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SUMMARY

A study of various techniques for obtaining time synchronized {4D) approach
contrel in the NASA VALT research helicopter is described in this report. The
study consisted of an examination of previously proposed 4D concepts and their
compatibility with the existing VALT digital computer navigation and guidance
system hardware and software. Modifications to various techniques were investi-
gated in order to take advantage of the unigue operating characteristics of the
nelicopter in the terminal area.

A 4D system is proposed, combining the Direct To Maneuver with the existing
VALT curved path generation capability. Time of arrival is controlled by both
path alteration and velocity control techniques. Various elements of the pro-
posed system have been implemented through computer software generation. The
operation of these elements have been checked out using the existing VALT soft-
ware validation system in a flight simulation configuration.



INTRODUCTION

On January 9, 1976, NASA/LARC, Hampton, Virginia, awarded Contract No.
NAS1-14238 to Sperry Flight Systems for a study of time-synchronized approach
control techniques. The work performed under this contract is part of the NASA
VTOL Approach and Landing Technology (VALT) program designed to determine the
operating envelope and piloting procedures for VIOL aircraft in the terminal
area.

In order to provide a viable intercity and intracity operating system,
future VIOL aircraft will have to perform curved, decelerating time-constrained
approaches under all flight conditions. This ability, referred to as a four
dimensional (4D) approach capability, will require greater sophistication in
many portions of the total operating system than is currently available. This
is particularly true for the navigation, guidance and control areas where little
research and development has been done relative to the 4D approach problem.

In order to provide the necessary data base for such future VTOL naviga-
tion, guidance and control systems, the Langley Research Center of the National
Aercnautics and Space Administration initiated the VALT program. One of the
program's goals 1s to define navigation, guidance and control concepts which
would give VIOL aircraft the necessary 4D approach capability. The primary tool
used in the VALT program is a specially equipped CH-47B research helicopter
which is used to evaluate candidate concepts in an actual flight environment.
The helicopter is equipped with a fly-by-wire control system and a programmable
navigation and guidance system based on a general purpose digital computer.

This study was conducted to determine the feasibility of 1ncorporating a 4D
capability into the existing VALT system using the existing VALT software and
hardware. The study was divided into the following four tasks:

TASK 1
ANALYSIS OF 4D TECHNIQUES

A literature search was conducted to examine various 4D techniques proposed
for both fixed wing and helicopter appiications. Published papers and reports
were reviewed with a particular emphasis on those techniques that appeared most
suitable for the VALT system. Modifications to published techniques were
investigated 1n order to take advantage of the more flexible operating
capability of VTOL aircraft.

TASK 2
ASSESSMENT OF SOFTWARE REQUIREMENTS

A preliminary estimate of the programming effort required to implement
various 4D techniques was made. This estimate was combined with an evaluation
of the operational aspects of the various techniques investigated as part of
Task 1 1n order to select a set of techniques suitable for a VALT 4D system.

TASK 3
EVALUATION OF 4D TECHNIQUES

Digital computer software was created to implement various concepts and
techniques selected as part of Task 2. A fixed based simulation was used to
verify the operation of the software.



TASK 4
DEFINITION OF A MAN/MACHINE INTERFACE

A fixed based simulation was used to identify interface problems between
the pilot and the 4D system. An interactive graphics display capability was
added to the simulation facility to allow visual presentation of the 4D approach
situation to the pilot. Recommendations were prepared outlining additional in-
formation exchange concepts that would be suitable for operational use.
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VALT SYSTEM DESCRIPTION

The NASA VALT System 1s an integrated hardware and software package de-
signed to provide a tool for investigating the problems associated with terminal
area operations of VIOL aircraft. The system is built around a modified CH-4/8
helicopter and contains research oriented control, display, navigation and
guidance subsystems. A block diagram of the VALT system is shown in Figure 1.

Research Aircraft

The NASA research aircraft is a highly modified CH-47B helicopter. The
aircraft contains a research pilot station in the right side cockpit and a
safety pilot station on the left side. The research pilot position instrument
panel incorporates two video monitors for use with a ground-based, flight dis-
play research subsystem. The VALT engineers station is located in the main
cabin area and provides the research engineer the capability to monitor and con-
trol the entire system. The aircraft 1s equipped with monitored, full author-
ity, actuators in the pitch, roll, yaw, and collective axes.

Control System

The VALT CH-47B control system is a hybrid combination of analeg and digi-
tal components. The analog elements of the system include the sensors, the
actuation system, and the attitude stabilization portion of the control system.
The digital elements include the digital navigation system and the air/ground
telemetry data link. The digital navigation system contains the general purpose
digital computer, a digital interface unit and two control/display units that
provide the operator interface with the system. A complete description of the
digital navigation system is contained in Reference 14.

Radar Tracking and Data Link

The primary navigational position information for the VALT system is pro-
vided through the use of an FPS-16 tracking radar combined with a laser ranging
system located at the Wallops Flight Center. Radar information is processed on
the ground with a digital computer in order to generate a three-dimensional co-
ordinate fix. The X position, Y position, and Z position information is trans-
mitted to the aircraft through the Telemetry Data System (TDS) data Tink.

A TDS Interface Unit (TIF) in the aircraft provides the interface between
the data 1ink and the digital computer. A computer program combines the raw
position data with aircraft acceleration data to produce inertially smoothed
position information for guidance computaticns. Reference 17 contains a
description of the technique used.

Software

The functions that the VALT system performs are determined by the digital
computer software. The primary flight system software consists of a real time
executive routine and set of selectable subroutines called by the executive
routine. The subroutines that are called during any particular real time cycle
are a function of the mode of system operation selected by the pilot or by the
flight test engineer.
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The flight system software has the capability to generate arbitrarily
shaped curved approach paths in both the lateral and vertical planes. The
lateral curved path software is based on an elliptical curve fitting technique
which is described in Reference 15. In addition, the software can generate
curved deceleration profiles with velocity specified as a function of distance
to go along the lateral path. Five lateral curved paths, five vertical profiles
and five velocity profiles can be stored in the flight computer. Selection of
any combination of curved paths and profiles can be made through the use of the
control/display unit.

The flight system software generates all the necessary commands to fly the
curved paths and profiles in either a fully automatic mode or in a pilot aided
mode through the generation of flight director steering commands.



4D TECHNIQUES

Task 1 included the requirement to investigate, through a literature
search, various 4-D approach techniques that have been proposed or implemented
in other research projects. The I1terature search resulted in the collection of
44 articles and technical papers related to 4-D techniques. These articles are
listed in the reference section and in the bibliography which 1s attached as
Appendix F. The purpose of this section is to consolidate and summarize the
information contained in these articles and to indicate whether or not the tech-
niques presented are applicable to VTOL aircraft. In general, all the tech-
niques investigated utilize path alteration or velocity control or a combination
of both in order to achieve a predetermined time of arrival. It should be noted
that none of the techniques that have been researched are specifically directed
towards VIOL aircraft and that all the techniques provide time of arrival con-
trol to an approach gate and not to a touchdown. This section is divided into
two major parts in order to cover the two broad areas of path alteration and
velocity control.

2D, 3D and 4D Guidance

Aircraft guidance in the terminal area can be ciassified into 2D, 3D and 4D
systems. 2D systems are primarily concerned with lateral guidance of the air-
craft while controlling altitude and velocity with relatively gross changes to
maintain separation. The recent development of Area Navigation {(RNAV) has en-
hanced the abjlity of the ATC system to utilize precision 2D guidance in the
terminal area. The addition of vertical path control to the 20 lateral system
results in 3D approach control systems. The ability to incorporate vertical
navigation waypoints 1nto present day RNAV systems allows for precise control of
both vertical and lateral position aleng the entire approach path and thus
allows for more efficient uti1lization of the terminal area airspace.

A 4D approach system adds time control to a 3D system. Time controlled
approaches can reduce the separation distance between aircraft down to a level
that approaches the minimum separation standards, since the time of arrival dis-
persion at various 3D waypoints can be greatly reduced. A reduction in the
separation of aircraft 1n the terminal area can result 1n an increase in the
landing rate on any given runway and thus reduce landing delays. It should be
noted that a reduction in arrival delays is not necessary 1f the runway capacity
is in excess of the terminal area arrival rate for incoming aircraft since de-
lays in the terminal area are not experienced under these conditions. It should
also be noted that a 4D system must offer a reduction in the arrival dispersion
at a time controlled waypeint when compared to the normal dispersion that would
be experienced at the same waypoint with a 3D system. This reduction in arrival
dispersion becomes a benchmark for evaluating the worth of a 4D system. A
standard deviation of 20 seconds is often used in conjunction with fixed wing
approaches using a 3 mile separation standard and approach speeds between 120
knots and 150 knots (Reference 8). A computer controlled 4D system should be
able to reduce this type of deviation by 50 percent or more.

