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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 éystem performance than
do external disturbances such as winds and grades if such nonlinearities
and paramétric 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 far the U.S. Department of Transportation. The design
of the Morgantown longitudinal control system includes contributions from
a targe 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 1B 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 Tongitudinal 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 Morgantawn
Personal Rapid Transit (M-PRT) system has shown that use of simplified
analytical models can lead to erronecus 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.

Tinis report provides a design summary for the longitudinal control system
(LCS) used an each vehicle in the M-PRT system; where the LCS is defined as
the vehicle system which converts speed commands from the quideway 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 vehicie 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 propased system designs and in conduct-
ing medningfu] 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
cansists of a fleet of relatively small, automatically controlled vehicles
which operate on a dedicated gquideway, on a predetermined schedule basis or
on a passenger demand self-service basis. The overall prcject is being
built in phases with the first phase consisting of a Phase IA and a Phase IB,
Phase IA, 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. rigure ! shows the
present guideway configuration and delineates the 3 basic system elements:
the Control and Communicaticns System; the Vehicle System; and the Structures
and Power Distribution System. The LCS includes hﬁrdware elements of both
the Control and Communications System and the Vehicle System.
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2. GENERAL SYSTEM DESCRIPTICN

2.1 Synchronous Point Follower System

The Control and Communications System (C4CS) 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 multipies of 15 seconds. The minimum
nominal headway between vehicles s 15 seconds. Vehicle headway or position
cantrol is accomplished by assigning a vehicle to one of the imaginary

peints 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
Tocation of. the speed loops in the guideway and the corresponding time at
which the venhicle 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 comouters, following dispatch, is to monitor
vehicle performance by means of presence detectors (PD) Tocated 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. VYiolation 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.



Analytically, the theoretical point follower position reference is defined as
the integral of the acceleration Timited 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. Tne 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 fpsz.
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 new 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 systemn; 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 VYehicle Control and Communicaticns System

The YCCS is that portion of the C&CS carried on-board the vehicle. 1t
responds to gquideway and vehicle inputs and controls vehicle doors and
switching 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 YCCS, 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 S5/GCCS guideway loops and the VCCS. Communications
transmitted from the guideway to the VCCS consists of tones, to command
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specific functions £o all VCCS units an a non-selective basis, a frequency
Shift Keying (FSK) digital message to interrogate or command a VCCS function
on a vehicle selective basis, and magnets which provide switch enable
commands via vehicle mounted reed switches. Communications from the VCCS ta
the guideway consists of an FSK message, reporting vehicle status and switch-
ing tones verifying the respbonse of the vehicle to a switching command.
Transmission of'sneed commands, the major LCS interface betweeh the 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 produce the specified speed - position - time
vchicle trajectory. This is accomplished by first computing an acceleration-
limited speed command and by measuring speed and hosition error siagnals using
digital circuitry to achieve the required accuracy. Ana]og,circuitry is then
used to generate the required differential 0 tc 10 vdc analog brake and motor
commands according to the contral law shown in Figure 2. Two separate
channels, driven by redundant antennas and tachometers are used to maximize
safetv. The redundant motor commands are compared and the lowest (safest) is
sent to the propulsion system. The redundant brake commands are both sent

to the brake system where the brake ca]fpérs 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 complexitvy of the circuit and the fact that a full scale

position error failurs does not constitute a safety hazard.

Measurad speed and position error computations are based on inputs from two
redundant tachometers which are located on the motor shaft and are part of
the nronulsion svstem. The tachometers, which can alse be considered as
odometers, are photoelectric digital devices which generate 76 pulses per
motor revolution or, nominaliy, one pulse per 0.166 inches of vehicle
travel. The incomina bulse train is convertea, within the VCCS, to a
calibrated pulse train with a scaling of 0.25 inches/pulse to compensate
for variations in tire rollirg radius. Reguired corrections in tachometer
scale factor are calculated by the VCCS
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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
mu1t1p1es of 100 feet, is used to compute automatic periodic updates in

the on-board measure of position error.

Vehicle speed., which is proportional 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
tachgmeter pulse train and a reference pulsé train {having a pulse rate
proportional to the acceleration limited spead command) to an up/down
counter. The output or net difference in pulses from the two sources is
proportional to position errer 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 Tater approach.

A spectal 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 its normal acceleration limited civi)
speed command reference to the speed command from the station stop profiler.
The‘prof?ler reduces 1ts output speed Command from 4 to O fps solely on the
basis of distance traveled. Because-of the loop closure on position, the
speed command and the actual speed reach zero at a precise point on the
quideway, rather than at a specified point in time, which minimizes errors

in final vehicle position.

Emergency stops are performed open-100p. The ¥CCS, in response to loss of a
safe tone or in response to specified on-board anomalies, disables the
propulsion system and issues a fail 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 1bf at
a rate of 3291 1bf/sec. Thé result is a deceleration rate of 0.3 g for a

11
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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 aiso has the capability, in response to anomalies not requiring an
emergency rate stop, to stop the vehic]g at the normal rate of 2 fpsz. 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 1imiter responds by profiling the speed command reference to zero at the
normal rate of 2 fp52 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 1imit
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 Tengitudinal control functions of the motor controller are illustrated in
both Figures 2 and 5. The propulsion system receives a differential 0 to 10
vdc speed command from the VCCS having a scaling of 316.8 rpm/velt. The
incoming command is first passed through a jerk and acceleration limiter with
a jerk limit ef 3.09 rev/secd (0.1 g/sec) and an acceleration limit of

3.97 rev/sec2 (0.125 g). The main function of the limiter is to guard
against subjecting passengers to excessive jerks. The acceleration limit of
$.125 g is not reached during normal operation since changes in speed command
occur at a nominal rate of 0.0625 g (2 fpszj. The output of the limiter
becomes the command for an analog speed control lcop. Speed feedback is
obtained by passing one of the two redundant digital tachometer 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 loap provides the commands to the SCR's and
regulates motor current (torgue) 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 adjustabie upper current command limit

of approximately 400 amps is used to prevent excessive motor currents and
potential motor damage. An adjustable lower 1imit 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 driveline. The nominal gain from current to torque is

0.617 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 1s applied to the vephicle. The propulsion system, in addition to the
speed command, receives an on/off command from the VCCS. An “off" command
is issued whenever the vehicle is stopped or is in an emergency stop

13



sequence. The prapulsion system responds to an "off" ‘command by removing
AC power from the vehicle (which maximizes passenger safety) and cages or
initializes its control circuits. Motor control circuits remain on during

these periods.
2.4 Brake Systam

The vehicle brake system, which generates the braking torque required to
decelerate or stop the vehicle, is a duzl system, either one of which zan
5top tne vehicle safely. As shown in Figqure 2, the major components
consist of two brake amplifiers, two servo valves and four brake calipers
(one per wheel). The system is redundant and indépendent up to the brake
pads. The brakes are discs on ail four wheels, with a single caliper and
rotor at each wheel. A detailed schematic of the complete brake system is

given in Figure 6.

Redundant' braking signals come from the VCCS to the brake amplifiers. The
brake amplifiers command the serva valves (hydraulic pressure regulators) to
respond, and the servo valves apply the proper pressure (20 to 900 psig) to
the calipers.' There are two braking modes: normal and emergency. In the
normal mode, the YCCS provides a differential 0 to 10 vdc analoc signal to
the brake amplifier and the servo valve responds with 20 to 700 psig. The
nominal rormal mode deceleration is 2 fp32 (0.0625 g) with the brake system
providing & brake force capability in excess of 0.2 g to compensate for
grades and controller lags. The emergency mode is created by an absence 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 £.3 g.
The brake amplifiers perform a number of control functiens in addition to

their prime functicn 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. :

C 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
cetween brake drag and brake time delays.

0 Limiting of the maximum output to specified normal and emevgency

values to prevent excessive deceleration levels.

The calipers contain tandem piston actuators with independent hudraulic
actuation. Either piston in the caliper assembly is able to actuate the
brakes at full capacity: but, when both pistons are actuated, whick 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 toc prevent brake drag below a specified pressure
threshold. The brake‘pad§, 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 orifices
Timit flow and allow the servo valves to maintain the desired pressure
during periods of fioating (voting) caliper piston motion caused by a change
in the dominant pressure.

16



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—
jes 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 Tevel. 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
tolerance. -

Independent parking brake calipers are mounted on the front wheels and afe
spring loaded assemblies which are held off by hydraulic pressure. In the
event hydraulic pressure decays to an unsafe level, the park1ng brakes
automatically come on and provide a fail safe backup’ to the pr1mary system
The parking brakes also serve to hold the vehicle in place during storage
in a power-off condition. !

2.5 Vehicle

The controlled vehicle is the final element of the longitudinal contral
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:

17






Length o 15 ft. € in.

Height g ft. 9 in.

"lidth & ft. 8 in.

leight 3750 Tbm emnty to 11,800 1Tbm madiiaum
‘lheel Base 127 1in.

Tread Yidth 62 in.

Conventional hias-ply rubber tires and an air sorina sussension are used to
provide a cguiet and comfortable ride. Four-wheel stearing is used, with the
direction of the wheels controlled by a hydraulizallv-boosted mechanicat
linkage using guide wheels at either end of a steering arm. Steerinag quide
wheels follow raiis mounted on the side of the guidewav. The system is
biased to use either the left or right stecring rail, denending on the
desired route. The steering system provides the capability of down to a 30
foot turning radius. The propulsion system provides the capability for

speeds up to 30 rph.

Figure 7 aiso snows a cross section of a typical section of quideway. Ap-
sroximately 65% of the quideway is elevated, the remainder being at ground
level. Both single and double lane quideway is used. The running surfaco

is coacrete containing distribution nining for auideway heatino to allow all-
weather aueration. Irductive communication Inops are also installed in the
running surface. Steering and electrical power rails are mounted veriically
along the side of the guideway. Ffrom a lonagitudinal control standpoint, the
key parameter is a maximum arade value of + 10%.

2.6 Overall VYehicle Control Task

This section illustrates operation of the longitudinal control system in the
context of the overall vehicle control task. A general description is given
of the sequence of events which are required for automatic vehicle control
from dispatch to the vehicle's arrival at its destination. The control
functions are performed by a combination of the Central Control and
Cormunication System (CCCS) which is resnonsible for overall system

|
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scheduling, monitoring and fault reacticon, four Station Control and
Communication Systems (SCCS) which handle all venicle operations within

a localized area, and four SGuideway Control and Communication Systems (GCCS).
The latter act only to relay passively commands and signals between the VCCS
and SCCS and will not be discussed further.

After the passengers have boarded and the allotted vehicle door open time
has expired, the door is\automatica]]y closed and the vehicle is ready for
dispatch. The SCCS requests a dispatch time from CCCS in the demand mode, or
determines if the scheduled dispatch time can be met in the scheduled mode.
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 SCCS clocks are
synchronized with the CCCS 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 allocaticn is requested from CCCS.

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 fp52

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 quideway and then is commanded to steer Jeft.

The SCCS monitors tihe dispatched vehicle's mavement via presence detector
(PD) data to assure that guideway speed is reached and that the vehicle has
followed the point follower control law. If the PD 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 SCCS via PD hit times.
The SCCS 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 ancnaly. Status data are
periodically transmitted to CCCS for overall system monitoring and for

control of handover from station to station.

Civil 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 VCCS which commands a speed transition at the point follower control

law rate of 2 fpsz.

Responsibility for detailed vehicle management is transferred from ane SCCS
to the next at a designated guideway PD. CCCS informs the receiving SCCS of
the enroute vehicle identification, destination, status. and assigned point
follower slot. VUhen the vehicle arrives at the PD, the receiving SCCS 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 unlcading berth 1s checked. [f no space is
available at a berth the vehicle is stopped on the ramp until a space opens.
If no space 15 available at a ramp the station 1s 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 SCCS

from the vehicle. Failure to receive switching verification results in a
ston command from the SCCS.
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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
15 cleared, the vehicle is decelerated to 4 fps from which a vehicle will
initiate a station stop sequence. The SCCS coemmands a station stop by
energizing the stopping loop at the channel location at which thg vehicle 1s

scheduled to unload.

In unloading positions the door is commanded open for a preselected time to
allow 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 statjon to meet demands if not required at the
current station. During the scheduled mode, vehicles are rommanded to have
station dwell times sufficient to unload, move up, and Toad to meet their

scheduled departure.
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3. PHASE IB 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 reqqiremen;s are as follows:

o Station stop accuracy; * 6 inches.

0 Reguiatﬁon (position control}; + 1.1 seconds.

o Speed control; + 3, -4 fps.

+2.4
-0.5

2

.

o Acceleration control during speed transitions; 2.0 fps
¢ Jerk control

For time intervals equal to or greater than 0.2 seconds; + 4.025 fp53
{+ 0.125 g/sec)

Over any 0.1 second time interval; + 8.05 fps3
(+ 0.25 g/sec).

0 Maximum brake drag; 36 ft. 1b. 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 overspeed 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. Al1l acceleration and deceleration ramps are designed
on the basis of nominal acceleration/deceleration and jerk levels of 2.0 fp52
and 3.22 fps3, 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.

A1l of the above requirements (except for nominal values) are interpreted as
30 1imits on system performance capability.

3.2 Phase IB 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 orototype Phase IA design
used as an fnitial baseline. A preliminary design simulation deve1dped early
in tha Phase IA nrogram served as the starting point. Performance deficiencies
not nredicted by Phase 1A analyses led to the initial requirvement for a more
detailed modetl.

A nerijod of extensive testing of Phase IA vehicles followed, with tests
conducted both at Morgantown and in Seattle at the Surface Transportation
Test Facility (STTF). Time history data for all key LCS variables were
recorded with the specific objective of determining the cause or cause§ of
axcessive station stop final position errors. A secondary objective was to
verify the accuracy of the analytical model via comparison of simulation
results against actual test data.

Test data results led to 2 station stop analysis and trade studyv effort
ending in a basic change in the station stop control law. The test results
also initiated a brake svstem 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 IB and the analysis tool needed for
sensitivity studies. The next step was to conduct a detajled analysis of the
desian. Position, speed, acceleration and jerk control sensitivity studies
were nerformed to determine the subsystem and ccomponent requirements needed
to insure compliance with LCS requirements. The results of these studies led
to several minor changes in the initial basaline desian and the formal
reguirements on the FPhase IB hardware.

The sensitivity studies were followed by a second simuiation 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 accompiished by closed-1oop testing of all
non-moving portions of the first Phase IB hardware units. Loop closure was
achieved via an analog computer simulation of the vehicle and motor dynamics.
Test results were in good égreément with analysis predictions.

Preliminary testing of the first complete Phase IB 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 problem was a combination of brake caliper
performance deficiencies and a servo valve flow capability problem.

The propulsion instability proved to be a classical linear flexible-body
stability problem involving the driveline dynamics. The broblem had not
been predicted by simulation studies becausé 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 scme transient conditions due to a

Timited hydraulic fluid flow capability of the servo valve. An analysis and
design trade study effort was conducted Teading to installation of two orifices
and bypass check valves which externally limit fluid 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 1imits
in all areas, except for excessive shaort 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 reguirement.

