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ABSTRACT

A time-controlled navigation system applicable to the descent
pnase of flight for airline transport aircraft has been
developed and simulated. The design contained herein incor-
porates the linear discrete-time sampled-data version of the
linearized continuous-time system describing the aircraft's
aerodynamics., Using optimal linear gquadratic control tech-
niques, an optimal deterministic control regulator which is
implementable on an airborne computer is designed. The
navigation controller assists the pilot in complying with
assigned times of arrival along a four-dimensional flight path
in the presence of wind disturbances.

In this study, the strategic air traffic control concept is
also described, followed by the design of a strategic control
descent path. A strategy for determining possible times of
arrival at specified waypoints along the descent path and for
generating the corresponding route-time profiles that are with-
in the performance capabilities of the aircraft is presented.

Using a mathematical model of the Boeing 70G7-320B aircraft
along with a Boeing 707 cockpit simulator interfaced with an
Adage AGT-30 digital computer, a real-time simulation of the
complete aircraft aerodynamics was achieved. The strategic
four-dimensional navigation controller for longitudinal dynamics
was tested on the nonlinear aircraft model in the presence of
15, 30, and 45 knot head-winds. The results reported herein
indicate that the controller preserved the desired accuracy and
precision of a time-controlled aircraft navigation system.

THESIS SUFERVISOR: Timothy L. Johnson
TITLE: Associate Professor of Electrical Engineering
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CHAPTER I

INTRODUCTION

The Federal Aviation Administration (FAA) is responsible
for the control of air traffic within the United States. The
FAA's objective is to provide a continued growth in air traffic
control services by utilizing improved technology to satisfy
the ever-increasing demand for safe, orderly and expeditious
flow of aircraft within the airways system [1,2]. Four-dimen-
sional (4-D) aircraft navigation is one concept proposed to
solve this problem. Navigation incorporating the fourth
dimension of time is categorized as a strategic air traffic
control concept [3]. Time-controlled navigation is a concept
whereby available airspace and airports are utilized more

efficiently to achieve increased airport capacity.

1.1 STRATEGIC AIR TRAFFIC CONTROL

Strategic air traffic control is an organizational plan
wherein the factors of space management, eﬁergy management and
time managzment are integrated to determine a four-dimensional
route-time profile to be assigned to each aircraft. Strategic
control is a specific method whereby the air traffic control

(ATC) system defines flight paths in four-dimensions (cross-

track, along-track, altitude, and time) to resolve traffic

conflicts [3].
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Time control can be broadly defined as a guidance system
which places an aircraft at a specified thrge—dimensional (3-D)
geographical location at an assigned time. Three methods have
been proéosed to implement this type of control. The first
method utilizes the ground-based air traffic control system to
transmit a sequence of radar vectors to each aircraft. This
is similar to present ATC procedures in which aircraft arrive
randomly at the boundaries of the terminal area and are aligned
in a string prior to landing by a series ofcontrollerwgenerated
heading and speed commands. This method, primarily employing
"path stretching" maneuvers, neither employs optimum energy
management procedures, nor provides sufficient accuracy in the
fourth dimension of time,

The second method of control could be achieved if pilots
utilized an airborne guidance system to follow a predetermined
assigned 3-D route while receiving speed commands from the
ground-based air traffic controller. With this method, control
is shared jointly by the airborne system and the ground-based
system.

In the first two types of time control, a significant
amount of corn:roller-pilot communication is required. A third
type of control, which reduces the communication workload re-
quirement, could be entirely executed by the airborne system
using precision four-dimensional navigation/guidance equipment

(3] which requires the pilot to fly an assigned route-time
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profile. The airborne system would be responsible for
generating descent (or ascent) and speed commands which would
ensure arrival at three-dimensional geographic locations at
pre-assigned times.

The Federal Aviation Administration currently favors a
totally centralized aircraft management system similar to the
first type of time control. This concept utilizes a ground-
based system to generate a 4-D schedule, to transmit a sequence
of commands to each aircraft, and to monitor, detect and
correct any deviations from the schedule. Those favoring
"distributed management," employing the third type of time
control, believe that the pilot should participate more actively
in the air traffic control process [6]. This study is oriented
toward the latter type of time control, whereby the pilot
would utilize an airborne system to detect and correct for any
deviations from the 4-D schedule.

In a strategic air traffic control system, aircraft would
request entry into the system from the ground-based controller.
The ground-based system would consider other traffic and
measured or estimated values of winds aloft and temperature in
generating a four-dimensional, conflict-free, route-time pro-
file based on the aircraft's groundspeed performance envelope.
The ground facility would then transmit this route-time profile
to the aircraft. The aircraft's avionics and onsboard navigation

systems would be designed to achieve precise four-dimensional
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control in the presence of actual environmental conditions
encountered in flight such as unexpected wipds.

The overall strategic control structure from entry into
the system to execution of the assigned route-time profile is
depicted in block diagram form in Figure 1-1. It is the
execution of the route-time profile and adherence to the 4-D

schedule that are the major concerns of this study.

1.1.1 RESEARCH OBJECTIVES AND DESIGN GOALS

The main objective in this research effort is to inves-
tigate the engineering feasibility of four-dimensional naviga-
tion using an optimal feedback controller which could be
implemented by the airborne computer system. The development
of a time-controlled navigation system is motivated by three
general goals: to improve air traffic control performance
and increase safety, to utilize available airspace more
efficiently and increase airport capacity, and to reduce
operating costs.

As strategic control is primarily designed for automatic
operation [3], it is necessary to understand aircraft perfor-
mance capabilities, the effects of wind and temperature, and
the on-board computer requirements. With a comprehensive
uﬁderstanding of these issues, this study is directed toward
the fundamental problem facing controllers and pilots--the

problem of safe and efficient guidance and control of aircraft
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within the air traffic control environment [17]. From thiz
consideration evolves the two specific goals of this study:

1) determination of route-time profiles, and 2) design and
evaluation of a four-dimensional navigation/guidance system
controller that executes the route-time profile using real-time

gimulation capabilities.

1.2 ASSIGNMENT OF FLIGHT PATHS AND ARRIVAL TIMES

The precise control of aircraft using a 4-D concept is
certainly a practical possibility for the air traffic control
system of the 1980's and beyond. The ground-based air traffic
computer would generate four-dimensional flight paths for all
strategically controlled aircraft. The layout of these
strategic flight paths must consider airspaée geometry, en-
vironmental effects, and aircraft performance capabilities. It
is desirable to define these flight paths in terms of horizontal
position, altitude, and time such that they make the most
efficient use of the available airspace. The routes and times
assigned must be within the performance capabilities of each
aircraft and must be assigned so as not to conflict with the
routes and times of other aircraft. The Boeing Company has con-
sidered these aspects in detail in their study on strategic
air traffic control [3,4,5].

The assignment of arrival times is constrained by aircraft

performance, and thus, there is a finite range of arrival
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times which each aircraft can achieve for a fixed 3-D route
profile without holding. This range is lower bounded by the
earliest possible time of arrival (EPTA) and upper bounded hy
the latest possible time of arrival (LPTA). The earliest
possible time of arrival is that time at which the aircraft
would arrive if it accelerated to its maximum airspeed, flew

at that maximum, and then decelerated to comply with any air-
speed constraints at the assigned waypoint (essentially a
minimum time "bang-~bang" control law). Likewise, the latest
possible time of arrival is that time the aircraft would arrive
if it decelerated to its minimum airspeed, flew at that minimum,
and then accelerated to comply with airspeed constraints at the
assigned waypoint. The complete set of possible arrival times
can be computed by utilizing the entire aircraft performance
envelope. Once an assignment of arrival time is made, it is
desirable to determine a corresponding route-time profile that
will guarantee aircraft arrival at designated waypoints at the
assigned times. The route-time profiles are generated in

terms of groundspeeds which are piecewise linear approximations
to constant Mach and/or indicated airspeeds that have been
corrected for wind and temperature [5}. These groundspeeds
integrated over the descent route distances correspond to a
particular time of arrival that may be assigned to the air-
craft. Time-controlled navigation can be applied to the entire

flight, from take-off to landing, but presently the greatest
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need for this capability is within the descent phase of

flight. The descent phase of flight, as referred to in this
study, is defined to be that segment of flight where transi-
tion occurs between enroute altitudes and the outer boundary of
the airport terminal area (at approximately 30~35 nautical
miles from the airport at an altitude of 10,000 feet). It is
within this phase of flight, between cruise altitudes and entry
into the terminal area, where derandomization of aircraft in
time can be achieved most efficiently to ensure proper
separation between aircraft. Utilizing time~controlled navi-
gation during the descent phase of flight would eliminate most
delays now imposed inside into the terminal area.

In Chapter 11, a strategic control descent route profile
will be described in detail. 1In addition, a strategy for
determining the possible times of arrival at specified way-
points along the descent path and for generating the corres-
ponding route-time profiles for each type of aircraft will be

presented.

1.3 THE 4-D STRATEGIC NAVIGATION CONTROLLER

The relationship betweeh aircraft performance and the
route~time profiles which are achievable i< essential to the
airborne navigation concept. A precise and accurate mathe-
matical model of the Boeing 707-320B aircraft has been

developed by Charles Corley in his study on aircraft time-

-
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controlled navigation [6].

With the use of this aircraft model and the asscociated
atmosphere model, a 4-D strategic navigation control regulator
has been designed, simulated and evaluated. In the presence
of winds, pilot error and inaccuracies in cbserving position
and speed, an optimal solution for flight path regulation is
desirable in order to best preserve the time precision in-
herent in 4-D navigation. The ultimate objective of the
design is to obtain an optimal linear discrete~time feedback
solution that will achieve the accuracy required for effective
time-controlled navigation.

The design procedure requires linearization of the non-
linear aircraft equations of motion to obtain a linear con-
tinuous-time system. The linearization is performed about
nominal trajectories which are acquired by "flying" the desired
route-time profile using the complete nonlinear aircraft
model in a real-time simulation. When considering the actual
physical implementation of the 4-D navigation controller, it
is decirable to implement the discrete-time equivalent to the
continuous-time linear system. The discrete-time system was
formulated as the sampled-data version of the continuous-time
system. Using linear quadratic control techniques, a cost
function was formulated and the discrete-time linear feedback
solution was derived. In the derivation, the wind components

of the system were formulated as exogenous variables. These
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wind components were treated as known deterministic distur-
bances for purposes of tnis study.

The novelty of this approach leads to a feedback solution
that cohsists of two parts. One part is dependent upon any
deviations in the states of the system while the second part
is an exogenous component dependent upon wind disturbances.
Both the feedback gains and exogernous components are time-
varying, When the wind is formulated as an exogenous variable
to the system, the choice of the weighting matrices in the cost
function becomes extremely important. The difficulty in
choosing these weighting matrices arises from the fact that the
performance of the feedback solution must be evaluated for each
choice in a real-time simulation wherein the optimal discrete-
time linear feedback law is implemented on the complete non-
linear aircraft model.

The ability to evaluate the controller design during the
real-time simulation was greatly facilitated by actual obser-
vation of the system responses as displayed on the aircraft's
instruments in the cockpit simulator. The simulation
facilities will be described in more detail in the following
section.

The design of the 4-D navigation controller as discussed
in this section will be presented in greater detail in Chapter
IV. The fermulation of the discrete-time linear system and

the derivation of the appropriate optimal feedback law will be
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thoroughly presented. The nominal state and control tra-
jectories along with the performance weighting matrices will
be presented in Chapter V. 1In addition, and most importantly,
an evaluation of the 4-D navigation controller, based on its
performance in real-time simulations when implemented on the
complete nonlinear aircraft model, will be discussed in
Chapter V. Finally, the accomplishments of this study,
recommendations for further research, and the overall con-

clusion will be presented in Chapter VI.

1.4 THE AIRCRAFT SIMULATION

The simulation facilities of the Electronics Systems
Laboratory, the Flight Transportation Laboratory, and the
Man-Vehicle Laboratory at M.I.T. consists of a fixed-base
cockpit simulator resembling a Boeing 707 aircraft. The cock-
pit simulator, with interior panels, switches, controls, and
instrumentation facsimilies, was donated to M.I.T. by the
Boeing Company. The cockpit simulator has been used exten-
sively to study new technology applicable to future air traffic
control systems. An interior view of the cockpit simulator is
shown in Figure 1-2,

An Adage AGT-30 digital computer is interfaced with the
cockpit simulator. The computer simulates the aircraft's
aerodynamics and drives the simulator's flight instruments

using three cathode ray tubes. The basic flight instruments

Gt e
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as shown in Figure 1-3 are simulated for the Captain and First
Officer and the Airborne Traffic Situation Display {8] is also
presented in the cockpit. A block diagram depicting the
interface between the cockpit simulator, Adage computer, and

associated peripheral equipment is shown in Figure 1-4.
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CHAPTER II

THE STRATEGIC AIR TRAFFIC CONTROL ENVIRONMENT

A strategic air traffic control system has two basic
components. The first component is the descent flight path
which the aircraft is assigned to fly. The second component
is the assignment of a velocity schedile to be executed along
the descent flight path. These two components combine to
determine a route-~time profile which dictates the rate at
which the flight path is-to be traversed. Since there is a
range of airspeeds that can be maintained along a given flight
path, it is difficult for the pilot to decide what airspeed
schedule will ensure arrival at certain waypoints at specified
times. Thus, it is desirable for the pilot to have a pre-
determined route-time profile which will ensure arrival at
waypoints at times specified by the ground-based air traffic
controller.

The Boeing Company and the National Aeronautics and Space
Administration have studied these issues pertaining to 4-D
navigation and have proposed several methods of solution (3,4,
5,17}. In this chapter, a flight path applicable to the
descent phase of flight is defined. A procedure for calculating
possible times of arrival at various waypoints is also
described along with a strategy for generating route-time

profiles.
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2.1 STRATEGIC CONTROL DESCENT PROFILE

‘The Boeing study points out that "airplane performance
is probably the single most important criterion in the design
of the terminal area descent profile." {4:p.63] The aero-
dynamic capabilities of the aircraft limit the flexibility
available in the design of the descent track profile. For
each type of airrraft, the available drag, lift, thrust, and
gross weight combine to constrain and limit the flight path
angle (slope of descent path) at which the aircraft can
descent without accelerating due to gravity. For time-con-
trolled navigation, it is desirable to design a descent pro-
file with a flight path angle that preserves sufficient air-
craft acceleration and deceleration capability in order to
achieve the required time accuracy.

The Boeing study has suggested that fixed linear descent
profiles be used. Such linear profiles are desirable from a
scheduling point of view and provide well defined airspace
structures that simplify conflict-free flight path design.
The strategic control descent and arrival path used in this

study is a modified version of one suggested by Boeing and is

depicted as a function of altitude and distance in Figure 2-1.

When the aircraft is maintaining a constant flight path
angle without accelerating or decelerating, the descent
gradient (Yd) is equal to the descent track slope (Yt)[4] and

is expressed by the following relationships:
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- . . drag _ thrust -
Yq = descent gradient = Tift weight 2-1

_ _ vertical distance _
Yy = descent track slope = poeo T tal distance 2-2

If the aircraft is in accelerated or decelerated flight along
a fixed descent track, the descent gradient required for the

aircraft is expressed as:

) 2-3

Dalﬂ-
<

T4 = descent gradient required = yt(l + 7
req g

This required descent gradient must be within the performance
capabilities of the aircraft if it is required to fly a con-
stant descent path while descending at speeds other than
constant true airspeed (TAS), such as constant Mach number or
constant indicated airspeed (IAS), which require acceleration
or deceleration. In a clean configuration (landing gear-up
and flaps retracted), the only method for increasing or de~
creasing gradient is by varying engine thrust. Additional
gradient can be achieved by deploying aircraft spoilers when
engines are at idle thrust.

The rate of vertical descent (dh/dt) required to maintain
a constant flight path angle is a function of speed and is
limited by cabin repressurization rate, anti-icing power re-
quirements, and the effects of wind and temperature on the

performance capabilities [3,5,171].
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Choice of a vertical descent gradient must be within the
performance capability of all aircraft utilizing fixed linear
strategic control descent profiles. Boeing suggests a slope
of 250 feet per nautical mile above 10,000 feet and 300 feet
per nautical mile below that altitude, while others (7,18}
have recommended slopes of 300 feet per nautical mile at all
altitudes. The descent track slope chosen for use in this‘
study is approximately 3° corresponding to a vertical descent
gradient of 318 feet per nautical mile.

The descent route profile as shown in Figure 2-1 inciudes
a level flight deceleration segment at 10,000 feet to provide
for the transition from high d=zscent speeds to a speed not
exceeding 250 knots indicated, as required by the FAA for
flight below 10,000 feet. The length of this deceleration
segment has been chosen to be 15 nautical miles. This is
sufficient to accommodate a level deceleration at idle thrust
from the maximum operating true airspeed at 10,000 feet to
200 knots indicated airspeed with a 72 knot tailwind.+ It is
reasonable to assume that this deceleration segment is ade-~
quate for most flight situations.

The complete strategic control descent profile as de-

picted in Figure 2-1 is described geographically by the

¥ This calculation is based on actual flight measurements
made by Captain Carl W. Vietor of American Airlines.
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position of each waypoint along itz linear path segments.

