometer design to obtain adequate measured speed

resolution and sample rate levels.

Steel Belted Radial Tires

In the M-PRT design, variations in tire rolling radius are a major contributor

to regulation error. To reduce the magnitude of these variations, use of

steel belted radial tires is strongly recommended. Conventional bias ply

tires are used in the M-PRT design. Available data indicate. that use of

steel belted radial tires would reduce variations in rolling radius by

approximately an order of magnitude.

Closed Loop Emergency Braking

Emergency stops are performed via an open-loop constant-force braking scheme

in the M-PRT design. Because of the open-loop nature of the control,

variations in brake system gain, vehicle weight and guideway grade result in

a large variation in stopping distance. A closed-loop speed control

emergency brake system is proposed as an inexpensive method of significantly
reducing the variations. In terms of the proposed LCS design shown in

Figure 33, the concept would be as follows:
o Upon receipt of an emergency stop command, the position error signal

would be reset at zero and the output of the jerk and acceleration

limiter would be profiled from its current value to zero at emergency

rates.
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o The speed and position controller would respond by stopping the

vehicle at the commanded emergency rate.

The advantage of the proposed concept, given the design in Figure 33. is

that it uses existing LCS elements and requires only the addition of a

very small amount of logic functions.

The concept can also be implemented within the framework of the M-PRT design

without the substantial rework requi~ed to achieve the changes described

in Figure 33. This alternate implementation would require a brake amplifier

redesign and a method of providing measured speed signals to the brake

amplifiers. but would have no impact on other system components. The

reduced variations in stopping distance could be used to allow shorter

headways by a reduction in the nominal stopping distance, and/or to reduce

maximum emergency rate deceleration levels, thereby reducing the possibility

of passenger discomfort and injury.

Dynamic or Regenerative Braking

A final potential system improvement is to use the motor to generate all, or

a portion, of the braking torques required. The energy produced during

deceleration may either be dissipated in on-board resistors (dynamic braking)

or fed back into the power distribution system (regenerative braking). The

potential benefits of this frequently proposed approach are not as compelling

as those of the other proposed changes. The purpose of including the subject

in this discussion is to identify the pros and cons involved.

Potential advantages of using the propulsion system to meet all or a portion

of the braking torque requirements are:

o Reduced brake system maintenance

Reduced use of friction brakes would reduce the need for relatively

frequent replacement of brake pads or linings and other brake system

maintenance.

127



o Reduced power cost
Use of regenerative propulsion system braking would reduce power
demands by allowing recovery of a portion of the power used.

o Smoother control
The relatively high short term jerk values observed in the M~PRT

test data are primarily due to brake system nonlinearities. While
improved brake system performance is technically feasible~ experience
to date indicates that is easier to obtain smooth, accurate control·
with electrical systems. Use of the propulsion system to provide
all of the torques during normal operation would also eliminate
the phasing problem associated with switching from one actuator to
another. Experience with the M-PRT design, however, raises the
question as to whether tight control of short term jerk is really
needed to provide acceptable ride quality.

Potential problems and disadvantages associated with dynamic or regenerative
braking are:

o Power dissipation
If all of the braking torques are to be provided by the propulsion
system, some means of dissipating recovered energy on board may be
required as it may not be possible to pump energy back into the
power line under all conditions.

o Drivelinedesign
Dynamic or regenerative braking requires a driveline design which

can tolerate the resulting frequent torque reversals and still
maintain required component reliability. Also~ successful use of
the motor to perform the total normal braking task will require a
drive configuration with a minimum amount of backlask. Any
significant amount of backlash would present a serious speed loop
stability and performance problem.

o Propulsion system design
If all of the braking torques are to be provided by the propulsion

system, a propulsion system design must be selected which maintains
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time delays below a value of about Q~2 second when switching

between positive and negative torques and which provides full

reverse torque capability at all speeds.

o Brake system design

A friction brake system, with performance requirements similar

to those of the M~PRT design, is requi"red in any case to meet

emergency braking requirements. Additional propulsion system cost

is, therefore, not offset by comparable brake system cost savings.

The dynamic problems associated with driveline backlash and potential

propulsion time delays could be largely eliminated if dynamic or regenerative

braking were used only to meet long term braking requirements. The concept

would be to use slow motor response times, when in a braking mode, to avoid

dynamic control problems and to use a friction brake system to provide the

short term torques required. This approach would result in a significant

reduction in required brake system maintenance and would result in power

savings if regenerative rather than dynamic braking were employed. It would

not, however, provide any improvement in position, speed, acceleration or jerk

control capability.
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APPENDIX A
THEORETICAL POINT FOLLOWER CONTROL LAW

1 Symbol Definition

AR - Reference acceleration during speed transitions = 2.0 fps2

(VR"VC)'

KpL - Performance level.

t - Time.

t F - Time at beginning of a stopping maneuver.

t T - Time at beginning of a speed transition.

TR - Maximum vehicle position error (in seconds).

Va - Actual vehicle speed.

Vc - Commanded guideway civil speed (speed tones).

VR - Theoretical point follower speed reference.

Xa - Actual vehicle position.

XR - Theoretical point follower position reference.

II Development of Point Follower Reference Point

A Initial Conditions

From stop tone:

t = 0 at instant of stop tone state change from "0Nu to "OFF".

VR(O) = 0

XR(0) = O.

: Preceding-page blank ;
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From any other stopped position on guideway:

t = 0 at instant of nonzero performance level command to vehicle.

VR(O) = 0

xR(o) = X(tf ) + XTRANS '

where X(tf ) is the vehicle position at the time the vehicle began its
stop on the guideway (indicated by a fault message downlink ora zero
performance command by the computer)
and XTRANS is the distance gained during the downspeed t~ansition from
V(tf ) to zero speed.

B Speed Transitions

A speed transition occurs at any time when VR ! VC' During speed
transitions, VR is determined by the following equations:

For Vc > VR (tT)

VR(t) = VR(tT) + AR(t - t T)·

For Vc < VR (tT)

VR(t) = VR(tT) - AR(t - t T)·

These equations remain valid until VR reaches the value of Vc (V R = VC).

A typical speed profile generated by this scheme is shown in Figure A-I.

C Point Reference

From t = a until the point follower scheme ends at station stop, the
reference point is determined by:

"t .
XR(t) = J VR(t) dt.

o
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D Point Follower Requirements

The functions:

XR = XR(t)

Xa = Xa(t)

have inverse functions:

t R = t R(XR)

t a = ta(Xa) .

At any point on the guideway, the maximum allowable vehicle position error
is:

30 V - THEORETICAL
R POINT FOLLOWER

SPEED REFERENCE

Vl
0..
l.L.. 20
~ I

Cl Il.LJ
l.LJ
0.. IVl

I
10 I

L_

STATION
STOP

0
0 20 40 60 80 100

TIME ~ SECONDS

FIGURE A-l. SPEED TRANSITIONS (TYPICAL)
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APPENDIX B

COMPUTER SIMULATION

This appendix provides a partial listing of the LCS dlgitai computer

simulation which has been developed based on the analytita1 model de~ctibea

in Secti on 5. Inc 1uded are:

o A listing of the subroutine SYSDEF, the tode whith comput~s

values for the derivatives of each state variable a~ teq~it~d

by the numerical integration algorithm.

o A listing of the Fortran code developed to tompute initial

condition values for the state variables based upon th~

values of seven input parameters.

o A listing of nominal values for all input parameters

including tables.

Other portions of the coding are not included as theY are unique to the

specific simulation program used and would be of little value in

incorporating the analytical model into other simulation programs.