Path Alteration

The term Path Alteration is used to cover a wide variety of techniques that
involve control of the lateral position of aircraft. In some ways the term 1s
incorrectly applied since it is necessary to have generated some path before 1t
can be altered. The generation of a flyable path is a subject of much discus-
ston 1n the articles researched and will be covered first.

10



Path Generation Using the Direct To Concept - Assuming that some type of
velocity control profile has been given or determined, 1t 1s necessary to know

the shape and Tength of the desired lateral flight path in order to determine
the time to fly that path. This is a problem similar to that which was encoun-
tered 1n the original VALT system design. It is necessary to

¢ generate a path that goes from point A to point B in a continuous manner,
¢ generate a path that can be fiown by the aircraft in question,

e generate a path that can be synthesized within memory and time limits set
by the on-board computer and

e generate a path that has a readily determined path length.

For the purpose of this discussion, it will be assumed that no winds exist. The
problem of winds will be discussed in a later section. Since the papers that
have been researched are directed primarily towards STOL or other fixed wing
aircraft, it is not surprising to find that the path generation technigques
presented are based on circular arc curved sections. This 1s the path best
suited for relatively constant speed turns at steady bank angles. The problem
to be solved is to find a path from point 1 to point 2 with a given imitial
heading at point 1, the desired final heading at point 2, and a radius to be
used for circular arc curved sections of the flight path. Figure 2 shows the
geometry for the problem to be solved, while Figure 3 shows the minimum path to
solve the problem within the constraints given. Techniques for solving this
problem are covered in References 2, 3, 4, and 5. This technique of using a
turn, a straight segment and another turn 1s employed in many of the systems
researched as a part of this study and will be referred to as the "Direct To"
concept throughout the rest of this report.

A 4D System Using the Direct To Concept - The Direct To concept can be used
as the basis for a 4D system. Assume that an approach path is specified by a
series of waypoints such as shown in Figure 4. If the distance between the way-
points is known and 1f an aircraft is flying at a constant velocity (no wind
condition), then the time to reach the approach gate from any waypoint is known.
If an aircraft is located at some initial point (Xy, Y1) with an initial heading
1, then a Direct To path exists between the present aircraft position and each
o% the waypoints. The time to traverse the Direct To path to each waypoint can
be determined and, subsequently, the time to arrive at the approach gate can be
found for each of the possible flight paths. (This 1s shown 1n Figure 5.) By
continuously calculating the Direct To distance to one or more waypoints while
flying an “open loop" approach course, the time to arrive at the approach gate
can be continuously predicted. When the predicted time of arrival and the de-
sired time of arrival are in agreement, the system 1s instructed to lock onto
the path and follow it to the approach gate. This type of system has been flown
1n a STOL aircraft using an on-board digital computer (References 13 and 16).

Modified Direct To Concept - The basic Direct To flight path as used in
previous flight tests is directed towards fixed wing aircraft that fly at rela-
tively constant speed. For use in a VTOL application, however, it may be de-
sirable to use two different circular arc radii for the two turns, since the
desired velocity may be significantly different at each of the turns. The
mathematics and logic decision rules presented 1n References 2, 3, 4, and 5 can
be modified to incorporate this type of change.

11
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Path Alteration With Delay Fans - One of the most easily visualized methods
of path alteration 1s through the use of what are termed delay fans. A delay
fan that is incorporated into an approach path provides a means of adjusting the
total path length and, therefore, the time of arrival. The use of delay fans
requires that the approach path contain areas where an inbound aircraft may
deviate from the nominal flight path within some specified Timits. A variety of
delay fan forms can be used. Consider the path geometry shown in Figure 6 where
WPl is defined by X, Y1, and §3; and WP2 is defined by Xy, Y and U>. For the
purpose of this discussion, {1 and Uy are equal, but this 1s not a necessary
condition. A symmetrical delay fan path between WPl and WP2 is shown in Figure
7 and the symmetry occurs about the nominal path bisector. Assuming that the
same turn radius is used at both WPl and WP2, and the aircraft 1s flying at a

constant velocity, the amount of time to traverse the path is a function of the
initial turn angle,

A parallel offset delay fan using the same nominal flight path 1s shown in
Figure 8. If the assumption 15 made that the initial and final turns are equal
and are fixed at some value, then the amount of time required to traverse the
path is a function of the initial straight line distance S. Note that 1n the
parallel offset delay fan, all turn angles are equal.

A third type of delay fan can be generated using the same maneuver that is
employed in the Direct To Path generating technique. This type of maneuver,
shown in Figure 9, consists of an initial turn to a straight segment and a
Direct To path to the final waypoint. As 1n the case of the parallel offset
technique, the value of the initial turn can be varied to suit the particular
application. A good description of all the various delay fan maneuvers can be
found in Reference 8.

A 4D_System Using Delay Fans - A time controlled approach system utilizing
delay fan maneuvers would be based on a fixed nominal approach path containing
one or more turns. Areas of allowable path deviation are defined at the turns,
and delay fan maneuvers are used to lengthen or shorten the path. Figures 10
and 11 show typical approach paths and areas of allowable maneuver. The use of
maneuver areas as a time control technique is discussed in conjunction with the
FAA Metering and Spacing geometry in References 1 and 8. Reference 10 describes
a similar 4D technique that uses a series of time control waypoints to define a
nominal approach path, where certain portions of the approach are designated as
maneuver areas, while other portions are fixed. A typical approach path in this
type of 4D system 1s shown 1n Figure 12. This type of muitiple time waypoint
approach path may be useful when VTOL and CTOL flight paths are intermixed 1n a
common terminal area as described in Reference 9.

Path Control Using Maneuver Corridors - Reference 10 describes a path con-
trol technique that defines a maneuver corridor around a nominal flight path.
Waypoints are defined at each point on the path where a turn occurs. Path ad-
Justment 1s accomplished by moving the waypoints along the turn angle bisectors
in a way to lengthen or shorten the flight path while maintaining the total
flight path within the maneuver corridor. Typical gain time and lose time
fiight paths are shown as Figure 13. Creation of gain time or lose time path
can be accomplished in one of two ways; a path could be generated that alters
all the waypoints in order to keep the path deviation small at all points or a
path could be created that returns to the nominal as soon as possible. These
two types of paths are shown 1n Figure 14.

16
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Avoidance Areas - An 1interesting path generation idea is presented in
Reference 19. A path is constructed through a series of data points using the
Direct To technique described above. Path generation is further complicated,
however, by the introduction of avoidance points. An avoidance point is defined
as the center of a circle through which the flight path may not penetrate. The
Direct To technique is modified to avoid these areas. A typical flight path is
shown in Figure 15.

Multiple Approach Paths - One final technique in the area of path genera-
tion, that 1s of interest, is presented in Reference 18, A series of fixed
approach paths are created that Tink together one or more source nodes (feeder
fixes) and one or more sink nodes (approach gates) through a series of inter-
mediate control points. FEach aircraft that enters the approach system 1s placed
into a classification that is based on its normal approach speed and its ability
to increase or decrease speed. Time separation standards are established for
the various nodes. Aircraft arriving at a source node are scheduled to the
closest available sink node consistent with the aircraft classification and
other traffic. The actual approach path is not known to the pilot until this
decision is made. The scheduling problem is handled by a ground computer as
part of the Air Traffic Control system. A typical approach situation 1s shown
as Figure 16.

Velocity Control

The second major element of 4D approach systems is velocity control.
Velocity control 1s necessary in order to ensure that the predicted time of
arrival at a time waypoint can be attained. The extent to which velocity con-
trol is a coarse or a fine tuning device is, of course, a function of the speed
range of the aircraft in question. Velocity control techniques are divided into
two primary categories; ground speed (or zero wind) control and airspeed
controi.

Ground Speed Control ~ Speed control is one of the primary elements of a 4D
approach system. The system must be able to calculate the velocity profile
needed to traverse a known path within a given time, and must be capable of con-
trolling the aircraft in a way to ensure that the desired profile is followed.
In addition, the system must be able to determine the maximum and minimum time
required to traverse a given path within the maneuver constraints that have been
placed on the aircraft. A velocity control system that uses ground speed con-
trol tends to simplify the problem since the system may compensate for wind
effects.