This three-dimensional route is described by the following

points:

1.

ENTRY FIX. This point, approximately 150 to 175
nautical miles from the airport is fixed and de~
fines the point at which the aircraft enters the
strategic control system. Known entry fixes allow
schedules and times to be determined over known
distances.

INITIAL APPROACH FIX. Entry into the terminal area
would occur at this point approximately 30 to 35
nautical miles from the airport. The desired spacing
of aircraft is achieved by speed control between

the entry fix and the initial approach fix with
possible parallel paths to resolve conflicts.

TURN FIX. At this point, inside the initial approach
fix, aircraft from several entry fixes would merge
and be positioned on a common path within the
terminal area.

OUTER MARKER. From the turn fix to the outer marker,
all aircraft adhere to the same velocity profile
along a common path.

RUNWAY THRESHOLD. Once inside the outer marker,
each aircraft is flown at its appropriate final
approach speed down to the ruanway threshold.

WAYPOINTS. These are additional points as required
for any turns or descents or to insure time separa-
tion betwezsn aircraft along a common path.

With the additional assignment of arrival times at various

points along the descent path, a velocity-route-time profile

can be determined.

2.2 ROUTE-TIME PROFILE GENERATION

Strategic control is a concept which may be applied to

[
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the entire flight, from departure to landing. However, this
study is principally concerned with the descent phase of

flight between the entry fix and the initial approach fix. It
is assumed that all aircraft can fly a common path and air-
speed profile from the initial approach fix to the outer
marker. Therefore, it is within the descent phase of flight
from cruise altitudes into the terminal area where the greatest
need for the strategic control concept can be foreseen. It is
within this phase of flight where the greatest amount of time
control can be achieved, thus where derandomization of aircraft
in time (sequencing and scheduling) must be accomplished in
order to ensure proper merging of aircraft inside the initial
approach fix and suitable separation of aircraft at the outer

marker.

2,2.1 ASSIGNMENT OF ARRIVAL TIMES

The assignment of the desired time of arrival at the IAF
and any intermediate waypoints is the responsibility of the
ground~based strategic air traffic controller. The control
algorithm must assign a time of arrival at the IAF that is
within the earliest possible time of arrival (EPTA) and the
latest possible time of arrival (LPTA) which are constrained
by the groundspeed performance envelope along the descent
route profile. The EPTA is based on the maximum groundspeeds

that the aircraft can achieve along the descent path. These
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speeds vary with altitude and are constrained by structural
limitations, by maximum available thrust, py environmental
conditions, or below 10,000 feet, by FAA directives. The LPTA
is based on the minimum groundspeeds that the aircraft can
achieve. These speeds are also a function of altitude and
environmental effects, and are related to the airspeed at
which the aircraft can perform a 1.3g maneuver without
buffeting [4). The difference between the LPTA and the EPTA
is known as the delay spread and the relative position of the
assigned time of arrival (ATA) within the delay spread is
referred to as the time flexibility available [6]. Maximum
time flexibility is achieved when LPTA-ATA = ATA-EPTA, thus
the aircraft is capable of arriving earlier or later than the
assigned time by the same amount {6]. This is certainly
desirable in the event that the strategic controller would
have to reschedule aircraft due to emergency or weather con-
ditions.

Given fixed descent route profiles, desired times of
arrival at various waypoints can be assigned to aircraft upon
reaching the entry fixes. Whereas the aircraft's performance
capabilities affect and limit the actual descent route profile,
the aircraft’'s groundspeed envelope affects the range of
achievable arrival times at selected waypoints.

The ground-based strategic controller would have know-

ledge of the groundspeed performance anvelope for each type
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of aircraft. The scheduling and conflict detection algorithms,
with knowledge of the descent route profilg, would sequence
the aircraft and assign non-conflicting times of arrival [5]
at the initial approach fix as well as any additional times of
arrival at specified waypoints along the descent path. (See
Figure 1-1 for the general structure of this procedure.)

Since the groundspeed perfoimance envelope is ultimately
used to compute the range of arrival times at the IAF and the
corresponding route-time profiles, it is important to consider

its formulation.

2.2.2 GROUNDSPEED PERFORMANCE ENVELOPE

True airspeed is the speed with which the airplane moves
through the airmass. Groundspeed is the vector sum of the
true airspeed and the wind. Thus knowledge of the wind vec-
tor along the geographical path is necessary to determine the
groundspeed velocity profile that is within the aeroperfor-
mance capabilities of the aircraft along the pre-defined route.

True airspeed performance curves are commonly based on
standard day conditions. Pressure altitude, the altitude
measured with an altimeter set at 29.92 inches of mercury, is
equal to the height above sea level for standard day tem-
peratures (15°C at sea level). For non-standard day tem-
peratures, there is a deviation between pressure altitude and

the actual height above sea level. Therefore, an adjustment



in the aircraft's performance curves, which are based on
pressure altitude, is necessary. This adjustment alters the
true airspeed velocity profile and thus the groundspeed
velocity profile.

A typical standard day aeroperformance velocity profile
is shown in Figure 2-2. The general procedure, as suggested
in the Boeing study [5], for modifying the standard day aero-
performance envelope to obtain an aeroperformance temperature
and wind corrected groundspeed envelope is depicted in
Figures 2-3 and 2-4. A complete typical transformation of
the standard day operating envelope to obtain the corres-

ponding groundspeed envelope is shown in Figure 2-5.

2.2,3 ROUTE~TIME PROFILE STRATEGY

The strategy used for generating the route-time profile
is one suggested by the Boeing company [5] and modified in
this study. The aircraft enters the strategic control system
in level flight at the entry fix. The aircraft then acceler-
ates or decelerates in level flight to its initial descent
velocity (IDV). Upon intercepting the descent path, the air-
craft will fly a velocity~altitude profile while descending.
This velocity—-altitude profile, referred to as a Mach/IAS
profile (5], implies a particular Mach number and IAS, each
corresponding tc a specific airspeed to be maintained while

descending through certain altitudes along the descent path.
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The aircraft reaches the initial approach fix altitude at the
final descent velocity (FDV). At this altitude, another
acceleration or deceleration in level flight is performed to
the desired final velocity at the IAF. The initial and final
descent speeds are groundspeeds but are converted to Mach
number or IAS for use in the route-time profile.

Asscciated with every possible arrival time at the IAF is
a route~time profile consisting of a set of velocity-position-
time points that satisfy the boundary conditions at the entry
fix and the initial approach fix [5]. The velocities specified
in the route-time profile are indicated airspeeds or Mach num-
bers which are those airspeeds that are indicated in the cock-
pit and by which the pilot is accustomed to flying. Since the
route~time profile is derived using the aircraft's operating
envelope, the groundspeeds which must be flown along the
descent path must be converted to Mach number or indicated air-
speed using altitude and environmental information. The
vertical speeds required to maintain the fixed descent path is
a simple calculation given the groundspeed curve associated
with a particular ATA.

The route-time profile generation strategy is character-
ized by two basic aspects: 1) the determination of the IDV,
the corresponding FDV, and the Mach/IAS profile used in tran-
sitioning between these velocities during letdown, and 2) the

procedure for acceleration or deceleration in the level flight
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segments at the entry fix and initial approach fix altitudes.
In order to describe the Mach/IAS letdown strategy, it

is convenient to create certain waypoints along the descent

path. These intermediate waypoints between the EF and the IAF

as shown in Figure 2-1 are described as follows:

1. WAYPOINT #1 (WPl). At the point where the initial
descent from the EF altitude begins.

2. WAYPOINT #2 (WP2). At the point where the descent
path passes through the critical {transition)
altitude,

3. WAYPOINT #3 (WP3). At the point where the descent
path intersects the IAF altitude.

As previously described, the groundspeed operating
envelope is defined by the gross weight of the aircraft, fore-
casted winds, and temperatures along the known strategic con-
trol descent profile. In this study, the temperatures are
assumed to be standard day temperatures and the forecasted
winds are considered variable. The procedure for generating
Mach/IAS profiles can best be explained at this point by means
of actual examples,

Consider the velocity profile in Figure 2-6 for the
Boeing 707-320B aircraft used in this study. The heavy lines
indicate a velocity profile for an aircraft gross weight of
225,000 pounds. These lines limit the range of permissible
velocities and provide a buffer region for pilot error. It can
bhe seen that the maximum operating velocity is achievable at

the critical altitude. The high speed boundary of the velocity
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envelope above the critical altitude is constrained by thrust
and is closely approximated by a constant Maph number, The
high speed boundary below the critical altitude is constrained
by the m&ximum operating velocity and is closely related to a
constant equivalent airspeed (EAS). The low speed boundary of
the aircraft velocity envelope, which is defined by the air-
speed at which the aircraft can perform a 1l.3g maneuver without
buffeting, is also approximated by a constant EAS. EAS is
related to calibrated airspeed (CAS) by a compressibility
factor and CAS is related to IAS by the instrument and position
errors in the actual airspeed indicator of the aircraft {[15].
For purposes of this study and in the real-time simulation of
the aircraft, indicated airspeeds are equal to calibrated air-
speeds and the compressibility factor can be neglected so that
the EAS boundaries of the performance envelope can be approxi-
mated by indicated airspeeds.

For a particular initial descent velocity, the route-time
profile generation strategy determines a constant Mach number
for letdown between the entry fix altitude (at WPl) and the
transition altitude (at WP2),and a constant IAS for letdown be-
tween the transition altitude and the initial approach fix
altitude (at WP3). Thus, the transition altitude is defined as
that altitude where transition from a constant Mach airspeed
schedule to a constant IAS schedule occurs. For any initial

descent velocity within the boundary speeds at the entry fix
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altitude, the transition altitude is the same as the critical
altitude as defined by the aircraft's veloc?ty envelope. When
the initial descent velocity is equal the minimum allowable
velocity at the entry fix altitude, the transition altitude
can be varied between the critical altitude and the entry fix
altitude in order to utilize the entire aeroperformance
envelope. Several Mach/IAS letdown profiles are indicated in
Figure 2-6.

The Mach/IAS letdown strategy ensures that the resulting
rate of change of velocity with respect to altitude (dv/dh) is
within the gradient capability of the aircraft [5]. 1In
addition the entire aeroperformance envelope is utilized, thus
maximizing the resulting time controllability over the range
of possible times of arrival., Although the gradient capability
of the aircraft is not exceeded using this strategy, the
reserve gradient capability, which is a function of the
descent track slope as well as the aircraft performance capa-
bilities, is not optimized. Thus the aircraft has less po-
tential conirol to adapt to environmental disturbances. At
the expense of reducing total time controllability, the re-
serve gradient capability could be optimized using a letdown
strategy based on constant IAS or by using variable slope
descent tracks. Such alternative strategies will not be con-

sidered here.
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The second important aspect of the route-time profile
generation strategy is tie method of acceleration or decelera-
tion between the boundéry speed velocities at the entry fix
and initial approach fix, and the initial and final descent
velocities respectively. For any possible IDV, the tran-
sition between the initial velocity at the entry fix and the
IDV is linear with respect to time during the period of level
flight at the entry fix altitude. This results in a constant
acceleration or deceleration along the entire level flight
segment. Likewise, the transition between the FDV and the
required final velocity at the IAF is also assumed to be
linear with respect to time. Similarly, this results in a
constant acceleration or deceleration rate over the 15 nauti-
cal mile level flight segment at the initial approach fix
altitude.

For the case when the initial descent velocity is at its
maximum allowable value, the fastest Mach/IAS profile is flown
during letdown. Additional time controllability can be
achieved in order to arrive earlier by first varying the rate
of acceleration from the initial EF velocity to the IDV and
then flying at the IDV for the remaining level flight segment
until the descent path is intercepted. The maximum accelera-
tion rate achievable by the aircraft at the EF altitude limits
the amount of additional time controllabhility attainable at

that altitude. Then additional time controllability can be
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achieved at the IAP altitude by flying level at the FDV and
varying the deceleration to the desired final velocity at the
IAF. Again, the additional time controllability attainable

at this altitude is limited by the aircraft's maximum decelera-
tion rate. 1In a similar manner, for the case when the slowest
Mach/IAS profile is flown during letdown, additional time
controllability can be achieved in order to arrive later by
varying the deceleration rate at the EF altitude and the
acceleration rate at the IAF altitude. The scheduler could
also assign a final velocity at the IAF that is less than

250 KIAS in order for the aircraft to be able to arrive even
later.

Therefore, the complete route-time profile can be
generated using the strategic control strategy described in
this section. Summarizing, the aircraft adheres to a specific
linear altitude-ground track descent profile, thus any initial
descent velocity implies a particular Mach/IAS for letdown.
The choice of the initial descent velocity is the primary
variable in determining a route-time profile that satisfies
the boundary conditions at the entry fix and initial approach
fix. In addition, when the initial descent velocity is at its
minimum value, the choice of the transition altitude between
the critical altitude and the entry fix altitude is an
additional variable in determining the route-time profile. For

different Mach/IAS letdown profiles, an integration of the

-
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corresponding wind and temperature corrected groundspeed pro-
files over the fixed descent route results in a range of
achievable arrival times at the IAF for the given boundary

conditions.

2.2.4 ROUTE-TIME PROFILE BOUNDARY CONDITIONS USED IN THIS STUDY

In this study, the strategic control descent profile
between the entry fix and initial approach fix, with dimensions
exactly as depicted in Figure 2-1, is applied to the descent
phase of flight for airline transports from cruise altitudes
down the boundary of the Terminal Control Area of Logan Inter-
national Airport. The descent route profile lies in a single
vertical plane at an orientation of 53.07° from magnetic
north. The aircraft enters the strategic control system at
a cruise altitude of 35,000 feet with a true airspeed of 475
knots at the entry fix which is located approximately 155.4
natuical miles from the airpert and 125.4 nautical miles from
the Providence VOR {very high frequency omni-range)} station
along its 233.07° radial. The IAF is located directly over the
Providence VOR at an altitude of 10,000 feet. Imposing the
constraint of an assigned time of arrival at the IAF, the air-
craft must reach this waypoint with a final indicated airspeed
not exceeding 250 KIAS by controlling its airspeed along the

route profile.



49

The aircraft's initial position at the entry fix, its
terminal position at the initial approach fix, and the air-
craft's ground track in transversing from the EF to the IAF
are illuétrated in Figure 2-7 with respect to an arbitrarily
chosen earth coordinate system. The earth coordinate system
has its origin located approximately at 71° 11' W, 42° 12' N,
corresponding to a point 1,050 feet past the threshold of
runway 4R (approximately at the aircraft touchdown point) at
Logan International Airport, Boston, Massachusetts. The posi-
tive earth X-axis is coincident with runway 4R at a magnetic
heading of 35°. The positive Y-axis is at a magnetic heading
of 125°. The positive Z-axis is perpendicular to the earth's

surface and points upward; this axis measures altitude (h}.

2.3 CALCULATION OF ARRIVAL TIMES AND ROUTE-TIME PROFILES

Applying the route-~time generation strategy described
previously to the descent profile depicted in Figure 2-1
along with the aircraft's boundary conditions and specific
ground track shown in Figure 2-7, the possible times of arrival
at the IAF corresponding to various initial descent velocities
and transition altitudes are presented in Table 2-1 for the
Boeing 707-320B aircraft. These times are based on standard
day conditions without wind as described by the aircraft's
velocity profile in Figure 2-6. For each initial descent velo-

city and transition altitude, the times of arrival at the
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TABLE 2-1

Initial |[Transition| Acceleration Time Time Time Time
escent Altitude jat at at WP1l| at WP2|at WP3j{at IAF
Velocity (Ft.) 35,000 10,000 T1 T2 T3 ATA
(KTAS) Ft. Ft, (Min.)} (Min.} {{Min.) | (Min.)
(Ft./Sec.?)