£ 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 1B 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
problems encountered along with their solutions; and the estimated performance
capability of the final design. The material is organized under the following
headinas:

0 Reaulation (Position Control)

c Station Stop

n  Station Start

0 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 during the design cycie

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 Requlation {(Pesition Control)

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

of the moving point defined by the speed-position-time trajectory for a nominal
vehicle. Use of a nominal trajectory as a reference for computing requlation

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 hase (which corresponds to a nominal vehicle trajectory) for monitoring

vehicle performance in the operational system. The results of the Phase IB

analvses are summarized in Table 1 which shows the error sources involved and

the allocation of the 1.1 seconds between error sources.

TABLE 1. REGULATTION ERROR BUDGET
© ERROR ERROR
i SOURCE ERROR SOURCE ALLOCATION
L CATEGORY (SEC)
ELCS Servo Loop ! Steady-state position error + 0.43
% : Vehicle dynamic response | + 0.6N
f Stopping position + 0,125 |
| ; )
; VCCs E Odometer calibration + 071
i é Duration of illegal speed command + 0.25 ;
| | VCCS clock accuracy £0.08
| | ;
: | |
| Hayside controller i Software dispatch tolerance + 0.20 %
} % Central clock accuracy + 0.28 5
j ?
1

RSS Total =%1.1 seconds
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The error source category termed LCS servo loopn 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/gquideway errors are those in the caiculation 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 purpose 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
variations in the intentional pcsition 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

Vo o = Vos = (Rypp/Nepd () (KyeVeg = KypXe) s (1)
where

VA = actual vehicle spheed

VCS = VYCCS speed command reference (acceleration limited civil speed

command )}

RWRR = Tire rolling radius

NGR = Differentijal gear ratio

KM = Motor scale factor

KVC = fGain from VCS to VCCS motor speed command

KXE = Position error gain

Xe = 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:

e T XelVes T ﬂchKMRWRR/NGR)‘4/«KXEKMRNRR/NGR)’ (2)

0.24 second .

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

The tolerance 1imits on K Ky, ardR are + 3%, + 0.42% and + 1.6%,

V€' M WRR
respectively. Random variations in TRE due to KVC’ KM and RNRR variations

are computed as follows:

ey T
“KVCKMRNRR! lAch] ) [ﬁfm | 2Rypr
ey X 1R TR T
e T ] Ky WRR
v SR R ] (3)
Mo = :
“xe*nRurr/ Mar
= J0.91 x (0.03)% + 0.0042% + 0.016%/0.194 = 0.170 second -

Calculation of the Timits on variations in tire rolling radius is given in
Table 2. The estimated variaticns are for the conventional bias ply type of
tire design used on the M-PRT vehicles,

TABLE 2. VARIATIONS IN TIRE ROLLING RADIUS
! VARIATION IN
PARAMETER i PARAMETER LIMITS ‘ ROLLING RADIUS
i Tire pressure | 67.3 to 90 psig ' i + 0.42%
1 Tire wear ' 0.0 to 0.4 inch |+ 1.39%
Loading | 2188 to 2975 1bm/wheel i + 0.59%

)
i

RSS Total = + 1.6% = ARyo0
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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 errcr, 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 paoint. 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 transition 0.25 sec/sec
Total 1.51 sec/sec.

Total error = 0.17 (1 + 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 IB 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 Figufe 1, a trip from Engineering to Walnut covers the entire Phase IB
guideway. A1l 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 requlation error computed by the simulation for a nominal
vehicle. Also shown are the corresponding grade profile and location of speed
transitions, both as a function of distance from Engineering. The data shows

an initial negative regquiation 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 meoving vehicles directly behind
a vehicle which has Jjust been dispatched.

Figure 8 shows two areas wﬁere significant dynamic requlation 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 Tower

performance control lcop used during braking.

The errors of concern are the variations from the nominal trajectory shown in
Fiqure 3, as the nominal errors relative to the theoretical trajectory are
accounted for in the software data base. The 10% downgrade area was chosen for
further study fo obtain a 3c 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.6 second allocated in Table 1.

Stopping Position

Errors in stopping a vehicle at the prescribed ltocation 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, qives the maximum allowable initial regulation error of

0.125 second.
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TABLE 3.  DYNAMIC REGULATION SENSITIVITY ANALYSIS

35

VARIATION INCREASE IN
ERROR SOURCE PARAMETER FROM REGULATION ERROR
NOMINAL (SEC)
' Jerk limit on increasing brake command -5% 0.009
; Jerk Timit on decreasing brake command -10% 0.008
! Magnitude of brake amplifier static +3% 0.007
. compensation
t Brake amplifier static compensation -20% ‘ 0.010
' break point g
Servo valve hysteresis -0.6 ma i 0.013
' Servo valve gain -10% é 0.056
. Servo valve null pressure -25 psi % 0.062
| Brake caliper pressure threshold +10% } 0.0iY
z Brake caliper gain -10% % 0.047
i Propulsion speed scale factor +0.042% | 0.012
; Motor torque command bias +45% 0.020
? Aerodynamic drag coefficient -25% 0.013
é Rolling resistance -40% 0.034
éVehicle weight +13.2% 0.045
RSS Total = + 0.12 second



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,which generate 76 pulses per motor shaft revolution, are also used as
odometers-to determine measured positign by counting the number of scaled pulses
rather than the pulse rate. The method of caltibration 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
The VCCS requirement is to calibrate to within + 0.5% of the

true scale factor.

accordingly.

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 éalibration locop 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 Toop. 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

TIME BEFORE |

é DISPATCH STATION DIRECTION CALIBRATION
E | (SEC)
(hEngineering E Southbound 21 |
i Maintenance % Southbound 30

i Maintenance i Northbound 29

i Beechurst ' Southbound 28

i Beechurst : Northhound 55 ?
' Walnut Nor thbound 32 i
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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 due to odometer calibration is based on a northbound
dispatch from Beechurst which gives the longest time (55 seconds) to the start

of the first calibration lToop. A + 0.5% calibration error for the 55 seconds
gives a regulation error of + N.27 second. The maximum change in tire rolling
radius with loading (Tahle 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 117egal Speed Command

In ¢crossing from one FSK guideway loop to the next it is possibie 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 1imited speed command down at a rate of 2 fpsz. Since the 1imited
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 1imit 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 iilegal speed commands, for a worst case trip, is

computed'as follows:

0

Error at 8-33 transition = N.76 sec/sec

1

Error at 33-44 transition = (.25 sec/sec
Total 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 Engineering to Walnut., The regultation error allo-
cation of 0.08 second is computed by‘mUTtiplying 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. The requirement is to issue the.djspatch command
within + 0.2 second which covers software cycle time, quantization and communi-

cation delay errors,

Central Clock Accuracy

i

A11 of the wayside computing equipment, including central, uses the incoming
power Tline 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 Tater merge on the main gquideway. 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 freguency 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 Movember 1973.

The Targest deviations observed in the analysis, considering both magnitude and
duration, are aiven in Table 5. The maximum variation of 0.067% is well within
the 0.1% assumed 1imit, leading to the conclusion that use of power Tine freguency
as a time base will, in fact, give acceptable performance.

TABLE 5. POWER LINE FREQUENCY VARIATIONS
MAY TMUM DURATION PERCENT
DEVIATION (SEC) ERROR
(Hz) e
+0.037 600 +0.062
+0.025 3600 +0.042
-0.025 1800 -0.042
+0.035 600 +0,058
+0.04 600 +). 067
L l

Estimated Performance Capability

Each error allocation in the regulation error budget of Table 1, with the
exception of vehicle dynamic response, represents the estimated capability
relative to the applicable error source. Using 0.12 second as the 3o limit
for vehicle dynamic response gives a total RSS estimated system performance
capability of 0.95 second, just under the requirement of 1.1 second;.
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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 vas found not to be a strong function of trip length, but, rather of the
humber and type of speed transitions encountered.

An example of the test results obtained is given in Figures 9 and 10. Figure 9
shows the 3¢ variations for 12 minimum weight and 12 maximum weight trips at
STTF. These varijations from average, which have a maximum value of 0.55 second,
illustrate the good trip te trip repeatébiTity observed in all of the data. A
comparison of the average vehicle trajectory, for the STTF data of Figure 9,

to the thecretical 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

requlation error.

In Phase IA, 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 statjon stop cpncept. The vehicle is com-
manded to a speed of 4 fps prior to reaching the stop tone loop. Upon detection
of the Teading edge of the stop tone signal, the speed command is profiled

down to 2 fps at the normal rate of 2 fpsz. 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. 1In this final
portion of the sequence, open-loop braking is used to bring the vehicle to a
stop, i.e., the brake amplifier 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
hiétogram 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 signifiéant impact on
stopping accuracy. Table & 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 seguence.

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 1imits 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 + & 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-Tloop braking led to a decision to discard the Phase A
concept and adopt the closed-loop control concept described in the next
section.

45



. PHASE

*Numbers in (

) are estimates of

lowest achievable variations.

46

-16.2 ( -8.3) inches

TABLE 6 IA STATION STOP ERROR ANALYSIS
T i IMPACT
| ON FINAL -
‘ I ESTIMATED POSITION
ERROR SOURCE | NOMINAL PHASE 1A ERROR
PARAMETER UNITS j VALUE 30 LIMITS* (INCHES)
Initial velocity fps 2.0 .73 {2.5) +10.6 (+7.1
‘ 1.27 (1.5} - 8.8 (-6.2
Initial acceleration | fps? 0.0 +1.8 (+0.64) | +23.0 (+5.8
-1.8 {-0.64) -10.9 (-3.9
Brake time delay ;sec 0.0 +0.26 (+0.2) +6.2 (+4.8)
. -0.0 (-0.0) -0.0 (-0.0)
Initial brake pressure | psig 0.0 -0.0 (-0.0) +0.0 (+0.0)
’ ‘ +26.9 (+10.0) -7.0 (-3.2)
Jerk 1imit variations
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 1bf/psig 1.6 1.34 (1.34)| +1.6 (+1.6)
coefficient ‘ 1.86 (1.86) -1.3 {-1.3)
Vehicle weight 1bm 10390 11965 (11965) +1.3 {(+1.3)
8815 (8815) -1.4 (-1.4)
Oscillation in vehicle fp52 ,0.0 -0.0 (-0.0) +0.0 (+0.0)
deceleration {(half +1.29 (+0.32) -0.9 (-0.2)
amp1itude) ‘ ' ‘
RSS Tota] = +27.4 (+10.6) inches




Phase IB 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 Teading 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 0 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 fp52 (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 Teading edge of the stop tone. Use of the leading edge of the étop 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 capahility 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 Toop 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.

VYehicle 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 summarized in Table 7. The predicted 3¢ stopping acéuracy Timits
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:

0o Errors in tachometer/odometer calibration,

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

0 Location and detection of the leading edge of the stop tone.
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" TABLE ‘7. PHASE IB STATION STOP ERROR ANALYSIS

TNOMINAL ESTIMATED | TWPACT
-VALUE PHASE IB ON FINAL
) : & 3¢ . POSITION
ERROR SQURCE PARAMETER ‘ UNITS o VARIATIONS | ERROR
' S ' ' ) ‘ (INCHES)A
Tachometer/odometer scale factor 0.1675 ft/rad -0.0033 +2.40
' : : : +0.0033 -2.16
Gain from ve10c1ty error to brake 3.9 v/fps -0.125 | 40.12
command : 40,125 -0.12
Brake command null offset | 1loov -0.05 40.12
: ‘ © +0.05 -0.12
Motor command null offset 0.0 v +0.10 +0.24
S : ' : -0.10 . -0.0
Jerk 1imit on increasing brake 4.425 v/sec -0.221 . +0.0
command . ' - +0.221 -0.12
Magnitude of brake amplifier static | 2.4 ma -0.07 +0.0
compensation +0.07 -0.12 1
Brake amplifier static compensat1on 0.25 v | +0.05  [+0.12 |
break point : ‘ +=0.05 . -0.12
Brake amplifier steady state gain 2.51 ma/v ' -0.13 +0.12
+0.13 -0.24
Servo valve nysteresis 0.6 m +0.6 +0.48
' -0.6 -0.24
Servo valve gain ‘ 22,42 psig/ma -2.24 +0.48
: +2.24 -0.36
Servo valve null pressure 8.3 psig -25.8 +0.72
. - +46.7 -1.20
Brake caliper pressure threshold 50 psig +5.0 +0.12
-5.0 -0.24
Brake caliper gain 5.757 ft 1b/psig | +0.576 +0.36
: -0.576 -0.36
Propulsion speed Toop gain resistor | 250,000 ohms +150,000 +0.0
-150,000 - | -0.12
Yehicle weight 10,325 1bm + 1,575 +0.48
i - 1,575 -0.60
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TABLE 7; PHASE IB STATION STOP ERROR ANALYSIS

(Continued)
NOMINAL ESTIMATED | IMPACT |
VALUE PHASE IB | ON FINAL
& 30 POSIT[ON‘
| ERROR SOURCE PARAMETER UNITS VARIATIONS | ERROR
(INCHES) |
|
Rolling resistance 152 1bf -61 +0.12
- +91 -0.12 |
Initial velocity 4.0 fps +1.0  +2.04 ]
-1.0 | -0.0 !
Stop Tone acquisition delay -1 0.001 sec +0. 001 +0.05
-0.001 -0.05
| Stop tone loop leading edge 0.0 1in +0.5 +0.5
location -0.5 -0.5 £
| Detection of stop tone leading edge | 1.57 in i +0.78 +0.78
| . i -0.78 | -0.78
RSS Tota] = T5-90 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 giving a total of 48 data points. The
two groupings of data represent 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 requireménts dictate close control of VCCS, brake
and motor phasing during startup from zero speed. The design task is somewhat
complicated hy 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:

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

- torque before the brakes are off.

0 To avoid excessive overspeeds, the motor must begin producing
torque as soon as possible following start of the speed command
profile.

o0 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, following 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 0 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 “forced brake" signal by reducing
the hydraulic brake pressure to bias levels. Brake "off" time is governed by

the jerk limiter used in the bhrake amplifier to 1imit vehicle jerks during

normal closed-loop control. To insure repeatability, an "off" time requirement
of 0.9 + 0.1 second is imposed on the brake system,

The propulsion system reguirement is to reach an output current value of 10 amps
above bias level within 1.0 + 0.1 seconds after receipt of an "on" command. One
amp equals approximately one ft 1b 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 {0 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 Figure 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 torgue, without a corresponding delay in the speed command
profiler, causes some increase in speed overshoot at the end of the speed
transition. This increase, however, is small compared to the 3 fps overspeed
Timit 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 first 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 contral functions which include:

0

Jerk Timiting of the VCCS deceleration command to prevent excessive
vehicle jerks and to provide accurate off time control during a
startup sequence.

Limiting of the minimum output to an adjustable bias level to
minimize brake time delays.

Shaping of the output command near null to optimize the tradeoff
between brake drag and brake time delays.

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 vaijues, namely:

0

0

OQutput bias level (for 0.0 volt brake command)

0ff time (time to go from full scale normal rate braking output to
static compensation break point)

Initial static compensation step
Full scale emergency rate braking output

Full scale normal rate braking output

Maximum emergency rate braking "on" rate

Maximum normal rate braking "on" rate.
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The design task is to assign values to the abpve‘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 1atelinvthe
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, reduired to descrjbe the caliper nonlinearities and servo valve flow
Timit problems encountered, is presented in Section 5.