One technique that can be used to define the velocity profile, is to use a
standard form of profile and adjust the parameters to suit the particular path
and aircraft. Reference 12, for example, discusses the use of a profile con-
sisting of an acceleration or deceleration segment followed by a constant veloc-
ity segment and then another acceleration or deceleration segment. This type of
profile can then be fitted between two time control waypoints in order to estab-
1ish the velocity commands needed to traverse the flight path segment in the
allotted time. Degenerate cases of the standard profile can be used as required
with the exception that all profiles must contain a constant velocity segment.
The use of this type of general purpose profile is illustrated in Figure 17
where all accelerations and decelerations are constant, but not necessarily
equal to each other, and the final velocity is less than the initial velocity.
Under these conditions, the total path length is represented as the area under
the profile. Distance Ly, for example, represents the shortest path that can
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be flown with a two segment profile. Similarly, Lo represents the longest path
that 1s possible with a two segment profile. These two distances represent the
boundary conditions that define the type of the three segment profile that must
be used to traverse a known path distance within a given time frame. If, for
example, the desired path distance is less than L1, a profile consisting of a
deceleration, a constant velocity segment, and an acceleration is required.
Similar analysis reveals the conditions which the other profiles shown in Figure
17 would be applied. If the final velocity is greater than the initial veloc-
1ty, the same type of determination can be made. This type of analysis is
important because 1t provides a mechanism that allows the on-board digital
computer to make an unambiguous decision based on 1ittle input data. It should
aiso be noted, that a simple analysis of this type can be used to determine the
absolute winmmum and maximum path distance that can be covered within the con-
straints such as acceleration, deceleration, maximum velocity, and minimum
velocity that are imposed on the system.

The velocity profile generation techniques, discussed above, can be expand-
ed to 1ncorporate different baseline profiles. It may be advantageous, for ex-
ample, to utilize a profile consisting of two constant velocity segments joined
by & single acceleration or deceleration segment in conjunction with a Direct To
lateral path. This type of profile would restrict velocity changes to the
straight 1ine segments of the lateral path, thus reducing pilot workioad during
turns. It may also be desirable, for example, to use a velocity profile that
specifies the value of acceleration or deceleration as well as the value of the
velocity that must be satisfied at a time waypoint. Such a constraint may even
be required in order to avoid unacceptable pitch activity during the final phase
of the approach.

In addition to defining the appropriate velocity profile, a 4D system must
be able to determine when a given flight path or segment cannot be traversed in
the time specified without exceeding one or more system limits and 1t must be
able to correct velocity profile errors 1n a manner as to ensure that the de-
sired time of arrival is attained. The first problem is a subset of the profile
generation problem and can be handled during the profile imitialization phase.
Two common techniques are used to handle the control problem. First, a new pro-
file can be generated on a repetitive time basis such as every 10 seconds. This
technique was used in a STOL system described in References 13 and 16. Speed
control in these flight tests was carried out with throttle motions and the use
of the update technique resulted in unacceptable throttle activity in flight. A
second technique that has been suggested involves the addition of a correction
term to the velocity profile. Correction terms can be based on either time
error at a position, or position error at a given time. In either case, a
velocity bias proportional to the error is added to the nominal velocity com-
manded by the velocity profile. Limits and gain scheduling as a function of
time to go are usually applied to the correction factors in order to prevent
excessive velocity build-up when large errors exist. Empirical determination of
the required bias was employed in the flight tests reported 1n Reference 13.

Phantom Aircraft Tracking - Given that a velocity profile can be generated
through a scheme similar to that discussed above, the use of essentially open
1oop correction factors can be avoided if an appropriate control system is em-
ployed. A control system based on the positioning of a phantom aircraft along
the 4D flight path 1s presented in References 12 and 13. In this system, the
desired reference position of the aircraft at any time 1s computed and used to
generate crosstrack and along track error signals based on the actual aircraft
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position. A moving coordinate system, with the original located at the phantom
aircraft position and one axis tangent to the path js employed. Reference com-
mands such as the nominal bank angle and the nominal velocity are computed based
on the flight path. Correction commands derived from the crosstrack and along
track errors are summed with the reference commands.

Airspeed Control - In all but the most ideal research conditions, 4D -
flights will be conducted in the presence of winds. Calculations of time to go
or time to traverse a segment of the 4D flight path, are generally based on mea-
surement of ground speed along a ground referenced track. If the flight path
involves turning maneuvers, or if the wind magnitude or direction changes, then
the airspeed required to maintain a certain ground speed profile will also vary.
Attempts to maintain a reference ground speed under such conditions can result
in a considerable increase in pilot workload, particularly in computer aided
manual flight. In addition, the amount of pitch activity may be unacceptable to
pilots or passengers during the approach portion of the flight. For these
reasons, the use of airspeed based commands in a 4D system may be desirable.

The use of airspeed based references in a 4D system implies the capability
to generate the ground based flight path and to then present commands to the
pilot or autopilot in the form of required airspeeds. If, for example, the de-
sired airspeed profile for a given path segment is a constant, it is necessary
to be able to compute the value of the constant airspeed required to traverse
the path in a given time increment. For curved flight paths in the face of
steady winds, this will result in a non-constant ground speed profile. Simi-
larly, it may be necessary to compute the time required to traverse a curved
flight path at a given airspeed. For straight flight path segments in the face
of steady winds, the problem simply becomes one of computing the heading and
airspeed necessary to maintain a. ground speed along a fixed ground track. For
curved flight paths, however, the problem becomes much more difficuit. In order
to determine the time required to traverse a circular ground track in the pre-
sence of a steady wind for example, it is necessary to solve an elliptical inte-
gral. Various approximation techniques for solving such problems are presented
in References 5, 6, and 7. Solutions for the problem involving curved flight
paths, other than circular arcs, have not been found in the literature search.

Another problem that exists in the presence of winds, invoives the computa-
tion of the nominal bank angle required to fly a circular ground track. Since
most control systems would use the nominal bank angle as a reference, and since
this angle will change as the path is traversed, the 4D system must be capable
of solving this problem for the flight path in question. Techniques for solving
this problem are presented in References 6 and 7 for circular paths with steady
winds. Solutions for constant velocity as well as accelerating and decelerating
speed profile conditions, are also contained in these references.
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VALT 4D SYSTEM

The first question to be faced in formulating a 4D concept suitable for
VALT involves the degree to which velocity control and path control are to be
used. Since one of the objeetives of the VALT program is to provide a data base
for future navigation, guidance and control systems, a 4D system for VALT should
1ncorporate both ideas. THe inclusior of both path control and vélocity control
concepts will facilitate evaluation in both the simulation and flight test en-
vironment and will provide a broader data base for future efforts. The degree
to which a particular technique is used can be governed by software limits
placed on the parameters that define each technique. For example, if the area
of maneuver allowed around a given portion of the approach path is gquite re-
strictive, then the system will be forced to rely primarily on velocity control
techniques. On the other hand, operational timits on the vehicle airspeeds at
both the upper and lower ends may indicate that a path alteration maneuver is
necessary in order to accommodate gross changes in waypoint arrival times or
large time errors that may be induced into the system.

The configuration and capabilities of the existing VALT system have had a
strong influence on the technigues and concepts selected for the VALT 4D system.
The capability of the VALT system to generate-arbitrarily shaped curved approach
paths based' on tabular position data indicated that path control techniques,
based on well defined ground tracks, should be employed. The existing ground
speed control and velocity profile generation software pointed to the use of
ground speed velocity control techniques for the 4D appiication. Airspeed con-
trol techniques appear to. offer some significant reductions in pilot workload,
‘however, and the inclusion df these techniques 1n the system offers the oppor-
tumity to expand the basic system capabilities.

Based on an analysis, the 4D techniques reviewed and considering the nature
and capabilities of the existing VALT system, the following framewdrk for a VALT
4D system has been adopted:

o Multiple time control waypoints defined in tabular format similar to the
existing lateral path data tables.

o A three part 4D approach path consisting of a Direct To maneuver to an
initial waypoint, a fixed nominal path with areas of allowable maneuver
bounded by time control waypoints, and a final deceleration to a hover.

¢ Velocity control based on a combination of airspeed and ground speed
references. The approach path velocity profile is to be generated on a
real time basis using two different three segment profile generation
techniques.

o Direct To path generation capability from any point on or off the path to
any time control waypoint on the path. Path selection and 1nitialization
procedures are modified versions of the existing VALT lateral path
selection techniques.