496 25000 0.14 -1.47 |3.92 7.70 13.82 |16.41
491 25000 0.10 -1.41 | 3.94 7.72 13.96 | l6.56
486 25000 0.07 -1.37 |3.96 7.80 14.04 |l6.66
481 25000 0.03 -1.31 |3.98 7.88 14.18 (16.82
476 25000 0.00 -1.26 [4.00 7.90 14.32 |16.97
471 25000 -0.03 -1.20 ]14.02 7.98 1l4.46 [ 17.13
466 25000 -0.07 ~1.15 |4.04 8.06 14.60 {17.29
461 25000 -0.1¢C -1.11 |4.07 8.09 14.69 |17.39
456 25000 -0.13 ~-1.06 {4.09 8.17 14.83 §17.55
451 25000 -0.17 -1.01 14.11 8.25 14.97 117.70
446 25000 -0.20 «0.96 14.13 8.33 15.11 {17.86
441 25000 -0.23 -0.91 14.15 8.35 15,25 118.02
436 25000 -0.26 ~-0.85 14.18 8.44 15.46 ]18.25
431 25000 -0.30 -0.81 14.20 8.52 15,60 118.41
426 25000 ~0.33 -0.76 (4.22 8.60 15.74 [18.57
421 25000 -0.36 ~0.72 14.25 8.69 15.89 {18.73
416 25000 -0.39 -0.67 14.27 8.77 16.09 {18.96
411 25000 -0.42 -0.62 |4.29 8.79 16.24 {19.12
406 25000 -0.45 -0.58 |4.32 3.88 l6.38 119.28
401 25000 -0.48 ~-0.54 14,34 8.96 16.58 }19.51
396 25000 -0.51 -0.49 (4.37 9.05 16.79 |19.73
391 25000 -0.54 -0.45 {4,39 9.13 16.93 [19.90
386 25000 -0.57 ~-0.41 |4.42 9.22 17.14 120.12
381 25000 -0.60 ~0.36 {4.45 9.31 17.35 |20.35
376 25000 -0.62 -0.32 14.47 9.39 17.55% | 20.58
371 25000 -0.65 -0.28 14.50 9.54 17.70 120.74
366 25000 -0.68 -0.24 14.52 9.62 17.90 |20.97
36l 25000 -0.71 ~0.20 14.55 .71 18.17 (21.26
356 25000 -0.73 -0.16 }4.58 9.80 18.38 121.49
351 25000 -0.76 ~-0.12 ]4.61 9.89 18.59 [ 21.72
346 25000 -0.78 ~0.09 (4.63 {10.03 18.79 | 21.95
346 26000 -0.78 -0.03 J4.€3 9.49 19.03 [ 22.23
346 27000 -0.78 0.02 14.63 8.95 19,21 | 22,44
346 28000 -0.78 .07 j4.63 8.41 19.45 (22.72
346 29000 -0.78 0.12 14.63 7.87 19.75 123,06
346 30000 -0.78 0.17 |(4.63 7.33 19.99 (23.33
346 31000 -0.78 0.22 14.63 6.85 20.35 | 23.73
346 32000 -0.78 0.27 |4.63 6.31 20.65 124.07
346 33000 ~0.78 0.31 (4.63 5.77 21.01 {24.47
346 34000 -0.78 C.36 [(4.63 5.23 21.43 {24.93
346 35000 -0.78 0.41 |4.63 4.63 21.91 }125.46
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specified waypoints along the descent profile are based on:

1} 1linear groundspeed transitions with respect to time at

the entry fix and initial approach fix altitudes, and 2) ground-
speeds which are piecewise linear approximations to the
constant Mach,/IAS profile during letdown between the EF and

IAF altitudes, where the groundspeeds reflect approximate wind
and temperature corrections [5].

The particular route-time profile used in this study
corresponding to an ATA of 19.73 minutes at the IAF is shown
in Table 2-2.

The actual equations used in calculating the possible
times of arrival at the IAF and the corresponding route-time
profiles are included in the computer programs "ATA® and "RTP"

which are listed in Appendix B.
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TABLE 2-2

19.73 MINUTES

'ime Altitude | RANGE TAS IAS MACH dh/dt
{Min.) (Ft.) (N.Mi.) {Knots) {Knots) {Ft./Min.)
0.00 35000 125.4 476.0 279.0 0.827 0
0.60 35000 12G.6 465.0 272.5 0.808 0
1.20 35000 l116.1 454.0 266.1 0.789 0
1.80 35000 111.6 443.0 259.7 0.769 0
2.40 35000 1067.2 432.1 253.2 0.750 0
3.00 35000 102.9 421.1 246.8 0.731 0
3.60 35000 98.8 410.1 240.4 0.712 0
4.20 35000 94.7 399.1 233.9 0.693 0
4.97 33738 89.6 397.9 239.8 0.687 -1632
5.57 32469 85.6 400.0 247.8 0.687 -2114
6.17 31193 8l.6 402.1 255.7 0.687 -2125
6.77 29911 77.6 404.3 263.8 ¢.687 -2137
7.37 28622 73.5 406.4 271.8 0.687 -2148
7.97 27326 69.4 408.6 279.9 0.687 -2159
8.57 26023 65.3 410.8 288.1 0.687 =-2171
9.65 23700 58.0 404.6 295.3 0.671 -2151
10.25 22426 54.0 396.2 295.2 0.653 -2122
10.85 21179 50.1 388.4 295.2 0.637 -2079
11.45 19955 46.3 381.1 295,2 0.622 -2039
12.05 18754 42.5 374.3 295.2 0.608 -2001
12.65 17574 38.8 367.8 295.1 0.595 -19¢e6
13.25 16414 35.1 361.8 295.1 0.583 -1933
13.85 15273 31.5 356.1 295.1 0.571 -1902
14.45 14149 28.0 350.7 295.1 0.560 -1873
15.05 13042 24.5 345.6 295.,1 0.549 -~1845
15.65 11951 21.1 340.7 295.1 0.539 ~1818
16.25 10874 17.7 336.1 295.,0 0.53 ~-1793
16.79 100060 15.0 331.7 294.4 0.521 ~-1620
17.39 106000 11.7 321.1 285.0 0.504 0
17.99 10000 8.5 310.6 275.6 0.488 0
18.59 10000 5.2 300.0 266.3 0.471 0
19.19 10000 2.5 289.5 256.9 0.455 0
19.73 10600 0.0 280.0 250.0 0.440 0
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CHAPTER III

THE AIRCRAFT MODEL

Airspeed flexibility is a fundamental requirement for all
aircraft operating in a strategic air traffic control environ-
ment utilizing a time-controlled navigation system. The
similarity in operating airspeeds and cruising altitudes for
modern jet transport aircraft is apparent from the aeroper-
formance data contained in Table 3-1. The conclusion to be
drawn from this data is that typical modern jet transport air-
craft possess the airspeed flexibility required for an effective
time~controlled navigation system. Thus a wide variety of jet
transport aircraft would be acceptable for use in a strategic
four-dimensional aircraft navigation study.

The Boeing 707-320B aircraft was selected for use in this
study primarily due to the availability of a precise and
accurate mathematical model [6]. The derivation of the equations
of motion using Newtonian mechauics is standard and is avail-
able from numerous references [9,10,11}. While the aerodynamic
forces and moments are based on a standard derivation, the
physical parameters and aerodynamic coefficients are character-

istic of the Boeing 707-320B. The equations governing aircraft

.motion relative to certain reference frames are presented in

this chapter, but an evaluation of the aerodynamic coefficients

and justification for the assumptions and linearizations used
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TABLE 3-1

1
AIRCRAFT AEROPERFORMANCE DATA

Minimum Speed| Maximum Speed, Minimum Speed [Maxlmum Speed
Altitudes| at Minimum at Minimum at Maximum at Maximum
{feet) Wt. (KTAS) Wt. (KTAS) wt. (KTAS) Wt. (KTAS)
Aircraft - 707 Minimum Weight -~ 170,000 pounds
Maximum Weight - 247,000 pounds
10,000 202 435 229 435
21,600 243 530 275 527
32,000 288 515 325 505
39,000 330 498 415 470
Aircraft - 727 Minimum Weight - 125,000 pounds
Maximum Weight - 160,000 pounds
10,000 231 452 231 452
20,000 270 535 277 530
31,000 325 510 365 500
36,000 360 490 447 447
Rircraft - 737 Minimum Weight - 80,000 pounds
Maximum Weight - 104,000 pounds
10,000 243 407 243 407
22,500 295 500 295 495
31,000 340 480 353 465
35,000 364 465 395 445
ircraft - 747 Minimum Weight -~ 400,000 pounds
Maximum Weight - 565,000 pounds
10,000 230 436 255 436
22,000 276 534 315 532
32,0~-0 328 523 385 515
39,000 375 510 468 468
Aircraft - DC-10 Minimum Weight - 270,000 pounds
Maximum Weight -~ 370,000 pounds
10,000 226 430 262 430
25,000 290 528 330 526
35,000 338 506 388 497
38,000 355 501 417 448
Aircraft - 720B Minimum Weight - 145,000 pounds
Maximum Weight - 175,000 pounds
10,000 160 420 200 420
22,000 205 530 240 530
35,000 265 525 305 514
40,000 320 505 365 480
lsource: [4: pp. 212-213]
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in the development of the model are discussed in detail in

Corley's study [6].

3.1 REFERENCE FRAMES

The equations of motion of the airc¢raft are described con-
veniently by using a relative-coordinate system that has its
origin at the aircraft's center of gravity. Within the rela-
tive-coorlinate system are three reference frames using the
aircraft's center of gravity as their common origin. These
reference frames--wind axes, body axes, vehicle axes--are
related by the aerodynamic and Euler angles. Each reference
frame is used for a specific purpose. The aerodynamic forces
acting on the aircraft are most easily computed in the wind
axis system, although the total aircraft forces and moments
are most naturally represented in the body axis system of the
aircraft. The orientation of the aircraft with respect to
magnetic north and the "flat® earth is desc?ibed in the vehicle
axis system, also known as the Eulerian axis system.

The relative-coordinate system, or more specifically the
Eulerian axis system, moves with the linear velocity of the
center of gravity of the aircraft and can be referenced to an
inertial~coordinate system described by the earth reference
frame. The earth axis system has been arbitrarily positioned
for purposes of this simulation study énd describes the posi-

tion of the aircraft with respect to its origin located on the
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earth's surface. This earth coordinate system, as depicted in
Figure 2-7, is convenient for purposes of horizontal and ver-
tical aircraft navigation.

The reference frames are well-defined under the following

assumptions {6,10,111]:

1. The aircraft is regarded as a rigid body. This is
not ztrictly true, but for practical purposes, it is
valid to consider the aerocelastic effects as neglig-
ible for the purposes of this study.

2. The aircraft velocity is below Mach 3.0. This is
true of all modern jet transports.

3. The earth's rotation is small compared with the
rotation of the aircraft vehicle. This certainly ig
valid since the rotation of the earth, We = 7 x 10
rad./sec., 1is much smaller than any significant air-
craft rotation.

4. The earth is fixed in space and the earth's atmosphere
is fixed with respect to the earth. 1In effect, the
curvature of the earth's surface in space is neglected
and the earth reference is regarded as a plane fixed
in lnertial space with the gravity vector perpendi-
cular to this plane.

5. The mass, moments of inertia, and products of in-
ertia of the aircraft are time-invariant. In
addition, the center of gravity of the aircraft is
fixed.

6. The aircraft is symmetrical about the plane defined by
the X- and Z- body axes. Therefore, Ixy=I =0,

vz

The wind, body, and vehicle coordinate systems are each a
set of right-handed, orthogonal axes with the origin at the
aircraft's center of gravity. In the wind axis system, the

positive X~ axis is coincident with the total aircraft velocity

vector which is opposite the "relative wind.” The wind axes
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are used to compute the aerodynamic forces, lift, drag, and
side force, that act on the aircraft.

The body axis system has its positive X-axis coincident
with the longitudinal axis of the aircraft. The positive
Z-axis is perpendicular to the "belly" of the aircraft and
points downward. The X-Z plane is considered the plane of
symmetry for the aircraft body. The aerodynamic forces are
rotated from the wind axes into the body axes. The body axes
are then used to compute the total aircraft forces and mcments.
The total force components, Fx, Fy’ Fz, are determined by the
aerodynamic forces, engine thrust, and gravity.

The positive vehicle X-axis is coincident with the gravity

vector. The X~Y plane is "parallel" to the earth's surface.

3.2 EULER AND AERODYNAMIC ANGLES

The Euler angles describe the rotation of the body axis
system into the vehicle axis system by the following sequence
of rctations:

l. A rotation ¢y about the vehicle Z-axis is the
"azimuth" angle.

2. A rotation 8 about the vehicle Y-Axis is the
"elevation" angle.

3. A rotation ¢ about the vehigle X-axis is the "bank”
angle.

The aerodynamic angles rotate the wind axis system into

the body axis system and are used in calculating the resultant
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aerodynamic forces acting on the aircraft. The aerodynamic
angles of interest are alpha (a), the fuselage angle of

attack of the aircraft and beta (B),the sideslip angle. A second
angle of attack (o ), which is used in the lift calculations,
differs from the fuselage angle of attack hy an additional 2°,
the aircraft angle of incidence. A third aerodynamic angle,
gamma (y), is the flight path angle of the aircraft with
respect to the ground.

The wind and body axis systems are illustrated in Figure 3-1
along with the aerodynamic angles. The rotation of the body
axis system with respect to the vehicle axis system as des-
cribed by the Euler angles is depicted in the master diagram

of the axis systems shown in Figure 3-2 [10].

3.3 EQUATIONS OF MOTION

The aircraft equations of motion are characterized by
force and moment equations that are most naturally expressed
in several reference frames along with transformation equations
relating them to each other. Subject to the previously
stated assumptions, these equations are applicable to any air-
craft with six degrees of freedom. The linear velocity com-

ponents (u,v,w) with respect to the body axes are expressed as:
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Fig. 3-1 Wind and Body Axes and Aerodynamic Angles
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3-2 Master Diagram of Axis Systems and Euler Angles
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where Fx’ Fy, and Fz are the force components determined by
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3-1

engine thrust, gravity, and the resultant aerodynamic forces

after rotation into the body frame.

These force components

along the body axes are expressed as:

The sines and cosines of the aerodynamic angles, which

are functions of various airspeeds, are computed using the

cosal

It

+ Weight

0

1

sina

following approximations:

where

sin

COsS

sin

cos

<q£

T
.
Y
v
Ve

l1 -

i

B

B2

27

~-sina |{cos B -sin B 0 ~-DRAG
0 sinf8 cos B0 SIDE FORCE
cos a 0 0 1 -LIFT
- sin © THRUST
cos 6 sin ¢| + 0
cOos 8 cos ¢ 0

3-6
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V,. = total velccity = ¥ u2 +v:‘I +w2 3-7

T

The angular velocity components (p,q,r)' written in the

body axes are expressed as:

=1 T 1-12|{.7 T ]
p Ixx 0 _Ixz L ¢ r —q
| = I 0 é M| +|-r 0 x
q 0 vy r p
r -I 0 I N -p 0
F] [ xe zz] ] [ TP Y
B 1T r M
Iex 0 Iy, P
0 I 0 & 3-8
yy 4
:Ixz 0 Izz_ er

o

The linear and angular velocity components along with the
total force and moment components are depicted in the body axis
system as shown in Figure 3-3. [9]

The Euler angles (5,8,y) are computed from the body

axes angular velocities and are expressed as:

é cos ® sin ¢ sin © cos ¢ sin 8 p

s 1 .

? = 5555 0 cos ¢ cos 8 ~sir. 4 cos 6 q 3-9
¥ 0 sin ¢ cos 3 r

The earth frame position is obtained by integrating the
sum of the earth frame true airspeed components of the aircraft
and the earth frame wind components. The wind velocity com-
ponents are represented by a horizontal wind component (wh)
from a specific magnetic direction (ww) and a vertical wind

component (wv) with positive direction downward. The earth

————
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FORWARD VELOCITY

SIDE VELOCITY
DOWNWARD VELOCITY
TOTAL FORWARD FORCE
TOTAL SIDE FORCE

TOTAL DOWNWARD FORCE

Fig. 3-3 Notation in Body

Z E: ~ 2 0 o

ROLLING VELOCITY
PITCHING VELOCITY
YAWING VELOCITY
ROLLING MOMENT
PITCHING MOMENT
YAWING MOMENT

Axes
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frame wind components are expressed as:

&w = = w,-cos (ww - 135°)
'w = - wy-sin (g, - 35°) 3-10
hy = - Wy

The earth frame aircraft velocity components are computed by
first performing an axis rotation of the body axes velocity
components into the vehicle frame system using the Euler angles
and then another rotation into the earth frame system. The

complete earth frame velocity components are:

x] [ cos 35° sin 35° 0O|{cos ¢ -sin ¢y O cos 8 0 sin 8

y| = |-sin 35° cos 35° 0||sin ¢ cos y O 0 1 0 |x

h | 0 ¢ -1 0 0 1 -sin 8 0 cos 8§
[1 o 0 u Wp*COS ($yy — 35°)
0 cos ¢ -sin ¢||V]| - |wp-sin (¢y - 35°) 3-11
[0 sin ¢ cos ¢]|w Wy

Alternatively, the earth frame position could be obtained by

integrating the polar representation of the aircraft along its

magnetic course as described by the following set of equations:

F, = [xe-cos (wo-35°) + ye-sin (wo-35°)] fwe
. Ye'Xg T YorXg
Ve = 3 3 3-12
x % +y
e e
h = u+sin 6 ~ v-sin ¢ cOS 6 - W*COS ¢ COS 6 —- W,

v

where ¥o is the magnetic direction of the aircraft from the
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earth frame origin and ¢ is the actual magnetic course of the

aircraft as described by equation 3-9.

3.4 AIRCRAFT PHYSICAIL. PARAMETERS

The aircraft physical parameters which are used in the
force and moment equations are characteristic of the Boeing
707-320B aircraft. These parameters are listed in Table 3-2.

A complete diagram of the Boeing 707 aircraft's flight
control surfaces is shown in Figure 3-4. However, only
certain flight controls are available in the aircraft model
used in this study. The allowable control deflections for

these controls are summarized in Table 3-3.