Figure 16 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, controis the outboard pressure input of each caliper.
Voting is accomplished by movement of the floating caliper piston. If the
outboard pressure is high, the flecating 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 cbmpen-
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 minimizes brake drag. The compensator‘mechaniSm has the function of
reducing time delays by minimizing the distance the primary piston must
travel to accomplish pad to rotor contact.

Qutput Bias Level

The reason for .equiring a ndn—zero servo va]ve bias Tevel, which was not
part of the original design, fs 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 ocutboard system and 35 psig

© for the inboard system. To reduce the impact of valve-to-valve variations,
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 Tevels 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, éxcessive
time delays will occur since the brake pressure can increase no faster than
the amplifier jerk limit setting. The optimum value for the di?ference
between the caliper threshold and the bias level is 45 psig, based on expected
“parameter variatiqns and their impact on brake drag and brake tiﬁe 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 (front and rear calipers), 65 + 15 psig
o Inboard system (front calipers), 80 + 15 psig

o Inboard system (rear calipers), 105 + 15 péig-
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These estimates and the desired pressure differential 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:

0 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.

0ff 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 pressure
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 starfup. “Off" time is
controlled by the brake amplifier, specifically the parameter which sets
the amplifier jerk 1imit 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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original 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 pistens 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 Tonger 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; AD.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 ocutput stage

gain near null is seven times higher than the gain (KBA in Figure 16) over the
remainder 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 1imit 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 reguirement 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 ma and is computed by the equation

ISVCTH =  HYSUL + (BCTH - PSVB)/KSVG N (4)
where
HYSUL = Servo valve hysteresis
= 0.6 ma
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 ocutboard system
= 35 psig for inboard system
KSVG = Steady-state servo valve gain

=  22.36 psig/ma.
Full Scale Emergency Rate Braking Qutput

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 1imit (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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until a reset signal is received. The result is an open-loop constant
‘braking force stop.. Except for the change in inputs and jerk 1imits,
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

i . 9
= 1.06 x 11900 x 0.3 - 0.0 x 11900 + 0.037 (30 x %)2
= 3737 1bf,
where
WEIGHT = Vehicle weight in Tbm
k; = Vehicle deceleration in g's
VNIND Wind velocity 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 1b and is based on a nominal axle height of 1.18 ft.

Figure 17 shows the'resu1ts of dynamometer testing of the final caliper
design; This data illustrates 2 deficiencies observed in the caliper per-
formanée 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
tozméet the reguirements, the solution adopted was to compensate for the
difference in gain by thé 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 outhoard system
0 900 psig for the inboard system,

The 900 psig Jevel, which is slightly lower than the level calied 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 ocutboard system
as the inboard system is normally in control.

To reduce the impact of valve-to-valve variations, the full scale emergency
rate amplifier outDUts 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 Qutput

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

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

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 1bf, based on Equation 5,
with a corresponding torque requirement of 2922 ft 1b. The full scale pressure
Tevels required are:

o0 510 psig for the outboard system and
0 635 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
Tevels are

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

and are computed by the equation

NB  _ NB
where
HYSUL = Servo valve hysteresis
: = 0.6 ma
PSV?E = Full scale normal rate braking pressure level
PSVLL = Servo valve null offset
= 8.3 psig
KSVG = Steady-state servo valve gain

= 22.36 psig/ma.

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

tuning of ISVC?E 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 Tevels. 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 Tower 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 ma 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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scate amplifier output settings resulting are:

o 26 ma for the outboard system and
o 31.6 ma 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 1bf/sec. The brake amplifier jerk limit or emergency
braking "on" rate is computed by the equation

' R EB B
ISVCrg = (TBgg) (PSVp - BCTH)/(TBEs x Kgyg) » (7)
where
fBEB = Emergency rate braking torque rate limit
= 3291 ft 1b/sec
PSVEE = Full scale emergency rate braking pressure level
= 790 psig for outboard system
= 900'psig for inboard system
TBEE Full scale emergency rate braking torque level

= 4410 ft b

BCTH arnd KSVG are as previously defined.

"

The emergency braking "on" rate Timits given by Equation 7 are:

o0 24.2 ma/sec for the outboard system, and
o 27.4 ma/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 + 4,025 fps3(j 0.125 g/sec). The resulting jerk limit

3

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

the analysis conducted to verify that a nominal limit of 3.22 fps3 meets the

requirement of + 4,025 fps3.

TABLE 8.  LONG TERM JERK DURING BRAKING

1 NOMINAL [ WORST | INCREASE
ERROR SOURCE PARAMETER | VALUE & CASE IN JERK
|__UNITS VALUE (FPS®)
l
Braker amplifier "on" rate limit | 11.3 ma/sec 11.9 0.161
Servo valve gain 22.36 psig/ma 24.86 0.361

Brake caliper gain 4.65 ft 1b/psig 5.35 0.483

Wheel radius {axle height) i 1.18 ft 1.22 0.100
Vehicle weight | 10325 1bm 8750 | 0.491
RSS Total = £0.800 fps°
+ Nominal = +3.220 fpsS
= 35 Jerk Limit 4,02 fps®

(0.125 g/sec)

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

is 1293 ft 1b/sec. The brake amplifier jerk 1imit or normal braking "on"
rate 1imit is computed by Equation 7 using normal rate braking rather than

emergency rate braking parameter values. The resulting normal braking "on"
rate limits are:

0 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) to -a 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 targe number of parameter value combinations.

The analytical model used in computing brake drag is given by the equation

T8 = K

DRAG [PSVB] + PSVCI - BCTH]J (8)

TB1
for all parameter value combinations
where the outboard system is in control
and the caliper thresnold is exceeded

= Kgor | PSVB2 + PSUC2 - BCTHF |
* Koo [Psvsz + PSVC2 - BCTHzR]
for all parameter value combinations
where the inboard system is in control
and the caliper threshold is exceeded
= 0 otherwise,
where
KTB = Brake caliper gain
PSVB =  Servo valve control pressure bias level
PSVC =  Servo valve control pressure due to VCCS brake command
null offset
BCTH =  Brake caliper pressure threshold
F, R refers to front and rear calipers, respectively
1, 2 refers to outboard and inboard pressure systems, respectively.
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Servo valve control pressure due to VCCS brake command null offset is

given by

PSVC = KSVG x 7 x KBA X BCO s (9)
where

KSVG = Steady-state servo valve gain

KBA = Brake amplifier steady-state gain

BCO = VYCCS brake command null offset.

The individual parameter statistics used in the analysis are given in Tahle 9.
Results of the analysis are shown in Figure 18. Interpreting the requirement
as a 30 limit means the probability of exceeding 36 ft 1b 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 1imits of 0.1 and 0.167 volts. Results were also computed for a
null offset 1imit 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 valtage required. to place the amplifier ocutput 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 NOMINAL VALUE LOWER UPPER
PARAMETER * & UNITS 3 LIMIT 30 LIMIT
BCo; » BCpp 0.0 v - 0.167 +0.167 |
Kga1 2.34 ma/v 2.22 2.46
Keao 2.90 ma/v 2.76 3.04
KSVGl R KSVGE 22.36 psig/ma 19.86 24.86
PSVB1 20.0 psig 0.0 45.0
PSVB2 35.0 psig 10.0 60.0
BCTH1 65.0 psig 50.0 80.0
BCTH2F 80.0 psig 65.0 95.0
 BCTH2R 105.0 psig 90.0 120.0
Krg 6.6 ft 1b/psig 5.3 7.9
Kppor 3.7 ft 1b/psig 3.0 4.4
KraoR 1.6 ft 1b/psig 1.3 1.9

* See text for definition of parameter symbols.

70



PROBABILITY OF EXCEEDING A SPECIFIED BRAKE DRAG VALUE
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FIGURE 18, MONTE-CARLO BRAKE DRAG ANALYSIS RESULTS
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The brake command null offset limits of + 0.167 volts quoted in Tablie 9 are
for VCCS temperature 1imits of 25 + 60 degrees Centigrade and assume a
failure of the vehicle Environmental Control Unit.

VCCS temperature Timits under normal operation are 25 + 20 degrees Centigrade
with corresponding estimated null offset 1imits of + 0.055 volts. The analysis
shows, therefore, that the brake drag requirement is met except during extreme
anomaly conditijons.

4.5 Speed Control (Overspeed/Underspeed)

The speed control requirement is to maintain overspeeds within 3 fps and
underspeeds within 4 fps of the acceleration Timited speed command during

normal operatijon. Overspeeds greater than 3 fps result in an automatic
emergency 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 serviée at the next opportunity. The speed control require-
ment is of concern primarily during speed and grade transients, as the regqu-
lation or position control requirement limits speed errors in steady-state
operation to a much Tower 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

12



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 Jength
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. 3¢ limits for both overspeed and underspeed are 1.98 fps, well
within the requirements.

The above analysis assumes a 1imit 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 overspeed control. 7

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:

0 Lower outboard system amplifier gains increase the time required
to reach the caliper threshold; and

0 Larger caliper volumes on the ocutboard 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 sijmulation 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 overspeed 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 ervors 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 during startup
and described in Section 4.3. The 2.5 fps underspeed is larger than the
analysis 3o prediction of 1,98 fps, which did not consider a statjon 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 1imit 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 thijs 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

A1l acceleration and deceleration ramps are designed on the basis of nominal

2 and 3.22 fps3, respecti-

acceleration/deceleration and jerk levels of 2.0 fps
vely. 1In 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 fp52 (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

0 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 1imit on acceleration of 4.0 fp52. In
normal operation this limit will not be reached, as the VCCS speed and
position Toops will maintain the rate of change (acceleration) of the motor
speed command close to the nominal vaiue of 2.0 fp52 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 havfng a natural freguency 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 fpsz.
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’

Control of peak Jong 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 fp53 (0.1 g/sec) under nominal conditions. As shown in
Table 8 (Section 4.4), a nominal brake system jerk limiter setting of 3.22 fp53
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 1imit on short term
jerk. These results are for the Beechurst underpass segment of the Morgantown
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 Timit of

5.08 fps3 (0.158 g/sec) 1is 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 Figﬁre 19. As shown, the measured peak jerk levels _
exceed both the requiremenf and analysis predictions by a substantial amount.
The major reason for the high‘jerk lTevels is the servo valve flow limit
problem discussed in Section 4.4. The analyses berformed 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 aszuilt 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

WORST MAXIMUM
NOMINAL VALUE CASE JERK
ERROR SOURCE PARAMETER & UNITS VALUE {(FPS3)
VCCS tachometer/odometer 0.1675 ft/rad 0.166 0.193 4
scale factor |
VCCS brake command null 0.0 v -0.22 0.129
offset
VCCS motor command null 0.0y -0.1 0.483
offset
Magnitude of brake amplifier 2.6 ma 1.3 0.483
static compensation
Servo valve gain 22,36 psig/ma 20.5 '0.129
Brake caliper pressure 40.0 psig 50.0 0.161
threshold '
Brake caliper gain 5.68 ft lb/psig 5.12 0.129
Motor tachometer scale 0.025 v/rad/sec | = 0.02512 0,097
factor
Motor integral compensation 1.25 sec 2.5 1.5]
lead term
Rolling resistance 200 1bf 100 0,097
Vehicle weight 10325 1bm 8750 0.322
RSS Total = 1.727 fps3
+ Nominal = 3.349 fps3
= 30 Limit 5.076 fpsS
(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 1imit 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 filuid 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 regquired 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 numercus 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 Tevel 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 stab]11ty
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 driveline 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 Tags 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 -
instability.

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 noniinear 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. The specific test data case
selected for the analytical model verification effort is a case where the
motor speed loop oscillation is excited by external forcesuéhd decays very
slowly. Gains selected for this test case of close to neutral stability _
give KVE.and TVE values of 4 sec"'1 and 1.25 séconds, respectively. Corres-
! and 1.496 seconds. The frequency of the
measured oscillation is 7.12 H? and the damping or time to reach half

ponding design values are 14.7 sec’

amplitude is 2.1 seconds or 15 cycles. Comparable simulation results were
subsequently obtained with the-simulation giving én oscillation of 7.0 Hz

and a 40% reduction in osci}]ation magnitude after 2.1 seconds. Matching test
data results required humerous‘parametér value changes but no major changes

in the model §tructure,‘whith is described in Section 5.

A linearized model of the updated nonlinear model was subsequently developed

to allow use of classical Tinear design techniques. The analysis approach
taken is to define potential parameter value changes. and compensation

circuits on the basis of the Tinear model and to verify their effect on

system operation using the nonlinear simulation. Figure 21 shows the

linear model developed and represents the final design configuration. Speed
Toop gain and phase -characteristics of the final design are shown in Figure 22.

Both gain and phase étabi112ation approaches were considered. The objective
of gain stabi]izationlis to attenuate the gain peak shown in Figure 22

via compensation networks such that the loop gain at the driveline frequency
never exceeds 0 db under worst case conditions. Attenuating gain via. first
order lag filters was rejeéfed'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 Toop .
phase lag below 180 degrees for all frequencies where the gain exceeds 0 db.
In this manner, a negative feedback situation is assured. Phase stabilization
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of the speed loop required use of the Jead 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 Joop dynamic characteristics. The

first change was removal of a positive feedback 1oop 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 KI 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
mirimum 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 1imit current rates to a
maximum value of 1400 amps/sec. The reason for this function is to prevent
commutator arcing and a corresponding potential fire hazard. This function
is included in the Phase IB design and not in the Phase IA design due to the
higher operating voltage level of the Phase IB propulsion system. The jmpact
of the current rate Timiter on stability is to introduce significant phase
tags under some conditions.
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Design of the current rate Timiter is essentially identical to the brake
amplifier jerk 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 asscciated 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 50 degrees have been observed in test
data for freguencies near that of the driveline. The loop gain of the
l1imiter 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 Timiter characteristic. The Tower of the
gain/phase curves shown in Fiqgure 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 1imiter phase
lags, but increases the phase lag of the D/A converter. A Tow value of TSFB
reduces phase lags of the converter but increases limiter phase lag. The
optimum value for Topgs 8 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 Figuﬁe‘Zl. The function of this lead/Tag circuit is
' to reduce phase Tag at frequencies between 40 and 100 rad/sec where the
loop gain falls below 0 db for the final time. With the lead compensation,

88



the design provides & 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
Tightly dampened oscillations around 55 rad/sec (8.6 Hz), confirmed this
prediction.

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
Tow 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 puise 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 Tocation
to a wheel mounted Tocation. (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 procblem is that moticn 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 magnitude. Loop gain and phase characteristics for a
wheel-mounted tachometek are shown in Pigure 22, The change in tachometer
location allows use of gain stabilization techniques and eliminates the need
for careful control of phase Tags, along with the 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 dynamics,
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5.  ANALYTICAL MO2EL

A detailed nonlinear analytical model was developed as a result of the LCS
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 avaitable {(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 simuiation programs.