A listing of the subroutine SYSDEF, the major element of th~ simulation;

is given in Section I of this appendix. The function of SYSDEFis to

compute values for the derivatives of each state variable given state

variable input values. Communication with the numerical integration

routine is accomplished via the state variable and corresponding

derivative arrays, X and XD. An equivalence statement is used to allow

writing the equations in terms of the state variable names given in

Section V of the main text rather than in terms of X and XD array elements;

A similar approach is used to transmit parameter values to SYSb~F via the

array SO. Tabular data are transmitted to SYSDEF as indicated in the /SOTBL/

"common" statement. The common block /SDOUT/ provides a means for

transmitting the values of intermediate variables to the output routine

for printout purposes. Comment cards are used frequently in the boding and

identify the hardware elements represented by each block of code.
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Section II of this appendix provides a listing of the code used to compute
initial conditions for all of the state variables, if desired, from the follow-
ing input parameters:

0 BCLIC -- Initial jerk limited brake command

0 DISPIC -- Initial displacement

0 ICCODE -- Program mode control variable

0 VMIC Initial speed

0 XEIC Initial position error

0 XMSlIC, XMS2IC -- Station stop profiler preset values.

This code eliminates the need to compute initial conditions by hand for each

case studied. The control parameter, ICCODE, specifies the simulation mode
to be used and provides considerable flexibility in using the simulation.

Comment cards at the beginning of the initial condition code listing describe

the mode associated with each allowable ICCODE value.

Section III of this appendix is a complete list of the input data required by

the simulation to run a nominal station start test case. Deletion of the
last six lines of data would result in the data required to run a nominal
station stop test case. A free field Fortran "Namelist" input format is used

for convenience. Values for both tables and single parameters are included.
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I SUBROUTINE SYSDEF
C."5YSTEM UEFINITION :-. rHA~l: IA "W~GANTUWN lC5 DESIGN
C
C
C".STATf:MENr NU'S USI:::D A~E I THRU 14 f. 19 THRU 22
C

SLBROUTINl SYSDEF
C
C
C*uSPECIFI(.Alll1N STArt'MtNT~

I~PLICI r ~EAll I-NI
CU~wU,'~ I TRAil TIM t , r I t R0 • K~ T AIt • NPRO EL , N rERM, r FIlii Al , Dr, III P,R I ,~ r ,

• ~PLUI
CU"'IJO,~ 1f;~All Prlopr,PLOPT,SCOl'r.INOPT
ClJ"'~O,~ IrRA31 NP1,f\lPl,NP3,Nf'r,MflXNPT.NPlDEl,CASE(201.NCA5E
CO~MOI'lITRA41 N,XllIIOOI,XI10ol
CU~"'ON ITRAjl TllODol
CO"''''OI'II 15UPARMI 50120,101,XICI301
CUM M0 III ISO Tn LI NV C I , Xvel I I 0 I , YVC 1 I 10 I , N vel , )( VC 2 I 191. y VC2 / I 0 I

• , ,~s S I 1 , I. SS [ 1 I 1U I , YS5 I I I I 0 I , N5 S 12, )( S S I 2 / 101 • YS 5 121 10)
* , ,'J r: M I , )( r- MI I 4 I , VFM1 / 4 I , Nr- M1 , XF~ 2 / 10 I, YFM2 / 101
* ,,.... ,- I~ -' , Xr- 1'1 J I I °I , V ~ M3 I lO I , I. FM4 , XFM4 ( 7 I , VFM4 ( 7 I
* , III ,{ H', 'J , X:U- M~ ( " ') I , rl CFM') , XC FM') ( 7 I , YF M'>/ 15 , 11 ,N 5AV / 2 -'
* ,~fMo,Xr-M61271,VFMol/"

* ,:~Gf{AUf:,.(G,H\LJEI101,YGRA[)E/ 101
* ,NVCSS,I.VC~SI701,YVCSSI701

* ,XHCIlt,),V[lCI16I,XOC2Ibl,VDC2!61
CO~MON ISDOUT/ MC,VMLI,VFIII,VSCR,VSCRP,K~EMF,VBEMF,MFA,ICR

* ,VMI,VM/,o[sr,OM~GAM,TMG,BC1,BCZ,TB,TBF,TGRAV,FGRAV

* ,VCSSJ,VLS~7.VC~Pl,VCSP2,VCSVI~VCSV2,VMVl,VMy~,Xtv

* ,VI:X,S~!I,S~I/,UiSI,Fo5/,ISVCl,15VCl,VTACHF,VtlERR

* ,QVI, (~O 1 , r; V"L , (,) 02 , BSh F , P~ r. R , f- [) Cf· , t- eCR, F 1I:.R R, R Tt RR
* ,XC1FcR,XCIRI:R,XClDf-,XC2UR

[WUIVALtNCE
.. IXU(Oll,(JVC~11 ,IXIOII,VC~II ,(XIJI021,OVC~Z) ,IXIOZI,VCS21
* , I A[) 103 I , DX/,I:; I I ,1)( I 0 J I ,X M~ 1 I , I X0 I a4 I , DXMS'2) ,I X1.04 I ,X.M SII
* , I X U I0') I ,OX r_ I , I X I 0') I , Xc I , I X01 06 I , Il VC SXI , J ~ ( 0.61 , Vl; :$ XI
* ,IXl)(07I,l~MCLOI ,IXI07J,MCLlJl ,IXfiIOtll,DMCLI ,lXI,Ol:iI,MCll
.. ,IXCIU'-)I,OVrIlCIII,IX(091,VTACHI ,(XDI lOI,DVTACPI,/X/I01,VTACHP)
.. ,(XDtlll,Df>1VEII,ll.lllI,MVElI ,IXOI17l,DVMClPI,{XI12I,VMCIPI
* ,IXDIL31,OMltll,IXI131,Mlr:ll ,/XOI141.DVMAFI,IXI141,VMAF)
* • I X[) I I S I , () I "'.\ I , I X( I ') I , I MfI I , I X() 1 1(; I , 00 MGM 5 I , / X ,I 16) , UME~ ~ 5 I
• , / xD ( I 7 I , 0 U/1 EGwi, I XI I , I , UMl' GfI ~ I , I X0 lib I , 0 THf<1 ~ WI, / X/ J.8:) ,TI; M:S.M rJ I
• ,IXD( 191,OrHtTwl, IXI191,THI:TAWI,IXOIZOI,DHClll ,1)(/lDI,O~~JI

* ,IXld?lI.LJI3CL21,(XIZII,hCl21
~WUIVALl:NCt

.. I XII ( 2" I , [) I :; vPI I , I XI 211 , I ~ V1'1 I , ( X[) I 231 ,D .1.5 VP 21,1 XI 231 , 'I SYP_Z I
* , I XDII 4 I , 0 PV1 I , I )( I£'4 I , P V1 I , I XIJ 1.2 5 I , 0 P V2 I , / XI 25 I ,P V21
* ,/X8lZ61,[JXSVII,(XI/61,XSVII ,IXOI271,DX5Vll ,IX(i'lI,X~Vl)

.. ,()(ul?tJl,DPCII ,IXlIdl,fJCII ,IXOIZQI,DPC21 oIX/Z~I,PC21

* ,/XO(3CI,OXClf-1 ,IXI}OI,XCII-I ,IXOljll,OXClRI,IX(3~I,XClRI

* ,IXUI3n,DXUrl,IXI)ZI,XC7'FI ,IXIJI33I,OXCZtU .IXIBI,XC2RI
* , I xD I ) 4 I , 11 XC 11) F I , I II I HI, XC llJ F I ,( x0 I 3') I ,OX C 10R J , ( XI 35 I " Xl: 1O,~I
• , / X01 j u I , DB S iii F S I , I XI J 6 I , [j:; ~ FS I ,I X0 I 3 7 I , 08 5 ~IR S I , / X/ 37', BS~~,s 'I
* , I i\ [ll j d J , Dr 0 CF I ,I XI 3 U I , r nCF I , I X0 I 391 ,Dr BCR I , I XI 39 ,I, T1:1(: R I

I::: QUI v AL t NCE I::; C( 1 ,I I , 1CC(J [1 t I , I ~ D/ I., 1 I, DIS PIC I
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• ,lSI1(Q3,lI,VMIl.l ,1:'UI04,lI,Xf:ICI ,1~DIC'),lI,fKLlCI