TABLE 3-~2
BOEING 707-320B PHYSICAL PARAMETERS®

Parameter Value : Units
wing area = § 3010.0 ft.?
wing span = b 145.75 ft.
mean chord = ¢ 22.69 ft.
weight 225000.0 Ibs.
mass 6988.0 slugs
Ixx 3.82 x 10° lbs.-sec.?-ft.
Iyy 4.85 x 10° lbs.-sec.?~ft.
Izz 8-12 X .1.06 lbs.‘SECoz_fto
Iyy 0.372 x 10° lbs.-sec.?-ft.

lSource [6]

O ———
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TABLE 3-3

AIRCRAFT MANEUVERING CONTROL LIMITS

Positive . -

Control Sign Convention Maximum Minimum
Elevator (GE) Trailing edge up +20° -20°
Rudder (éR) Trailing edge right +26.5° ~26.5°
Inboard . ‘s o . o
Ailerons (6,) Right trailing edge up | +18.5 | 18.5
Spoilers (SB) Positive deployment 60°1 0°
Flaps (GF) Positive deployment 50"2 o*
i
Sp = §0° - .283-max{0.,KIAS - 188.]

max
2

flaps depler fully in 30 seconds

3.5 ATMOSPHERE MODEL

Variations in atmospheric temperature and pressure are
fundamental to the determination of the aerodynamic forces
and moments. These equations depend upon the atmospheric
density of the air surrounding the aircraft. The local

atmospheric density of the air is approximated+ by:

1"1'.'tue.'s'.=.» approximations are based on the U.S. standard atmosphere
[16] which is approved for international standardization by
the International Civil Aviation COrganization (ICAO) and
which is used by mest nations and major airlines in the world.
A standard day at sea level:
temperature -~ 15° Celsjus 2
barometric pressure - 2116 lb./ft.” = 29.92 inches mercury
atmospheric density - .002378 slugs/ft.3



———

69
b = [1 - 1.835° (h/65536 + (h/65536)2]p0 slugs/ft.> 3-13
where

h = altitude in ft.

sea level density = .002378 slugs/ft.3

©
H

Mach number, defined as the ratic of the aircraft's true
airspeed to the local speed of scund, is also essential to the

equations of motion and can be approximatedT by:

Mach VT
M= = a 3~14
Number  (1.69) -661 (a——)
o)
where
a _ local speed of sound _ - -6, N
a_ ~ Sea level speed of sound 1 (3.683x10 ) *h 3~15
a, = 1116.4 ft./sec.
VT = total true airspeed of the aircraft in ft./sec.
.1.

See footnote on preceding page.
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3.6 AERODYNAMIC FORCES

The aircraft aerodynamic force and moment equations are
based on dynamic pressdre, aircraft physical parameters, and
dimensionless aerodynamic coefficients. The aerodynamic
coefficients for the Boeing 707-320B aircraft have been deter-
minuted [6] and are presented here for completeness. The

aerodynamic force egquations are:

12 [ .
LIFT = 50V S|CpL, (M) -a, +Cpg +6p +CLy + (5,-6°) +cL6F_%-ao]

3-16
CLQ (M) = (4.584 - 2.22(Mach) + 5.387(Mach)z/radian
o
CLGE = -~ ,0055/degree
Sp .01432/degree §p > 6°
c _ 0 bp 2 6°
L =
GF‘“Q 1.0811/radian SF > 6°
DRAG = ip vzs[c (M) +k(M) C.2+cC +Cp.we (60-6°)
2 T Pmin L Dgear DsF F
+CDGB'5B] 3-17
.012 Mach < .7
c (M) = .01233 + .0033 (Mach-.8) .7 < Mach < .8
Dmin .014 + .0371 (Mach-.845) .8 < Mach < .845
.014 + .1455 (Mach~.845) .845 < Mach
.0524 Mach < .8
k(M) = .063 + .2356 (Mach-.845) .8 < Mach < .845
.063 + .8333(Mach~.B845) .845 < Mach

CL total lift coefficient in brackets in cyn. 3-16
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cDgear = ,0105 (when gear is down)
o = 0 §p < 6°
D — .
F .0018/degree S > 6°
CDGB = .000833/degree
SIDE FORCE = 30 V.°S [cyB-s + CYGR'GR] 3-18
CYB = =,9]17/radian
CYSR = -.004/degree

3.7 AERODYNAMIC MOMENTS

The aerodynamic moment equations, which determine the

roll, pitch, and yaw characteristics of the aircraft are:

_ ROLLING _ 1 . 2 . _ )
L = moment =~ 2° Vr Sb[?ls B+Clg, SatClsy 59]

1 2
+ V., Sb° C1_ - 3-19
CIB = -.1719/radian
cléA = ,00113/degree
ClsR = ~-.0002/degree
Clp = -,38/radian
_ PITCHING _ 1 2 . . e (§m
M = LOMENT = 50 Vg SC[CmQ + Cma<r+CmGE GE-fcmGF (85 140%
+ 3 v sclleon. +Cptlg 3-20
v T Mg " My

Cm. = -.955/radian
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CmﬁE = ,009/degree

-
. { 0 5p < 14
m = .
SF ~.0033/degree GF < 14°
Cmq = =29/degree
Cp: = -3.7/degree

_ YAWING _ 1 . 2 ) . 1 2 . i
N = moMenT = 2° VT Sb{éng B+Cnsp GR] + 30 Vp Sb” Cp -r 3-21
CnB = .115/radian
CnGR = .0011/degree
Cp, = --15/radian

The components of velocity, position, force, and moment
are presented notationally in Table 3-4. The rotation is con-
sistent with the reference frames depicted in Figures 3-1, 3-2,
and 3-3, and note should be taken that a right-hand sign con~

vention is observed throughout.

3.8 THE ENGINE MODEL

The variation of thrust with altitude and Mach number is
considered important in time-controlled navigation. The most
significant engine parameters [6] are maximum and minimum
thrust. These parameters limit the flexibility in speed
control of the aircraft which is necessary to ensure precise

four-dimensional navigation.
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TABLE 3-4

NOTATION USED IN EQUATIONS OF MOTION

Axis
Components Units
X Y Z

Linear Velocity Along

Body AXis Y W v ft./sec.
Angular Velocity Along

Body Axis p q r rad./sec.
Angular Displacements

About Vehicle Axis b 0 4 rad.
Earth Frame Position X Y h ft.
Aerodynamic Forces - SIDE -

Along Wind Axis DRAG | porcE | ~LIFT 1bs.
Total Force Components

Along Body Axis Fx Fy Fz 1bs.
Aerodynamic Moments _
Moment of Inertia 2
About Body Axis Ixx Iyy Izz lbs.-sec. -ft.

The range of achievable thrust for the turbofan engine
modeled in this study was determined [6] from the engine
manufacturer's performance data over the range of altitudes
and Mach numbers flown by the Boeing 707-320B. One such per-
formance graph for the Pratt and Whitney JT3D-1 Turbofan
Engine at sea level is shown in Figure 3-5. The normal oper-
ating Mach speeds for the Boeing 707 aircraft are listed in

Table 3-5 for various altitudes.

e R R s T T St T e bl raarEa e s BN L R
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20000 - PRATT AND WITNEY
JT3D-1 TURBOFAN ENGINE
i W, = AIRFLOW
16000 |
12000

8000

NET THRUST (Ibs)

4000

MACH NUMBER

Fig. 3-5 Sea Level Thrust for P&W JT3D-1 Turbofan Engine
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TABLE 3-5
BOEING 707 NORMAL OPERATING RANGEl

ALTITUDE MINIMUM MACHZ MAXIMUM M.ACH3
Sea Level .17 .51
5000 .17 .57
10000 .33 .63
15000 .37 .71
20000 .42 .79
25000 .47 .88
30000 _ .53 .88
35000 .61 .88
40000 .75 .88

lSource: [6: p. 53]
2Vref or initial buffet for 1l.3g maneuver

3Indicated airspeed structural limit converted to Mach

below 25000 ft. Mach limit above 25000.
Using the engine performance charts along with the air-
craft's Mach ranges for each altitude, the following equation
was derived (6] for approximating the aircraft's thrust varia-

tion with altitude and Mach:

2
. aT| - 4, 2T| - BT “h) -
T(h,M) = T(h,, 0) + 55 y=gh * 3M‘h=hoM+ aham|mM=0 (PTHo) M
3-22
For calculating maximum thrust, let
Maximum Thrust = T(h,M) 3-23

using the following values:



dhaM|M=0

h, =
T(h,0) =
T =
3h | M=0

T =

aM| h= °

2, )

M=0
h=h_

For idle thrust,

Idle Thrust

L
2
=)
I

h=ho

The maximum

0
15,000

13,800 1bs.
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0 <h < 15,000 ft.

-.28125 1bs./ft.

h > 15,000 ft.

{ ~7800 1lbs./Mach

~-3125 1lbs./Mach

{ +.3117 1bs./Mach-ft.

+.185 1lbs./Mach-ft.

let

= Max[T(h,M),0]

using the following values:

{ 0
15,000

= 1,000 lbs.

= 0

o
A

= -~

~2,000 lbs./Mach

and minimum thrust variation per aircraft

< 15,000
> 15,000

{‘0

all ho
all ho
ho =0
ho

ho = 0
ho

ft.
ft’
all ho
all ho
all hO
h0 = 0
ho =

engine using the derived approximation is compared to the

manufacturer's thrust values in Figures 3-6 and 3-7.
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The dotted lines represent data obtained from the actual simu-
lation as contained in Corley's study [6] using the thrust
approximation equation bver the airspeed ranges of interest
for each altitude.

It is ultimately desirable to relate aircraft throttle
position (Tp) to thrust variation. 1In general, the throttle
controls engine speed by regulating fuel flow. [12,13]

Engine speed and thrust are not linearly related, but the air
flow (Wa) through the engine may be considered proportional
to engine speed. [l4] Therefore, throttle position can be
related to thrust by normlizing the airflow for a given alti-
tude and Mach number. The following relationship between

thrust and throttle position was derived by Corley:

Net Thrust _ Idle Max _ Idle ) Throttle\? )
Engine Thrust Thrust Thrust/\Position !
Throttle

0O < position (Tp) =1 3-25

where maximum thrust and idle thrust are defined by equations
3-23 and 3-24. Using the thrust data depicted in Fig. 3-5,
the actual net thrust per engine, based on the assumption that
airflow is proportional to engine speed and engine speed is
proportional to throttle position, is compared to the above

approximation in Fig. 3-8. [§]
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3.9 REAL-TIME SIMULATION OF NONLINEAR AIRCRAFT MODEL

The complete Boeing 707-320B aircraft aerodynamics are
represented by the equations of motion that have been pre-
sented in this chapter. Using the simulation facilities
mentioned herein, these equations have been programmed to
provide a real-time simulation of the aircraft's aercdynamics.

In the aircraft simulction program, the aircrafit dynamics
are straight-forward solutions to the equations presented in
this chapter. The linear and angular accelerations (egns. 3-1
and 3-8) and the Euler angle velocities (eqn. 3-9) are inte-

grated using the trapezoidal rule:

Vp = Vgt att (3 - v )/2 3-26

The earth frame position is obtained by rectangular integra-

tion of the earth frame velocities (eqn. 3-11):

X, = X, 1 *ac v, 3-27

The real-time simulation computer program is included in
Appendix B. The program is documented throughout in order to
provide its user with a basic outline of its organizational

structure.
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CHAPTER IV

DESIGN OF A 4-~-D NAVIGATION CONTROLLER

Using the aircraft model previously described and the
associated atmosphere model, a 4-D strategic navigation
control regulator has been designed. This controller incor-
porates two parts: a geographical navigation controller and
a time navigation controller. Aircraft position, measured
airspeed, and a route-time profile are the primary inputs for
a 4-D navigation control svstem. Only navigation in the
vertical vlane is considered in this study. Vertical and time
navigation are accomplished by coutrolling aircraft airspeed
and descent rate.

In this chapter, a linear discrete-time system describing
the aircraft's longitudinal aercdynamics is formulated from
the complete nonlinear continuous-time system. Considerable
care was exercised to make the aircraft linearization faithful
to the basic aircraft physics while at the same time to make
the controller compatible with the simulation: dynamic
linearization requires fore knowledge of the nominal trajec~
tories whereas the real-~-time simulation uses step-by-~step
integration of the aerodynamic equations. Using optimal
iinear quadratic control technigues, as available from numercus
references [see for example 19, 20, 21], a cost function iz
formulated and an optimal linear feedback contrel solution is

derived for application to time-controlled navigation.
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4.1 LINEARIZATION

The equations of motion as expressed by equations 3-1,
3-8, 3-9, and 3-11 are.nOnlinear in that they contain products
of the dependent variables as well as dependent variables that
appear as transcendental functions. These nonlinear equations

of motion can be expressed in the following form:
x(t) = E(x(t), U(t), W) 4-1

where the state vector is

1
J

[forward body velocity
side bedy velocity
downward body velocity
roll angular velocity
pitch angular velocity
yaw angular velocity
pitch angle

bank angle

heading angle

X-axis earth position
Y-axis earth position
[altitude

TR eeoROaTEdE

r
i
1

the control vector is

T -£hrust
8 elevator deflection
Sal iazleron deflection
| i'” rudder defliection

GB' spoiler deployment

8 J;Lap deployment
| Fl |

and the exogenous wind vector is

-

TR
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vy vertical wind
E(t) E =
w horizontal wind from y
hi . W]

The states, controls, and exogenous variables are functions of
time although this is not explicitly indicated.

The particular design problem of this study concerns 4-D
navigation in the vertical plane from cruise altitudes to
10,000 feet above sea level. For the design applicable to
these flight conditions, the following assumptions are made:

1. Since navigation is in the vertical plane, the
following states can be considered constant:

V:p—_-r—._-d\,:o-
¢ = initial aircraft magnetic course

2. The following controls can be considered constant for
the flight conditions considered in this design:

6A=6R=6B=5F=0.

The use of spoiler deployment, §gz, is acceptable, but
it is considered as an inactive control in this design
as its application is usually limited to special
flight conditions.

3. The drag coefficients Cp and k vary with u, w, and

min
h, but their variation is small enough so that it may
be neglected:

0.012 < Cp . < 0.014; 0.0524 < k < 0.063; Mach < .845

4. The slope of the lift coefficient curve, CLQ . varies

significantly with u, w, and h, and this variation may
not be neglected:

3.925 < CLa < 6.584; 0.2 < Mach < .845
o 2 =

It is essential to include states in the system that

describe aircraft position since the primary cbjective of time-
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controlled navigation is to place the aircraft at specified 3-D
geographical locations at specified times. The x and y earth
frame coordinates can bé combined to create a range state
r=r, (as described by equation 3-12). In addition the earth
frame origin can be translated to the initial approach fix so
that the range reflects the horizontal distance of the aircraft
from the IAF. For navigation in the vertical plane, both the
range and altitude states can completely describe the aircraft
position from the IAF along the constant magnetic course of the
aircraft,

Therefore, for application to the particular navigation
situation considered in this study, the nonlinear system can

be reduced and written in the following form:

k(€)= £(x(£), u(t), wit) 4-2
where
=
w o wv
x(t) = CBI u{t) = wit) =
h 6 W
E h
LT

Let the following notation be used throughout this study:

Ea = gé(t) = nominal state vector
o] o} .
u” = u (t) = nominal control vector
E? = Eé(t) = predicted or nominal wind vector
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the incremental difference between the
actual and nominal states; the state
perturbation vector

5x = x(t) - x°(t)

It

the incremental difference between the
actual and nominal controls; the
control correction vector

fu = u(t) - u (&)

wit) - go(t) = the difference between the measured

and predicted winds

<.
x
it

Using a Taylor series expansion, we linearize as follows:

x° + 6x = £(x° + 6x, u® + su, w° + sw) 4-3
£ af af
= C 19 Ww®) +——I. =, .
= f(x",u ,3\.1)4!-3E «’53«:_+aE 62+3V_". sw
x=x% Hx=x0 |x=x°
u=u’ ju=u® ju=u°
w=wo \w=wl w=wl
+ higher order terms
Neglecting the higher order terms,
. 0f] of of
5_}5': '5{- '654‘ -é-l—l* ‘51.1_4‘3-‘}— '(S_ 4-4
=10 -0 —1 QO
=A+8X + B-sSu + D-sw 4-5
where
of of of
A= o B = == D= 4-6
X o au o oW o

are in general time-varying matrices.