5.1 Yehicle 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 analeg portion. In Figure 23, VC1 and VC2 are the redundant
discrete civil speed commands received from the guideway. VCMULT is the
performance Tevel multiplier where a value of 1.0 represents a 100 percent
performance level command. Analog models of the digital acceleration
Timiters are used to obtain the acceleration Timited speed commands, VCSI
and YCSZ, which define the commanded vehicle speed-position-time point
follower trajectory. The tachometers and the VCCS tachometer autput
processing circuitry are modeled by simple gains in conjunction with an
absolute value function giving the redundant measured speed outputs, VM]
and YM2. Position error, XE, is obtained in the model by integrating speed
error and is single thread as is the case in the VCCS hardware. The
parameters SSI1 and SSI12 are switching variables having a value of 0 or 1
and iliustrate the actual switching which takes place during a station stop
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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.
VYCCS quantization is modeled by truncating the outputs on the right of
Figure 23 to the next Jowest quantum level. The value of one VCCS least
significant bit is shown under each quantization block,

The D/A converters are modeled by the gain parameter, KDAC’ as shown in
Figure 24. A total of five D/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, MC, and

the redundant brake commands, BC1 and BCZ2. The function of the position
error clamp, XEVLIM, is to minimize the possibility of a large negative
(behind point) error causing a 3 fps overspeed and an emergency stop.
Output null offsets are modeled by the parameters MCING, MCZNO, BCINO and
BC2NO. MCILL and MC2LL are lower motor speed command Timits with BCUL
being the upper full scale brake command 1imit. FBS1 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

Timit. VEX represents the input to one of two redundant overspeed
detectors used to initiate emergency braking in the event of an overspeed
of 3 fps or greater. Prior to computing VEX, the acceleration 1imited
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 limited 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 TSFB; and the lead compensation required for stability with time

LD and TLG'
to speed error and its integral, MVEI, i.e., integral ;ompensation is used

constants T The current command signal, YMCI, is proportional
to provide good steady-state speed control accuracy. The variable, MSSERR,
is used to model the small speed errors which can occur. The ubper limit
on current command is used to prevent excessive motor current levels. The
lower 1imit, 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, 1is rate Timited as discussed in Section 4.7 to minimize
the possibility of commutator arcing. .The discrete variables MSWI1, MSWZ,
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 Tenger used for the reasons presented in Section 4.7;
d.e., Kyygp= 0 n the present 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
angle and back emf and is computed in one of two ways depending 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 Tow current Tevels where
discontinuous conduction occurs, current level is computed via the table
Tookup 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 negligble effect on system operation. It is
included only to prevent an algebraic Toop in the model and thefeby

prevent the computational difficulties associated with algebraic loops in

a2 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.

The parameters, KSCR] and KSCRZ’ shown in Figure 26 are derived parameters
and are computed from the input parameters listed in Table 15 by the

following equations: -1
4.51 + (35.1 % 103/R77) + (20.0 x 103/R28P) ] (10)
K =
SCR1 6
+(150.2 x 107/ (Ry; X Rogp) ) J

3 6
Koepp = (35.1 x 10°/Ry5) + (150.2 x 107/ (Ryy x Rygp)). (1)

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. Serve valve flow limits and
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coupling between pressure systems were not included as the servo valves
were expected to maintain the desired 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 model are:

0 Unique parameter values for each brake amplifier (required
to compensate for unequal ‘gains within the brake calipers)

o Servo valve flow characteristics and 1imits (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)

0 Separate front and rear brake caliper models (required to
account for measured differences in gains and pressure thesholds)

0 Brake caliper floating and primary piston dynamics (required
to generate the fluid flow characteristics resulting from
various pressure conditions)

0 Brake caliper hysteresis {(required to account for measured
hysteresis effects). '

Figure 28 provides a block diagram description of the outbcard 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 modeléd independently. Servo valve flow limits,
+QSVLIM, are accounted for by modeling the valve in terms of its output
_“;spoo],disp1acément, XSv1. OQutput of the valve model is now flow, QV1,
.which_is.assumed proportional to spool displacement. The pressure of
the f]uidlbetweén 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
1imit reverse fluid flow are modeled as shown in Figure 29. Fluid flow
through the check valves, Q01 and Q02, is assumed proportional to the
pressure differential across the valves, PVl - PCl and PVY2-PC2. The

check valves are open and offer 1ittle resistance to fiow when the flow

is toward the calipers giving the high gain terms KCVP1 and KCVP2. Reverse
flow, toward the servo valves, is restricted to pass through the orifices
giving the Jow gain terms, KCVNT and KCYNZ. 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 XCIDF, XC1DR,

XC2DF and XCZ2DR which are required in computing fluid flow rates. The

flow rates, in turn, are used to éstab1ish the pressure levels, PC1 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 BSHWRS
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

torgue 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 -G.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 outhoard pressure above its
commanded value.

The parameters BCLTTH, BCLZTH, ISVB1 and ISVBZ2 shown in Figure 28 are derived
parameters and are computed from the input parameters listed in Table 16
by the following equations:

BCLITH = ISVCT1/{7 x KBA]) (12)
BCL2TH = ISVCT2/(7 x Kgp,) (13)
ISVB1 = PSVB1/Kqy (14)
ISVB2 = PSVB2/K (15)

SvG2*

5.4 Vehicle

Figure 32 provides a block diagram description of the controlied 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 INAV representing the effective total inertia of the vehicle and
wheels. Actual vehicle displacement (DISP), speed (RATE), and acceleration
(ACCEL) are computed in translational units for simulation output purposes
from the rotational variables used to represent vehicle dynamics. Drive-
line dynamics are modeled in terms of a stiffness parameter, KDT’ and a
damping term, CDT. 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 OMEGANZ, and
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rolling resistance, TRR + KRR X OMEGAW.

Nominal vehicle parameter values and timits 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:

2

Iyg = (IM + Ip) x Nep © + 1 (16)

haay = 2 ¢ Tyt (Ruan 2y (weten/32.2)  (17)

Kagro = Cacro * Ruan’ (18)

TRR = CTRR X RNAH x  WEIGHT {19)

KRR = CKRR x WEIGHT x RNAHE‘ (20)
5.5 Definitions and Parameter Values

A 1ist 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 vaiue 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
VARIABLE | UNITS | DEFINITION |
{ACCEL g's i Vehicle acceleration
'BC1, 2 J VCCS brake commands
{BCL1,2 v | Jerk limited VCCS brake commands |
iBst,R | Logic variables used to establish brake caliper |
§ i mode of operation ’
iBSWF, RS ! Filtered versions of BSWF and BSWR
'DISP ft | Vehicle displacement |
FBCF, R ! 1bf 1 Brake caliper force output ;
FBST, 2 1 VCCS "Forced Brake" logic signals
FGRAY a's ! Force due to guideway drade |
IMA amps i Motor current f
IMAC amps % Input to motor current filter
ISVC1,2 ma | Servo valve commands }
ISVyP1,2 ma ‘ Qutputs of servo valve hysteresis models !
MG v | Final VCCS motor speed command
MC1.2 v l VCCS motor speed commands prior to voting
MCE v %'Motor jerk and acceleration limiter error signal
MCL v i Limited motor speed command
MCLD v ' Limited motor speed command rate
MFA deg ’ Motar SCR firing angle
MIEL v | Integral of motor current error
MSW1,2,3,4 Logic variables used to cage motor control circuits
MVEI v Integral of motor speed error
OMEGAM rad/sec ! Motor speed
OMEGAW rad/sec | Average wheel speed
OMEGMS rad/sec | Motor speed with gear ratio factor
PC1,2 psig Brake caliper input pressures
PV1,2 psig Servo valve output pressures
Q01,2 in?/sec | Brake caliper input fluid flow rates

A
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TABLE 13.

DEFINITION OF VARIABLES USED IN ANALYTICAL MODEL

(Continyed}

VARIABLE UNITS | DEFINITION i
+ |

Qvi,?2 1n§/sec Servo valve output fluid flow rates {

RATE ft/sec Vehicle speed !

§§511’2 | Logic variables used in station stop switching 1

5S11,2 | Logical inverses of SSI1 and SSI2 |

T8 ft 1b | Total brake system output torgue |

TBCF. R ft 1b Qutput torque from front/rear brake calipers

t TBF ft 1b Total braking torque i

{THMSMN rad Driveline deflection angle |

TMG ft 1b Motor torque ?

| VBEMF v Motor back emf i

Ve, 2 ft/sec | VCCS civil speed command signals |

VesT,?2 ft/sec | Acceleration Timited civil speed commands i

VCSDA1,2 ft/sec § Quantized acceleration limited civil speed commands ;

VCSP1,2 ft/sec é Final VCCS reference speed commands

vessi,z | ft/sec § Quantized station stop speed commands E

tVCSV1,2 | v § Qutputs of speed command D/A converters ‘

VEX ft/sec § Speed error signal used to set emergency brakes E

VFBI v ¢ Measured motar current

VM1,2 ft/sec | Calibrated measured speed signals

VMA ! v ? Effective dc motor source voltage %

VMAF ] v § Measured motor armature voltage §

VMAP Y | Effective dc voltage across motor armature

VMAFB ! v Measured motor armature voltage after scaling

VMCI ] v Motor current command

VMCIP v \ Final rate limited motor current command

VMDAT1, 2 ft/sec Quantized calibrated measured speed signals

VMVT,2 v Qutputs of measured speed D/A converters

VSCR v Initial motor SCR controlier command
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TABLE 13. DEFINITION OF VARIABLES USED IN ANALYTICAL MODEL

(Continued)
’VARIABLE UNITS g DEFINITION
| i
IVSCRP v Final motor SCR controller command
QVSCRSJ v Intermediate motor SCR controller command
}VTACH v Measured motor speed
QVTACHF v Final motor speed feedback signal
VTACHP v ! Intermediate speed feedback compensation variable
XC1F,R in. f Brake caliper primary piston displacements
XC1DF, R in./secE Brake caliper primary piston velocities
XC2F, R in. Brake caliper floating piston displacements
XC2DF ,R in:/sec | Brake caliper floating piston velocities’
XE ft Position error
iXEDAC ft Quantized position error
i XEV v OQutput of position clamp circuit
iXMS],Z I ft Inputs to station stop command profilers
iXMSQI,Z : { ft Quantized inputs to station stop command profilers
iXSV],Z } in, Servo valve output spool displacements
|

i
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TABLE 14. NOMINAL VCCS PARAMETER VALUES AND TOLERANCES

5 TOLERANCE
j PARAMETER NOMINAL VALUE LOWER | UPPER
5 AND UNITS LIMIT | LIMIT
i L
- 8C1,2N0--Brake deceleration command 0.0 v -0.055| +0.055 ‘
| null offset {
!
-BCUL--Brake deceleration command 10.0 v 9.5 13.0 E
upper limit E
; i !
‘ . ; { !
KCSl,E Motor control law gain 1.095 ! 1.075 + 1.1156 %
Kpac -- D/A converter gain 0.156 v/ft/sec { {
‘ or i l ;
0.156 v/ft i
i
IKMSA1,2-—MOt0r control Taw gain 10.775 0.760 | 0.789 |
Kyispy 27 Brake control Taw gain 25.0 24.2 | 25.8 %
‘Kppp p -- Motor control law gain 0.23 0.226 10.234 r
f
‘KPB1,2 -- Brake control law gain 1.51 % 1.48 1.54
‘KPC -- Brake contral law gain 0.97 %
K -- Tachometer/odometer 0.1674 ft/rad % 0.1666 | 0.1682 |
. "TACH1,2
| scale factor ‘
éK -- Loop gain of acceleration limi- {10.0 sec_-l |
L VCES i
; ter model |
'MC1,2LL--Motor speed command lower limit|-0.8 v ; -1.0 ;-0.6
| |
MC1,2N0 -- Motor speed command null 0.0v L -0.1 +0.1
| offset -
| i
| VCMULT--Performance level 1.0 ‘
J
| XEVLIM--Position error clamp 1-3.78 v

|

77777 — R rrm e e e s e
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TABLE 15. NOMINAL PROPULSION PARAMETER VALUES AND TOLERANCES

TOLERANCE
PARAMETER NOMINAL VALUE LOWER | UPPER
AND UNITS LIMIT | LIMIT
KIMA -~ Current sensor scale factor 0.025 v/amp
KMA -~ Motor torque gain 0.917 ft 1b/amp
KMC] -- Jerk and accel. limiter gain 0.8 0.72 0.88
KMCZ -~ Jerk and accel. limiter gain 0.07038
KMC3 -~ Jerk and accel. limiter gain 0.0303
Kueg =~ Speed scale factor adjustmeht 1.0
Kycp - Jerk and accel. limiter gain 1650. sec™2
KMCIE -- Current rate limiter gain 60.5
Kuep =~ CUrreﬁt rate limiter gain 3.31 sec”!
KMIE] -- Current control law gain 2.5 sec'1 |
KMIEZ -~ Currént‘control law gain 0.2 |
Kyygq -- Speed control Taw gain 14.7 sec”! 13.2 | 16.2
Kuypz ~- Speed control Taw gain 22.0 20.9 | 23.1
KTACH -~ Tachometer b. scé]e factor 0.03 v/rad/sec
KVMA ~-- Maximum DC voltage across 472.6 v
motor armature

KVMAP -- Bach emf sensor gain 0.0
MCAL -- Acceleration limit 10.3 v
MCIL -- Jerk Timit 10.3 v
MFABS -- Firing angle bias level 1.64 deg
MSSERR-~ Steady state speed error 0.0 v -0.042 | +0.042
R28P -- Circuit gain resistor 22600. ohms |
R77 -- Circuit gain resistor 82000. ohms
RMA -- Armature resistance 0.079 ohms




TABLE 15. NOMINAL PROPULSION PARAMETER VALUES AND TOLERANCES

(Continued)
TOLERANCE [
PARAMETER NOMINAL VALUE LOWER | UPPER
AND UNITS LIMIT | LIMIT
RMAT -~ Resistance of armature and linel{ 0.158 ohm
TLD -- Lead compensation time constanty 0.024 sec
TLG -- Lead compensation time constant | 0.008 sec
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 limit 0.2455 v 0.136 | 0.355
VMCIUL ~- Current command upper limit 9.25 v 8.8 9.7
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TABLE 16. NOMINAL BRAKE PARAMETER VALUES AND TOLERANCES

f TOLERANCE ;

PARAMETER NOMINAL VALUE LONER i UPPER i
( ' | AND UNITS - LIMIT % LIMIT B
| T + T 1
!AC1F R .. Primary caliper piston area [6.5 in. E
EACZF -- Floating front caliper piston ‘5 7 in. 2 ‘ E
% area | ‘ |
gACZR -- Floating rear caliper piston 4.08 1n.2 ﬁ ‘
' area i ]
| t i ;
[FTHF,R -- Caliper force threshold 423 1of 325, | 520. |
| ; : i
'HYSBCF -- Front caliper output hystere- :-113 ft 1b :
| Sis [ 5
| | |
[HYSBCR -- Rear caliper output hystere- ;—66 7 ft 1b |
| sis | | |
*HYSULl ,2 -- Servo valve hysteresis %O 6 ma 0.0 5 1.2 !
, ! f | !
 1SVCT1,2 -- Magnitude of brake 2.6 ma | 2.34 1 2.86 g
; amplifier static compen- | j ?
ﬁ sation ! i ! g
! ' f ! 1
EKBA] -- Amplifier steady-state gain -- §2 34 ma/v 2,22 12.46
j outboard system § 5 |
[ 1 | {
: : : !
(Kgpp -~ Amplifier steady-state gain -- 1 2.90 ma/v L 2.76 | 3.04
i inboard system ! ‘ i

: ‘ J :

I . . . i i ! |
EKBCE -- Jerk limiter error gain 525.0 1 ! 1
!KBFF,R -- Caliper retractor spring gain 128200 1b/1in. i %
iKBJLN] , == Jerk limit for decreasing {1 43 sec”! 1.22 | 1.64
! output -- both systems | ‘ :
| | R
:KBJLP1 - Jerk limit for increasing . 0.376 sec ! - 0.357 | 0.395
% output -- outboard system 5 ! !
(KggLpp == Jerk Timit for increasing | 0.390 sec™! 10.371 | 0.410
; output -- inboard system ' ? ;
iKBTF -- Torque gain of front calipers O 513 ft ]b/]bf 0.436 1 0.590
|Kgrg =~ Toraue gain of rear calipers o 423 ft Ib/lbf' 0.350 | 0.486
{ ’ f
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~ TABLE 16.