.. tl~Ull1,lI,Mcxll

• ,I Sill I? ,1), MCX.ll ,I SUi 13,11, /'ICSL) ,I :'DI14, 1), TGO I
• , I :; IJ I 1') , 1 I , VMe 1Xl) , I :: Ulib, 1 I , VMel Xl I , I SDI 1 7 , 1 I , VMC I SL I

E (.; UI VAL ENC E (S DI 1 , II , VC~U l T I , ( S DII , 2 I , KTACHI I
.. ,I :, [II 0 j '" I , KTile h <' I , ISO I 04 , 21 , KVC~ I , I :, Die') , n , K0 AC I
• ,1:'LlIOt.,ll,I\CSll ,ISUIO/,?I,KCS2) ,1~OIOd,ll,KMSA11

.. ,ISlJI09 ,7) ,KMSAlJ ,ISOI 10,?1 ,KMSElll ,I ~OI11,21 ,KMSGll
• ,1SI)112,t'I,KPAll ,1:,uI13,n,KPlin ,IS0I14,t'I,KPt311
~ ,ISDI1'J,/I,KPHll ,ISOI16,21,KPCI ,ISOI17,21,XEVlIMI
Jl< .c:.nlltl,n,~ClLLI ,1S0119,?I.MCllLl ,cSUI2D.21,BClJLl

i::i,;;UIVAU:NCE ISOll,31,MClNIII,ISDll,JI,MCLNUI
• , I S DI 0 j , 3 I , ReI NUl ,I S DI 0 It • .3 I , Eel NUl • ISO I 0'.> • 3 I , Xfool S 1 I C I
• .ISUIOlJ.31,XM~llCI

E~U1VALENCE ISr,ll,~I,~MCIEI,ISCll,51.KMCll I
• ,ISOIOj,51.K1MAI ,ISOI04,51,KMltl1 .ISOI05.51,KM1Ell
• ,ISUIOb,')I,~171 .ISOI01.51,KV~API .ISDIOd,51,T~UPFDI

• .ISDI09,'lI.RlHfJl ,ISUII0,'lI,MFABSI ,ISOlll,'lI,KVMAI
• .l~[llll,~I,RMhTI ,1SDI13,5IoTAUMAI tlSIlI14.51,KMAI
• ,1~Dll~,"I,RM~1 ,ISCI l0,5I,TSTARTI
l~UIVALtNCt ISOII,ol,KMCBI,ISCI'2,bl,KMlEI

• ,ISDIllJ,ol,,",CJLI ,ISDI04,61,KMC11 tlSUI05,6I,MCALI
• ,(SOI06,61,KMC/I ,1:'LJI01,61,KMC31 .cSDIOd,61,M5SERRI
• , I :; 0 I 01 • /. J , KTACHI • I SOl 10, b I , TAU ~ f- B I , I ::. 0 I II , lJ I , TAU LG I
• ,1~OI12,DI,TAULGI ,ISDtlJ,t>l,KI-IVEII ,ISOI14,6I,KMVE21
• • I ~ t I I 15 , 6·1 , VMC Il L I • I ~ l) I L6 , 6 1• "M C 1Ul I
~QUIVALE"lCE I::'DI1./I,HYSUl11,I~OI2.7I,HY::;UL21

• ,(::'UIO~o7l,KHY:''J1 ,ISOI04t1I,KS\lGlI tI':;DIC:..t1I,K::'VGn
• ,tSOI06,71,t<Sl/llLI ,ISDIO/,/I,KSV021 ,1:'I)IOu./I,K~VPll

• ,t~DIU9,71,K::'Vflll .ISOllO,ll,KQVll ,<sDIllo1l,KQVll
• , I ::. 0 t 1 2 • I I • W:; \ll I MI. I S [) I 1~, I I , K t CIA I • I :: U( 14, 7 I , Kt C 2 A1
• ,ISDll~,7I,KfClUI tlSOlllJdl,KFClBI ,1'.,OI17,1I.KCvPL)
• , I :.. [I( 1b ,7 I • KCVp <:'I ,I::' [) I I'J,( I • KCV011 I ,I;; l)( 1 u 07 I , KCVNII

EQUIVALENce ISOII,ul,KlICEI.ISDI2,tll,Kfl.JLfJ11
• , I SUI 0 ~ , HI, Kl\ J L r' 2 I • I ;; 0 I 04 , HI, Kb J l NI I • I 5 Die') , UI , Ke J l N2 I
• • I SUI (16 • b 1 • K[l ,., L1 • I SUI U I , tl I • KI~ A2 1 , I S LJ I Cb , d I ,IS veT 1 I
• ,150IU'J,8ItlSVCTII ,ISOlll,dl,KHySFll
• • I SO I 12 • b I , KHYS r 2 I , ISO I 1 j • HI, KII YS~ 1 I , I SO I 14, tl 1 , t< HYSK1 1
• , ISO lIS. d I , ~ c PI. I 5 uti 6 , HI, KIKPI, I SDI 1 1, tll • KHF F )
• ,1:;DI10.bl,Kt'HU tI~DIl'-l,HI.Psvel1 tlSDIlO,BI.PSVl\21

I:: CUI v AL t II! CE I::; [J I 1 • 'J I • K,. R~ I • I S I) I 2 • '-l I , ~ I' AH I
X .ISDIO),9I,WtIGHTI,tSOI04.91.NC{1 ,150IC5.91,IMI
x , I ::. [) I 06 ,'.J I , IPI, I ~ 0 I 0 1 • 9 I , I i; 1 , ISO lOB, 'J 1 • I ~ I
X ,ISUIOq,~I,COTI ,ISuII0.91,KOTI .1501 ll,91.CAEROI
• ,ISIH12dl,CTKr<1 tlSDII.~t<)I,CKRKI ,(SOll4.')),KQLFll
• ,ISlJll,>,CJI,KClf-ll tlSUllb.'JI,,\CIFI ,ISLJll/.91.AC2FI
• , I :; [) lIS , C} I , Aeli( I , I S LJ I I.J. 9 I • ACI R I • I S LJ ( I 0 , 9 I , F THF I

I::l,;UI VALtNLi:: 1:;011 010 I."SC~ 1) tI ::'LJIZ,lOI,KSCR?I
• , I S [) 104 tl Lli 01 MR I • I Sill 05 tl 0 I .. ~J\ V)
• , I S[) I 06 , 1 0 I , KAt I~ U) ,I S DI 0 7, I 0 I • TRR I , ISO I 0 tl , 1a I • KRR I
• ,ISOll1,lOlolSvtH)
• .ISOI12,lOI.lSIJLJl) ,tSOllJ.IOI,BCllrHI,ISOI\4,lOI,BCL2THI
• ,(~LJI16tll)l.f-TI1RI ,1S01l7,lCI.KeTFI
• , I ~ UI I tl , 10 ) , i\ [J T~ 1 • I S LJ I 19, J 0 I , HY sec F I , ISO I '20. 101 ,H YSb CR 1

I NT l Gl R K::' TAT t , NPiW t L • NTt :0-1, NfJ:~ I NT.:-..I fJ lOT. II! PI, NfJl • ,'oj P 3 • NP T • MA XN P T
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o ,NPllJ[l,NCA:'t,N,p;{Upr,PLOpr,SCOPT,INOPT,I,J-,K,l,M
• ,NVCI,NVC2,,\lSSII,N)Sll,NL:;ll,NGRADE,NVCSS····
o ,~~~I,N~M2,N~~J,N~M4,NRFM~,NC~M~,N~Mb,NSAV,IERR

c
C
C.UCO~PUTE VtHICLE PO:;. TtUN (, MOTOR SPEED

DI:;P:~h~~·THETAW

UMEGAM:NG~*OMcGM~

C
l:
C••• PRUGRA~ CUNrROL lOGIC

l'e:;l~O.