Expanding equation 4-4, we have:
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™ 7] B - - - - - - ] B B
su au ALY Ju au KA au su
u sulo aw|o 3g|lo 36|o sh|o 3rjo
5 aw| aw| owl aw| aw| awi |l
w 3njo Iwjo 3glo 98|o sh|o drj|o
: gl 33| 3q| 2g] 2g| 39
6q 3ujo w|o 9gqlo 38jo sh|o arjo 6q
58 a8} 368+ 38, 381 38| 238 58
dujo 3w|o 3gqio 36|o 3h|o ar|o
‘ ah| »ah! sh| sh! ah| 3h
&h Tulo 3w|o 3qlo 36|o 3R|o 3rjef |°P
. ar| ar| ar| oarl ar| ez
¥} |3ulo 3w|o 3qlo 38|o 3h|o 'é"fJoﬂ 61 ]
du|l 2u 3u sa | |
aT| 5| W Wl
awl  aw aw 3w
3T |, 385 T T
gl aq g 3q (
57| 38 8T 3w By vy
+ e} Elo + v|o o]
28 28 38 36
—l = 86 Sw
aT o aaE ol L E Bwv o Bwh o h
3h| 3h ah 3h
T |, 3841, Wl o Wl
3r| 3f ar 3K
_PT o) 86E ] L?wv o awh o] 4-7

Using the aircraft's dynamic equations as presented in
Chapter III, along with the previous assumptions, the above
partial derivatives can be expanded. A discussion pertaining
to the derivation of the nominal state and control trajectories
as well as the actual values of these trajectories which are to
be used to evaluate the above partial derivatives will be pre-

sented 1n Section 5.1. The general expressions for the partial

derivatives in equation 4-7 are as follows:
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an 1 2 Afw? 2
A1y = 30~ fass |0 Vp S) (cDmin +xCp, )(V 3 "5-7',;
T,
2 . wu
- (s Vi S)[?La (M)( + 0331)+CL(SE §p =3
Ve Vo

2 w
- 6t(%ps)(?9min'+kcL )(2ui]-+v;(ap5)[cL5EaE(2u)

2 w
+C (M)("-‘E+ 0.0331(2u) ]+_’£.(gp v s) (-—+ .0331) x
Lag VT vT T Vp

[ -2.22u . 5.387 (2u) ]

(1697 (661.-.002838R) Yy, * (1. co 2 (ce1.-.002434n) 2

+ 3 Thrust 4-8
¢u

_ du _ 1 2 - 2 uw 2
B12 " 3w T Mass (0 Vg S)(CDmin+KCL ) ( 3) (%V ) *

Vp

2
1 w u
Cqu(M)( T+ 0331) +CL¢SE 6E (v——-T - #V 3)- (V—“T>(%DS)*
T

2 W
(CDmin-!-kCL )(2w) +(§—'E) {%p5) CLGE-GE{ZwMCLaO(M) X

w 2 W <
(VT+ + 0331(2w)) +V—T \%p VT S) (V_+'0331)

T
~2.22w N 5. 387 (2w)
(1.69) (661.-.002434h)Vy, * ) ¢9)2(661.-.002434h)°
9 Thrust
* aw - q 4-9
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= =g cOoSs B 4-11

- L ufyy 2 cc.?le W 25) ~
= Mass [' V,I.(Ls Vo S) (CDmin +kCp /+VT(% V. °s)

W -1.835 2h
Cy, (M)(—-"f' .0331) +Cr,. 6 + X
( Gq \VT g B 65536 (65536)2

3 Thrust , w_ 2 ) W
(.002378)+—'—"—'§h—"—-+v (%D VT S 7 +.0331 «x

T T
2.22V,,(-.002434)  5.387 V7 (-2) (-.002434)
+
1.69(661.~.002434h) > (1.69) 2 (661.-.002434h) ]
4-12
= (0 4-13
- 1 2 2 uw _ 2
~ Mass ('Lip Vi S)(CDmin+kCL><v 3) (%p Vp S) *
T
1 u2 w ]
v;"\—,-;—j CLGO(M)(VF;+ .0331) +CL6E'5E
W 2 u <
- v;(%DS)(CDmin-+kCI‘) (20) - gh08) Cp, -6 (2u)

+ CL%(M)(%*' .0331(21.1)) —Qu; (%p Vo 25)(\—}";4- .0331) y

L. 220
1.69(661.- _002434h)VT

+ > 5,387(2u) 5 114. q 4-14
(1.69)°(661.-.002434h) J
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aw _ L (2 )( 2)/_ 1w
A2 T 3w ~ Mass (’50 Ve "8 )\C0pin * kG, \ VT+V 3
T
2 W uw
+ (% v s) cr. (M) -——+.0331)+c s | |2
P [ ag (vT Lsg E| \y 3
T
- (&) eaes) (Cppyp e ) (2w)
Vo Dmin L
u W2
- g (4eS) chéaE(zw) +CLGO(M) Vg + g+ -0331(2w)
T T
d
u 2 W [ -2.22w
7 (%va 5)(7‘* '0331) T.69(661.-.002434R)V,
T T T
(1.69)°(661.~.002434n)° | |
W _ -
A23 -a-a- = u 4-16
Ay, = 2% = -g cos ¢ sins 4-17
w1 )W 2 2y _u 2
A25 ~ ah ~ Mass VT(Li VT S)(CDmin.kaL ) VT(% vT S) i
1 1.835 2h
cr (M)(-!-+ .0331) +CL, "6 - Zioa>+ x
[ ag A\ Yy Sg EJ 65536 555362

(.002378) -Malss(vi) (%p Vo 25)(\_,‘:’_+ .0331) y
T T

+._—.-.-
1.69(661.-.002434h)% (1.69)%(661.~.002434h)°3

4-18
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+ 5V Sc2 C +C.. - -
T Mg mg| 9
+——-2—h-—i (.002378)
(65536)

o
}

23



41

42

43

44

45

46

51

52

53

54

55

56

61

]
l

]
I

wlar
[ =] -

s,

>
£

e
el [l

Q>
[« + 2

L= %
[=e]

|s.

@
=2

Q>
e

@
H

elx.

92

sin 6

- COos ¢ cos 8 = = cog 6

ucos 8 +w sin o

- COos 6

4-28

4-31

4-35
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_ ar _ ) 4-139
A62 o - sin 8
- 3 _ -4
A63 3G 0 4-40
A64 = %% = 1u sin 8 - w cos 8 4-41
_ or -
T -
A66 T 0 . 4-43
where

3 Thrust! [ifzooo+.os(h-1o,000))
= (4)
au

{1.69) VT (661.*.002434h)}

14
(2-77)
P
u(—3125+.12(h—1o,000)) 1,
+1i(4)
(1.69) VT(GGl.-.002434h)J

T

4-44

h > 10,000 ft.

tSeveral coefficients in the maximum and idle thrust approxi-
mation equations, as described by eqguations 3-23 and 3-24
respectively, were slightly modified to ensure a valid

linearization for all altitudes of interest above 10,000 feet.
For both thrust equations, hg =10,000 for h > 10,000 £t. and
32T

o I _J+.12 1bs./Mach-ft.
ahaM|M=0
h=h,=10,000

= for maximum thrust
+.05 lbs./Mach-ft.

for idle thrust
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oW (1.69) Vi (661.-.00243h)

+ w{-2000+.05(h-10, 000)

[w( 3125+.12(h-10, 000)) 2
+ (4)

L(l 69) Vo {66l.- .002434h
h>10,000 ft.

3 Thrust
3

+ (0.002434)(—2ooo+o.05(h—1o,oooﬂ
(4)
(1.69) (661.-0.002434h) %

0.05 2
* (1.59)(561.-.002434h)] (l Tp)

(0.002434) 1.
(1.69) (661-.002434h) % |

+ (4)}-.28125 + [

.12 2

H

h > 10,000 ft. 4-46

Vg =/ u? 4w - 4-47
_du _ 1 _

B11 ° 3T = Mass 4-48
_ 3 W _

B12 38 Mass (ﬁp Vo S) CLGE 4-43
_ AW -

Byy =3¢ - 0 - 4-50

B, =% (%p v, %s)c 4-51

22~ a8 Mass T Lsg

Tsee footnote on preceding page.



95

4-54

4-55

4-59

4-64

4-65
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%]
@

Dgy 3w = 0 - 4-66
v
_ b _
Pa2 = T 0 . 4-67
ah
D.. =238 _ __1 . 4-68
51 3wv
_3h  _ -
h
Dgy = %ﬂ-—— = 0 4-70
v
ar
Dsz"awh‘1' 4-71

Given the linearized continuous-time system as described
by the equations presented in this section, the equivalent
discrete-time version of the svstem has been formulated for
real-time simulation purposes. This formulation and its

solution is described in the following section.

4.2 THE DISCRETE-TIME LINEAR MQDEL

The discrete-time equivalent to the continuous-time
linear system is more practicable t".n direct integration of
the continuous-time system when considering the actual physical
implementation of the system. This discrete-time system is
the sampled-data version of the continuous-time system.

As derived in the preceding section, the continuous-time

linearizesd system is expressed by:

§x{t) = A(t)sx(t) + B(t)su(t) + D(t)ew(t) 4-72



Using the Variation of Constants Formula [22], the solution

to the continuous-time linear system is given by:

t
sx(t) = o(k,t )éx(t ) + .f o (t,t)B(t)su(r)dr
0
t
+ jpgjt:T)E(T)ﬁﬂ(r)dr 4-73

0

An approximately equivalent discrete-time linear system is:

6§k+l = Ekéik + gkéuk + ﬁkéﬂk 4-74

whera
a {t -t, )
— -k ' "k+1 "k
Fe = 2(tp08) = e
A A i n
== e_k = z -&kn -é—!— 4—75
n=0
Pyl FkHL A (£, 1)
‘G‘k = f ¢(tk+er)B(T)dT = f e dTEk
ty Yk
= n+l
- n A -
Z &% DT B 4-76
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k+1 Frrl A (t,  17T)
H, = f o(t, 1 T)B(x)dT = f e dtBy
£t : £,
- n+l
n A 4-7
= z A DT Bk 7
n=0
A = tk+1 - tk = time interval 4-78
and
A, = Alt)) B, = B(t,) D, = D(t,) =D 4-79

will be considered constant over the time interval from tk to

t since theilr time-variation is slow relative to the system

k+1
time-constants.+

The time interval, 4 , was chosen to be 3 seconds. The
length of this time interval is very important. If the time
interval is too large, this will imply that the control action
is "sluggish" and subsequently will not allow the control to
respond as gquickly to a disturbance. Also, a large time step
will tend to degrade the discrete-time system approximation to

the continuous-time egquations. On the other hand, if the time

The above expressions are function-space approximations to
the Peano-~-Baker series expressions [22] for the transition
function and were verified to be guite accurate in the present
application.
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interval is too small, the system may develop what is known as
quantization instabilities -- these can result from consecutive
corrective control commands without allowing sufficient time
between commands to give the system enough time to respond,
thus causing quantization errors to integrate. The 3 second
time interval used has shown to be satisfactory in view of the
aircraft's time-constants. The nominal state, control, and
wind values, along with their corresponding discrete-time
linear system matrices are presented in Appendix A for several

selected times.

4.3 THE LINEAR FEEDBACK LAW AND RICCATI EQUATION

We desire to obtain a discrete-time linear feedback law
whereby the deviations of the control are a function of any
deviations in the state as well as a known deterministic dis-
turbance. In particular, we wish to find an optimal feedback

law of the form

*
su, = K 6x, + £ (8w, ) 4-80
Consider the linear discrete-time system
65}(1-1 = F—kéik + 9}(63}: + dey__k k=0,1,...,T-1 4-81

and the guadratic cost functional
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-1
Iy = Z [oxiayex, + oxpsyou + supsiox,
=0 :

pds % Sk %%

= | EEKGE:] s ® s + GxTQTéxT 4-82
k=0 Sp Sy el
T-1

= EZ L{éxy,8m ) + p(8x,) 4-83
k=0

where the weighting matrices possess the following properties:

Q. S
=k =K > 0 for all k=0,1,...,T-1
5% Ry
4-34
Bk > 9 fOL‘ all k=0,l,.-u;T_l
Q. 20

In equation 4-81, ng is viewed as a known deterministic
disturbance. In order to derive the discrete-time linear
feedback law, state augmentation is used to yield the following

system:

;
65}(4-1-] B K

+
smr) 12 0] Lo | o

—
[o2)
| %
®
]
=
o
On
o}
-

I |

o

1
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and
L{&%, 80y ) = 6xpQ, 8%, + §x. 56Uy + Su S 6%,

-

*oSuy R duy

Using the Dynamic Programming aligorithm [19,20], we
proceed to derive the discrete-time linear feedback law. At

time k, define the optimal cost-tou-go as:

T-1
* - = : -~ ~ o 500
v (6_)5_}() . mlan L(‘Sik’agk) + z L(ait’él—lft"
L, B | t=k+1
+ w(agT)1 4-92
]
= mj e * (53 -
= min [L(aﬁk’égk) + v (6§k+l)] 4-93
du
-k
with boundary condition
L - ~ _ . _
v (6§T) = ¢(6§T) = the terminal cost 4-94

We guess that the optimal cost-to~go at time k is of the form

* .~ _ e _
VI(8%, ) = 6X;Py 6%, + Py 4-95
with
R v
P, = P =
I NS M
Sk 2k
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* = _ - L aseA e _
\' (GET) = (GiT) = 6§TQT5§T 4~-96
S0
ET = QT and Pp = 0 4-97

Now, assume that the optimal cost-to-go at time k+1 is

* - _ ez 3 = _
VIR, 1) = 8% B 8%kt Pra 4-38
Equation 4-95 will be proved by induction.
Substituting equations 4-89, 4-9%1, and 4-98 into
equation 4-93 we have the following expression:
* iyl — 3 ~ ngd O e = e r
\ (ng) = mln{;[ﬁikgkdik + §x.5, su) + Sgkgkﬁﬁk
du
-k
v oagRon | - e+ o) -
3k+1[§k5§k * Ekﬁik] * Pk+1} 4-99

Minimizing the cost-to-go at time k by setting the partial

derivative of V(Sgk) with respect to du, equal to zero yields:

k

E)V(G_)_c._k

) .
| 2[5§k§k FOOL R+ S E PGk

i+

+ 62£§£2k+1§k] 4-100

e}
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BV(Gx )

= §x7S, + su 'R

i T SKES * SUCTR + (OX{EL + owy

x Fr i)5k+19k

4-* -
+ (8uy 9k—k+1 + SvpNZL )Gy

g 0 SR 1=

+ 8wy (HyPy 116y)

—k+1 k)

u*
+ uy (R + G

+ 6V (N’

GrPr+18) 4-101

=9

Since R, is positive definite and G/'P .G, 1s at least positive
semi~-definite, then (Rk + GkPk+l—k) is inver’(:.ibl‘eJr and we can

solve for 52 to obtain the optimal linear feedback control

K
law:
suy = R, + G~ “Ylss + @
Uy k * SxBre15k k T SkBre1Ei| 0%

+ Gi{ k+lHk6wk + Nk+l k]} 4-102
which is precisely in the desired form suy = K, 8x, + f; (sw,)
where

R - -1 - ) -n - -
Ke = B * Ekgk+19¥] [ﬁk * Ekgk+15k] 4-103
. -1 ..
£ (Bwy) = - [5 * 9k2k+1§g] g [ k+1“k5wk'*Nk+15Vk]
4-104

TSecond order conditions show this to be a minimum. Unigueness
can be proved by completion of sguares.
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Substituting equations 4-90 and 4-102 into equation 4-99

gives the optimal cost-to-go at time k:

v* (8x - (5, +E/P

A

— ,r -
Xe) = 0% (O M BBy KkPk+1%k)
(R +Gp Py 16y ) " (Sp +GeP 1 F k)]

-1,
* ka[ = (S FE P G) (B + SeBy 1 G) Ek} x

-1

[§k+1§kﬁﬂk’*§k+153k] * [?wkﬂkpk+1'*5¥ka+1]

5 - Gy (Ry + GfBy 1 Gy) T (S] + GiRy o F k{]éik

H

7(
J Mee1 Mesr] Gvk J

% + G P ]"lx

"
{ ka Pr+1 Mg
[ i 1B * G Brr1Sk

—£ﬂ£3k+1'*53ka+1]

~k[fk+lHk6wk —k+153kJ * Pril 4-105

which is precisely of the form
v* (Sxk) = 6§£gk5§k + Py 4~106

= Sxp P 6xy

+ Gx [N ka]
+ (W Ny léx,

+ {dﬂkﬂkégk] + Py 4-107
which we originally assumed. Therefore,

Pk = Pry1 ~ 0 since Pp = 0 4-108
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and by equating equations 4-105 and 4-107, we obtain the

following relationships:

1. The Discrete-Time Matrix Riccati Equation.

+F°P

Py = Q +EL B 1 Fx

[By * GyPyes1Gk!

2. The Driving Function.

Ny oWy = Npdvp

= [F‘-(S +F

{P. +1Hk6wk

with ET =0

3. The Scalar Term.

PR

-1

=[Sy +EgPy 418!
(S * Py y1Fy] 4-109
W) (R +G7B G )T Gl x
Pr+18 GBS Sy

s U ESW L Py M | Bt
w, M, §w, =
—k—k =Kk sv N? M 8
Ve | [=k+1 —k+1 Yx
- - -l
~LOwRHL P 1y * VN 16 TRy + 6Py Gl T
S Py p Hyc 6wy + Ny 89 4-111

]
[=]

with ET

e
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summarizing the results of this section, the discrete-

time linear feedback iaw and the appropriate matrix Riccati

equation and driving function have been derived. These are the

necessary tools for desigring the four-dimensional control

regulator.

4.4 OQUTLINE QOF ALGORITHM FOR COMPUTING OPTIMAL FEZEDBACK LAW

Combining the results of each section in this chapter,

the following outline is a step-by-step procedure to determine

the optimal feedback law to be implemented in the 4-D naviga-

tion system:

1.

2.

Derive the nominal state and control trajectories.

Evaluate the continuocus-time A, B, and D linear
system matrices along the nominal trajectories
for each time interval.

Compute the discrete-time F., G, , and H, linear
system matrices which are tEe sampled-ddata version
of the continuocus-time linear system.