NOMINAL BRAKE PARAMETER VALUES AND TOLERANCES

TOLERANCE

NOMINAL VALUE
AND UNITS

LOWER

. UPPER
LIMIT | LIMIT

0.04 1n?/sec/psig
1.0 1n§/sec/psig
564. 1b sec/in
400. psig/in’

-1

100. sec

-1

10. sec

100.
15.0

1.5 inS/sec/in.

(Continyed)

PARAMETER
KCVNl,Z -- Check valve reverse flow gain
KCVP?,Z -- Check valve forward flow gain
KDCP -- Caliper piston damping term
KFC1A,B -- KFCZA.B -- Fluid compliance
K -- Gain in caliper hysteresis
HYSF,R1 model
K -~ Gain in caliper hysteresis
HYSF ,R2 mode]
K -- Gain in servo valve hysteresis
hYSY mode]l
K -- Check valve/caliper flow
QLF1,2 gain
KQV],Z -- Servo valve flow gain

KSVD1,2 -- Servo valve gain

K -- Steady-state servo valve gain

SVG1,2
KSVP1,2 -- Servo valve gain

M.y -- Primary caliper piston mass

cp
QSVLIM--Servo valve flow limit

PSVB1 -- Servo valve control pressure
bias level--outboard system

PSVB2--Serva valve control pressure
bias level--inboard system
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0.214 ma/in.
22.36 psig/ma
294 in/sec/ma
11.28 1b sec?/in.
6.0 in;/sec

20.0 psig

35.0 psig

O O S

0.107
19.86
220.

4.8
0.0

10.0

I

i
i
i
|
i
|
!
i
|
|

0.321
24.86
368.

7.2
45.0

60.0




TABLE 17.

NOMINAL VEHICLE PARAMETER VALUES AND TOLERANCES

!

l

_ JOLERANCE
PARAMETER NOMINAL VALUE LOWER | UPPER
AND UNITS LIMIT | LIMIT
Cyron - Aerodynamic drag coefficient | 0.0495 1b sec’/ | 0.037 | 0.062
AERO F12
CDT -~ Driveline damping coefficient 13.2 ft 1b sec/
rad
CKRR -- Rolling resistance coefficient | 3.41 x 10'5
sec/ft
Cgp == Rolling resistance coefficient [ 0.015 0.009 | 0.024
I. -- Differential gear inertia 0.0932 slug
G ft2
IM -~ Motor armature inertia 0.248 stug ft2
I, -- Differential pinion inertia 0.0311 slug ft2
IN -- lnertia of wheels 0.932 slug ft2
Kyp == Driveline stiffness 21600 ft ]b/radf
NGR -- Differential gear ratio 7.17
RNAH -- Axle height 1.18 ft 1. 143 1.217
Rurr ~~ Tire roliing radius 1.2 ft ; 1.18 1.22
|[WEIGHT -- Vehicle weight 10325 1bm { 8750 | 11900
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6.  SUMMARY AND POTENTIAL SYSTEM IMPROVEMENTS

Estimated performance capability of the M-PRT Tongitudinal control system
along with its regquirements are summarized in Table 18. The primary perfor-
mance requirements an speed and position 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

PERFORMANCE PARAMETER REQUIREMENT LIMITS FOR PHASE
1B DESIGN
Regulation (position control) +1,1 seconds +0.95 second
Station stop accuracy - +6 inches +3.5, -2.8 inches
Speed control +3, -4 fps o +3.0, -2.5 fps
Peak acceleration/deceleration +4.4 fp52 (+0.137q) | +4.0 fps2 (+0.125qg)
Jerk contro]
Long term (at> 0.2 second) +4.025 fps3 +12.9 fps3
| (+0 .125g/sec) (+0.49/sec)
Short term (At = 0.1 second) +8.05 fps3 +19.3 fps3
(+0.25g9/sec) (+0.6g/sec)
Maximum brake drag 36 ft 1b * 0.0 ft 1b

*derived requirement
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The M-PRT LCS can be characterized as a relatively complex and highly nonlinear
contrat system.' A major finding is the large number of hardware paraheter |
variations and nonlinearities which have a significant impact on system
performance. This fact 1s 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 in station stop control law described in Section 4.2, were allowed

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 specificatfons, in the evaluation of proposed designs, and in defining
future studies to be performed. A third problem was ocbtaining 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 reguirements. 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:

Single point torque control

A Jjerk and acceleration limited speed command

Consolidation of control functions within the VCCS

Wheel mounted tachometers

Steel belted radial tires

Closed-loop emergency braking

o © OO O o o 0O

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 poiarity. The proposed concept, 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 vating the safest (highest) of the two input pressures.
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Advantages of the proposed change are;
0 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 torgue commands under aill
operating conditions. This problem is significantly reduced
in the proposed design since both brake and motor commands are
derived from the same torque command.

0 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 ard 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.

0 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.

derk and Acceleration Limited Speed Command
Jerk Timiting 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 Timited command with sufficient accuracy to prevent
excessive jerks. This jerk and acceleration Timiter 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 Timiters within the speed loop
severely constrains the bandwidth or response time capability of

the servo. This constraint is eliminated by locating the

Timiters external to the servo.

Reduced speed errors

The proposed change reduces speed errors for several reasons. Use
of a jerk and acceleration 1imited command as a basis for computing speed
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. Finally,
elimination of the jerk limiters within the speed loop improves its
capability to accurately foilow the command.

Design simplification and improved flexibility

The proposed change simplifies the design by replacing three jerk
and/or acceleration Timiters with a single limiter. Design flexibility
is increased as jerk and/or acceleration 1imits can be changed

with no impact on the speed control system design.

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 Timiter 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 1is further organized into two basic elements: a speed and position
controller; and a speed command medule. 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 tec generate
the jerk and acceleration Timited 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

125



design, rather than the M-PRT motor shaft Tocation, to minimize the impact

of driveline dynamics on speed loop stability. The phase stabitization
approach used to stabilize the M-PRT motor speed loop represents, at best,

a difficult design problem. The 30 db reduction in the—gain of tne drive-
1ine mode dynamics cbtained by moving the tachometers to a wheel location
allows gain stabilization of the speed 106p and e]iminates the need for
careful control of the phase lag of each element in the loop. The proposed
change aiso 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 sTower than the speed of the motor shaft. This
reduction will require either a change in the method used to process tacho-
meter data dr a change in tachometér 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 maghitude 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.

, Cldsed Loop'Emergency Braking
Emergency Stops are performed via an opén-]oop constant-force braking scheme
in the M-PRT design. Because of the open-]dop 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 |
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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0 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 e1ements 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 required to achieve the changes described

in Figure 33. This alternate 1mp1ementatioh—wou1d 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 torgues 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:
¢ Reduced brake system maintenance
Reduced use of friction brakes would reduce the need for reiatively
frequent replacement of brake pads or linings and other brake system
maintenance.
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Reduced power cost

Use of regenerative propulsion system braking would reduce power
demands by allowing recovery of a portion of the power used.
Smoother controi _

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, rafses 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:

0

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. '

Driveline design

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.

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 required 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 Tong term braking requirements.‘ The concept
would be to use slow motor response times, when in a braking mode, to avoid
dynamic contrcl 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
(Vg # V¢)-
KPL - Performance level.
t - Time.
tF - Time at beginning of a stopping maneuver.
- Time at beginning of a speed transition.
TR - Maxijmum vehicle position error (in seconds).
V. - Actual vehicle speed.
VC - Commanded guideway civil speed (speed tones).
VR - Theoretical point follower speed reference,
X - Actual vehicle position.

XR - Theoretical point follower position reference.
11 Development of Point Follower Reference Point
A Initial Condjtions

From stop tone:
t = 0 at instant of stop tone state change from “ON" to "OFF".
VR(O) =0
Xo(0) = O.

* Precaing page blnk
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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
Kpl0) = X{te) * Xypaps °
where X(tf) is the vehicle position at the time the vehicle began its

stop on the guideway (indicated by a fault message downlink or a zero
performance command by the computer)

and Xreans
V(tf) to zero speed.

is the distance gained during the downspeed transition from

B Speed Transitions

A speed transition occurs at any time when VR # VC‘ During speed
transitions, Vo is determined by the following equations:

For V. > Vp (tr)

Vp(t) = VR(tT) + AR(t - tT).
For Ve < Vp (ty)

VR(t) = VR(tT) - AR(t - tT)'

These equations remain valid until Vp reaches the value of V. (VR = VC)'

A typical speed profile generated by this scheme is shown in Figure A-1.

C Point Reference

1

From t = 0 until the point follower scheme ends at station stop, the -
reference point is determined by:

Xp(t) = j;' Volt) dt.
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D Point Follower Requirements

The functions:
R - XR(t)

X
X

have inverse functions:

tR =t

ta ta(xa)'

At any point on the guideway, the maximum allowable vehicle position error

is:
TR ={tR - ta = 1.1 sec (30).
rl////—-——-vc - COMMANDED GUIDEWAY CIVIL SPEED
30 F l | Vg - THEORETICAL
. ] [ POINT FOLLOWER
| | SPEED REFERENCE
| |
¢ L
o0 | l
2 | |
L I l
& | I
| I
10 F |
L
[ | |
STATION
i W3 stop
0 | | | 1 |
0 20 40 60 80 100

TIME ~ SECONDS
FIGURE A-1, SPEED TRANSITIONS (TYPICAL)
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APPENDIX B

COMPUTER SIMULATION

This appendix provides a partial listing of the LCS digital computer
simulation which has been developed based on the analytital model described
in Section 5. Included are:

o A listing of the subroutine SYSDEF, the code which computes
values for the derivatives of each state variable as required
by the numerical integration algorithm.

0 A listing of the Fortran code developed to compute initial
condition values for the state varjables based upon the
values of seven input parameters.

o A listing of nominal values for all input parameters
including tables.

Other portions of the coding are not inciuded as they are unique to the
specific simulation program used and would be of 1ittlé value in
incorporating the analytical model into other simulation programs.

A listing of the subroutine SYSDEF, the major element of the simulation,

is given in Section I of this appendix. The function of SYSDEF 'is 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 nameés givén in

Section YV of the main text rather than in terms of X and XD array éleniénts.
A similar approach is used to transmit parameter values to SYSDEF via the
array SD. Tabular data éretransmitted to SYSDEF as indicated in the /SDTBL/
"common" statement. The common block /SDOUT/ provides a means for
transmitting the values of intermediate variables to the output routine

for printoﬁt purposes. Comment cards are used frequently in the coding afid
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, {f desired, from the follow-
ing input parameters:

0 BCLIC -- Initial jerk limited brake command

0 DISPIC -- Initial displacement

0 [CCODE -- Program mode control variable

0 YMIC -- Initial speed

0 XEIC -- Initial position error

0 XMS1IC, XMSZ2IC -- Station stop profiler preset values.

This code eliminates the need to compute initial conditions by hand for each
case studied. The controi 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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[ SUBRQUTINE SYSDEF
CorsSYSTEM LEFINITION = PHASE LB KURGANTUWN LCS DESIGN

C
C

Ce*sSTATEMENT NO'S

o

SUBROUTINE

C
[

C*eeSPECIFICATIUN

USED ARE 1 THRU 14 & 19 THRU 22

SYLDEF

STATEMENTS

IMPLICIT REALLII-NI}

CUMMUN
%

CUMMON

COMMON

COMMO

COMMCN
CUMMON
COMMON

% B 4 o o® B ¥

COMMON

+ 4+ o4 64 #

/TRAL/

JTRAZ/
JTRA3/
JTRAG/
ITRAS/

TIMEs TZEROZKSTATE g NPRDEL ¢ NTERMy TF INAL DT yNPRINT,

NPLUY

PROPY«PLOPT,SCOPT, INOPT

NPL NP2y NPI NPT MAXNPT ,NPLDEL 4CASE{20) yNCASE

NeXDULOOY X 100)
T{206C0)

JSUPARM/ SD{20,10),XIC{30)
JSDTRLZ NVCE,XVCLE10),YVC1(10) o NVC2, XVC2(101,YVC2(10)

pNSSIL o ASSTL010YYSSTLEI0)  NSST24XS55T20100,YSS512010)
s NEML XEMLLG ) YFMI(A) o NFMZ 3 XFM2(10),YFM2(10)

aNEMS e XEM3{LO) s YEMIL L0 s iEMA XFMAT Ty YFM4L{T)

p NAEMD p XREMD (25) s 1ICFMO  KCFMO L Ty YFMS({ 25, 7) 4y NSAVI2)
rNFMOs XEMEL 2Ty YFMO(27)

s NORADE , KGRADEL IO, YGRADE(L 1O}

s NVESS,KVESTITO)YVLSS(T0)

¢+ XHCLLO) ,YBCLLG) W XBC21 6}, YBC2(6}

/SDOUTY MOy WMUL Gy VFBT 4VSCRGVSCRP KBEMF ,VBEMF ,MFA,ICR

tQUIVALENCE

LR B B BE B BB K B

EQUIVALENCE

L R BN

EQUIVALENCE

P VML VM2 DISP, OMEGAM, TMG,BCL.BC2,TB, TBF ¢ TGRAYV,FGRAY
vVCSSlvVCSS?.VCSPI'VCSPQ,VCSVIJVCSVZ.VNVI.VHVZ,ng
thXuSS‘quSI?aFSSI'FHS?rISVC[l]SVCZ:V‘ACHFgV@LERR
rAVLIsQUL e AYV2 4002y BSWF e BSWRZFOBCFFRCRyFTERRHRTERR

W XCIFERyXCIRER,XCP2OF e XC2DR

(XDTOL Y, OVES L) H{Xi{0L1)vETL) s (XDL02Y,DVECS2Y »(X(02),¥052)
p (ADTO3) ,DXMSL)  (X{03) 4 XMS1) L (XD{Qa},DXMS2) L (X{(04),XM52)

y [ XL{O%),DXED v (XU09) eXcC) f IXUL06),DVCSX) 4 X{061,VLSX)
wLXD(Q7 )4 UMCLD) H{XTOT)4MCLD) y [ XT0E08),0MCL) s IXL081,MCL)
» (XCLO9 ) yOVIACH) » 1X(09) o VTACH) 2 IXDTU 10T sDVTIACP ) (X{10) 3 VTACHP)
s (ADILL}»DMVET) o LA(L1)eMVETD) s (XDE12)yDYMCIP) o {X(12),VMLEP)
2y (XDULA)YZOMIET) s (XtT13)1eMmITT) +IXDT14),OVMAF T U X{14] 4 VMAF)
(XDULS ), DIMAD ¢ (X(15)yIMA] s IXOULGY s DOMGMS Y o (X( 186} yOMEGMS)
y (XD LT )y QUMEGH ) o (X LT) fUMEGAW ) o I XD LB) y DTHMSW) o (X {18 »THMSMUH)
s (XDC1) o DTHETW) s (X(19) » THETAW) L (XD(201,0BCLLY S (X{20).BCLL)
'|xn(?l)oUBCL2] I(X|2l"HCL2,