FtlS2.:.G ..
IFIICCUOE.lT.l.~.UU.ICCOVE.GT.5.51 GO TO 4
TE=U.
IFIICcuuE.Gr.3." ~u ro 9
"'C=MCXl
IfITI~E.Gt.TGUI MC=MCX1.MCSl.ITI~t-TGO)

IFI ... c.Gr.~ICX2) MC=/"CXl
GU TO 5

~ IFIICCOOE.GT.4.5) GG TO 22
MS\<Il=1.
foISWl'=l.
MSW);I.
M$W4=U.
V~Cl;V."'Clxl

IFITIME.GE.TGO) VMCI=YMCIXltVMCISl*.TIME-TGO)
IFIV"'CI.GT.VMCIXl) VMCI;VMCIXl
GC fa !:i

12 BCl=TAHUPllveCl,TIMt,XDCl,bl
BC2=TAfWPIIVQC2,TIM(,XtlC2.b)
lid ru 20

C
C
C."vCCS ,",UUEl

4 CONTIIWt:
C SPEtD TO~E P~OFJlERS , STOP rUNE INDJCATO~S

v C1 ; TAtjup 1 I YVC I • () I :; P, x VC It NVC I )
VCl=TABUPIIVVCl,D1SP.XVC2,NVC11
~ S11; J fl t3 UP II YS S I I ,U J SP , X:; S I 1 , NS S I 1 I
SSll=TABUPIIVSSII,uISP,xSSI2,N5SIZ)
1~ISSll.Gl.O.~) VC1~O.

IF(~SI1.Gf.U.~1 VC2=0.
1~IVCl.GT.4.1' VCl;VCMULT~VCl

ItIVCL.cT.4.1) VCL2VCMUlT.VCl
D~C~!=KVC:;~IVC1-~C~!)

V~C:;Z=KVC~*IVCI-VCSl)

IFIABSIDVC~!).GT.l.) UVCS1~SIGN(l;.DVCSl)

1~IAeSIOVCS11.GT.l.) DVCSI~SIGNI2 •• DVCS21
IfIWCSl.lT.O.O.UR.Vt~1.GT.63.15) UVGSlaO.
IFIVCS1.LT.O.0.UR.VCSl.Gr.6J.75) OVCSl=O.

C MEASU~ED SPttD ~ PU:;lfIUN tR~OR

V~l;KTACHI~flH~(OMEGA~'

, V~2;KrACH/.hASIO~EGA~1
OXE;VMl.-VCSl
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If(SSII.GT.O~51 DXE=-lO.O*XE
C STATION STOP SPEED CO~MANDS

DXW;l=O.
IfISSll.LE.O.51 GU TO 1
DX~SL=VMl

NLSa=XMSl/O.041bl
X~SQl=NLSB*O.04161*12.

~CSSl=TAAUPlIYVCSS,XMSOl,XVCSS,NVCSS)

X,",SQI=XMSQl/12.
1 CON TI NU t:

OXM52 z 0.
1~ISSIZ.lE.0.5) GO TO 10
OX/r!S2=VM?
NLSHzXMS2/0.041bl
X~SQ2=NLSB*O.04101*12.

VCSS2=TABUPIIYVCSS,XMSQ2.XVCSS.NVCSS)
X"'SQ2 z XMSQ2I12.

10 CONTI NUE
C CUM"'ANO SPEED, ~EASU~fD SPEED. & POSITION ERROR DAC'S

Nl.S[l=VCSI/O.25
VCSUA1=NLSH*O.2'
IJCSt-'l=VCSuAl.
IFISSll.GT.0.5) VCSPl=VC5S1
VCSV1=I(,OAC*VCSPl
NLSB=VC sn 0.25
VCSDA2=NLSO*O.15
ves P2 =VCSD 112
If(SSI2.Gr.O.~) VCSP2=VCSSZ
VCSV2=KDAC*VCSP2

c
NlSG=VMI/O.20H
V,",DAl=NlSD.0.20~

VflVl=",OAC*VI'o\OAl
NlSE=VM1/Ll.2UB
V,",OA2=NLSH*O.208
V,",Vl=II.DAC*VMDAI

c
NlS[lzX[/O.125
XtOAC=NLSH*0.175
XEV=KPe*KuAC*XEDAC
IfIXEv.lT.XtVlIM) XEV=XEVlIM
1~ISSll.Gr.O.':>1 xtVz:O.

e SPEEL "'ONlrO~

DVCSX=IVCSPI-VCSXI/O.41
VLX= VI"DA l-VCS X

C fORCED O~AKE LOGIC
IfIVCSVl.Lt.O.U.OR.VCMUlT.lE.O.O) ~BSl=l.

IFIVC~V2.lE.O.O.OR.WCMULT.L~.O.OIFBS2=l.
IFI~MOAl.LE.O.O.ANO.S511.GT.O.~)FBSl=l.
Iflv~uAl.LE.O.O.ANO.SSI2.GT.O.5)fHS2=1.
1~IICCoD[.GT.I.5.ANO.TIME.lT.TSTARTJfBSlaO.
1~IICCOUE.Gr.l.j.ANO.tI~~.LT.TS'A~T)FBSZaO.

C oRAKE & MOTOR CUNTROlltR
~Cl=K:Sl*VCSVl-KMSA1*IVMV1-VCSWl)-KPAl.XEV+MClNO

Ifl~Cl.Lr.~Clll.OR.fB~I.Gr.O.5)MCl=MClLL
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MC2=KCSl*VCSV2-KMSAl*(VMV2-VCSV21-KPA2*XEV+MClNO
[ f I ~C2. • l r •~C2ll • 0 R• f BS 2 • GT • 0 • ~) MC2 ..MCIII
"'C=~Cl

IFI~Cl.lT."'Cl) ~C=~Cl

c
BC1=K~$al*(VMV1-VCSV1ItKPB1·XEV

1~(HC1.lT.O.) BC1=0.
IFlaCl.GT.eCUl.O~.FaSI.GT.O.5) aCl=6CUl
BCI=HCl +BClNO
BC2=KMSB2*(V~V?-VC~V2)tKPB2*XEV

IfIBCl.lT.O.1 BC2=0.
IFIBCL.GT.PCUl.OR.~BSl.GT.O.51 BC2=BCUl
BC2:BC2tBC2NU

C
C
C••• MOTCR SYSTEM MODEL
C GONJROLLtR CAGING lOGIC

5 MSWl"O.
M~[,,'l=O.

MS.-J=O.
"'S~4=O.

IFIICCOOE.LT.l.5.0R.JCCODE.GT.l.5.0R.TrME.·GE~TSTARll ~b TO j

MSl-fl=l.
M~WI.=[.

,.,5W3=1.
3 Ifl~B51.LT.O.5.ANO.FBS2.LT.O.5) GO TO 19

MS~l:l.

,",SW/=I.
MSW}=l.
"'SW4=1.

19 CCNTlr~UE

C JERK & ACCtl. LIMITER
~CE=KMCt*(KMCB*MC-MCL-KMCj*MClDI

IF[AB~(MCEI.GT.MCJl) MCE=~IGNIMGJlfMCEI

Ol"CLD:KMC1*,.,U­
IFIl"ClD.GJ.MCAl.ANO.OMCLD.GT.O.) DMCLD=O.
IFIl"ClO.LJ.-MCAl.AND.O"ClO.LT.O.1 OHClD=O~

Ifl"SW1.GT.O.~1 DMCLU"-IOO.*"'CLO
DI"ClzKMU*"'CL 0
Ifl~Sw2.GT.O.~1 O,"CLz-100.*MCl

C $PEEI) CO>H~O'-LtR 111MIH-~ OUTPUT TO CURRENT COMMAND;)
U1fT ACti= I KTAC/lO'OME GAM-V TACI1I1UU$ f B
CVTAC~=IVTACH-VrACHP)/TAUlG