With knowledge of the weighting matrices and wind
components, ilterate the discrete~time matrix Riccati
equation (egn. 4-109%), the driving function (egn.
4-110), and the scalar term (egn. 4-111) backwards
in time,

Compute the feedback gains (egn. 4-103}) and the
feedback exogenous components {(egn. 4-104) to be
used in the optimal feedback law {(egn. 4-102)
during each time interval.
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CHAPTER V

EXPERIMENTAL RESULTS

The simulation facilities utilizing the Adage digital
computer as described in Chapter I were used to compute and
test the linear feedback solution on the complete nonlinear
aircraft model. The Boeing 707 cockpit simulator provided
ideal conditions for observirg the response of the aircraft in
a real-time simulation. The displayed aircraft instruments
indicated the response of the aircraft to the action of the
control regulator in the presence of winds.

The computer programs used in each step of the design
process are included in Appendix B, along with appropriate
documentation. These programs are included primarily for the

purpose of aiding successive researchers.

5.1 NOMINAL STATE AND CONTRCL TRAJECTORIES

The strategic control descent route profile as described
in Chapter II along with the strategy for generating the route-
time profile corresponding to a desired time of arrival at the
initial approach fix is used in the simulation. The ATA at
the IAF was chosen to be 19.73 nminutes. The associated route-
time profile satisfying the aircraft boundary ccnditions
depicted in Figure 2~7 is shown in Table 2-2. Using the

simulation facilities, this route-time profile was "flown" by
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a pilot using the complete nonlinear aircraft model along the
desired descent path. The nominal state and control tra-
jectories were recorded and are depicted in Figqures 5-1 through
5-8. 'This procedure ensured nominal trajectories which were
consistent with the nonlinear simulation, thus improving the
accuracy of the linear model.

The route-time profile was designed for the presence of
no wind and was "flown" as such. The execution of the route-
time profile was not done by an automatic system, but rather
by pilot control. The pilot "error” inherent in the nominal
state and control trajectories from those ideal trajectories
dictated by the route-time profile can be considered
negligible since it is the recorded trajectories against which

the error signal of the controller is measured.

5,2 WIND DISTURBANCES

The wind d.. .urbance, 6Ek' which appears as an exogenous
variable in the linear discrete-time system, is treated as a
known deterministic disturbance. This wind disturbance is the
difference between the nominal wind (that wind predicted and
used to determine the aircraft's route-time profile) and the
actual or measured wind. In reality, winds are not deter-
ministic and must be estimated; this study does not consider
this problem but one can view the winds used here as if they

were the solution to an estimation problem.
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In this study, the route-time profile is designed in the
presence of no wind. Therefore, 6Ek is the actual wind that
the aircraft encounters in flight. Three different actual wind
conditions are used in this study. Each wind is a direct head-
wind and is constant along the entire descent path. The winds
used are 15, 30, and 45 knot head-winds. The system was de-
signed to handle vertical winds alsc, but these are not con-
sidered in this study

Since the route-time profile assigned to the aircraft is
based on a groundspeed profile, the effect of the wind dis-
turbance, 6Ek' is to alter several of the nominal state tra-
jectories with an additional component, Aﬁo, in order to main-
tain the groundspeed profile which is required to achieve
accurate 4-D navigation. The nominal attitude and range state
trajectories remain unchanged under wind disturbances for a
particular route-time profile. The most important change
occurs in the aircraft nominal forward velocity state. This
change, Auo, is equal to the horizontal component of the wind
(-wh) along the aircraft's ground track. For example, since a
head-wind is assumed to be negative, the change in the nominal
forward velocity trajectory is positive in order to compensate
for the head-wind and remain on a desired groundspeed profile.
The changes in the aircraft's nominal downward velocity,., pitch
rate, and pitch angle states are a result of the change in the

nominal forward velocity state. These changes are small
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and neglected in the nominal state trajectories. However, if

these nominal state trajectories were adjusted to account for

these small changes, the errors sensed by the feedback system

would be reduced for these states.

5.3 PERFORMANCE WEIGHTING MATRICES

Perhaps one of the most important aspects of the design is

the choice of the weighting matrices Q, R, and S. This choice

is initially based on the desired raximum allowable deviation

of the states and controls from their nominal values at any

instant in time {10,20,21}. The maximum and minimum values of

the nominal state and control trajectories, and the desired

maximum allowable deviations along these nominal trajectories,

are listed in Table 5-1.

TABLE 5-1

ACCEPTABLE STATE AND CONTROL DEVIATIONS

Maximum Minimum Allowable| Units
Nominal Value Nominal Value Deviation
Ctates
u 804. (+ au®) 480. (+4u°) +10.0 ft./sec.
W 33.5 7.7 +2.0 ft./sec.
q 0.0049 -0.0058 +0.001} rad./sec.
9 0.051 -0.0425 +0.01 rad.
h 35000.0 10000.0 +200.0 ft.
r 125.4 0.0 0.1 n. mi.
[Controls
T 12198.0 0.0 +500.0 lbs.
SE 0.127 -4.32 +2.0 deg.




116

The selection of the weighting matrices in the quadratic
performance function is by no means a simple task. Usually,
they are selected by thé designer on the basis of experience
and readjusted accordingly based on the results of simulation
runs [l19]. For most practical applications, Q and R are
selected to be diagonal as they have been in this study. This
allows specific components of the state perterbation vector
ng to be penalized individually. This is a common rule of
thumb applicable to aerospace systems that have a "physical"
set of state variables and control variables [19].

The particular design considered here is particularly
applicable to passenger-carrying airline transports. There-
fore, from a practical viewpoint, the levels of acceleration
or deceleration produced by any maneuvers must Le acceptable o
avoid discomfort in the passenger cabin. This leads to a high
penalty on pitch rate. 1In order to preserve the accuracy
desired in 4-D navigation, high penalties on altitude, range,
and particularly on forward airspeed are imposed. In addition,
in order to regulate these states about the nominal trajectory,
it is desirable to use elevator deflection rather than thrust
in order to minimize the cycling up and down of the engines,
thus minimizing fuel consumption. Therefore, thrust is penal-
ized more heavily than elevator deflection. The cross-term
weighting matrix S is used to smooth the performance of the

control regulator.
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Using the simulation facilities,

the linear feedback con-

trol system's response to various wind conditions imposed upon

the nonlinear aircraft model was evaluated in a real-time

simulation.

weighting matrices,

produced acceptable responses to wind disturbances:

state
weighting =
matrix

control
weighting
matrix

]

cross~term
weighting =
matrix

terminal
state =
weighting
matrix

Note that higher penalties are placed upon the forward

~J
N

lNroo oo ¥

Sy

After much frustration and "juggling" of the

it was found that the following matrices

4E-4

.

[#1]
1
H

velocity, altitude, and range states at the terminal time in an
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attempt to preserve the accuracy and precision inherent in the

time~controlled navigation concept.

5.4 THE OPTIMAL FEEDBACK SOLUTION

Using the nominal state and control trajectories along
with the weighting matrices described in the previous sections,
the optimal discrete-time feedback law with the appropriate
Riccati equation and driving function as derived in Chapter IV
can now be solved. The discrete-time versions of the Riccati
equation and driving function as described by equations 4-109
and 4-110 respectively are solved backward in time. For each
time interval of 3 seconds, new solutions to these equations
are computed and used to update the feedback gain matrix K.
and exogenous component Ek(éﬁk). These matrices are used in
the linear feedback law 62}’2 = Ek GEK + _fi'k(égk) and remain
constant during the following 3 second interval in the real-
time simulation.

The solutions to the Riccati equation and the resulting
feedback gain and exogenous component matrices are included in
Appendix A for the initial time interval and the time interval
immediately preceding the terminal time.

The optimal feedback gains are time-varying, but their
values are unaffected by the value of the wind disturbance.

However, the values of exogenous feedback terms are directly
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proportional+ to the magnitude of the wind disturbance at any
instant in time. The cptimal feedback gaing for each control
corresponding to the appropriate states are depicted in
Figures 5-9 and 5-10 as a function of time. It is important
to consider the relative magnitudes of the deviations in the
states in order to interpret the relative strengths of the
gains required for each control. These deviations in the
states will be considered in the following section.

In addition, it is important to notice the change in the
feedback gains at certain times in the flight, namely at those
times when the initial descent begins (at time Tl) and ends
(at time T3) as well as at the terminal time (ATA). At times
Tl and T3, the most noticeable changes in the feedback gains
occur for those gains multiplying the deviations in the down-
ward velocity, pitch rate, and pitch angle states. This 1is
logical since it is at these two particular times that the
nominal values of these particular states are changing most
rapidly due to the desired change in orientation of the air-
craft in order to stay on the descent path. Overall, the most
radical changes in the feedback gains are noticeable at the
terminal time due to the terminal time penalties on the states.
In general, the feedback gains near the terminal time are

acceptable. However, the rate of change in magnitude of the

t Assuming constant wind, g§w

Wy = 6y = §V.
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feedback gains near the terminal time could be reduced by
artificially extending the terminal time in order to achieve
less change in the gains near the true terminal time. Ulti-
mately, this would be desirable when extending the time-con-
trolled navigation concept completely down to the runway
threshold.

The exogenocus feedback control components are depicted in
Figures 5-11 and 5-12 as functions of time. The exogenous
components of the feedback control, which are directly related
to the magnitude of the wind disturbance, are designed to com-
pensate for ithe overall disturbance along the descent route
profile. These components tend to decay linearly to zero with
respect to time. This is a result of the method of solution
chosen to determine the exogenous feedback components. The
solution is designed to minimize the total additional control
provided by the exogenous components.

As an alternative to this method of solution, the exogenous
companents could be determined as the additional control,

Agz, needed at each instant of time to keep the states of the
5; + Axo, based
on the wind disturbance as previously described. Although the

system on their adjusted nominal trajectories,

second method was not investigated in this study, it is possible
to qualitatively compare the two solutions while examining the
results of the system's response using the first method of

solution. The possible advantages of this second approach were
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only apparent in the final simulation results and tire was
insufficient to permit a full evaluation. The results of the
approach taken in this study will be presented in the following
section. The feedback gains remain unchanged using either

method of solution for the exogenous feedback components.

5.5 TIME~CONTROLLED NAVIGATION EVALUATION

The optimal control solution obtained in the form of a
feedback law was evaluated in a real-time simulation by intro-
ducing wind disturbances into the state of the system., As
previously explained, the linear feedback law is composed of
two parts: one part dependent upon deviations in the state and
another part dependent upon the exogenocus wind variables. Both
the complete linear feedback system and one without the exo-
genous component were analyzed under identical wind distur-

bances. The important point to note is that the linear feed-

back law was implemented on the complete nonlinear aircraft

model.

The absolute deviations of the states and controls from
their nominal values, when the complete linear feedback system
with its exogenous components were implemented on the non-
linear aircraft system, are depicted in Figures 5-13 through
5-20 for the various wind disturbances. The deviation in the
aircraft forward body velocity, 8u, is based cn the adjusted

nominal trajectory due to the wind disturbance. The deviation
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in pitch rate, &g, is basically indistinguishable for each head-
wind disturbance and has a mean value of approximately zero.
Although the deviation in pitch rate appears to be "noisy," it

is actually a deterministic deviation.

5.5.1 ACCUGRACY ACHIEVED

The objective of the control regulator is to get the
aircraft to the IAF at the assigned time. For each head-wind
condition, the initial deviation in the forward velocity state
is equal to the magnitude of the head-wind. The controller
senses this initial deviation and increases thrust to increase
the airspeed. Meanwhile, the aircraft has fallen behind
schedule while it was flying at airspeeds below its adjusted
nominal. Therefore, in order to compensate for the distance
lost, the controller increases the aircraft's airspeed even
further. It is important to understand the control regulator's
action concerning this speed control. The regulator uses over
50% of its total additional thrust within the first 5 minutes
of the flight. The additional thrust after 5 minutes into the
flight stays approximately at a constant level until decreasing
toward zero at the terminal time. The effect of using the
additional thrust in this manner is to put the aircraft ahead
of schedule along its ground track early in the flight by using
large amounts of additional thrust while at high altitude and

then letting the aircraft slowly approcach the nominal schedule
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while using smaller amounts of thrust at lower altitudes. The
effect of this action on the deviation in range is depicted
in Figure 5-18,

The advantage of this type of control action lies in
fuel conservation since more thrust can be achieved at higher
altitudes than can be achieved at lower altitudes for the same
fuel flow.

The effect of the exogenous feedback sclution component
can be seen from the data presented in Table 5-2. When the
exogenous component is included in the feedback solution, the
control regulator achieves the desired 4-D navigation accuracy
at the terminal time. For a 15 knot head-wind, the aircraft is
17 feet ahead and 76 feet too high of the desired point at the
terminal time. The ailrcraft is 20 feet behind and 151 feet too
high for a 30 knot head-wind, and 41 feet behind and 212 feet
too high for a 45 knot head-wind at the terminal time. These
errors in aircraft position at the terminal time are certainly

acceptable since actual position measuring equipment errors are

greater than those errors produced by the 4-D navigation system.

designed here. 1In addition, the aircraft is traveling at
speeds that could cover the distance errors in less than a
second.

However, without incorporating the exogenous component in
the feedback solution, the aircraft is approximately 1 nautical

mile, 2 nautical miles, and 3 nautical miles behind at the

[N



TABLE 5-2
EFFECT OF EXOGENOUS FEEDBACK COMPONENT

Time 0 _ T1 T2 T3 ATA
Feedback With/Without| With/Without | With/Without| With/Without| With/Without
Solution Exogenous Exogenous Exogenous Exogenous Exogenous
Component Component Component Component Component
Wind = 15 knot head-wind
su {(ft./sec.) -25.3 |-25.3|17.8 -1.5 .6 -2.2 -10. -6.6 -10. -7.9
gw (ft./sec.) 0 0 -7.3 -4, -3.2 -2.9 -2.3 -2.3 -2.3 ~2.5
6g {rad./sec.)| -.0001 0 -.0003}|-.0003§{.0002 .0002 1-.00254.0013 | -.0003(-.0003
58 (rad.) 0 0 -.0138|-.0076{-.0046{~.0047|~-.002B]-,001 | -.004 |-.004
sh (ft.) 0 0 230.5 166, 110. 91. 33. 51. 76. 86.
sr (ft.) 0 0 -2385 {2583 4447, |3204. |-1677 4765 -17 6045
' (1bs.) 3244 0 141 320 555 743 639 732 129 87
6% (deg.) -.14 0 -1.43 |-.82 -.54 ~.62 -.35 -.52 -.67 -.72
Wind = 30 knot head-wind
Su (ft./sec.) | -50.7 |-50.7]38.7 [-3.2 J1.1 -4.4 |-21.3 |-13.5]-18.7 ]-16.5
Sw (ft./sec.) 0 0 -14.7 |[~7.9 -6.6 -5.5 ~3.2 -4.61 | -4.4 -4.9
6g (rad./sec.) -.0001 0 -.0004(-.0003|.0001 }.0006 |.003 .001 .0001 |-.0004
38 (rad.) Q 0 -.0265(-.0147{-.0078({-.0075]~.0057}~.0079| -.013 |-.01
§h (ft.) 0 0 407 312 209 169 68 71 151 158
Sr (ft.) 0 0 -3375 |5031 -58740 16406 -3463 [ 9938 20 122586
8T (1bs.}) 3244 0 532 675 1152 1470 1228 1408 191 202
GGE (deg.} -.29 0 -2.7 -1.55% (-1.1 ~.89 ~.48 -.17 -2 -1.3
Wind = 45 knot head-wind
su (ft./sec.) | =76 -76 55.9 ~-3.6 10.3 -6.7 -29.8 | -21.8 | -28.92 (-24.3
dw (ft./sec.) 0 0 -21.1 [-11.9 |-10.3 |-9 ~1.6 -8.9 -6.9 -7.3
6g (rad./sec.} ~.0002 0 -.0006{-.0005|.0005 |-.0006|.0136 |~-.0015}-.0006|-.0004
§6 {rad.) Q 0 ~.03631-.0212}-.0118}~.0103}~-.0046}-.0027} -.0155|~.,0151
Sh (ft.) 0 0 5009 447 304 256 117 139 212 225
Sr (ft.) 0 0 -1899 {7765 -1060119201 -4662 | 14587 |41 17956
6T (lbs.) 3244 0 2279 1047 1863 2159 1752 2046 370 302
ﬁﬁE(deg.) -.43 0 -3.7 -2.2 -1.6 -1.45 | -1 -1.2 -1.8 -1.9

€T
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terminal time for 15, 30, and 45 knot head-winds respectively.
These errors are obviously not acceptable for precise 4-D
navigation since the time required to travel the lost distance
is too great--for example, it would take approximately 45
seconds to make up for the distance lost in a 30 knot head-wind
after reaching the IAF at a speed of 250 KIAS.