(X0022V,DI5VRL) y{XE22) 6 ISVPLY H{XD{23),DI5VP2),1X123),15VP2)
y ([ XD(Z24),0PV1) e (K(24),PV1) y (XDD(2%),0PV2) s IX(25),4,PV2)
P (XDE260aDXSVLIY o (X(26)4XSVL) 4 (XD(2T),DXSV2) ¢ EX(21)4X5V2])
2 LXG(28),0PCY) s (X(28) 1)) 1 (XD(29)1.DPL2) fIX029),PL2)

2 {XD(3C)YyDXCIF) s UXTI0) 4 XCLE) 2 {XDUILYHDXCLIRY H{X{31)XEC LR
2 UXDLIZ)ZDXCoF) ¢ (X122)eXCF) p (XDE33),DXC2R) 4 {X(33)yXL2R)
L UXD{34) DXCIUF ), (X136)4XCIDF) 4 (XD(35),0BXCLOR), {X{35) ¢XC10R)
s AXU(30) 2 DBSWES Y, (X(36) sBSWES) o (XD{37),0BSHRS), {X(37) ¢B5WRS)
¢ UAD (3080, DTUCF) UXU38)4FRCF) 4 U(XUE39),DTBCR) ,{X(39),TBCR)
(SCU1s 1), 1CCUDE) 4 (SDL2,1),DISPIC) :
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* D

L. BE - N

*
L)

o & B X X X * * BN B x L B B K BN * # % # ¥ + & % ¥ *

% % R # &8

dUSDI03, L) WMIL) {5004, L)y XEIC)

f1SDUECH, L} WBCLIC)
. +1SDCELL, 1) eMCX])
fLSDUL2,1) 4MOX2) p1SDIL3,1),MCSL) f(SDEYa, 1), TGO
pLZDELD e L) o VMO IXLI) e LS00 LO 1Yo VMCIX2 o USDULT 1Y o VMCISL)
EQUIVALENCE SOUL 2V s VOMULT) s {SDUZ42) o KTACHL)
y LLGU03402) o KTACHZ Y2 (S0 042 KVLS) y [SD(CH4 214 KDAC)
!‘5[)(0012'1'\C51) 'l:U(0’y2)IKCSZJ I‘SD(Ode'IKHSAl)
s [S010942),KMSA2) L (SDIL10,2),KMSBL) L 15D0LL.2)  KMSE2)
s (SNL124.2),KPALY) y [SLUTL3IVE)KPALZ) v [S0C1442)KPBL)
2 (S0LU1S,.2 ), KPR2) e {SD(L6e2) s KPC) e 1300 1T 42) 4 XEVLIMI)

s ES0UIB 42 )1, MCLILLY 2 (S011942)1,MC2LL) 21500 20,2),4,BCLL}
EQUIVALENCE (SO{Le3) e MUINDDIoISD(24 31 4MC2ZNG)
s LEDUUIw3) o BOINDY 2 (SCUO%e 3V BCANDDY o 45D00,3 ), XMSLIC)
LSLE06 3 xmS2IC0)
ECULVALENCE (STC1+5) W kMCIEYL(SC(245)KMLIL)
s (SOL03 45 KIMAL o (S0L0GeH5) e KMIEL) 4 {SD1QA%:5 ) sKMIEZ2)
2 (SD(06 9277 v 1SUCOT.5) s KVMAP) L 15D0OB,5), TAUPFD)
2y 1SDL09,49)R2EBP) 2 {SULLICWS ) MFABSY L {(SOCL1Le5)  KYMA)
s (50D UL249) 4BMAT) L {SDEL349)Y, TAUMA)Y L (SDI14,5)4KMA)
'ISD‘[‘J.G)IRMA) l(SD(lb'S'ITS‘ART'
EQUIVALENCE (SO(1 20} o RMCBYG(SCU2,6)4KMLE)
y 1SOLO3,6 ). #CJL) s {50104 ,6),KMCL) s {SD{CS,61,MCAL)
s (SDI0B 0o KMCZ2) 4 {SDIOTe 6} KMC3) L 1SDI08¢6) +MSSERR]
e 150106 ) o RTALH) (500106 ) o TAUSEFBY 415D 1L ¢0) s TAULG)
2 LSDUL256 ) TAULL) »{SDUL346)KMYELD) 41500 14,60 ,KMYE2)
e LSNE15,6) o VMCILL ) o LSUL LG4 6) o dMCTUL )
EQUIVALENCE {SCULel)oii¥YSULLI4 5002, 7)) HYSUL2) )
s LSUGO3. 7)o KHYSV) s IS0UD4y T KSVGLE) 4 (SDUCOTI W KSNG2)
p USDUOG 7Y yKSVIL) o {SDLOT e 7)Y oKSVUZY ot 2D 0ue F)KSVPY)
s LSDUUD T KSVPZ) o (50010 T) o KQAVL) L tSDULL, T KQV2)
s USDU12 7 g GOVEIMI o ISOCLI 35 7)o KFCLAY L 120014, THyKEC2A)
2SO ULS a7V KECIED 3 {SDILOsT) 4 KFC2B) (DL LT+ T KCYPL)
s LU U1E o2 ) o KOVPL2) yUSDULIy F)eKOCVYNT) L LSDE2US T KCYN2)
EQUIVALECNCLT (D¢ l'U)IKUCE,I|SD(2|U"KDJLP1)
s (SULO33H) 2 KBJLPZY o LSDU04 e 8) Wy KEJLNTI L (SDIC5,8) 4 KBILNZY
e LSU(DE 40 ) yKBALY) s ISUTOTy8) e KBAZ) P {SDICE,8)15VCTIY
e 150D(07,8),15VCT2)  (SOLLL+B),KHYSFLY
2w USDUL2 o8 yKHYSEZY,{SOUL33B) e KHYCRLY (SOl L4sB) +KHYSRZ)
s (SDELIS ) yMCP) .iSD(lb.d).KUCP) e (SDI1LT48) KBFF)
s LZDULB e8) yKEFRY (SO0 L9,48)PSVBL) 4 (5D12048)4P5VH2)
EQUIVALENCE (50 1e9)¢RARR) USD(2:9) s RiWAH)
e USDI03 ) yWEITGHT ) o ESLIO4,9) 4 NGR) y (SDIC549) 4 IM)
s L0069 ), 1 P) 2 {S0LAT+9) e 15) pLSDI0BeY)aln)
e L5D(09¢7),C0T) e LSLUI0D,9)eKOT) s (SO11149 s CAERD)
s LODHL2691,CTRAY  +(SOU13,9) 4 CKRAT o USDIY4,9) +KQLF1)
pLSDULS ) KGLFZY o (SLL L6y ACLF) 4 USDILTe9)4AC2F)
lS00L8 I, ACIRY) v {SULL Iy e AC2ZR) 4 (SDU204,9)Y,FTHF)
EQUIVALENLE (SDE1,00)ynSCRIY,IS0D(2,10)4KSCR2)
. y LSUC04 410 ), TMR)  LSDE0S, 10) . IRAY)
W ISDHLOG 10D yKAERD)Y H4(S0IDT7,100, TRR) e (50(0B,10) KRR}
2y (SDUYLL L0V EEVBL)
y LS0EI2000)p15VUE2Y L5003, 108,BCLITH) LSO 14410),8BCL2THI
s LSUCLOW LU ETHR)Y L (SDULT41GC) 4KBTF)
v (SULIE L0}, ,kBTR) L (SDILIa10) 4 HYSBCF), €500204510) yHYSBCR)

INTEGER KSTAYE.NPRUEL.NTERM:NPR[NT.MPLDT,NPl9NP2¢NP3.NPT.HAXNPI

137 i-;gé:;é;;é& from ;
'| best available copy.




L +NPLUEL 4NCASEsNyPRUPY,LPLOPT,SCOPT, INOP‘TIIUJ'LK,'L'"
s NVC] gNVE2yNSST Lo NSSTIZ,NLSByNGRADE«NVLSS
& sNEFPL G NEMZ yNFM3 g NEMG NRFM9,NCFMS  NFMoaNSAY,y JERR

*

¢

c

CxeLOMPUTE VEHICLE POSITIUN £ MOTOR SPEED
DISP=RWRABTHET AW '
UMEGAM=NGR*0OMEGMS

C

L

Ce*2PRUGRAM CUNTROL LOGIC
FESL=0,
FBSZ=00 .
[IF{ICCODE«LT 245 URLICCODEGT W Be5) GO TU 4
IE=U.
IF(ICCOLE«GT3ab) U T0D 9
MC=MC XL
FFITIMFLGE.TGOU) MO=MCXL+MCSLSITIME-TGO)
IF(MCaGTLMEX2) MC=MCX2
GU TO 5

9 FFLICCODE.GT.4,5) LU TO 22
HShl=l-
MSWZ2=l.
MSWi=i.
MSH"’U.
VMC I =VMCIX])
IFITIMELGE LTGO)Y VYMCI=YMCIXLeYMCISL*( TIME-T(CD)
TF(VMCT LGTvMCIX2) YMCI=VMCIX2
GC 10 B
2 BC1=TARBUPL{YBCLTIMEXBCL b}

BC2=TABUPIL(YBCZ2«TIMEXBL246)

O TU 20
o
C
CekryLCS MUOEL
4 CONTLiduE

C SPEED TOWF PROFILERS & $TOP TUNE INCICATORS
VCI=TABUPLIYVCl «DISPAXVLLeNVCL)
VCZ=TABUPLIYVCZ o DISPLXVC2eNVC2)
SSIL=TABUPLUYSSTLLISP«XSSELWNSST)
SSIZ2=TABUPI (Y5512, UISP¢XS5512,NS512)
IF1SS11.6Y.045) VCILEO,.

IFISSIZ.6T0.5) V(02=0.

IFIVELaGTa4al) VCLISVOCMULTEVCI
J#IVCZeGTadal) VO22VCMULTEVC?
CVvCSl=kvC3e(VvCI-VI31)
DVCS2=KVCS*(VC2-vCS2)
TFIABSIOVES L) aGTe24) UVCSL=SIGNT2400VESL)
JFLABSIOVESZ2)a5T a4 ) DVCS2=SIONI24,0VES2)
TFIVESL LT e0.0.UR.VLES1.6T463.75) UVLS120,
IFIVCS2.LT,0.0,UR.VLS2.6T.563.75) Dy(S2=0.

C MEASURED SPEED & PUSITIUN ERRUR
VMI=KTACHL *ABS (OMELAM)

L, VN22KTACH/ *ABS(OMEGAM)
DXE=VMl-VCES1
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IF(SSI1.GT.0.5) DXE==-20.0%XE

C STATION STOP SPEED COMMANDS
DXMS1=0.
IF(SSIL.LE.0.5) GU T0 17
DXMSt=yml
NLSB=XMS1/0.04167
XMSCL=NLSE*0.0416T7%12,
VCSS1=TARUPL(YVCSSyXMSAL,XVLSS 4 NVCSS)
XMSQl=XMSQl/12.

7 CONTInNUk
DXM52=0.
1FiS512,0LE,0,%) GO TO 10
DXME2=VM2
NLSBaXM52/0,04167
XMSQ2=NLSB*0.04167%12,
VCSS2=TABUPLIYVCSS,XMSQ24XVCSS 4 NVESS)
XMS5Q2=XM5Q2/12,.
10 CONTINUE

C CUMMAND SPEED, MEASURED SPEEDs €& POSITION ERROR DAC®S
NLSB=VCS1/0.25
VCSDAL=NLSH#0.25
VCSPL=VCSLAL
[FUSSIL.GT,0.5) VCSPL=VCSSI
VCSVI=KDACSVCSP)
NLSB=VE52/0,.25
VCSDAZ=NLSB#0.25
VCSP2=VCSDA2
[FISSI2.GT.0.5) VCSP2=VCSS2
VCSV2=KDAC#VC5P2

NLSE=VM1/0D.208
V¥DAL=NL5D*0,208
VMVL=RDAC*YyMDA1
NLSEB=vM2/0.208
VFOAZ2=NLSR*0.208
VFVZ=RKDALRVMDAZ

NLSO=XE/0. 125
REDAC=NLSB*0.12%
XEV=KPL*KUAC*XEDAC
JFIXEY e LYo XEVLIM) XEY=XEVLIM
TFE(SSIL.GT.0.5) XEV=D,
SPEEL MONITCR
CVCSX=(VYLSPL-VCSX) /0,47
VEX=VMDAL-VLSX
C FORCED BRAKE LUGIC
FTF(VCLV] o LEs 0 eUsORWWVOMULTLLECLOY} FBSL=1,.
LFIVOCOV2eLEeDQeORWWLMULTALELQ.O) FBS2=1.
TE(VMUAL LE.QeQeANDASSI1eGTa045) FBSL=14
IFIVMUAZ cLEaO.0sANDASS]124GTe0.9%) FBE2=1.
LE(ICCODL.GTal a5« ANDSTIMECLT.TSTART) FBS120.
TFUICLODE.GTal o9 ANDLTIMELLT,TSTART) FBS230.
C DRAKE & MUOTOR CONTROLLER
MCL=KISLIAVCSVI-KMSAL® (YMYLI-VCSVLI-KPAL*XEVeMCLIND
FTFIMOL LT MCILLLOR.FBSLGT 40LB) MCLI=MCILL

@]
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MC2=KCSZ2¥VOSV2-KMSAZ# (VMY Z-YCSV2)~KPAZ*XEV+MC2ZND
[F(MC2. LT . MC2LL.ORLFBSZ2.GT,0.5) MC2=MCALL

MC=M(C L

IFUIMC2.LTeMCL)Y MC=MCZ

BCl=KMSOBL#{VMYI-VCSV]II+KPBLIOXEY
IF{eCl LT, 0, BCLl=0.
1F{BCLeGToBCULLORCFBSL4GT.0.5) BCLl=BCUL
BCL=RL1+BCING
BC2=KMSB2&{VMYZ-YCSV2 ) +KPB23XEY
IFIBCI.LL.O.I BC2=00
IFIBC2eGYLBCULAORGFBS2.5T404%) BC22BCUL
BLC2=BL2+BC2NO
c
C
Cee®eMOTCR SYSTEM MODEL
C CONTROLLER CAGING LOGIC
5 MSW1=0,.
MSW2=0,
MSWiz0.
MSWaez0. _
TFUICCUDE oL Tal e5eURICCUDE+GTe2¢5e0R«TIMELGELTSTART) GO TO 3
HSWI‘I'
HSNZ=1.
MSH3=1.
3 IF(FBS] el Ta0e5AND.FB52.LT40.5) GO TU 19
MSWL=1.
MSWZ2=1.
MSW3i=1.
N5H4=l|
19 CCONTINUE
C JERK L ACCEL, LIMITER
KCE=KMCE®(KMCB#MC—MCL—KMC 3%MCL D}
FFIABS(MCE)SGT MCUL) MCE=SIGNIMCILSMCE)
DMCLD=KMCL «MCEH
T1FIMCLDAGT o MCAL L AND.DMCLD. 5T o04) OMCLD=0.
IF(NCLD.LYT s —~MCALLAND.DMCLDJLT.O04) DNMCLD=0.
IF{MSWL.GT.0.5 DMOLD=-100,%MCLD
CMCL=KMC2%MCLD
IF(PSKZ-UToD.b) DFCLS-IOOO‘MCL
C SPEED CONTROLLER {LIMITER QUTPUT TO CURRENT COMMAND)
DVTACH=IKTACH®OMEGAM~VTACH)/ TAUSFB
CVTACP=tVTACH-VTIACHP I/ TAULG
VTACHF=VTACHP+TAULOD*DVTACP
VELCAR=MLL-VTACHF ¢MSSERR
DMVEI=KMVE L *VELERR-[O0.O*MVE ] *MSW3
VPCI=(1.0-MSWITE(MVE] +KMYE2SVELERR)
TFIVMCL L ToVMCILLOANDSVELERRLT.D.0uANULMSWILL T405)
e DMVEI={VMCILL-MVET)/ 48B4 )
TF(VMCL LT IVMCILL40.01) JAND<MSHILLTL09) YMCI=YMCIFLL
FF(VMCT oOT o VMCIUL e ANDoVELERR «GT 2020 ANDSMSHISL TL0eS)
* OMVE (= (VMCIUL-MYE )/ 084
[FOVMET «OT o (VMCIUL-0201) cAND MSWIaL To0a5) VMCI= VMCLUL
C CURRENT COMMAND RATE LIMITER
8 CUNTINUE
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c

c

c

c

c

c

c

!