VTACHf=VrACHPtTAUlO*UVTACP
VElERR=MCl-VTACHFtMSStR~

D~Vtl=KMVtl~VtLtRR-l00.0·MVEI·~SWj

V~CI=(I.O-~SWjl.IMVEI+KMVt2*VtlERRI

1F I V~CI • LT • VMCILL. A NO • VELE ~ R• LT. 0 • 0 • AN 0 • ~ 5W3 • LT • \0 .511
• DMVEI=(VMCllL-MVtll/.484
If ( VMeI .l T• ( VMe ILL +0.0 II • AND. M5W.]. LT .0 • ~ I VMCil= VMe fl'UL
I F I VMel • GT• V ,., CI Ul • AND • ." El ~ RI{ • Gr. 0 • 0 • AND. MSlIn .l T.'0.'5)

• OMVfl=(VMCIUl-MVlI1/.4tl4
I F I VMCI • Gr. I VMC I Ul -0 .0 II • AIW • M5 \oj 3.l 1 .0.5) VM (I :'VMC:r!JL

( CURKt~T CO~MAND RATE llMIJtR
8 CUI/T I NUt
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o

V~CIE=KMCIE*IV~CI-VMCIP-IO.*MSW4*VMCIPI

lrIAB~IVMC1EI.GT.lO.61 VMCIE=SlGNIIO.b,VMCIEI
DVMCIP=KMCIL*VMClt
IFIVMCIP.GT.IO.O.~NO.VMCIE.GT.O.OI OVMCIP=O.

C CURRENT cnNTROLLER ILIMITED CURRENT eMU TO SCR COMMAND)
VfBl=KI~A*l~A

VMIER~=VMCIP-V~El

DMIEl=KMltl*VMlERR-lOO.O*MlEI*MSW4
VSCR=ll.O-~SW41*IMlEI+KMlE2·VMlERRI

IFIVSCR.LT.-O.6.ANL.VMIER~.LT.O.O.AND.MSW4.LT.O.51

• DMltl=I-O.h-Ml~II/O.Ol

lFIVSCR.LT.-O.59.ANO.MSW4.LT.O.51 V5CR--O.b
C MorOK BAC~ EMF

l(IMA.:U',A
IFIIMA.LT.O.I XIMA=O.
IFCIMA.GT.446.1 XIMA=446.
C~EGMI=TAnUPICVFM2.XIMA.XFM2.NrM2)

U~EGM2=TABUPIIYFMj,XIMA.XFM),NFM3)

U~tG"'P=U~l:GA~

IFIOMtGAM.LT.O.OI uMlGMP=O.
1~IUMtGAM.GT.3jl.OI CMlGMP=]31.
f Sf.: TAHU P 1 1YF M1 ,11M EG'" P, ;( toM 1, Nt' M1 )
a~EG"'j.:O~EGM1.FSF*IOMtGM2-UMEGMll

KEE"'F=9.5S·1420.-0.1~6·1MAI/UMEGMj

VUE~F.:KUEMF*U~tGM~

C Fl~ING ANGLE CONT~OLltR ISCR COMMAND TO FIRING ANGLE COMMAND)
DVMAF=I 1.O/T~UPFA)*CVBEMF.RM~.IMA-VMAF)
V~AFB.:KV"'AP*VMAF

V~C~SJ=KSCRl*13.11·VSC~+KSCq2*VMAFB)

VSCRP=TAAUPIIY~Mh,VSCKSJ.XFMb,NFM6)-O.214

Ifl~S~~.GT.O.~1 VSCRP~U.

IFIAO~lvSCRPI.LT.O.Oll VSCR~.:O.Ol

,..FA=162./VSCqp
IFI~FA.GT.I120•• Mt-"BSII MfA=120.+MFABS
M.f A=~!'A-~FABS

1 CCNTlNUt:
C MOTcr< f. SCR PER!'. ICUIHINUOUS CURRENT CONDUCTION REGION)

V~~=K~~A*CUSIMFA/~7.29i~1

I~Al=IVMA-vB~MFI/RMAT

IFll~AC.LT.O.1 IMACzO.
C MOIOR ~ SCR P~RF. IDISCUNTINUOUS CURRENT CONDUCTION REGION)

"'FATEM=fY'FA
X,..FA.:vCH'F IK.VM~

I f- 11\ 0:' 1 xMf- A I • CT. 1 • I XM A: ~ 1GN I 1., ;( MfA I
~FA=AMAKIIMFA,5'.2~~b·AR(USIXMFAII

I'" AC = TB LP2 1x!U- ~'j , XCH-' ') • YH1), Mf- A, VBEM F. NRFM 5, NCFM 5. NRFM5, NSA II, I ERR)
l .IMAC
~fA~1'I1 ATtM
lHIMA(.L1.0.IIMAC=u.
IFII~AC.GT.4~h.1 IMAC=446.
DIMA=IIMAC-IMAI/TAUI'IA

2 ClNTIIllUE
C TORl,;LE GA1~

TI"G=KMA*IMA
C
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o

C
C•• *BRAKE SYSTEM MOUEl

JFIICCOUE.GT.2.5.AND.JCCODE.lT.4.5) GU TO ~

C BRA~E AMPLIFltRS
ZO BCf=KBCE*IHCI-BClll

I f I Ae~ I BCt l • GT• 10. J BCE=SIGN I 10 •• BCt J
DiJCLl=O.
IFIBCE.CT.O.) DBCll=~BJlPl*BCE

IFIHC~.lT.O.1 DBCll=KDJlNl*5CE
JSVCl=7.0*KBAI*BCll
IFIISVCI.GT.ISVCfl, ISVCI=ISVCT1+KBAl*(BCll-BCLITHJ
15VCl=I~VC1+I~VUl

J~IISVC~.lT.O.J JSVCI=O.
HC~=KBCt*IBC7-BCl2'

IFIA8SI~CE).GT.IO.) BCEzSIGNIIO.,BCE)
oecu=o.
IFIBCE.GT.O.' DBCl2 z K8JLPZ*OCf
1~IBCE.lT.O. I OBCl2=KBJLN1.BCE·
JSVC2=].O*KBAc*HCl£
JFIISVCZ.GT.ISVCTZ) ISVCZ=JSVCT2.KBA2.(BCL2~acL2tH)
ISYC2=ISYC2+ISVUI
IF(ISVC2.lT.O.l 15VC2=0.

C 10/14 SEKVUVAlV~ MODELS
ISVERl=ISVCl-ISVPl
LJISVPl=l).
1FI I S \I ERI • GT• HV $ Ul I l IJl SVPI:: KHY SV. ( I Slit:R1- HYSUL i ).
Jfl 15VERl.Lr.O.1 CI5V~1=KHYSV.ISVERl

SVIER~=ISVPl-l.O/K5VGl*~VI-KSIIOl·KSVI

UXSVI=SVIERR*KSVPI
QVl=KWVI·X~Vl

Iff~VI.GT.QSVl/M.ANO.SVIERK.GT.O.J DXSVl=O.
IfIQV1.lT.-QSVlIM.ANU.SVIE~R.lT.O.J DKSV1=0.
ISV~Rl=ISVC2-ISVP2

U/SVP2=O.
IFIISVE~l.Gr.HYSUL2l DlSVP2=KHVSV*IISV[Rl-HYSUL2J
IFIISYERl.lT.O.l DISVPI=KHYSV.ISVERl
SV2tRK=JSVP2-KSVD1*XSV1-l.O/KSVG2*PVZ
uXSVZ=SV1ERR*KSV~2

CVZ:K!JVl*XSVI
If(UVI.~T.QSVlIM.AND.SV1ERR.GT.0.) DX$V2=O.
Ifl~V2.Lr.-QSVll~.AND.SV2t~H.lT.O.1 DXSV1-O.