Although it was desired that the aircraft reach the IAF
at speeds not exceeding 250 KIAS, slightly higher speeds
resulted. The aircraft was approximately traveling at 257,
267, and 275 KIAS upon reaching the IAF in the presence of 15,
30, and 45 knot head-winds respectively. The reason for the
slightly higher indicated airspeeds is that the nominal forward
velocity was adjusted for the winds, and thus increased beyond
the nominal 250 KIAS at the teriainal time. Although the ter-
minal time airspeeds do not greatly exceed the 250 KIAS re-
guirement, there are two possible methods to remedy this
situation. One possibility is to adjust the nominal forward
velocity to account for the wind, yet maintaining a 250 KIAS
nominal velocity near the terminal time regardless of the wind.
This approach would satisfy the 250 KIAS speed limit imposed
by the FAA for flight below 10,000 feet, but would not allow
certain groundspeeds to be achieved which are the speeds used
in dsztermining the route-time profile. A second possibility is
to impose a groundspéed speed limit for strategically controlled

aircraft utilizing four~dimensional navigation so that precise
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time-controlled navigation is ensuread.

The total forward velocity response and total thrust
response for feedback scolutions both with and without the
exogenous component in the presence of a 30 knot head-wind are
indicated in Figures 5-21 and 5-22. It can be seen that the
aircraft's forward velocity never reaches the desired nominal
velocity adjusted for the wind and subsequently continuously
falls behind schedule when the exogenous component of the
feedback solution is not used.

From the total thrust response curve it can be seen that
the thrust stays relatively constant between times T1 and T3.
In addition, the total thrust is not allowed to exceed its
maximum allowable value for each altitude and Mach number. At
35,000 feet, the controller is just inside the thrust satura-
tion limit for a 30 knot head-wind, but is limited by the
saturation limit for a 45 knot head-wind. This is also evi-
dent on the thrust deviations curves in Figure 5-19. When
the total thrust applied in the nonlinear simulation is limited
by the saturation limit, less control is applied than that
desired by the feedback law. Therefore, the controller senses
larger errors in the states over a longer period of time. How-
ever, the experimental results from the real-time simulations
have shown that these errors are eventually corrected for by
"delayed" additional control and effectively do not affect the

accuracy of the 4-D navigation system at the terminal time.



v {(FEET/SECOND)

T (POUNDS)

134

900 | WIND = 30 KNOT HEAD-WIND
- . . uO
o e . "Siliepify— un "'AUO
gooTi\i - seese u% +AUS+ By WITH EXOGENOUS
O "t reae. COMPONENT
L N o™,
\\ o""‘O"U-—-u‘.'-s_- . ocoooo u® +Au°+ Bu WITHOUT EXGENQUS
700 |- “ - COMPONENT
Y
-
600
.
- (o]
500 T T2 13 ™ ATA
| { I L
T T T ;
0 5 10 15 20
TIME (MINUTES)
Fig. 5-21 Forward Velocity Response
18000 —  thrust saturation fimit o
ot 35,000 feet T .
15000 ‘-’_'_'"“" csees 7% 4+ BT WITH EXGENOUS COMPONENT
P 0000 T° + §T'WITHOUT EXGENOUS
. COMPONENT
12000
9000 o
6000 o,
[
3000 12 LERS
- * .0, Q .2, .0. 'o"°'909-9..°.?.? ATA,
1 } 1 i
0 T T T T
0 5 10 15 20

TIME { MINUTES)

Fig. 5-22 Thrust Response



135

5.5.2 COMPARISON OF EXOGENQUS FEEDBACK COMPONENT SOLUTIONS

We can now postulate the differences in the system's
response to each of the two methods for detarmining the exo-
genous feedback components which were briefly described in
section 5-4. The first method, which is designed to minimize
the overall additional thrust needed to compensate for the
winds, results in exogenous feedback components that decay to
zero at the terminal time. The effect of this method of
solution can be seen by comparing the exogenous thrust com-
penent in Figure 5-11 with the deviation in thrust depicted
in Figure 5-19. It is apparent that the feedback gains are
working "hard" to initially increase the additional thrust
contrcl and then decrease it., This results in an initial
addition to the exogenous thrust component followed by a
partial cancellation of it which results in the deviations of
thrust as depicted in Figure. 5-19. As previously pointed out,
this action minimizes the overall additional thrust, thus
minimizing the additional fuel consumed. However, this result
is achieved by making the aircraft fly faster at higher alti-
tudes, thus initially placing it ahead of its ground track
schedule.

The second method of determining the exocgenous feedback
components by solving for the additional control needed at each
instance in time to compensate for the head-winds in order to

follow the adjusted nominal state trajectories would not result
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in exogencus components that decay to zero. It can be
speculated that the feedback gains would not, exhibit the strong
time-variation previousiy required to add and subtract control
from the exogenous control components. Subseguently, the air-
craft would remain closer to its nominal ground track position,
but would do so at the expense of increasing overall additional
thrust during the flight. The additional thrust would result
from greater control needed at lower altitudes in order to ad-
here to the nominal ground track as opposed to the first method
where less thrust is needed at lower altitudes since the air-
craft is further along its nominal ground track, and thus
allowed to gradually "fall" behind to its nominal ground track
position at the terminal time.

Therefore, the first method of determining the =xogenous
feedback control compornents results in overall less control
than the second method, but does not remain as close to the
nominal ground track as the second method. However, in either

case, the desired accuracy at the terminal time can be achieved.
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CHAPTER VI

ACCOMPLISHMENTS, RECOMMENDATIONS AND CONCLUSION

The objective of this research was to design and simulate
a four-dimensional navigation controller to be used by air
carriers in a strategic air traffic control system. A com-
plete automatic time-controlled navigation system for aircratft
is a complex system that must satisfy reguirements imposed by
the FP2A and air traffic controllers, be within the performance
capabilities of the aircraft, and be acceptable to the pilot.
In this study, only the descent phase of flight was considered.
It was felt that the greatest need for such a concept was
within this phase of flight, where derandomization of aircraft

in time could be most easily accomplished.

6.1 ACCOMPLISHMENTS

The accomplishments of this study can be summarized as
follows:

l. A strategic control descent profile for aircraft
arriving at Logan International Airport was designed.
In addition, a strategy was devised for determining
possible times of arrival at the IAF and for
generating the corresponding route-time profile for
each arrival time.

2. Using a mathematical model for the Boeing 707-320B
aircraft, a linear feedback control solution was
designed to assist the pilot to navigate along a
fixed linear strategic descent profile.
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3. A linear feedback control solution was derived for
strategic four-dimensional aircraft navigation in
the vertical plane in the presence of known along-
track wind disturbances. The feedback solution is
composed of two parts--one part dependent uvpon the
deviations in the states and another part dependent
upon the exogenous wind variables.

4. The linear feedback control solution for time-con-
trolled navigation was simulated and tested cn the
complete nonlinear aircraft model in the presence
of 15, 30, and 45 knot head-winds. The experimen-
tal results showed that the feedback controller pre-
served the accuracy required at the terminal time to
ensure a successful 4-D navigation system.

6.2 RECOMMENDATIONS

Many important aspects of time-controlled navigation can
be considered in further research. The basic recommendation
is that research and development should be continued toward
the capability to implement 4-D navigation control systems.
The specific recommendations that the author feels are parti-
cularly related to this study are the following:

1. Examine methods for increasing aircraft descent
gradient capabilities which would be desirable in
order to adapt to certain environmental conditicns.
Such methods may include varying the slope of the
descent path, thus increasing the number of route-
time profiles that an aircraft is capable of
executing under such conditions. In addition, the
effects of spoilers and flaps on the aircraft's
gradient capabilities can be considered.

2. Consider a design incorporating all aircraft states
and controls. This will allow 4-D navigation to
include turns and to be extended down to the runway
threshold.
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3. Consider thrust and actuator dynamics in the design
of the controller. The present study only includes
thrust dynamics as provided by the cockpit simulator
hardware in real-time simulation, but no such
dynamics are included for the corrective control
produced by the feedback law. The effccts of con-
trol saturaiion on the system can also be examined.

4. Consider a complete wind model that includes cross
winds, gusts, and wind shear. Determine a method
for estimating the mean winds along the entire
descent path as well as a method for using measured
winds as real-time input into the system.

5. The system designed in this study is completely
deterministic. 1In reality, the actual system will
be beset with noises and inaccuracies in observing
the states as well as unknown winds and pilot error.
Therefore, a stochastic system employing optimum
filters might be designed in view of these con-
siderations. The robustness of the linear feedback
controller on the nonlinear simulation was gra-
tifying in this trial study.

6. Most importantly, the practicability and physical
implementation of such a system should be analyzed.
It may be possible to reduce the number of states
and/or fcedback gains in the system without sig-
nificant loss in acceptable system response and
performance.

6.3 CONCLUSION

The single most important conclusion to be drawn from
this research study is that the design of a time-~controlled
navigation system is feasible. Overall, the potential benefits
of a strategic air traffic contreol system utilizing a 4-D
navigation controller implemented by the airborne guidance
system are as follows:

1. Increased air traffic control system capacity.
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Continued operation in the event of ground system
failure.

A reduction in controller/communication workload.
A reduction in flight time and delays.

More precise aircraft guidance and control resultin
in increased safety in the airways system.

More efficient enerqgy management resulting in a
reduction in airline operating costs and fuel
savings.

Ease of extension of system into the near-terminal
area and adaptation to area navigation.
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APPENDIX A

EVALUATION OF CONTINOUS-~-TIME/DISCRETE-TIME LINEAR
SYSTEM MATRICES AND OPTIMAL FEEDBACK LAW

As described in Chapter IV, the continuous-time
linearized aircraft system is expressed by:

dx(t) = A(t)dsx(t) + B(t)du(t) + D(t)sw(t)
The eguivalent discrete~time linearized system is:

S¥pp1 T EiS¥i * Gluy * By Wy

The nominal state, control, and wind values, and the
corresponding A,, By, D, F, ., G , and H matrices are pre-
sented here for the initial time (k=0) and the time
immediately preceding the terminal time (k=T-1).

The nominal values at time k=0 and k=T-1 are presented
in Table A-1l.

TABLE A-1

NCMINAL VALUES

Nominal Values
Time k=0 [ k=T-1
States Units
u 804.0 481.6 ft./sec.
w 11.0 21.5 ft./sec.
q g.0 0.0 rad./sec.
8 0.84 2.84 deg.
h 35000.0 10000.0 ft.
r 125.4 0.19 n. mi.
Controls
T 12166.0 11122.5 lbs.
GE -4,32 -0.52 deg.
Winds
wv ¢.0 0.0 knots
wh -15,0 -15.0 knots
{head-wing)
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The continuous-time linear system matrices evaluated at
time k=0, and the corresponding discrete-time linear system

matrices are:

0.00414 0.05196 <-10.99040 -32.19657 0.00007 0.0
-0.10315 ~0.81116 803.99660 -0.47206 0.00115 0.0
A  ={ 0.00007 -0.00016 =-1.53043 0.0 0.0 0.0
0.0 0.0 1.0 0.0 0.0 0.0
0.01466 ~0.99989 0.0 804.07130 0.0 0.0
| -0.99989 -0.01466 0.0 0.79753 0.0 0.0;
r~ -
0.00014 -0.00760
0.0 0.55583
B = 0.0 0.02974
- 0.0 0.0
0.0 0.0
| 0.0 0.0 |
0.0 0.0 |
0.0 0.0
D = 0.0 0.0
-0 0.0 0.0
-1.0 0.0
0.0 -1.0
| -
0.97276  0.06007 -27.58448 -95.15870 0.00032 0.0
-0.07036 0.05726  73.86335 7.26394 0.30144 0.0
F_ = | 0.00005 -0.00001 =-0.00298 ~0.00349 0.0 0.0
0.00012 =0.00010 0.60162 0.99574 0.0 0.0
0.33406 -1.17621 679.50980 2398.76550 0.99766 0.0
-2.96182 -0.13724  26.83525 145.83422 -0.00048 1.0
[ ]
0.00042 -0.94005
-0.00002 15.73744
g, = 0.0 0.01784
0.0 0.04390
0.00005 18.77365
-0.00064 0.51299




The continucus-time linear system matrices

time k=T-1,

matrices

prrine.

are:

-0.00523
-0.11106
0.00052
¢.0
0.03987
-0.99920
L

Bpo1™

0.94220
-0.00685
=130.00022
0.00057
0.54402
—2.92484
L

ém

0.10339
-0.86153
-0.00007

0.0
-0.99920
-0.03987

Lo
N

.%U

0.10951
0.06864
g.00002
0.00001
-1.04948
~0.27611
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-0.00044 O.Eﬂ
-0.00295 0.0
~-0.0 0.0
-0.0 0.0
-2.99714 0.0

0.00046 -3.0
. —

and the corresponding discrete-time

-21.32225 -32.17441 0.00001
481.70050 -1.28396 0.00098
-2.23353 0.0 0.0
1.0 0.0 0.0
0.0 482,16750 0.0
0.0 -2.09776 0.0
- ]
0.00014 -0.02151
0.0 0.48601
0.0 0.02603
0.0 0.0
0.0 0.0
0.0 0.0
L —
T )
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
-1.0 0.0
0.0 -1.0
I___ a—
-22.74816 -94.38282 0.00026
24.97519 1.31934 0.00104
-0.00420 -0.01851 0.0
0.43522 0.97549 0.0
325,67850 1428.55970 0.99782
21.59476 139.22302 -0.00041

POOOOQO

cCOoO0DOoOo
1roc3c>oc3;LJ

|coocooo |

evaluated at

linear system

A-11

>
1

12
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—
0.00042 -0.78630
-0.00001  6.13034
Cp_y = 0.0 0.01141 A-13
! 0.0 0.02930
0.00009 7.66325
-0.00083  0.33018
L po—
— _-
-0.00032 0.0
-0.00219 0.0
H . = | 0.0 0.0 A-14
—T-1 0.0 0.0
-2.99743 0.0
0.00038 -3.0

The optimal discrete-time linear feedback law derived in

Chapter IV is of the form:

* = -1
suf = K 6x, + £ (8w, ) A-15
where
_ -1 - - L
K = B + G Bl 7 By *5 BBl A-16
_ -1 -
£ (0w ) = [Rk+Gk P15y k[ P fw * N v ] A-17

The solution to the discrete-time matrix Riccati equation as
described by equation 4-109, and the resulting feedback gain
matrix and exogenous component matrix as described by equations
A-16 and A-17 respectively, are shown here for the initial time
interval and for the time interval immediately preceding the
terminal time. For time 0:st<3 seconds,

r--8.5665 0.1444 -10.6871 -56.0111 0.2888 ~0.0263
-0.3059 0.5248 -18.9996 -65.1130 -0.0303 0.0009
=| 47.1494 -18.9161 14761.6250 45993.6250 12.5613 -0.1113}{A~18

108.5043 -66.4665 46219.8750 155543.2500 43.9428 -0.2136

0.3171 -0,0130 9.7914 36.2019 0.0338 ~0.0010
-0.0782 -0.0013 0.0586 0.2967 ~0.0030 0.0010Q

%o
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-90.9235 -1.7603 183.6018 719.033¢
0.0062 -13.0380 -26.0862 -0.0044 -~0.000014] A-19

§0= -0.0013

£ (6w ) =13469.7345
=0 ~0.1430

For time 1180 £t<T = 1183 seconds,

1.8670
0.0355
=1-12.4917
~57.2423
0.0498
-0.0004

=|-13.7231
0.0063

0.0947 ~13.3580 -~59,
0.5260 -8.3979  -35.
-9.1209 3979.7030 12982.

-3B8.9512 13272.5780 54583.
-0.0113 3.9560 17.
~-0.0 0.0069 0.

-1.2326 147.1748 764.3848
0.0112 -13.9509 -38.5792

£ . (8w, .) =| 0.1502
=T-1""-T-1 Eo.ooo«s

~3.2967

6059 0.
3482 --0.
0%40c 4.
2500 19,
9359 0.
0287 -0.
~0.4423
-0.0102

N.2919

0422 -0.0001
0143 -0.0
4608 -0.0015|Aa~21
7873 0.0078
0217 0.0
0 6.0

¢.0010 A-22
-0.000009

A-23
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APPENDIX B

COMPUTER PROGRAMS

The functions of the computer programs used in this study
are briefly described here for future researchers. All
possible aircraft times of arrival at the IAF and the corres-
ponding route-time profiles are computed by "ATA" and "RTP"
respectively. These programs use the route-time profile
generation strategy as described in Chapter II along with the
aircraft velocity profile depicted in Figure 2-6. The times
of arrival and route-time profiles computed are strictly
applicable to the descent route depicted in Figure 2-1 for
the aircraft's boundary conditions as shown in Figure 2-7.

The complete nonlinear aircraft model of the Boeing 707-
320B is included in "NV". The basic structure of this program
was created by Arye Ephrath for precision approach landings in
zero-visibility conditions [23]. The program provides a real-
time simulation of the ncnlinear equations of motion as pre-
sented in Chapter III. The nominal values of the states and
controls are recorded every 3 seconds and stored in data files
by "NV" for any flight executed by the pilot in the cockpit
simulator. These data files are used as inputs to "AB" where
the linearized continuous-time system matrices are evaluated
for each 3 second interval. These matrices are then stored in

data files which are in turn used as inputs for "FGH" where the
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discrete-time linear system matrices are computed and stored.
Using the output data files from "FGH," the Riccati equation
and driving function are solved in "RIC." Using the pre-
programmed weighting matrices along with a specified wind as
input, the optimal linear feedback solution is solved. The
feedback gains and exogenous components to be used by the
control regulator are stored on data files created by "RIC."
These data files along with those containing the values of' the
nominal states and controls are used as input for "REG"

where the linear feedback solution is implemented on the com-
plete nonlinear aircraft model. The feedback gains and
exogenous components are updated every 3 seconds. The aircraft
is "flown" automatically in "REG" using the nominal control
values combined with the control correction values determined
by the feedback law as inputs to the nonlinear aerodynamic
equations. Both "NV" and "REG" provide a real-time simulation
of the aircraft's aerodynamics using the nonlinear equations
of motion.