2

VMCIE=KMCLES (VML I-VMCIP- L0 *MSH4GEVMCIP )
IF[ABS(VYMCEE) oGT. 10,60 YMCIE=SIGN(L1O0.6,VMCIE)
DVMCIP=kMCIL*VYMLLE
lFlVFCIPIGT.1U‘OIANDIVMC‘EIGTIOOO) DVMCIP=0,.

CURRENT CONTROLLER (LIMITED CURRENT CMD TO SCR COMMAND)

L

VFOI=KImA=INMA

VMIERA=VMC[P-VFEIL

OMIEI=KMIEL1*VMIERR-IDO.0*MICI*MSH4

VICR=(1.0-MiWa)*{MICI+KMIE2*¥YMIERR)

IFIVSCRALT a-0e6  ANGVMIERR LT ,0.0AND MSW4.LT,0.5)
DMltl=t'006'MIEl)IO|01

lF'VSLR.LT.‘OUSQIANDIMSH‘.LIQOCS' VSCR.-OIb

MUTOR BACK EMF

KIMAz LMA ;

IFUIMALLTL0.) X1IMA=O,
IF(IMA.GT.446.) XIMA=446,
CMEGMI=TABUPL(YFM2 4 XIMAJXFM2,NFM2)
UMEGM2=TABUPL(YFMI,XIMA,XFMI,NFM3])
UFEGMP=OMEGAM

LFIOMEGAM.LT.0.0) UMEGMP=O,
THIUMEGAM.GY . 331.0) GMEGMP=331,
FSF=TARUPL LYFME,(OMEGMP X FMLyNFM] )
OMEGM3=0OMEGML+FSF# {OMEGM2-0MEGMY )
KEEMF=9.55%(420,=0,156%IMA)/OMEGM3

VOEMF=KBEMF®UMEGMP

FIRING ANGLE CONTROLLER (SCR CUMMAND TO FIRING ANGLE COMMANDI

moT

MOTY

L

TOR

DUMAF={1.0/TAUPFB) % (VDEMF+RMA* [MA-VMAF )

VNAFB=KVMAP*VMAF

VOCRSJ=KSCRIF (I AL+ VSCReKSCR2%VMAFB )

VSCRP=TABUPL{YFME 4 VSCREJ 9 XFMOE,NFME) -0 214

IFIM3aa 0T 0.5) V5CRP=0.

lF‘ABS‘VSCRP,ILTDUlUl' VSCRP=0-0[

MFA=16G2./VSCRP

LFIMFALGT 1120, +MFABS) ) MFAz120, tMFABS

MFA=MEA-MFARSD

CUNTINUE

OR & SCR PERF, {CUnNTInUGUS CURRENT CONDUCTION REGION)

VMA=KYMARXCOSIMFA/HT,,2994)

LMAL=(VMA-VBEMF) /RMAT

IFUIMAC LT 0.) IMAC=0.

OR & SCR PERF. (DISCUNTINUOUS CURRENT CONDUCTION REGIQON)

MFATEM=MFA

XMFA=VOEVMF /KYMA ,

TFE(ABSIXMEA) o GTala) XMFA=STGNG Lay XMFA)

MFA=AMAXL(MFA,57.29°83ARCUSIXMFAY)

IMAC=TBLP2 (XAFNMS s XCENMS o YFMa o MEA, VEBEMF 4 NRFMS,NCFMS, NRFN5,NSAY s LERR Y}
¢« MAC -

MFASMy ATEM

TF{IMAC.LT 0.} IMACSU,

IFIIMAC.GTa%4b6.) [MAC=446,

DIMA={IMAC-IMAY/TAUMA

CUNTINUE

GLE GAILN

TPG=KMARIMA
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C

Ce**HBRAKE SYSTEM MOUEL .
JFIICCOUE.GI«2.5.AND.ICCUDE.LT.4.5) GO TO &

C BRAKE AMPLIFlERS

20 BCE=KBCE*(HCLl-BCLL)
IFtABGIEBCE)oGT.104) BCE=SIGNILG.,BCE)
DBCL1=0.
[F{BCE.GT.0.) OBCLLI=KBJLPL*BCE
[FIBCL.LT,O.) DBCLLI=KBJLNI#*ECE
I15vCl1=7.0%KBALl#BCL1 i
IF{ISVCLGTLISVCTL) ISVCI=ISVCTE+KBAL*(BCLIL-BCLLTHI
fsvCl=ISvCielovil
JFLISVCL.LT,0.) 15VCL=0.
BCE=KBCEe(BC2-BCL2)
IFLABS(BCEI+GTo10a) BCE=SIGNL1D.,yBLCE])
OBCLZ=0.
[F{BCE-GTA0Ds) DBCL2=KBJILP28DCE
IF(BCELLT.0.) DBCL2=XBILNZ*BCE
I5vi2=7,0%KRAZ*BCLLZ . o
TF{ISVC2.GT.ISVEr2) 1SVC2=ISVCT2eKBA2*(8CL2-BCL2TH]
ISVC2=15vC2+i5vp?2
IF{ISVC2sLT,0.) ISVC2=0.

C 10774 SERVUVALVE MADELS
fSVERL=ISVCL-I5VPIL
VISVPI=U. v ) o
TFUISVERL.GT.HYSULL) OISVPL=KHYSV*(JSVERL-HYSULL )
IFCISVERILLT.0.) CISVPI=KHYSVSISVER]
SVIERRA=[SVPL-1.0/K5VGLI*PVI-KSVDI*XSVI
UXSVI=SVIERR*KSVP]
QVI=KJV13X5Sv1l ’
FF(UVLI.GT.QSVLIMLAND . SVIERR.GT.0.) DXSV1=0.
IF(OV0.LT,~USVLIM.AND.SYIEAR.LT.0.) DX5V|=0,
ISVLRZ2=15VC2-I5VP2
plsvpP2=0,. .
IFUISVER24GTAHYSULZ2) DISVPZ2=KHYSVS{ISVER2-HYSUL2)
IFIISVERZ2.LTW04) DISYPZ2=KHYSV¥ISVERZ
SY2ERR=ISVP2-KSVD2#XSV2-1.Q/KSVG2%PY2
LX5V2=S5V2ERR®KSYP2
CV2=KQV2¥X5V7
IF{EV2.GT. QS5VLIM.AND.SVZERRLGT.0.) DXSV2=0.
[FECV2. LT -QSVLIMAAND SV2ERK (LT o0W ) DXSVZ=0.

C 11/74 FRUNT BRAKE CALIPERS MODEL
ESWF=U.0 o
IFU(PC2-PLL) o GT 0O AND(XCZF-XCIF1.G6T.0.0) BSKF=1,0
LBCWFS=20,0%{BSWF-HSHFS) '
FBCF=ACLF*PCLE(L,0-BSWHS Y +AC2FH*PL2¥BSWES
FYERK=FBCF-FTHF
FAERR=KBTF#-TERR-TBCF
DTRCF=0.0
IF{FBERRGT. 040} DIBCFaKHYSFL*FBERR _
IF{FBERRJLT.HYSBCF) DVBCF=KHYSFLl*[FBERR~HYSBCF)
IFUFTCRR.LT.0.0) CTCBF=~KHYSF2€TBLF
XCLFER=FECH-KBFFsALLF
UXCIDF=(XCIFER-KROCPEXCIDF)I/MCP
CXCLF=XC10F
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[TFIXCEF oGr 0.0 ANCXClFaLELCLOL9) GO TO T
[FIXCLIF LT eD.0LANLXCLIFERLGTL0.0) GO TO 11
TFIXCIFeGT 0019 ANDGXCIFER.LT.0.0) GO TO 11
DXC1lF=0.
CXCIDF=-(NCCP/MCPYEXLICF
Ll CONTInUC
XC2IF={AC2F/KLCPYIB{PLL-PCL)*(1~DSWFSI+XCLDF*BSWFS
DXC2F=XC20F '
IF(XCZ2F a0t e~Ual2eANDJXL2F.LEL04010) GO TU 12
IFIXCJ".LT-'U.12.AND-XC2D".GT.0.0) GO TU 12
[FUIXCLF aGT o001 AU XC20F4LT4040) GO TU 12
XC2DF=0.0
DXC2F=0.0
12 CONTINUE
C 11774 REAR DRAKE CALIPERS MUDEL
BIWR=0.0
DESWRS =204 0% (DSWR-ESWRS Y
FBCR=ACLIROPLL*{1.0-BSWRSI+ACZRAPC2ZSBSWRS
RTERA=FBCA-FTHR
RBERR=KBTR#RTERR-TELR
DTBLCR=0.0
FF{RBLRR4GT.0,0) DTUCR=KHYSR]#ABERR
LF{RBERRGLTLHYSBCR) LTBCR=KHYSRLI*®(RBERR-HYSBLCR)
IF(RTERR.LT.0L0) CTOCUR=-KHYSRZ*TRCR
XCIRER=FBCR-KBFAR*X({ IR
DXCIDR={XCLRER-KDCP*XC1DR)/MLCP
CXCLR=XCIDR
TFIXCLlReGE «00.ANCWXCLRLLELOL.015) GO TO 13
IFIXCLlR.LT.0.0-.ANC.XCIRERLGT.0.0) GO TO 3
TF(XCLR.GTe0L015.ANLLXCLIRER,LTL0,01 GO T 13
CXCIR=0.
DXCL1DH=-(KDCP/MPY&XCLUR
13 CONTInUE
E © XC2CR=(ACZR/KDCP IS (PCL-PCLI*(1.-BSWRSI+XCLURSUSHRS
DXC2R=XLC2DR
IFIXCAR.GE~0a12.AND.XC2RLLELC.O016) GU TU 14
TFIXCLR. LT e~0e12ANDXC20R 6T 0,01 GO 1O 14
POFF(XC2R.GT.0.016ANDJXC2DR4LT.0,0) GO TO 14
’xCZUR:OQO
T DXCZ2R=0.0
14 CUNTINUE
C 10774 URIFICE MODELS
PERRLI=PV1-PCI
IF{PERRLIGESD.) QUI=KCVPLSPERRL
CVERRL=QVI~QU0!
LPv]l=k+tCLASIVERA]
CLFERLI=QO1+KQLFLI* I ACZF$XC2DF-ACLIF*XCIDF4AC2R*XC2DR-ACIR*XCiUR)
DPCladLrERI®=KFCLA
PERR2=PyZ-PC2
[FIPERARZ2+GEQa) QU2=KCVPZ¥PERRZ
EFIPERRZSLTL0.) QU2=KLVYNZ*PERRZ
LVERRZ=EV?2-Q02
CPY2=KFC2A%QVELRR2

143



ULFER2=QO2-KOLF2#{ AC2F$XC2DF+AC2R*XC20R)
DPC2=KFC2B*QLFFER2Z
C BRAKE TURQUE SUMMATIUN
TE=TOBLF+TBLCR
{FITB.LT.0.) TEB=0.
IF{ICCOUE.GT.4.5) GU TU 21

C

C

Cxx%4-TH ORDER VEHICLE DYNAMICS MUDEL
6 CUNTInNUE

DUMGMS= INGR*TMG-COT#*(UMEGMS-OMEGAW 1 -KDT* THMSMW) /IMR
DTH¥SW=OMEGMS-OMEGAW
TDF=TE+TRR+KRR*OMEUAW+KAERG*OMEG AW * %2
IF(ABS{OMEGAW) oL To0.05) TBF=20.¢0MEGAW*TBF
IF(OMEGAWLLE.~-0.0%) TBF=-TBF
FGRAV=TABUPLIYGRADE,UISP+«XGRADE+NGRADE)
TGRAV=RWNAH®*WEIGHT "FGRAV
DOMEGW= (~TBF+TGRAV+COT®{OMEGMS-OMEGAW ) +KD T THMSMIW ) /[ WAY
DTHETW=CUPEGANW

21 RETURN

END
II INITIAL CONDITIONS
C
C

Ce#a[NITIAL CUNDITIUNS
ENTRY PROCS2
SET ICCODE=0. IF IC*S INPUT DIRECTLY
SET ICCOUE=l. IF VEWILLE INITIALLY AT CONSTANT SPEED

SET ICCOUE=3., TO RUN MUTOR & VEHICLE OPEN-LGOP
" SEY ICCODE=4. FUR UPLN-LOUP MUTOR TORQUE CONTROL MOULE
SET JCCOUE=S. TO RUN PRAKES ALONE

IC LCGIC FUR ICCODE=1. —— GUAL S ZERD ACLEL. CONDITION

THETAW=DISPIC/RWRRy SET THMSMW FOR ZERU ACCEL.
OMEGML=OVMEGAW=VYMIL/NGR/KTACHI
MCL=VIACH=VTALHP=KTACH*UMEGAM, MCLD=0,

XE=XtICy [IF XEJCL=0. ~- SCT XE SUCH THAT M{L=MC

lalaNaNaNeNaNalaNelaNelaNaNaNaNe!