C 11/14 FRuNJ B~AKE CAlIPE~S MODEL
E$wr=l).O
IF((PC2-PCII.~T.O.U.ANO.IXClf-XClfl.GT.O.OIBSWF.l.O
OB:~f~=20.0*(USWF-hSWfS)

fBCf£ACIF*rCl*11.O-eSWrSI+AC2~.PC2·BSW~S

FTEf{K::H~CF-FJHF
F8tHH£K~Tf·fTER~-TBCf

DTIJCf:oO.O
n (fBtRR.(~ T. 0.0) DTHCF.zKHVSF 1.F BERH.
IflfBtRR.lT.HVSHCF) DT~CF:oKHYSfl.lfB~RR-HYS~Cf~
I f ( f r EI~ R• l T• 0 • 0) C JC8F =-K H'( Sf 2 • TBCF
XCIFtR=f~Cf-KBfF.~CIF

UXCIDF::IXCIFER-~DC~~XCIDFI/MCP

DXCIF.zXCIOF
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1~IXCIF.Gt.O.O.ANC.XCI~.Lt.O.0151 GO TU 11
IFIXCIF.LT.O.U.A~~.XCIF~R.GT.O.OI GO TU 11
IflxClf.GToO.OI5.A:W.XClfE,{.LT.O.OI GO TO 11
OXCIF;(].
CXC10~;-I~CCP/~CPI*XCICF

11 CCNTII\lUc.
XClllF.; I AU FIt< UC PI 0 I PC ~ -P ell *I 1. -0 SWF S I +X C!OF OB SWF S
O.<C/f=XC70f
IfIXCLF.Gt.-O.12.A~O.XC7F.Lt.O.Olbl GO TU 12
IFIXUf-.LT.-O.L2.AI~D.XC20~.GT.O.OI GO TU 12
IFIXCLF.GT.U.OI6.A~O.XC2Df-.LT.O.OI GO TU 12
XC70f.;O.O
DXC2F;;O.O

12 CCNTII'jUt
c 11/14 R~AR ORAK~ CALIP(~~ MUDEL

OS"R;;O.O
IFIIPC2-PC11.GT.O.O.ANO.IXClR-XCIR1.GT.O.OI BSWR z l.0
DeswRS;;LO.O·losw~-eSWRSI

FBC~;;ACIR.PCl·ll.0-HSWRS1+AC2R.PC2.BSWRS

~TE:~,~;;FBC~-fTH{

RBERR=KBTR·RT~RR-TECR

LlTDCR;;O.O
IFIRBtRR.GT.O.OI OTUC~=KHYSRl.~8ERR

IFCRl3tRR.LT.IlYS13CRI (;TOCR=KIlYSRl.CRBERR-HYSBCRl
IfCRTtRR.LT.O.OI CTOCR;;-KmSR'*TBCR
XCIRtK;;fRCR-KBFR*XCLR
DXCIDK=CXCl~ER-KOCP.XCIDRI/MCP

DXCIR;;XCI0R
JfCXCIR.Gt.O.O.A~C.XCIR.lE.O.0151 GO TO 13
IF(;(Cl~\.LT.O.O.AND.XClREi{.GT.O.OIGO TO lj
IfIXCIR.GT.O.015.AN~.xCIRER.LT.O.OlGO TO 13
DXClR=U.
OXCIOR=-IKDCP/~CPloXCIUR

13 CCNTII~U~

xC2CR.;IAC/R/KOCPI*CPCl-PCll*II.-BSWRSI+XCIUR.USWRS
DXUR=XC2UR
lFIXC~~.Gt.-O.12.ANO.XC2~.Lt.O.OI61 GO TU 14
IF(XCLR.Lr.-O.12.AND.XClDR.GT.O.OI ~U fO \4
JFIXC2R.Gf.O.Olb.AND.XC20R.LT.0.Ol GO TO 14

·xczo,-{;;o.o
UXC2R=O.O

14 ('CNTll~Ut::

C 10/14 URIFIC~ ~nOELS

Pt:RRl=PVI-PCl
1~IPt~RI.CE.O.I QUl=KCVPloPlRRl
IFIPE~~I.LT.U.) QUl~KCVNl.PLR~l

c.; VEIq I ;; QVI - (J 0 1
LPVl;;~fCIA.QVER~1

CLFtRl;;QOl+KQLFloIAC2foXC20F-AClF*XClDF+AC2R*XC2DR-AClR*XC1UR)
OPClz~Lf[Rl·K~CIB

P~RR2=PV2-PC2

I f CP E;{ R2 • (; [ • O. I QU2 '" '" CVP2. P~ RR2
If-CP~RR2.LT.O.1 QU2;;KCVNl.Pt~R2

~vtl,"{R£=c.;n-QU2

DPV2=KfC2AoQVlRR2
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QL~~R2=Q07-KOL~2oIAC2F.XC70F+AC2R*XC2DRI

DPC2=KFC2U*QLfr.Rl
C BRAK~ TUROUE SUMM~TIUN

T8=TOCF+TUCR
IFITO.LT.O.) TO=O.
1~([CCOUE.GT.4.5) GO TU 21

C
C
C.**4-TH QAUER VEHICLE DYNAMICS MUDEL

b CUNTINUt
DU~G~5=INGR*TMG-CDT.IU~EGMS-OMEGAW)-KDT.THMSMWI/IMR

DTH~Sw=O~EGMS-OMEGAw

TOF=TB+TRA+KRR*OMt~AW+KAEROOOMEGAW·.2

IFIABS(O~EGAWI.LT.U.051 TBF=20.*OMEGAW*TBF
IFIOM~GAW.L[.-O.05) T~F=-TBF

fGRAV=TABUPIIYGRADE,OISP.XGRADE,NGRADEI
TGRAV:RftAH*W~IGHT9FGRAV

OO~EG~=I-TBF+TGRAV+CDT'(OMEGMS-OMEGAWI·KOT.THHSMWl/lwAV

DTHETw=O~EGAW

21 RETURN
(NO

II INITIAL CONDITIONS
C
C
C.*.INITI~L CUNDITIUNS

t~TR~ PRUCS2
C SET ICCOUE=O. IF IC'S INPUT DIRECTLY
C SET ICCOUE=I. IF VEHILLt INITIALLY AT CONSTANT SPEED
C SET ICCODE=2. IF VEHICLl INITIALLY AT REST, I.E. STATION START
C SET ICCODE=]. TO RUN MUTOR & VEHICLE OPEN-LOOP
C SET ICCOOE=4. FUR OPtN-LOUP MUTOR TORQUE CUNTROL MOUE
C SET ICCOUE=~. TO RUN eRAKES ALONt
C IC PARA~tTtRS AREO DISPIC, VMIC. XEIC. BCLIC, XMSIIC. XMS21C
C IC LeGIC FUR ICCODE=I. -- GOAL IS ZERO ACCEL. CONDITIUN
C VCS1=VCSL=VCMULT*VCL, VCSX=VCSI. XMSlaXMSIIC. XM5Z-XMS2IC
C THETAW=OISPIC/RWRR, SET THMSMW FOR ZERU ACCEl.
C O~E~MS=O~EGA~=V~IC/NGR/KTACHI

C MCL=VTA(H=VTACHP=KTACH*OMEGAM. MCLD=O.
C XE=XtIC. IF XEIC=O. -- SET XE SUCH fHAT MCl:MC
C BCLl=BCL2=BCLIC. I~ BCLIC=O. -- SET BCLI~BCI. 6CL2=8C2
C XI2/) fHRU XI)9) TO GIVE STEAUY-STlTE RESPONSE TO BeLL' BeL2
C Mvtl. VMCIP, Mltl. VMAf. IMA TU GIVE ltKO ACCEL.

IFlICCOUE.Lf.O.5.UR.ICCOOt.GT.4.51 GO JO 7
IfIICCODE.GT.J.l.ANO.ICCOOE.LT.].31 GO TO 7

C
vCl=TAOUPlfYVCI.OISPIC,XVCI.NVCI)
VCSl=VCl
IfIVCI.GT.4.11 VCS1=VCMULToVCl
IfIICCUDE.GT.I.5) VCS1=O.
VC~2sVCSl
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VCSX=VCSL
X"'SL=XMSIIC
X"~2=XMS2IC

THETAW=DISPIC/RWRR
U/'IEGMS=V"'IC/NGR/KTACHL
O~EGA~=U"'EG"'S

O/'IEGAM=NGR*O",EGMS
C MUTOR J£A LIMITf~ £ SPEED FB.