¢ Path alteration on the nominal approach path based on the Direct To delay

fan technique. Areas of allowable limits to be contained in the path
generation software.
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Multiple Time Control Waypoints

A time control waypoint in the VALT 4D system is defined by an X position,
a Y position, and a desired heading in the horizontal plane and by a specified
time of arrival at that point. Since the lateral flight path will be generated
from the waypoint data by the existing VALT software in a manner that forces
inclusion of all waypoints in the path, all VALT waypoints are similar to the
final heading waypoints described in Reference 5.

Multiple time control waypoints are used to define time boundaries for
various sections of the approach, thus providing a convenient method for separ-
ating and restricting the degree of path alteration or velocity control that can
be used. In addition, the use of multiple time control waypoints will be neces-
sary in an operational system to ensure aircraft separation in very high density
terminal area operations involving intersecting flight paths.

4D Approach Path

The approach path consists of three separate sections: the path capture
maneuver, the nominal approach path, and the deceleration to a hover. A time
control waypoint is placed at the point where the deceleration phase begins and
is used to define the approach gate and the final time of arrival. 4D control
will not extend beyond the approach gate. A constant attitude deceleration pro-
file will be used from the approach gate to the landing pad. This type of de-
celeration profile is described 1n Reference 11. Existing VALT software is used
to provide the required velocity reference as a function of path distance to go
during the deceleration.

The nominal flight path section is defined as that portion of the approach
that starts at the initial time control waypoint and ends at the approach gate.
Additional time control waypoints may be included in the nominal flight path.
Areas of maneuver can be established between adjacent time control waypoints to
provide a boundary on any path alteration decisions. Delay fan path alteration
techniques are used to provide a path distance change capability. The decision
to use a fixed nominal path and delay fan path alteration techniques was based
on the capabilities and flexib1lity of the existing VALT path generation soft-
ware. Implementation of 4D path techniques in this manner, requires only the
generation of suitable data points and is much more readily accommodated than
other techniques such as the use of maneuver corridors.

In conjunction with the delay fan path alteration techniques developed in
this study, two maneuver area modification techniques are also being used.
Delay fan boundaries determine the area of allowable path modification between
two time control waypoints. Variable delay fan boundaries have been incorpe-
rated into the system to investigate the effect of boundary 1imits on the delay
fan generation process. Avoidance points and avoidance areas have also been
added in the delay fan maneuver areas. Avoidance points are defined as points
in the approach area from which the specified flight path must be separated by a
given minimum distance. The avoidance area 1s defined as a circular area with
the avoidance point as 1ts center and the minimum separation distance as the
radius. When used in conjunction with the path alteration priority system de-
fined for VALT 4D, the avoidance area may modify the Tateral path in a way to
force the velocity profile off the designated 1imits, and possibly produce
simpier velocity profiles within the delay fan area. A complete description of
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the delay fan techniques and the delay fan area modification technriques to be
used is contained in Appendix A. '

The portion of the approach between the present aircraft position and the
nitial time control waypoint, is defined as the path capture maneuver section.
A path must be defined from any point in the terminal area to the initial time
control waypoint. This path is based on the position coordinates of these two
points and the initial and desired final aircraft heading. The path capture
phase of the approach will generally provide the greatest degree of arrival time
control since subsequent phases of the approach are relatively constrained. For
this reason the path capture maneuver should be well defined and have a known
distance that can be used as a basis for velocity control.- The Direct To tech-
nique described in Reference 3, satisfies this requirement and will be used for
the path capture phase of the approach. The basic Direct To technique has been
modified to allow the use of different radii on each of the two circular mane-
uvers. This change has been incorporated because of the greater range of oper-
ating speeds available with the helicopter, thus allowing turns of greatly
differing radii to be made during a single Direct To maneuver without exceeding
the system bank angle lmmit.

In addition to providing a well defined maneuver from the present aircraft
position to the initial time control waypoint, the Direct To maneuver 1s also
used to generate a flight path between the present aircraft position and any
other time control waypoint including the approach gate. When combined with a
suitable velocity control technique, the Direct To maneuver provides a powerful
and flexible time control capability that can be readily incorporated into the
existing VALT software. A complete description of the Direct To techniques
developed for VALT 1s contained in Appendix B.

Velocity Control

Three different velocity reference generating techniques are used during
the 4D approach. A constant attitude deceleration profile based on distance to
go along the path is used from the approach gate to the touchdown point. Time
control techniques are not employed during this portion of the approach.

On the nominal approach path, a ground speed profile is generated using the
specified waypoint arrival times in conjunction with-the distance between way-
points. Velocity changes are accomplished with constant acceleration and de-
celeration values using three segment velocity profile techniques similar to
those described 1n Reference 12. Waypoint crossing velocities are detrmined by
a weighted average technique based on the path length, the time allowed, and the
minimum and maximum velocity lTimits for the segments. The ground speed velocity
reference generated by the velocity profile is summed with an additional veloc-
1ty term based on calculated time error to produce an instantaneous velocity
command. This velocity command is then used with the existing velocity control
software to control the aircraft. A complete description of the methods used
for velocity profile generation and control are contained in Appendix C.

During the path capture phase, time control is maintained through the use
of airspeed commands rather than ground speed commands. Airspeed control 1s
incorporated during this maneuver in order to reduce the pitch commands that
occur during curved fiight in the presence of winds, to eliminate airspeed
fluctuations which may be disturbing to the pilot, and to provide a smooth
transition from the airspeed hold mode which 1s the primary pitch mode used
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prior to initiating the approach capture mode. The basic techniques for gener-
ating constant airspeed commands during curved path flight in the presence of
winds are discussed 1n Reference 6. These techniques have been modified to
allow independent selection of the entry and exit airspeeds thus allowing the
system to generate an airspeed profile that transitions from the initial air-
speed to the airspeed required to achieve the desired ground speed at the first
time control waypoint. The time to traverse the path capture segment is deter-
mined by positioning the acceleration or deceleration at an appropriate point on
the flight path. When using airspeed control two changes are incorporated 1nto
the lateral position control Taws described in Reference 14. When flying in the
presence of winds, it is necessary to hold some lateral error in order to fly a
crab angie to the path. On the curved sections, a lateral offset is necessary
in order to deviate from the nominal bank angle around the turns in the presence
of winds. A crab angle lead term has been added to eliminate the errors on the
straight sections of the path. For the circular turn segments, a bank angle
lead term has been added which commands a changing bank angle for a given radius
turn 1n the presence of prevailing winds. The nominal crab and bank angles are
then related to wind magnitude and direction and wi1l not generate lateral path
errors. A complete description of the methods used to obtain airspeed velocity
references and the related crab and bank angles is contained in Appendix D.

Displays and Controls

The conduct of successful curved, descending decelerating approaches with
time constraints will require efficient, real-time exchange of information be-
tween the pilot and the aircraft systems. This information exchange can be
divided into four principal areas:

e Flight Path Command Information

¢ Horizontal and Vertical Situation Information

¢ System Performance Monitoring Information

e Flight Path Control Information supplied by the pilot

The flight path command information includes flight director commands gen-
erated by the digital navigation computer as a function of aircraft position on
a fixed approach path. As indicated in past flight operations, the pilot tends
to Tack full confidence in the flight director commands during curved approach-
es. To add credibi1lity to the flight director system, information displays of
horizontal and vertical situations need to be added to the system. Such dis-
plays would provide pictorial descriptions of aircraft position relative to a
Tateral flight path and altitude and velocity profiles. The displays would also
show the prescribed flight path relative to significant terrain features,
changes in the lateral path which may take place, and the aircraft position
relative to some desired hover point. Displays are also necessary so that the
pilot may monitor the quality of his progress along the flight path. Such per-
formance monitors would include altitude and velocity profile tracking, altitude
and time error displays, and heading or course indicators. All of this avail-
able information enables the pilot to more accurately evaluate hi1s position on
the approach and anticipate any action that will be necessary to successfully
complete the approach.
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It 15 also necessary to permit the pilot to actively take part in accepting
or rejecting approach paths that are being displayed. In the past the pilot was
not aware of the course of an approach path relative to the surrounding terrain.
By superimposing the path over a terrain map, the pilot can accept or reject a
specified approach path based on flyability in that terminal area. Several
techniques can be used to produce this pilot-control capability. The existing
technigue in the VALT system is keyboard entry through the Navigation/Guidance
Control Panel, but this form of data entry has been found to be somewhat in-
efficient while operating in a flight situation. Other techniques for pilot
data entry need to be addressed to reduce pilot activity in this area. A method
for the p1lot to enter data directly from the display would be most desirable.
Several different techniques are available for this type of data entry, such as
joystick, data tablet, track ball, Tight pen or touch sensor screens. The
graphics joystick was selected for data entry into the VALT simulation display
system.
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SOFTWARE

The software generated as part of this study consists of flow charts and
d1gital computer programs. Flow charts have been generated for:

® The Direct To and symmetrical delay fans,

¢ The Direct To path capture maneuver including the use of two different
turn radii,

¢ Velocity profile generation, using both single-speed change and two-speed
change techniques,

o Determination of crossing velocities in a multiple waypoint path,

¢ Generation of curved path airspeed velocity profiles under steady wind
conditions, and

¢ Interactive graphics displays for all phases of the 4D approach.
The flow charts are contained 1n Appendices A through E.
Digital Computer Programs

Digital computer programs have been generated to implement and verify
selected portions of the flow charts. In order to incorporate those programs
developed for 4D into the 1819A flight computer, certain modifications had to be
made to the program structure described 1n Reference 14. The programs required
strictly for flight test in the VALT CH-478B aircraft were eliminated for the
simulation. The split-cycle inner loop structure was eliminated, and the loop
time was set to 40 milliseconds. This provided the time and space needed to
ve;;fy the operation of the 4D programs. The program organization is shown 1in
Table 1. .