Mvele VMCIP, MIEl, VMAF, IMA TO GIVE ZERO ACCEL.
IFUICCODE« LT 045.0RJICCUDELGTo4e5) GO TO 7
IFIICCODE.GT o342+ ANDS ICCODELTL3,43) GO TU 7

VO1aTABUPLIAIYVCLOISPICXYC1eNVCL)
veSt=vCl '
IF{VC1eGTa4al) VLSL=VCMULTHVCI
JF{ICCUDELGT145) VCS1=0.
vC52=vC(Sl
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SET [CCODE=2, IF VEHICLE INITIALLY AT REST, 1.E. STATION START

IC PARAMETERS AREQ DISPICy VMIGCy XEIC, BCLIC, XMS1IC, XMS2]C

VCSL=VESZ=VOMULT*VCLly VCIX=VCSLe XMSYIaXMSLIC, XM52#XMS2I(

BCL1=8BCL2=BCLIC, 1F BCLIC=0. -- SET BCL1=8C1l, BCLZ=BC2
X(22}) THRU X(39) TO GIVE STEADY-STATE RESPOUNSE TO BCLL & BCL2



c

c

2]
c

VLSX=VCS1

XMS5L=XMS11C
XF¥L2=4AM521C
THETAW=DISPIC/RWRR
UMEGMS=VMIC/NOR/KTALHI
OMEGAW=UMEGMS
OVMEGAM=NGR*OMEGMS

MUTCR JEA LIMITER L SPEED FB.

VTIACH=KTACH*«OMEGAM

VTIACHP=vTACH

MCL=VTACH )

IF{ICCOCE.GT+145) VTACH=0.

IF(ICCODE.GT-I.SI V[ACHP=O.

IFUICCODFE.GTa1.5) MCL=0.
IFUICCOUESGT 2.5 ANLLICCODECLT345) MCL=MCXL
IF({ICCOUEGT 22«5 AND ICCOUECLT43.5) VTACH=MCX]
[FIICCODE.GT 425, ANDo ICCODESLTe345) VTACHPzM(CX]
[FOICCODEZGTe2+54ANDICCUDE.LT.445%) GU TO 13

VCLS PUSITION ERRUR

XE=XEIC 4
IF(XEICeNELQO+O URLICCUCE.GT.1.5) GO TU 8

MC=MCL

NLSB=VLS1/0.29

VOSV]I =KDAC#0.25%NLSE N
NLSB=VMIC/0,204d

VMY L =RDAC*0.208%NLSD
XE=(KLS1#*VCSVI-KMSAL#{VMVLI-VCSVI)I+#MCINO-MCY/{KDACSKPL*KPAL)
CONTINUL

BRAKE SYLTEM IL*S

BCLI=8CLIC

BCLZ=BCLIC

TF{BCLIC.NE,U.) GO Tu 9
BCl=KMSPLl®=(VMV]1-VYCIVI)*+KPBl*KPC*KDAC*XE
IF(BRC1,LT,0.) BCLl=0.

BCL1I=BCL+RBCINQ
BECZ=KMSHB2¥{VMVL-VLSVI ) +KPB2*KPC*KDAC*XE
IFIBC2.LT.0.) BL2=0.

BCLZ=HBC2+DBC2NU

CCNTINUL

[SVCL=7.0erDBAL#BCL]

TFLISVCLWGTLISVCOTL) ISVCL=ISVCTI+KBAL*{BCLI=BCLLITH}
ISVCLI=15VvLL1¢[SVBI

IFCISVCLet T40) ISVYCL1=0,
[5VE2=T.0%KBAZ2*BCLZ

TECISVC2.6T ISVOTZ) [SVE2=1SVCT2+KBA2%(BCL2~BCLZTH)
ISvC2=1SVC2¢I5VR2 '

TF(ISVC2.LT40.1 1SVC2=0,

[syPl1=15SVvil

1SvpP2=15VEY2

PYI=K5VGIslovPl

PV2=KLVG2%[5VP2

PLLI=PVI

PC2=PV2

BiWFS=0.

LFIPC2,GT.PC1l) BSWES=1.
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C
13

C

10

12

11

19

BSWRS=

LFtPC2.GT.PCL) BoSwRS=1.
FECF=ACLF*PCL* (1 .0-8SHFSI+AC2F*PC2%BSKHFS
FECR=ACIR*PC1*¥(1.0-BSWRSI+AC2R*PCZ¥BSWRS
XCIF=FLOCF/KBFF

[F{XCIF.GT.0.015) XClF=.0151
XCI1A=FBCR/KBFR

IF{XCIR,GY.0.015} XCLlR=.0151
XC2r=XC1F+0.00I

IFIPCLl.GT.PC2) XC2k=-.12

XC2R=XCL1R+0.001

TRIPCL.GT.PC2) XCZ2R=-.12
TECF=kBTYFR%{FECF-FTHF)

IF{TRCF.LT.0.0) TECF=20,
TECR=KBTR®{FBLR-FTHR]

IF{TBCR.LT,.0.0) TBCR=0,

TB=TBCF+THCR

MOTCGR TCRQUE FUR ZERO ACCEL.

/

IF{ICCOLEZGT e 249 ANDICCODELLT4,5) TB=0.
TBE=TH+TRAeKRA*UMLEGAW+KAERQ*OMECAW P ®?
IFTABSTILMEGAW) oL T 009) TRBF=20.*UMEGAWSTBF
FGRAV=TABUPLIYGRADL¢DISPIC,XGRADEZNGRADE)
TORAV=RWARSWE IGHT#F5RAY
THMSMW={TEF~-TORAV)I/KDT

IFLICCULDE .Gl ot 2. ANDICCODELT 4245} THMSMW20.
THG=IKDT/NGR) & THMS MY

MUTUR VALUES FUR STEALY STATE

[MA=TMG/KMA
LF{ICCODECGT .19, ANDLICCODELLTL2.%) GD TO 7
OFMEGHMI=TABUPLIYFM  IMAGXIFMZ(NFMZ)
GMEGMZ=STARUPLEYFM3s IMAGKFMA,NFM3)
FSF=TABUPLIYFM]l ¢ (IMcGAM¢XFEML o NFM1)
VBEFMF=7.55%(420.~-0.]158%[MA)SOMEGAM/{OMEGML+FSF*(OMEGMZ~0OMEGML))
VMAF = [ MA#RMA+VDEMF

1CR=TABUPL{YFMa ,YEBEMF 4 XFMa 4 NFM4)
IFUIMALLTLICR) GO TU 1D

VMA=IMASRMAT ¢ YBEME

MFA=5T.275B8%ARCOS (VMAZ/KVMA)

GC fC Y1

CCNTINUE

MFA=120,

XIMA=TBLP2 (XREMS ¢ XCFM5 ¢ YFMS; MFA, VBEMFyNRFM5,NCFRS, NRFHb.NSAV.IERR!
DELIMA= I MA-XTNMA

[F{UELIMALLT. .Y GU TU 11

MFA=MFA=O. ]

IF(MFA.GT.10C. ) MFA=MFA-0.9

GL TU 12

CULNTInNUE

VECRP=162./(MFA+NMFABS ) +#0 . 274

Y5CR5J=0.5

XVESCRP=TABUPLIYFME VESLRS I XFME4NFME)
[FixvICrRP,.GT.YECRP) GU TO lb
VSCASJ=VSCSJ+0.02 -

TFEVSLURSILGTLlea) GU TU 18

GC 10 19 ’
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18 VMAFB=KYMARSYMAF
MIET=VSCROJI/KSCRI=-3431~-KSCR2Z¥VMAFS
IF(MlelalLT.-0.6) #1E1=-0.06
yMCLIP=KIMAR[MA :

MVE]=VMCIP
VWCIXL=YMCLP

4 CONTINUE

IT1 INPUT DATA

STATION START TEST CASE -- DBASELINE PHASE 13 M-PRT LCS

LNL PARNM

1CCODE=1,,CISPIC= U..VMIC besXEIC=04y RCLIC=04,
MOXL= o THI,MCX2=]o0THyMLOL=.3340T,TG0=05,
VFCI X120, VMCIX2=04 9 ¥YMCISL=0y

“VWCMLULT=1o gy KTACHL=2 1674 4KTACHZ=,16744KV(L5=1041KDAC=.156,

KCOLl=1a0394KCS2=1.U9% ¢y KMSALz o TI5,KMSAZ=, 175, kM5Bt 229, yKM5B2225.,
KPAL=4Z2 3, KPAZ22.2 1, hPBLl=21a91 o KPB221a9]) e KPCa.9 o XEVLIM=-3,78,
MCLLL==-oH,MC2LL=~.8,8LUL=10.,
MCINU=0a ¢sMC2NU=0 0 e BCINDO=0 4 sBC2NU=0a ¢ XMSLICT4 53984 KMS2[C=,998,
KMCIE=3004kMCIL=3.3) o) KIMA=L025sKMLEL=2,59,KMIE2=2.2,RTT7=82,E3,
KVMAP=0. ,TAUPFB=],00,R28P=22.6E3 MFABS=Lab4sKVMA=4T2,6,
RMAT=, 158+ TAUMA=,010¢KMA=,917,RMA=,079,T5TART =44,
KeCB=1..,KMCE= 1650.|HCJL=lO.]vKMCl=O-8;HCAL=[O-3'KHC2=-0703B'
KNC)‘.O303.M SERR=0,+KTACH=.03, TAUSFB=.0114TAULG=.008, TAULD=.024,
KMVEL=]l060 7|KMVL2 2o e VMCTILLZ,26455,VMCTUL=9,25,
KBCE=¢5e s kP JLP1=4376,KEJLP22439,KBILNI=1-43,KBJLN2=1,43,
KBAL=2.34,KBA2=2,2,10VCT122,06+15VCT2=2,64P5VYBL1=2C,,PS5VB2=35,,
HYSULL=046 sHYSUL2=U 6+ KHYSV=10044KSVG1=224364K5V02=22,36,
KSVD1=24 214 K5Vl 22021 44KEVP 122944 KE5VP 22294, KQV1I=1.5,KQV23LaY,
GSVLIM50.000+KFC1A=4004eKFC2A=4004+sKFL1B8=4004,KFC2B=4004
KCVPL=] 40 KCVP2=1.04KCVNL=eU4yKCVNZ=.04,
ACLF=6452AC2F=25.T7T4ACLR=6.54AC2R=4,08¢FTHF=423,,FTHR=4213,,
KBTF=,%13,KBTR=4 23, HYSBCF=~11 3.4 HYSBCR=~66. TyKHYSF1=100.,
KHYSFZ=104 +yKHYSR1=100. ¢KHY3R2=10,¢MCP=21]1,28yKDCP=564%ar
KBFF328200 4y KBFR32d200 e KOLFL=15,,KQLF2=1%.,
RhRR=1424wbIGHT=L0325¢ yNGR=T oLl Ty IM=4248,1P=,0311, 16,0932, !H'UQJZO
COT=11.2+KDT=216004rRWAH=1.18,CAERD=,0495,CTRR=,019,CKRR=3,41E~5)
DIMIN=)E-/4REL=39%,001,
ABSU=2%.01 «2%,002y 40054004 7%,002,2%,08,2%,008,2%,.C0002,2%,002,
2%,000,2%14¢2%:0000692%Lleeb%,00001¢2%.0001+2%,0002¢2%:6,
NVLSS=64,
X‘LSS O. '33. '25.5'300'30.5‘36.5' 3"-'"02.5'43""6-51"9.'5‘0.5'
9949000996 LlasbbarbliedyTlagThle9, TOaw 160548045481l gl4s5y
B9 e 389a 1890999309 93.519605097¢¢10044100e5¢103.94104,¢10T%r
107.54109:54 1100 k1245011309 115¢9 11959 1LTaull?a5414%
l|9-5.l20.5|121-'122-5‘123-p123-57144-|l84o5|l25o'125-5p
120401260690 12045¢1206.999127a¢127449:1127.9:1C004
YVCSS =253, 875,283, 75,2%).62%y2%3.542%3,319,2%3.25,2%3.12Y%,
2283.002%2.0759282.71042%2.62542%2.592% 2.3754282.25,
2%2.125432%92.0,2%1aB75,2%1o7542%140625e2%]1.542¥%1a373,
2%1.2902¢1a102542%0.0,2%0.875,2%0.79+2%0,625,2%0.542%0. 3'50
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2%.d592%.125+2%040, ]
NFM!=4.XFMI=0-;250-.jUU-.bOU-.YFHl=2*0-.2*1..
NFFZ:lOiXFMZ:Oov400|BOcO120¢r200-o250.0300a'3400!420-1500-y
YFM2= 312004296049 2860.427804+42690.426204225304¢24400+2%21004,
NFH3=IO|XFM3=O¢340178071120:1200-1250r'300-;34001420c'5000'
YFF3=3600..3600.-3360.'3230-,3050--?950..28&0..2720.u2'2300.'
NFFQ:leF”4=U-'10001200-;300-14000'4500'10000|
YFM‘=QI-BI39-9140-l|39n913£-?6|2712r01l
NRFMS=25  XRFMS=200s10.9200931ew33.540.045.9483.6950.9,57.5061.,464.14
690 0T lav 19177079181 04830089.29304397.91C0.410%.9120.0
NCFMO =7 g XCFMS=00 410044200, ¢3004¢400.+450.01C00.» '
¥EMS=0, 4 18%30, 0414813759190 11as544000
O..14*50.|39.9.30-o27.5|20.|10-'8-5v2-501-'2*0-.
O-"-O‘sonv"O-"l 35--20.'12-50 10-1"-5!5-.4..0.5|5'0.¢
0.'0*50' 13\)19' 32.5.15-' 10--6-515.5’?.5;0-5”10‘0-.
00 '2*50-’ ‘2-26'21'5'120!TO.“.I!.S"&*O'!
01'27-211305!5'5'41512'I0'5’la‘oorstOQ' .
NEME=L T g XFMA=-10a90e s s0%10lvelDralreldOredredDrabrebS91e99e9544b,
065|.?'n ’5' .8, -85. -9. ¢95|1l01l005'llll 1.15l11231100
YFN6=‘O.6v—Q.bv.7'.85;.95¢l.o’;i.l?;l.ZTal.35.l-ﬂ5.lu53.‘t62'la’.
10"511-9’2-1201412.2"2-"‘3.2-6l2052l3-1'3".5'3.9"’."5'5l605lbl
NVCL=4 3 XV L2004 slasleQ00L s L0 a¥YVL1=2%58092%44as
NVC2=‘HXVC2=0.' l-f 1-000‘.' IOC'#YVCZ:Z‘E-tztﬁc'
NSSll=4uXSSl 1=0. .1‘0-9‘).?5..100. 'YSSII=2*0.!2‘IQI
NSSIZ=4-KSS[?=0..ZB-lb?-&ﬁ.lb?gLOO-.YSS[2=2*O--2'1..
NGRADE=4 ¢ XGRALE=04¢100.9¢500,¢1C00.¢e YGRAVE=G¥(. :
ICCODE=2 VMILC=04+ECLIC=104s
NVCL136o XVE 12-5.30.92.5392.599100.y 1000w YVC1=23%4,,328,,
NVC2=OQXV£?=“5n'0-|2.53'2¢55'100-'IOOOQ‘VVC?=5"PQ’3‘B.'
NSSI1=4y XSS 1=-1440.9l0as 000 Y5S511=4%0.,
NSSIZ=‘Q|XSSI?:"IQ'U.] IO.QIOUO-'YSSf2=‘I“0-v
NGRADE=%eXGRAUE=-14¢v042104+41000.,YGRADE=4%0.,
LEND )
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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.

148



<