VTACH=KTACH*OMEGhM
VTACHP=VTACH
MCL=VIACH
IFIICCOCt.GT.L.51 VIACH=O.
IFIICCOOE.GT.I.51 VrACHP=O.
IFIICCODF..GT.l.51 MCL=O.
IFIICCOUE.Gr.2.~.AN~.ICCODE.LT.j.~1 MCL=MCXI
IFIICCOUE.GT.2.5.AND.ICCODE.LT.3.51 ~TACHzMCXl

IFIICCOUE.GT.2.5.AND.ICCODE.LT.3.51 VTACHP=MCXl
IFIICCOUE.GT.2.5.AND.ICCUDE.LT.~.51 GO TO 13

C ~CCS PUSITION tRRUR
X!:=XEIC )
IFIXEIC.~t:.0.O.O~.ICCUCE.GT.I.51 GO TO ij

MC=/'ICL
NlSB=VCSl/0.l5
VC~VL=KUAC*0.2~*NLSB \
NLSB=VMIClO.20d
V"'Vl=KUAC*O.20B*NLSU
XE=IKLS1*VC~Vl-KMSA1.IV"'Vl-VCSV11+MCINO-MCI/IKDAC*KPC.KPA1J

I:i CCNTINU[
C BRAKE SYSTt:M IC'S

BCLl=BCLle
BCU=BCLIC
IfleCLIC.Nt.O.) GO Tu ~

BC1=KMSU1*IV"'Vl-VC~VII+KPBl·KPC·KDAC*XE

IFIHCl.LT.O.1 BCI=O.
BCLl=l:Kl+F1CINU
eu =KMS LJ2 *' VMV L-vesv I I+K PB2*KPC *KDAC*XE
IFIBC2.LT.O.1 MCl-O.
BCll=UU +eC2NU

9 ceN TI NUl.:
ISVCI=7.0*KBAI*BCLl
IFIISVCI.GT.ISVCTll ISVCI=ISVCTl+KBA1.tBCLl~BCLlTHI

ISVC1=ISVCl+ISVHl
IFIIS~CL.LT.OI 15VCI=0.
I$VC2=7.0*KHAZ*UCLl
1~IISVC2.GT.ISV(Tll I~VCl:ISVCT2+KBA2.IBCL2-8CLlTH)

ISVCl=ISVC2tISVP7
IFIISVCl.LT.O.1 ISV(2=0.
ISVPL:15VCl
ISVP2:1~IJCl

PV1=I<.SVG1(ol~VPI

PV2=KSVG2*ISVP2
PCl=PVl
PCI.:PV2
B$WF5=0.
IFIPCl.GT.PCII HShfS=l.
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tlSWR$=O.
IfIPC2.GT.PC11 B$~KS:1.

FeCf;ACIF*PC1*ll.O-~SWfSI+AC2f*PC2*BSWFS

~fCR;ACIR*PCl*1l.O-D$~~SI+AC2R*PCl*BSW~S

XC1F",FCCF/KIH·f
IfIXCIF.GT.O.0151 XClf~.0151

XCll1."'FBCR/KeFR
IFIXC1R.GT.O.0151 XCIK=.Ol'1
XC 21' '" XC 1HO. 00 I
IFIPCI.GT.PC21 XC2f=-.12
XC/R:XCIR+O.OOI
IFIPCl.GT.PC21 XClR:-.1l
TE! CF~ K tI r F* I F BCF- F HI F I
IfITBCF.LT.O.OI T~CF~O.

TBCR:KOTR*IFOCR-FTHRI
IFITGCR.LT.O.OI TeCK=O.
TB:TOCHT~CR

C MOTGR TCRQUE fUR ZERO ACC~L.

13 IFIICCOUE.GT.2.S.4NO.ICCODE.Ll.4.51 TB:O.
THF: TH+ Tq ~ to/\ ~,HUMt GAr. +K AERO*OMEGAI-/ .*2
IFIAESIL~LGA~I.LT.O.O~I TBF=ZO.*uMEGAW*TBF
fG~AV"'TAAUPIIY(j,,{AO[,UISPIC,XGRADbNGRADE)

TG :{A V=iHiAH *w t: I GliT *r GRA II
ThM$M~:ITeF-T(jRAVI/KDT

I IfIICCUUE.GT.l.).AND.ICCODE.lT.2.5' THMSMW~O.

HiG: I KO rING~ 1* Hlt-ISMW
C MUTeR vALUES FUR STEADY STATE

It-'A=TMG/KMA
IfIICCOUE.GT.l.5.ANO.lCCOOE.lT.2.5) GO TO 1
()I'IEG"'1=TAHUP1IYFMl,t~A,)(r-M2,NFM21

(; ~ l Gf" t = TAr', UP 1I YFM3, IMA,)( FM 3, NFM3 I
fSF=TAAUI>1IYFM1,IJl'lcGAM,XfM1.NF-Ml)
V8E~F:9.5'*14Z0.-0.15ti.I/'lAI.OMEGAM/IOMEGM1+FSF.(OMEGM2-OMEGHlll

V~AF~I~A*RMAtoVQE/'IF .
lCR=TAeUPl(YF~~,VOE~f,XFM4,NfM41

J F I I II A. LT. I C,~I G0 r U I 0
II~A=IMA*RMAT.VOEMf

/'IfA=57.21~8*ARCO$IV~A/KVMAI

GC Te I 1
10 CCi\iTII~UE

/'IfA=llQ.
12 XI/'lA",rBLP2IX~F~~,XCFMS,YFM5.MFA,V6EMF,NRFM5,NCF"~,NRFM~~NSAV,IER~)

OElll'A:{r-'A-XrrtA
IFIDELI/'IA.LT.U. I (jU TU 11
"'FA=/'IFII-Q.)
IH"'FA.GT.IOC.I/'IFA=MI"A-O.9
GC TU 12

II (LNT I iWt:
II~CK~;1&2./IMFA+"'FAO~I+U.274

IISC;~SJ"'O.';

19 XIISCRP:TlleU~1IYfM6,VSCRSJ,XFM6,NfM61

IFIXV~CHP.GT.VSCRPI GO TO Ib
VSC~SJ:VSC~SJ.O.Q2

IfIVSCR~J.GT.1.41 GU TL Ib
tiC ru l~
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18 V~ArB=KV~AP~V~AF

MIEI=VSC~SJ/K~CRI-3.31-KSCR2*VMhFB

Irl~ltl.LT.-O.bl ~Itl=-O.b

V"'CIP=KI~A*I~A

~VEI=VMCIP

V~CIXl=V~cip
1 CCNTINUE

III INPUT DATA

STATION START T~ST CASE OASELINt PHAS~ 10 M-PRT LCS
t.NlPA~'"

ICCOD~=1.,CISPIC=u.,VM1C=b.,X~IC:O.,AClIC=O.,

"'CXl=.lbq,~CX2=1.57H,~C~L=.394",TGO:."

V~CIXl=O.,VMCIX2=O.,VMCISl:O., .
VC~LLT=1.,KTACltl=.1614,KTACH2=.16(4,KVCS=lO.,KOAC".156.