TABLE 1
VALT COMPUTER ORGANIZATION

00000 - 00177 Reserved Interrupt and I/0 Locations
00200 - 05671 Flight System Running Program

05672 - 07261 Time and VYelocity Calculations

07262 - 07777 Direct To Axes Rotation

10000 - 15577 Extended Utility

15600 - 17777 Direct To Switching Diagram and Data Table Generation
20000 - 22747 Lateral Path Running Program

22750 - 23423 VALT Simulation

23424 - 24024 Direct To Parameter Computation
24025 - 25415 Lateral Path Data

30000 - 32650 Flight System Variables

33640 - 35073 DRO Routines

37000 - 37777 Constants
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Direct To - The software developed for the Direct To maneuver 1s quite ex-
tensive. The degree of programming complexity 1s much greater than first anti-
cipated, primarily due to the inclusion of the capability to use two different
radii on the same path.

In all, about 1500 words of code have been generated to implement the
Direct To capability. The majority of that coding is required to implement the
switching diagram decision table. The estimated time to compute the Direct To
capture maneuver, incliuding generating a path data table, 1s Tive milliseconds.
Coding has not been done for the cases where the initial and final points on the
Direct To Maneuver have equal or opposite headings since the additional effort
did not appear to be justified for this study. The Direct To program has been
structured to allow the additional coding to be added at a later date.

Implementation of the Direct To program as a real-time prediction routine
required that the program be defined as four major subroutines:

(1) Data transferral and coordinate transformation
(2) Switching diagram decision table

(3) Computation of Direct To path parameters such as headings, radii and
segment Tengths

(4) Generation of a path data table.

For the prediction process, the first three subroutines are called sequentially.
The Direct To path parameters can be computed and compared with known time and
distance requirements for automatic switching onto the maneuver. The fourth
subroutine is not called until the system is commanded to switch onto the Direct
To capture maneuver.

Delay Fans - The routines for generating Direct To delay fans have been
coded and checked out. Two different techniques were developed for handling the
Direct To delay fan. The first was a predictive-type generation; the other was
a single fixed computation. For the first it was necessary to add about 100
words of coding to the Direct To subroutines to generate the delay fan maneuver.
For the other, a routine of nearly 300 words was written.

The first program design is such that the aircraft flies a predetermined
outbound heading from the entry waypoint while using the Direct To predicting
capabilities to calculate the path parameters required to fly to the exit way-
point. When the time and distance constraints of the fan area have been satis-
fied, the system is automatically switched onto a Direct To capture maneuver.
The computation time of this routine 1s approximately the same as that for the
Direct To capture routine.

The second program design is such that when the time and velocity require-
ments are known, a distance is generated and then the delay fan maneuver is
generated directly. This program has been coded and checked out for turns of
the same direction only. The equations necessary for a maneuver of opposite
turns require an 1terative process to compute the maneuver. It was determined
that this kind of flexibility was not necessary for this study, and therefore
the effort required to code and check out such a routine was not justified. The
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program that was written, however, does generate the delay fan maneuver prior to
flying the approach.

Only the flow charts have been completed for the symmetrical delay fan.
Since there are many restrictions on this type of maneuver and, since 1t 1is 1n
reality a special case of the Direct To delay fan, it was felt that the time to
code and check out this routine could not be justified for this study.

Yelocity Profile and Time Control - The velocity profile generation routine
has been coded and checked out using the Sperry VALT Software Validation Facil-
ity (SVSVF). The routine at present runs in two different modes: off-l1ne and
real time. In the real-time configuration, the routine generates a profile for
a single time section based on known entrance and exit velocities, section time,
and distance. In the off-line configuration, the routine computes a velocity
profile for up to seven time waypoint sections, using the weighted averaging
technique for determining waypoint crossing velocities. In this configuration
the routine takes approximately two milliseconds to generate a profile. In the
real-time configuration it takes Tess than half a millisecond. The routine
which generates the profiles is approximately 400 words 1n length.

The time-control routine which uses this velocity profile data has been
coded and verified in conjunction with the flight system program. This program
is used 1n place of the original VALT velocity profile routine whenever the sys-
tem is operating in a 4D mode. Once the aircraft arrives at the approach gate,
the system reverts to the constant attitude deceleration profile used for 3D
approaches. ’ o i

Airspeed Control ~ A flow chart was generated to define the procedure re-
quired to obtain an airspeed based velocity profile on a Direct To path with
steady winds. In order to provide the most flexible capability, the implementa-
tion assumed that both the initial and final airspeed values were to be select-
able. For programming simplicity, it was felt that acceleration and .
decelerations should be allowed to occur only on the straight portions of th
flight path. The generation of a digital computer program to implement this
concept required the programming of all of the basic time and distance equations
Tisted in Appendix D as well as the generation of an incrementdl 1teration
routine to use these equations since no direct method of solution was found.

The operation of the program under the special case constraint that accelera-
tions and decelerations occur only on the straight-line portions of the flight
path has been checked out. Modifications have been made to the velocity command
control law routine to fly the airspeed profile generated. Routines have also
been developed which generate the crab angle necessary to fly in winds, and a
variable bank-angle lead term for fiying circular arcs in winds. These programs
have all been checked out, and are operational on the SVSVF simulation. Program
coding of approximately 1500 words was required for these routines.

Interactive Graphics Display - A graphical representation of the horizontal
situation was added to the SVSVF using a CRT display. The flight computer pro-
gram for generating and outputting the appropriate data to the graphics host
computer has been coded and checked out. The digital display program in the
graphics host computer, primarily FORTRAN IV, has been coded and checked out.
The capabil1ty now exists to build and manipulate horizontal and vertical situa-
tion displays and performance information displays based on data from the flight
computer during flight simulation. The horizontal situation displays consist
primarily of a moving map and a prescribed lateral approach path. The display
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configuration is changed, based on the position of the aircraft during the ap-
proach. For example, prior to capturing the approach path, the pilot would like
to know what path he will follow and what relation it has to area landmarks.
However, while hovering over the landing pad, the primary interest to the pilot
is the pad 1tself and his vertical position. The performance information dis-
plays involve the graphical construction of velocity and altitude data profiles
and various situation indicators, such as heading, time to go, and altitude.

The routine in the flight computer which generates and outputs data to the
graphics system 1s straightforward, and consists of about 150 words and takes
less than 300 microseconds. The programs in the graphics host computer are
quite extensive. A great deal of the programs are written in FORTRAN and, when
compiled, are about 20,480 words in Tength and may take up to 6 seconds to up-
date. However, when the display that is to be manipulated is very simpie {such
as an aircraft symbol), the update rate 1ncreases to about 10 cycles per second.
The slow update rates result from using a simple graphics system in the SVSVF,
and are considerably slower than the update rates that would be obtained in a
typical aircraft display system.

In addition to the data that is updated during the real-time simulation, a
great deal of path data is preloaded into the graphics host computer. The pre-
Toaded data includes:

o Nominal Lateral Path Data

# Delay Fan Boundaries

¢ Waypoints and Waypoint Numbers

¢ Aircraft Symbols

¢ Scale Factors for Display Scale Changes

¢ Display Positioning Boundaries

® Runway and Terrain Feature Information in the Approach Area

¢ Performance Indicator Graphics

The data sent to the graphics host computer by the 1819A during a simulated
approach includes:

e Aircraft Position and Heading
o Direct-To Capture and Delay Fan Data

e Direct To Predict Flag

North-Up/Heading~-Up Flag

Display Mode Flags
® Approach Path Distance to Go
Alti1tude Profile Data
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g Velocity Profile Data

¢ Time to Go

o Capture Waypoint Number
e Error Codes

¢ Avoidance Area Data

Using the data provided by the 1819A 1in conjunction with the data preloaded in
the graphics host computer, a moving map representation of the terrain features
and Tateral path, along with data monitoring displays, 1s generated.

The basic map display has two operating modes - heading-up and north-up.
Selection of the operating mode is made by the pilot through the Navigation/
Guidance Control Panel.

As part of the Direct To predict mode, the pilot has the option to seiect
the in1tial capture point from among the various waypoints that define the pre-
scribed nominal path. The selection of the capture waypoint is made through the
use of the Navigation/Guidance Panel, or by a direct technique utilizing the
display system's joystick. When the system 1s operating in the predict mode,
the display shows the predicted Direct To path to the capture point and the pre-
dicted delay fan path. If the capture path is invalid due to the position or
heading of the aircraft relative to the selected capture point, the Direct To
path 1s deleted from the display.

When nearing the end of the approach path, the scale of the graphics dis-
play 1s varted so that less of the map is shown and greater displacement of the
lateral and longitudinal flight path excursions is obtained. The scale change
1s made 1n six discrete steps based on distance to go along the flight path.
When the distance to go is less than 100 feet, the display changes to the hover
configuration and the scaling becomes a linear function of the altitude.

Since 1t 1s important to observe how the velocity profile is affected by
alterations in the time and distance constraints, 1t was necessary to incorpo-
rate 1nto the display system the ability to construct and display a graphical
representation of the profile 1n the real-time flight simulation. The velocity
versus time to go profile 1s constructed and displayed once an approach has been
selected. The total profile consists of a series of three segment profiles
which may include either one or two speed changes.

An altitude profile with a constant glideslope is also constructed, and may
be directly changed by the pilot through the joystick. Alteration is accom-
plished by selecting a new breakpoint which may be done when on or off an
approach. ‘Both actual and commanded altitude are displayed to show altitude
erraor,

Perfarmance monitoring displays, both alphanumeric and graphical, are pro-
vided. A time to go graph and an altitude graph, both with actual and commanded
parameters, are included in the displays. A heading indicater in the form of a
bar graph is also provided. When 1n the hover display, an alphanumeric readout
of the altitude is 1ncluded.
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Pilot Interface

Pilot performance during 4D curved path approaches depends on efficient
information transfer between the pilot and the aircraft systems. To ensure that
the pilot is better informed of the path he will be required to fly, displays of
the flight path parameters will be necessary. More efficient data entry tech-
niques must be developed for the pilot to have control over the path he wants to
fly.

Flight Path Command Information - The flight director commands, sent to the
pilot or autopilot, are generated as a function of aircraft progress along a
fixed lateral path and the velocity and altitude profiles. The most significant
interface problem observed was the pilot disorientation produced on the curved
lateral path. This is a probTem shared by non-time constrained curved path
approach systems, however, the problem is more significant with 4D systems since
real time path alteration may be taking place. The problem stems from the
flight computer recognizing the along track progress and the pilot having very
1ittle information by which to monitor that progress., This tends to produce a
tack of credibility in the system on the part of the pilot. The problem con-
sists of two parts:

¢ Knowledge of present position relative to the touchdown point and any
terrain obstacles

¢ Knowledge of the nominal flight path between the present position and the
touchdown point.

A knowledge of the flight path directly influences the system performance in the
manually piloted modes since it increases the pilot's acceptance and tracking of
the computed flight director commands. Raw data displays such as bearing and
distance to a known point are useful in establishing present position, but are
not as effective for estimating the flight path as they are during straight in
approaches. For these reasons, a number of CRT based displays have been incor-
porated into the VALT 4D system. These displays include such things as moving
and fixed map horizontal situation displays, fixed axis velocity and altitude
profiles, fixed and moving scale performance monitors, and alphanumeric
readouts.

Flight Path Displays - The objective of the flight path display is to
enable the pilot to quickly and accurately visualize and evaluate flight path
informatjon. From the display, the pilot is able to determine the present posi-
tion of the aircraft relative to the touchdown point, the nominal approach path
to the touchdown point, areas where path alterations may be allowed or required,
and any significant terrain features. The graphics display is able to further
define the present position of the aircraft by use of alphanumeric representa-
tions of such parameters as range and bearing to a known point. This display
would be used in place of the conventional electromechanical Horizontal Situa-
tion Indicator (HSI) in the aircraft instrument panel and would contain some or
all of the following elements:

e Nominal Lateral Path
¢ Time Control Waypoints

¢ Delay Fan Maneuver Boundaries
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e Direct To Capture and Direct To Delay Fan Flight Paths
e Avoidance Areas

¢ Airport Runway System

e Landing Pad

¢ VOR or Radar Station

e North Indicator

e Aircraft Symbol

e Bearing, Range, and Altitude Readout

¢ Approach Plate Information

A typical display is shown as Figure 18. In this display the approach path
and terrain features are translated about the aircraft symbol to ensure that the

area immediately surrounding the present aircraft position is centralized on the
display.

Rotation of the display is handled in two different modes: heading-up and
north-up. In the heading-up mode, the aircraft symbol is fixed while the map
rotates and translates about it. This mode is shown in Figure 19. In the
north-up mode, the aircraft symbol rotates to track actual heading while the map
is simply translated while being maintained in a north-up orientation. This
mode is shown in Figure 20.

Elements which represent physical structures, terrain features, airport
runways, the landing pad, and the VOR station and elements such as time control
waypoints and the north indicator are not subject to real time modification.

The nominal lateral path is modifiable in that those sections of the nominal
path upstream of the capture waypoint selected by the pilot are not displayed.
The upstream waypoints themselves, however, continue to be displayed so that the
p110t can constant]y observe and select those waypoints. Further, if the way-
point seiected is downstream of a delay fan area, neither the delay fan nor the
maneuver area boundaries are displayed.

In the predict mode the Direct To path capture maneuver is modified as a
function of aircraft position and the capture waypoint selected. Once on an
approach, however, the Direct To capture display 1s fixed. Likewise, while pre-
dicting a delay fan, the delay fan maneuver is variable until a path best suited
1o time and velocity requirements has been selected, at which time the delay fan
becomes fixed for the remainder of the approach. This type of display is shown
in Figures 21 and 22.

Other changes to the displiay are made in the alphanumeric readouts. As the
aircraft position changes the bearing and range digital displays change. Bear-
ing and range computations are made as a function of aircraft position relative
to some fixed point, such as a VOR or radar station.
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47



- BEARING 1307
S ELIL

) Figure 22
Predicted Delay Fan Captured in North-Up Mode

48



Finally, scale changes are made to the display so that more meaningful
information can be presented to the pilot during various phases of the approach.
During the initial phase of the approach the entire lateral path and terminal
area are displayed giving the pilot an idea of his approach path relative to
surrounding landmarks. However, as the aircraft nears the end of the approach,
the display is "blown up" so as to show pertinent landing pad and hover position
information, A typical scale change is shown in Figure 23.

The display could also be used to provide normal approach plate informa-
tion, such as shown in Figure 24.

System Performance Monitoring Displays - The objective of the system per-
formance monitoring displays is to allow the pilot to continually assess the
actual aircraft situation relative to all the commanded parameters. From the
display the pilot is able to determine the present aircraft position along the
velocity or altitude profiles, the aircraft heading, and errors or lack of
errors in tracking time, velocity, or altitude.

Two types of altitude profile monitoring are available to the pilot. In
Figure 25 the scale on the right side shows two indicators which are translated
up and down the scale. The two pointers represent commanded altitude and actual
altitude. From this display the pilot can readily determine errors with respect
to the nominal profile. From the graphical representation of the altitude pro-
file shown at the bottom of Figure 25, the pilot can readily determine the
present aircraft position on the altitude profile. The tracking indicator
represents actual aircraft altitude and distance remaining along the path to the
hover point. If an error exists between the altitude profile and the actual
altitude, the indicator will be displaced off the profile by that amount. The
pilot can, therefore, easily evaluate progress along the path and errors in
altitude. Alphanumerics in this display indicate the maximum altitude of the
profile in feet, the distance along the lateral path at which the glideslope
begins, and the glideslope angle in degrees.