KCSl=1.Oq~,KCS2=I.U~5,KMSAI:.115,KMSA2=.11r"KMSOl=2~.,KMSB2 a 25.,

KPAl=.23~KPA2=.ll,~PBl=1.~I,~PB2=1.SI,t<PC=.q7,XEVLIM=-3.78,

~CILl=-.~,~C2Ll=-.d,HlUL=lO.,

~CINU=O.,MC2NU=O.,ECl~O=O.,BClNO=O.,X~SlIC%.9~B,XMS/IC:.9~8,

K~CIE=30.0.KMCll=J.31,KIMA=.025.KMlcl=2.5,KMIE2=.l,R77 =B2.E3,

KVMAP=O.,TAUPfB=I.OO,R2dP=22.6E3.MFADS=1.b4,KVMh=472.6,
RMAT=.lSd,TAU~A=.OlO,KMA~.qI7,RMA=.Olq,TSTART=.4.
KMCO=I •• KMCE=165~.,MCJL=lO.],KMCI=0.B,MCAL:IO.],KMC2=.01038,
KMC 3=• 030 3 • M'S S t R~=O•• KTAC11= • 03. TAU SF [j = .0 II , TAUl G=• 008, TAUl 0".024,
~~VEI=I~.1;KMV(/=t,;,~MCILL=.2455.VMCIUL=9.25,
KeCt=15.,KPJlPl=.376.KEJlP2=.39,KBJlNl=I.43,t<BJlN2=1.43,
KBA1=2.34,KHA/=2.Q, ISVCTI=2.6,ISVCT2=2.6.PSVBI=20.,PS~B2=35.,
HYSULl=O.6,HYSULl=O.b.KHYSV=lOO.,KSVG1=I2.36,KSVG2=l2.36,
KSV01=.214,K~VDI=.214.K~VPl=294.,KSVP}=194.,KQVlcl.5,~UV2.1.~,

QSVL1M=b.OOO,KFCIA~400•• KFC7A=400.,KFCIB=40U.,KFC2B=400.,
KCVPl=1.O,KCVP?=1.O.KCVNI=.04,KCVN2=.04,
AlIF=6.S,ACI~=5.7,~Cl~=6.5,ACIR=4.0ti,fTH~=423.,fTHR=4l3.,

t< IH F" • ') 1 3 , KlH R=.42 j, HY S BCf =- I 1 j •• HY S OC R.. - 66. 7, ~ HYSF 1:; 100. ,
KHVSF2=lO. ,KHYS~1=10U•• KHYS~2=10•• MCP=ll.28,KDCP=~64.,
K~Ff=l8200.,KGFR=2d200•• KQlrl=15.,KOlf2=15.,
R" RR =L• I , I. t:: I GIIT =10) 25 • , NGR =7 • 11, 1M =• 248, I P=• a 3 1 l , I Gz .0q 32, I ~P" • 9 J Z ,
CDT=ll.2,KDT=71600 •• R\OAH=1.IB,CAERlJ=.0495.CTRR=.OI5,Ct<RR=3.41E-'),
DT~iN=I.E-I,REl=3~•• OOl,
AIJ SU=2*•0 1 t2 '" • () U2 , .005, .0 1 , , •• 002. 2* .0 B, 2•• 00 B, 2* ". CO a 2 ,2 •• 002 •

2*.006,1*1 •• 7*.OOUOb,Z*I.,4*.OOUOI,2*.0001,2*.0002,Z*.0,
NVC.SS=64,
X~lSS=O •• '3. ,23.5,30.,30.5.36.5.31.,42.5,43.,4d.5,49.,54.5,

~ ~ • ,60 • ., ,61 • , 6b. , b 6 • ~ , 71 • , 7 1• ~, 16. , 16.5,80.5, BI • , H4.5,
d5.,Hq.,H9.,).~3.,93.,"q6.~.97.,100.,100.5,103.5,104.,101.,
lOI.~.109.5.LIO.,lll.5.IL3.,115.,IL5.5,111.,111.5,119.,

11~.,).I?O.'),121.,lll.'),123.,IZ3.5,ll4.,114.5,125.,125.5,

lib., 12h.4'l.11b.:JoI2b.'}q, 12/ •• 127.49, 127.~, lcao.,
YVCSS=2*3.ti(5,2*j.15,2*].62~,2*3.5,2*3.315,Z.3.25,2.3.125,

2*3.0,2*l.bl~,2*1.(5,2*2.625,2*2.5,2.2.i75,2*2.25,
7*Z.175,7*7.0,2*1.ti15,2*1.15,Z*1.615,2*1.5,Z*I.375,
2*1.2",1.1.125,2*1.O,2*0.81~,2*0.75,2*~.625,2*O.5,2.0.315,
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l:f:NO

2~.25,2~.125,~*U.O,

NFM1=4,XFM1=O.,250.,3UO.,bOO.,YFM1=2*O.,2*1.,
Nr~2=10,Xf~7.=0.,40.,80.,120.,200.,250.,300.,340.,420.,500••
YF~2-::]120.,/~hO.,l860.,21bO.,2690•• 2blO •• 2530.,2440 •• 2*2100 ••

NfMJ-::IO,xfM3=O •• 40 •• 80.,120.,20D.,2~O.,300.,340•• 410 •• 500.,
YF~3=3600.,3600•• 3360 •• 3230 •• 30~0 •• 29~0 •• 2840 •• 2720 •• 2*2300 ••

NF~4=I,XrM4~O.,lUO.,IOO.,300.,400•• 450 •• 1000.,
YrM4=41.8,3q.~.40.I,39.q,3l.26,27.2,O.,

NRF~5:2?,XRf~~:O.,l&.,20.,31.,33•• 40~.4,.,49.6,'O.5,57.5,61•• 64.1.
6 ~ •• 7 1 • , 1'). , 71 • , 19. , HI • , /j j • , a 9. 2 , 90. , 97. , I CO. , 10.,. , 120. ,

NCF~5:1,xCrM~=O •• lOO.,200.,300.,400.,450.,lCOO.,
YfM5=O.,18*~O.,41.8,31.5,1~.,11.,5.,O.,

O.,14*~O.,39.9,30.,21.').20.,10.,a.",2.'),l.,2*O.,

0.,lO*~O•• 40.1,3,.,lO.,12.5, 10 •• 1.5.5.,4•• 0.5.5*0 ••
O.,b*,O.,39.9,32.'),1'l.,10 •• 6.'),5.5,1.5,O.5,10*0.,
O. ,2*')0., t2.Z6,Zl.S.lZ •• 7.,4., 3.5.16*0.,
0.,27.2,13.5.5.5.4.').Z •• 0.5.18.0.,25*0 ••

r.. f 10"6 -= 2 1 • XF Mh =- 10 • , O. , .05 •• 1 , • 1 'j •• 2 •• 25, • 3, • 3 ~ •• 4 •• 4'), • '.), • ':> 5, • b •
•65,.I,.15,.tl •• 8~,.9,.~5,1.0,I.D5,1.1,1.15.1.23.1D.

YFpoI6=-O.6,-O.6,. 7,.8S, .9'>.1.07, 1.17,1.27.1. 35.1.4',1.51.1.b2,l.1.
1.d,1.~,2.,2.14,l.21,2.43,~.b,1.~2,3.1,3.4~,3.9,4.45,5.b,5.b,

N VC I =4. X VC L= O. , L •• 1.0001. 100. , Y VC 1=2 *8. , 2 ~4. ,
NVC2=4,XVC2=O.,I.,1.0001,IOC •• YVC2-=2*S.,Z*4.,
NSSll=4,XSSll=O •• l4.91,?5.,IOO.,YSSll=2*O.,2*1.,
j\j SS 12 =4 , XSS (I -:: 0 • , l ~. 1'> 1, l'i • 167. lao •• Y SS 12=2* o. ,2fr l • ,
NGRADc=4,XG~ADE=O.,IOO.,500.,lCOO.,YGRAUE=4frO.,

ICCODE=2.,VMIC=O •• bClIC=lO.,
NVC126,XVCl=-5.,0.,2.~3,2.55.LOO.,lOOO.,YVC1=3*4.,3*~.,

NVC2=b,XVC?=-5 •• 0.,2.53.2.55,lOO •• 1000.,YVC1:j fr 4.,3fra.,
NSS[I=4,XS~ll=-I.,O.,10.,loaa.,YSSll=4.0••
~~~12=4,XS~17=-L.,O.,lo.,laoo.,YS512=4.0.,

NGRAO[=4,XGRAOE=-1 •• O•• IO.,looa •• YGRADt=4*O.,
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APPENDIX C
REPORT OF INVENTIONS

A diligent review of the work performed under this contract has revealed no
innovation, discovery, improvement, or invention.
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