On the Teft side of Figure 25 a time-to-go monitor is displayed. The time-
to-go displayed is the time remaining on the flight path to the approach gate.
Two moving indicators on the scale allow the pilot to evaluate the difference in
actual time-to-go and the time remaining as a function of path distance remain-
ing and the nominal velocity profile. From this display the pilot can make
judgments as to the acceptability of the approach. For instance, if the time
difference between the actual and desired is relatively large, the pilot may
decide to abort the approach and go around, or he may choose to adjust the time
of arrival so as to eliminate the time error, or he may choose to fly the time
capture velocity control. Other information which is available to the pilot
includes aircraft heading at the top of the display, and a moving aircraft-fixed
map display at the center. The heading indicator shows present aircraft heading
at the center and extends 45 degrees to both sides. This is a fixed pointer-
moving scale display.
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The velocity display would be similar to the altitude display with the
exception that the altitude scale on the right side of the display would be
replaced by a velocity scale and the altitude profile at the bottom of the dis-
play be replaced by a velocity profile. The velocity profile has two configura-
Ltions, one for ground speed only and one for airspeed/ground speed combinations.
In Figure 26 a simple ground speed profile is displayed and an indicator shows
the progress of the aircraft along the profile. It should be noted that for
velocity profile tracking the i1ndicator should show true time position and
actual velocity. The nominal velocity profile indicates the speeds necessary to
fly a designated lateral path if no perturbations are introduced 1nto the sys-
tem. If a time error does exist, for example, then the actual speed commanded
will be different than the nominal velocity profile. Figure 27 shows a combina-
tion airspeed and ground speed profiie display. A discontinuity exists about
midway on the profile to indicate two things:

¢ The difference between airspeed and ground speed at that point

e A change from airspeed control to ground speed control

From the display the pilot can also see when he transitions from 40 flight to 3D
flight at the approach qate.

Command and Control - In a time constrained environment, the aircraft
performance required to accomplish a desired maneuver may exceed the performance
1imits set into the system. It is not desirable, therefore, to allow totally
random combinations of waypoints and arrival times, since 1nfeasible solutions
may result. The use of stored nominal approach paths will probably be required
for both terrain and traffic aveidance. Selected portions of the approach would
be set up to accommodate path alteration maneuvers, however, such maneuvers
would be limited by defined maneuver area boundaries. For fully automatic oper-
ations, the selection of the type and degree of path alteration or velocity pro-
file modification would follow a fixed priority order. For less than fully
automatic c¢peration, the degree to which the pilot will be allowed to exercise
his judgment in the selection of various path and profile maneuvers will dictate
the Tevel of interactive man machine interface that will be necessary. A system
predictive mode has been incorporated into the VALT display to show the pilot
the consequences of various contemplated actions. The selection and examination
of these alternate approach paths will be paced by the ability of the pilot to
quickly and clearly interrogate the system. Except for very simple cases, pilot
commands to the system will require more efficient input devices than the VALT
numeric keyboard and display panel.

As a minimum, alphanumeric data transfer capability could be added to the
system, however, consideration has been given to more direct 1interactive tech~
niques. The use of the graphics joystick has been incorporated into the VALT
system for pilot modification of path maneuvers. As shown 1n Figure 28 the
piiot uses the graphics joystick to move the cross shaped cursor to cne of the
five waypoints and selects that waypoint by depressing the joystick button. The
path capture maneuver is predicted and displayed on the screen and the pilot can
evaluate the flyability of the maneuver. By monitoring the scale on the left,
the pilot can also reselect waypoints until one is found which 1s suited to the
time requirements. Using this technique, the pilot can quickly evaluate the
prescribed flight path without turning his attention to some other instrument or
display. Another use of the joystick entry capability is in generating the
alt1tude profile as shown 1in Figure 29. By moving the joystick cursor along the
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horizontal axis of the altitude profile, the pilot can select the desired
glideslope or glideslope breakpoint. The usefulness of this could be in main-
taining a high altitude over some height restriction and then making a sharp
descent, thus making a previously unflyable path flyable. By using these tech-
niques, the pilot can then take a more active part in decision making pertaining
to selected approach paths.

A detailed description of the computer aided graphics technfques‘emp]oyed
in this study is contained in Appendix E.
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SOFTWARE VALIDATION

The Sperry VALT Software Validation Facility was used to verify the correct
operation of the 4D software. The SVSVF consists of an analog computer and a
fixed base helicopter cockpit simulator (Figure 30), the flight system digital
computer and interface equipment and a graphics host computer and graphics
display processor and monitor (Figure 31). The facility allows simulated 4D

approaches to be conducted in both the automatic and flight director aided
manual modes.

Cockpit Instruments and Displays

The SVSVF cockpit instrument panel, shown in Figure 32, contains the
following instruments and displays:

1. Electromechanical Vertical Situation Indicator (VSI) used to display:
e Pitch and Roll Attitude
e Lateral Acceleration

e Crosstrack Error

Height Error
e Pitch, Roll, and Collective Flight Director Cues
e Radar Altitude below 100 feet.
2. Electromechanical Horizontal Situation Indicator (HSI) used to display:
e Magnetic Heading
e Crosstrack Error
e Time Error
3. Radar Altimeter
4. Vertical Speed Indicator
5. Airspeed Indicator
6. VALT Navigation Guidance Control Panel (Figure 33)
7. Digital Time Readout
The time error display was incorporated into the system through the use of
a moving pointer on a fixed index on the right side of the HSI. The display in-
dicates the difference between the computed time to complete the approach and
the clock time to complete the approach. Clock time is based on present time of
day and a fixed time of arrival at the approach gate. Computed time remaining
is based on present velocity, present position on the lateral path, and distance

referenced position on the nominal velocity profile. The computed time to go is
then referenced to the time of arrival at the approach gate.
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Figure 31
| Flight Computer and Graphics Equipment
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Figure 32
Cockpit Instrument Panel
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The digital time readout was added to display time of day, time of arrival
at the approach gate or time remaining to the approach gate. A rotary switch is
used to select the parameter desired for display.

Electronic Horizontal Situation Indicator (Graphics Display)

The CRT graphics display terminal, shown in Figure 34, was added to the -
SVSVF for this study. A block diagram of the graphics system addition to the
basic SVSVF is shown in Figure 35. The graphics system is used to display:

e The lateral flight path and terrain features on a moving map in north-up
and heading-up configurations.

e Time Waypoints

e Velocity and Altitude Profile
e Time and Altitude Monitors

e Heading Indicator

e Approach Plate Information

e Avoidance Areas

e Delay Fan area boundaries

e Bearing and Range to a predetermined fix in both graphic and alphanumeric
forms

e Landing pad representation.
Time Error Control Data

Time error control using velocity manipulation was checked out on the
SVSVF. A time error is generated from the difference in actual time to go and
desired time to go. In the example in Figure 36, actual time to go, or clock
time remaining until time of arrival at the approach gate, is shown as Point T.
on the time axis. At that time there is a corresponding distance remaining on
the lateral path equal to the area under the nominal velocity curve at Point D.
The time D is then the desired time remaining on the lateral path. The differ-
ence between the times D and T, is the time error At. A velocity command is
then generated using the equation:

Vemd = Vref * K At

where V.o is the nominal velocity on the velocity profile in meters per second
corresponding to the present position on the flight path, K is a gain constant
in meters per second per second to determine time error closure rate, and At is
the time error in seconds. In addition, the magnitude of the KAt term is
limited so as to prevent large velocity excursions from the nominal velocity
profile. The Timits are shown as the dashed boundaries around the nominal
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profile in Figure 36. Figures 37 through 40 show the simulated aircraft
response to a 5 second time error step for the following gain and limit
conditions:

Figure K Limit
37 6.10 6.10 m/s
38 6.10 3.05 m/s
39 3.05 6.10 m/s
40 3.05 3.05 m/s

The nominal velocity for each of these cases was 45 meters per second. The time
required to close out the time error to Tess than .5 second varied from 32.5
seconds to 54.5 seconds. A value of K equal to 3.05 m/s? and a 1imit on KAt of
6.10 meters per second was selected for use on all simulated 4D approaches.

This combination appeared to be a good compromise for both the automatic and the
flight director aided manual approach modes.

Direct To Maneuvers

The Direct To maneuver can be characterized by the direction of the initial
and final turns of the maneuver; i.e., Right Straight Left {RSL), RSR, LSR, and
LSL. Maneuvers that contain only an initial or a final turn or do not have a
straight line segment are considered to be degenerate cases of these basic man-
euvers. Figure 41 shows the four basic Direct To maneuvers as generated by the
Direct To software. These paths were flown on the SVSVF simulation at a
constant velocity of 45 meters per second.

The variable radii capability of the Direct To software is illustrated in
Figure 42. Five different Direct To maneuvers were flown to the same waypoint
using different entrance velocities while holding the exit velocity constant.
This condition created variable radii for the initial turn while holding the
radius of the final turn constant.

The use of the Direct To maneuver to capture various waypoints on the
nominal approach path is shown in Figure 43. The four paths shown were flown by
commanding the system to generate a Direct To path to four different time
control waypoints from the same initi1al point.

Direct To Delay Fan

The use of the Direct To maneuver to provide flight path alteration in a
delay fan area is shown in Figures 44 and 45. The paths flown 1n Figure 44 were
produced by varying the delay fan boundary times, thus changing the velocity
profile and the path length to fly from the entry waypoint to the exit waypoint
in the time specified. Table 2 gives a list of the time and velocity con-
straints put on each run to produce the different path lengths shown. Each of
the paths flown in the delay fan area was generated using a nonpredictive mode.
As the aircraft enters the delay fan area, the system calculates a Direct To
maneuver to the exit waypoint, but continues flying the initial heading unt11
the combined Tength of the Direct To manuever and the distance already flown
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TABLE 2
VELOCITY PROFILE DATA FOR DELAY FAN GENERATION

Flight | Time at | Time at | Time at | Time at | Delay Fan | Delay Fan
No. WPT O WPT 1 WPT 2 WPT 3 Max Speed | Min Speed

1 165 sec | 232 sec | 610 sec 660 sec | 35.7 m/s 35.7 m/s

165 sec | 232 sec | 610 sec | 660 sec | 35.7 m/s 31.9 m/s

165 sec | 232 sec | 610 sec | 660 sec | 35.7 m/s 28.6 m/s

Bl W

165 sec | 232 sec | 460 sec { 510 sec | 39.5 m/s 31.9 n/s

5 165 sec 232 sec | 460 sec { 510 sec | 35.7 m/s 31.9 m/s

6 165 sec | 232 sec | 460 sec | 510 sec | 31.9 m/s 31.9 m/s

7 165 sec | 232 sec | 445 sec | 495 sec | 31.9 m/s 31.9 m/s

8 165 sec | 232 sec | 435 sec | 485 sec | 31.9 m/s 31.9 m/s

in the area is equal to the path length generated by the change in boundary
waypoint times. When this condition is satisfied, the aircraft switches to the
Direct To path.

The different paths flown in Figure 45 were also produced by changing the
boundary waypoint times. These paths, however, were predicted prior to flying
the approach. By varying the boundary waypoint times, the path distance in the
delay fan area was changed. The Direct To maneuver corresponding to that path
length was then generated immediately. The delay fan maneuver can then be
displayed for the pilot's acceptance or rejection. Using this technique the
p1lot is made aware of the path he will be required to fly prior to actually
accepting an approach rather than waiting until he is committed to an approach
and has already flown through part of the delay fan area. The piots of the
different paths flown in the delay fan area show the flexibility of this
maneuver and the ability of the maneuver to generate the path necessary to reach
the next waypoint at a specified time and within given velocity constraints.
The Direct To path alteration maneuver provides the same path stretching or
shortening capability as the various fixed form delay fans in a manner that is
read1ly incorporated into the VALT software.
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Avoidance Areas

Where generating Direct To maneuvers in the delay fan area using the direct
computation technique, avoidance areas can be taken into consideration. In
order to demonstrate the flexibility of the avoidance area modification tech-
nique, a Direct To path, generated without consideration of the avoidance area,
is shown in Figure 46. In this case, the path length was increased from the
nominal path length so as not to violate the velocity limits placed on the
velocity profile. Because the path intersects the avoidance area, the path
length was again increased to bypass the avoidance area. The path around the
avoidance area is shown in Figure 47. The new path has the effect of pulling
the minimum velocity off the lower velocity limit as shown in Figure 48. The
paths and profiles shown here were generated prior to accepting an approach. A
discussion of the technique used to generate a path around an avoidance area is
discussed in Appendix A.

Airspeed Control

A full predictive capability was used to evaluate the use of the airspeed
control on the Direct To capture portion of the lateral path. Using the pre-
dictive mode, a keyboard entry through the Nav/Guidance Control Panel of the
approach gate time of arrival was made. From the ground speed velocity profile
generation routine, the time to fly from any selected waypoint to the approach
gate can be determined thereby fixing the time to fly the Direct To capture
maneuver from the present aircraft position to the selected waypoint. The air-
speed profile along the Direct To capture path was generated using the program
that places speed changes on the straight line segment of the capture path.
From that routine, the minimum and maximum times required to fly the path cap-
ture maneuver were generated and then compared with the time available for the
maneuver. This comparison was displayed on the left side of the graphics
terminal as shown in Figure 49 with the maximum and minimum values as the end
points of the scale and the pointer as the available clock time for the man-
euver. Any time that the pointer was between the limit marks, the path was
flyable from the standpoint of time, distance, and velocity. This gave the
pilot the opportunity to determine the flyability of the lateral path due to
terrain obstructions or other considerations. When all parameters were satis-
fied, the approach was selected and flown. The velocity profile for the fixed
path and the resulting Direct To maneuver were displayed as shown in Figure 50.
A trace of simulated aircraft responses while flying a combined airspeed and
ground speed control law is shown in Figure 51. Comparison of the airspeed and
ground speed traces demonstrates the changing ground speed in airspeed control
and changing airspeed while in ground speed control on the various turns of the
approach. A discussion of the techniques used for generating an airspeed pro-
file and flying airspeed control is contained in Appendix D.
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Figure 46
Path Stretching Delay Fan through Avoidance Area

O
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Figure 47
Altered Lateral Path Around Avoidance Area
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4D Path Performance

A number of nominal paths were chosen to demonstrate the different capa-
Pilities of the VALT 4D system. The approach paths were created by the lateral
path software to provide baselines for the simulated approaches. To demonstrate
the Direct To delay fan prediction capabiiity, the nominal path contained both
straight and curved sections with an approach gate and a tine of arrival control
waypoint located 1219 neters from the hover point. A 2 degree constant attitude
deceleration profile was used from the approach gate to the hover~point. This
type of deceleration profile was used for all simulated approaches. Four addi-
tional time control waypoints were Tocated at various points on the approach
path. The nominal flight path and a Direct To path capture maneuver are shown
1n Figure 52. The desired time of arrival at the approach gate and at each of
the other time control waypoints was used to create a nominal velocity profile.
Arrival times at the various time control waypoints were changed to obtain a
variety of velocity profiles and, thereby, a variety of path Tengths i1n order to
verify the correct operation of the velocity profile generation and the delay
fan switching software. A 6 degree glidesiope to a 15 meter hover point was
used as the altitude profile for these simuiated approaches. A constant alti-
tude of 610 meters was used prior to the glideslope 1ntercept.

Data taken during a simulated 4D approach using the nominal approach path
1s shown in Figure 53. This data wincludes time error, pitch attitude, ground
speed, crosstrack error, radar altitude, distance to go along the path, the sine
of heading, and roll attitude. The data was obtained under zero wind
conditrons. h

A maximum time error of .5 second was observed. A maximum crosstrack error
of 18 meters was obtained at the point where a circular arc Joins a stratght
line segment. The crosstrack performance is consistent with that obtained 1in
previous VALT lateral path data runs. In a 4D approach, however, crosstrack
error has 1increased significance since .lateral path deviations tend to reduce
along track velocity slightly. This in turn results in a pitching motion to
restore the small time error that 1s introduced. These pitching motions and
velocity changes are readily apparent on the data traces. This condition 13
particularly noticeable in flight director aided manual approaches since larger
crosstrack errors are generally present and errors are not closed out as rapidly
as they are in the automatic mode. The effect that the pilot observes is an
apparent roll to pitch coupling.

In addition to the data taken on the nominal flight path, data was taken
for each of the various delay fan paths shown in Figure 44. The data in figures
54 through 61 117ustrates the changes 1n the velocity profile for each of the
e1ght delay fans. The velocity profiles were modified by varying the values of
delay fan time and minimum and maximum velocity limits. As can be seen on the
traces, the time error was held to within 1 second and the main contributor to
time error was crosstrack error.
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In order to 1nvestigate the capability of the direct computation delay fan
technique, a nominal path was generated using the VALT lateral path software
which consisted of straight lines and curved arc segments with a delay fan area
which would r