The remainder of this appendix contains the listings of
the computer programs used in this study. For further explzna-
tion of the coding of the program, see reference [24]. 1In
addition, an explanation of several of the computational sub-
routines called in "FGH" and "RIC" is provided in reference

[25].
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PROGRAM ATA

Cess  TiIIS PROGRAM COMPUTES ALL POSSIHLE TIMES OF ARRIVAL AT THE
Ceew IAF USING A STANDARD DRY YELOCITY PROFILE FOR A BOEING 7037-3208B

YRITECLD., 100D

100 FORMAT(3X, "IDY", 3%, *TRANSITION", 3%, “ACC3IS", 3X, “"ACCI0", 4X,. "TIME",
18%, "TIME",S¥, "TIME" . 5%, "TIME"D
WRITECLIO, 200>

200 FORMATILOX, "ALTITUDE". 20X, "aAT WPLt",3X, "AT WP2"*, 34, "AT WP3", 3%, "AT
1LIRF®, 77>
DELT=0 .
PELTTY=0,

Cess  INITIAL AND FINAL TRUE AIRSPEEDS ALONG DESCEMT RCOUTE PROFILE

Y0=476,
YF=2840.

Cewn  MAXIMUM AND MINIMUM TRUE AIRSPEEDS FOR THE ENTRY FIN,
Cese  INITIAL RPPRORCH FIX, AND CRITICAL ALTVIUDES

c
YMAX3S=496.
YHAR2S=517.
YMAX10=415.5
YMIN3S=345.
YMININ=228.5
c

Cwss HORIZONTAL RANSE DISTHHCES BETWEEN WAYPDIMTS ALONG DESCENT ROUTE

D1=31.78
D2=31.45
D3=47.17
D4=15.

Cewsx  DELYL = YMAX3S ~ INITIAL DESCEMT VELOCITYCIEWV?
CHwr  H2 = TRANSITION ALTITUCGE

DELVYI=D,
H2=25000,
203 CONTINUE
TI=(D1 (VO +YMAN3S-DELY L) ~2. 30 %60,
aag,
T2=0.
Db=¢ .
YA=YMAX3S-DEL V!
yB=v¥aA
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61

62

63

24

201
202

21
20
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T=,001

H=33000.

RMACH=VA (661 .-(.002434+H>)>

D=.S%A*TwT+ya*T

H=H-218.%D

YA=VE

YB=RMACH* {561 .-(.002434+H))

A=CVE-YAMT

T2=T2+ T»E0 . )

DO=0D+D

{[F{H~-H2>51.61.60

A=0.

T3=0.

bD=0.

VA=VB

YB=VA

RIARS=(RTH.~C 0091 %H2)>+RMACH

D=, S*xR*THT+VAST

H=H-318.4D

YA=YR
VE=RIAS*C{661.-C( 002434 +H>1/(656.—-C. 0091 «HY>
A=(VYB-YAY-T

T3=TI+(T+30) .

DO=00+D

lF(HflOOOO.)GS;&Z,SZ

COMTINUE

Ta=(Da - (VF+YBY 22, 22%60,

ATA=(TI+T2A+T2+T4
ACC=CCYMAXIS-DELY 1 2« (VMAX2S-DELY1 2 -V0%«Y0 /(2. %D1)
DEC=CVF®YF-VEB4YES (2. %04
ACCA=ACC*ENBQ , 7 3400, 3600, )
DECE=DEC#507%0. /(3600 , #3600,

TT22=T1+T2

TTI2=T1+T2472

RIDVY=VMAX25-DELYL

WRITECLID. 21 RIDY.HZ, ACCAR,DECE. TL, TT22.TT323,ATA
IFCDELYLI~-13D, 223,201, 24

DELVI=DELVL+S.
GO TO 2032
IFCH2-25000.2202,20, 20
Ha&=Hz+1000,

GO To 203
FORMATCLX.F6.1.,F10.1.2%.2F8.3,4F5.32
CONTINUE

CalLL ERIT

END

o

ORIGINAL PAGE IS
OF POOR QUALITY,
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PROGRAN RTP

THIS PROGRAM COMPUTES THE ROUTE-TIME PROFILE FOR &
FARTICULRAR ATA RS COMPUTED IN THE PROGRAM “ATA"

THE, PROGRAMMED INPUTS RRE: RIDV = 1DV

H2 = TRANSITION ALTITUDE
Tl = TIME AT wPi; T2 = TIME AT WP2; T3 = TIME AT WP3
ATA = ASEIGNED TIME OF ARRIVAL AT TAF

RIDY=3%%.
DELVY]=49€.-RIDV
HZ=25000.
Ti=4,373-60.
T2=¢9.253-60.:~T1
T3I={16.,793-760,0-T!-T2
ATA=19 . .736

INITIAL GND FINAL TRUE AIRSPEEDS ALONG DESCENT ROUTE PROFILE

vo=476,
VF=280,

MAXIMUR AND MINIMUM TRUE AIRSFEEDS FOR ENTRY FIX,
INITIAL APPROACH FIX., AMHD CRITICAL ALTITUDES

VMAX35=436.
YMAX25=517.
YMAXiN=415.5
VMIN3S=34€,
VYMINIG=2253.5
TT7=0.
HO=325000.
HH=HO
HF=100Q0.

HORIZCNTAL RAMNGE DISTANCES BETWEEN WAYPOINTS ALONG DESCENT ROUTE

C1=31.78
D2=31.45

03=47.17

D4=15.

WRITE<10.100)

FORMATCEX, "TIME", 4X. "ALTITUDE", SX. “RANGE", 6%, "TAS", 7%, "1AS". 6X.
1"MACH", 86X, "DH DT, ».5)

FLLAGL=0.

FLAG2=0 .

FLAGA=D .

FLAGA=0,

T=g,

CONTINUE
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ﬂQCu((VMnH35-DELV1)*(VMRXGﬁ-DELVl)—VO*VO)/(2.#D])
IFC1-Vis2,2.3
Y=ACC*T+V0
D=RCC*TwT /2, +VO*T
Hz=H0

60 To 1@

CONTINUE
IFKT-TI~T2:6.6,7
TF(FLAG3Y95,94,9%
IFCFLAGL-].26%,63,66
Fl.aGi=1,

J=0.

RA=0.

RT2=0,

RDD=0.
YA=YMARIS~-DELYL
vB=Yp

RH=35000.
RMACH=VA-C(E6] . ~L,002434%RHYD
RT=.001

COKETINUE
IFCY-10)20,10.80
I=J+1
RD=.S*RA*RTRRT+VA%RT
RH=RH-313 . *RD

YA=VEB
YB=RMACH*(e61 .- .002424%RH)>)
RA=(YR-YAI #RT
RTZ=RT2+RT
RDD=RUD+RD

T=T1+RT2

H=RH

D=D1+PDD

V=VA
IF(RH-H2,41.41.40
CONTINUE

102 CONTINUE

95
41
98
91

CONTINUE
IFCFLRG4)927, 98,97
IFCFLAGZ 30,390,920
FELAGE=1,

FLAG3=1,

K=0.

RA=0 .

RT3=0,

ROD=0,

va=VYB

vB=VA

RH=Hz
RIAS=(656.-(,0091%H2) ) *RMACH

ORIGINAL PAGE I3
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COMTINUE

IFCK-103>92,10,92

K=K+l

RO=,5*RA+RT*RT+VA=RT
RH=RH-318.#»RD

vA=vyb
VB=RIAS*(661,-C . 0024344RHI )}/ (656.~-¢ . 0091+RH))
RA=C(VYB-VAYRT

RT3=RT3+R1

RDO=RDD+RD

T=T1+T24RT3

H=RH

D=D1+D2+RDD

v=vq

IF(RH-10000.242,43.,42
CONTINUE

CORTINUE

FLAG4=1,

CONTINUE

CONTINUE

DEC=CYF+YF-YB+VYB) ~(2.%D4)
Y=DEC#(T-Ti~-T2~T3)+VB
D=DECH(T-TI=-T2-T20(T-T1-T2-T3 2. +VyBe(T-T1-T2-T32+01+D2+D3
H=HF

IF(D-125.42202.14.14

CONTINUE

G0 TO 10

TT=T*&0,

ODH=C(H-HHI - (TT=-TTT>

TIT=TT

HH=H

R=125.4-D
RRMACH=¥ {661, - . G024 34%H) >
RRIAS=(656.-( . 0021+H) >»«REMACH
WRITECI0,152TT.H. R, V. RRIAS., RRMACH, D'H
FORMATCLIX.F5.2,2%,4F10.2,F9.3.F12.2)
T=T+.01

=0,

k=0 .

E0 TO 16

CONTINUE

TT=ATHA

H=HF

R=0.

V=VF

RTAS=250.

RMACH=. 44

DH=0 ,
BWRITECLIO.IS)TT,H. K, V. RIANS, RMACH, DH
CALL EXIT

END
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PROGRAM NV

THIS PROGRAM INCLUDES THE COMPLETE NONLINEAR AERODYNAMICS
FOR THE BOEING P07-320B AIRCRAFT MODEL

THE NOMINAL VALUES OF CERTAIN AIRCRAFT STATES AND CONTROLS
ARE RECORDED AND STORED IN DATA FILES AND ATEXT FILES
FOR ANY FLIGHMT EXECUTED BY THE PILOT IN THE COCKPIT SIMULATOR

FUNCTION SWITCH 3 STORES LAST SET OF NOMIMAL VALUES aAFTER 3TOIP
FUNCTION SWITCH 4 RESETS INITIAL CONDITIONS

FUNCTION SWITCH 2 STARTS PROGRAM

FUNCTION SWITCH t2 STCOFES PROGRAM

FUNCTION ZWITCH t6 DISPLAYS FLIGHT CONDITIONS AND PARAMETERS AT
TERMINAL TIME OR AT STOPRCTION

SLOBAL ITIME, NF
IMPLICIT FRACTION <F>
L.0GICAL CONE
REAL FLAPS
OTSERROR3=SHORT
DIMENSION IBUFF<208)
COMMON/RELAR/SCORD., SSPAN, SAREA, P, G, ROW, RMACH. GPP.DOQ. DRR ., SPALF
COMMON/UORK-UYEL . YWEL, UVEL, VTUT. UBTT, VDTT, WDTT.VTOD
COMMON/EXTRA-DOFIE, DDTET,DDSY.RFIE.RTET, REY.STTEY,CTTET, SFIE.CFIE
COMMON-MOFE- 357, C3Y
COMMONACNTRLAT.FLAPS, CTETA, CPHI, CX] . GEAR., SPBRK, TPO3
COMMUN-CRTRL-BTETH. EPHI.BXI
COMMON/PRMTRAV, X1.BETRE., DT
COMMON/PRMTR-GLPHA,EBETA.FHI, WYX, YY, VZ, THETAR. A, XM, Y. R, RIAS
ZOMMON/FRACAFY, FENK,.FPITH.FA.FVYZ,FHDG, FADF .. FVORLFCFICH
LOMMONAFRAC/FER, FHER,DMECS) . ALT(??
COMMON/FD-ADF . YOR,EPS, HER, RAD
COMMON-CLTAUUCLOG) , WRCLOGY, @RCL000, TEETA100 2, HHC100Y, RANGECLDN 2
COMMONAODT/TRCI00Y L EECEN0 ), ¥X(P0. YY (700, HHHCP0 2, TOTRX, LOCT,LOC2,
L1TOTTCIB0), THSLBGD,DIST
DATA TMRKRLI~N,42i5-, TMRKR2-0.0683~, TMRKR-0 . 0075~
DATA TNGSR-/-0,052923-,FAD-57 . 2967
DATA SCORD-34143,~,5SPAN-212354. ».SAREA- 1505 .~
ENTRY NF
CONTINUE

INITIALIZE ALL VALUES

CTIM=210.
TOTXX=0,

LOCt=0

Loc2=19

SPRLF =0,

LDFle=0.

DOTET=0.

opsyY=0,

CRIGINAT) PACE 1§

OYq T -
CZ POCR QUALITY,
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RFIE=Q.
RTET=.84-RAD
RSY=53,0?/RAD
STTET=S8INC.015>
CTTET=CO0S.01S
SFlE=0.

CFIE=1,
58Y=.79937
CSY¥=,600839
X1=82.07

PHI=0.

FBNK=0 ,0F
ALPHA=2,E84
BETAG=D.

BETA=1 .,
DRNG=2550.
I0M=IMM=] IM=0
JIFF=1)

XM=~150 .26
Y=~239497.19
VOR=53,07
ADF=49.67
V=476,

¥TOT=2304,

YTOD=1.

UVEL=VTOT
YVEL=0,

WYEL=11.0

UupTT=0.

VDTT=0,

weTT=0.

VK=764 .65
¥=243,45

vZ=0.

P=0.

@=0.

R=0.

DPP=0.

Daa=o0.

DRR=0.
THETA=ALFHA-2.
LIST=SQRTCIXM+31 ., 08262442+ (V-/6080.2+.50366 %42}
A=35000,
IalLT1=3
IALT2=5

IALT3=0

TALT4=0

IALTS=0

LABEL CALT)
ZSETC0.0F>
MOYEC.61F. . 39F
WRITECI6,3011>IALTL.IALT2. IALTI. JALT4, IRLTS

9011 FORMATC2IL."a3",1X.311)

ENDLISY
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LABEL(DME)

ZSETCO .F>
MOVEC(-C.34F.-0.,01434F)
BRITE¢16,.555:D1IST
ENDLIST

AFEET=XM=%£080 .2
EPS=ATANC(Y+3062,35)<C(XM+31 . 08162 +6080.22)
HER=R=Y%FEET*(-0,052933)
BTETR=BPHI=EX1=0.

Cal.L SAMFLE
BTETR=CTETA+Z .1
BPHI=CFHI

BXI=CxI{

CALL RTOF

START THE DISPLAY
JPSR $GRAFX

sDIALS

5
INITIALIZE DATA-UPDATE CLOCK
ITIME=1
ENTER WAIT LOOF IF SWITCH 8 <{STARTY IS5 NOT CON
IFC.NOT . SWITCH(BX2GD TO 2

EXECUTE UNLESS SWITCH 12 (FREEZE) IS OM

IFCTOTXX®-CTINL851,852, 852
OFENC21,0, 2, 31BUFF, *YALLUEL "D

STORES RECORDED MOMINAL VALUES IM DATA AND ATEXT FILES

WRITEC2L5LOCL, CUUCIY  WWCT), 0RCI), TEETCIN , HHCI ) L RANGECT Y, THCL D,
1TPCI . EECID, TOTTAI M. I=1,1.0CL 2

CLOSELZL

OPENCZ0.10,2,81BUFF, "ATEXTL "2
WRITECZ20,20203L0CL, (DU, bW, QRCI), TEETCLD . HHCI 2, RANGECED
TTHCIY, TPCID LEECTD . TOTTI(LS, 1=1.,L0OC1D

2020 FORMATIIX, 14, 170C15,FE,1,F5. 1, F8.4,F3.4,F7.0,FV.2.F5,1,F7.3,

1F8.,3.F8.2.75>
CLOSEC(20
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STORE RECORDED PRTH YALUES I[N DATA AND ATEXT FILES

OPENC21.0.2,3IBUFF., 'PATHL ">

BRITECZ21DLACR, (XXCIV,YYCID, HHRCI D I=1.L0C20
CLOSE(21>

OPENCZ20.0.,2.81BUFF, 'ATEXT2' >
WRITECZ0.2121)L0C2, (XNCID, YYCIX,HHHC(E), I=1,L0C2)
FORMART(IX.I4,,,70CIN,2F12.2.F10.0. 72>
CLOSEC20?

LOC1=90

1.ac2=0

CTIM=CTIM+210.

ITIME=1

CONTINUE

AFTER SWITCH 3 HAS BEEN PRESSED, PRESENTLY RECORDED MOMIMAL
VALUES AND PATH VYALUES ARE STORED

IF{SWITCH(IN GO TN &52
IFC.NOT.SUITCHCIZ2>3G0 T 3

AFTER SWITCH 12 HAS BEEN PRESSED, EXIT IF SWITCH 16 IS ON...
[FCSWITCHC16X 560 TO 4

OR IMITIALIZE YALUES IF SWITCH 4 <(IC) IS ON...
IFCSWITCH¢4>)50 T2 S

OR START EXECUTION RGAIN IF SWITCH 8 IS ON...
IF(SWITCHCBY)>GOD TO 6

OR INITIALIZE DATA-UPDATE CLOCK AMD ENTER A WAITING LOOP
ITIME=1

G0 TO 7

CONTINUE

STOP THE DISPLAY AND GO BACK TO INITIAL VALUES

A JPSR $NHALT
A NOOP

G0 TO 1
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START EXECUTION OF A NEW DATA-UPDATE CYCLE:
COMFUTE DT (=TIME [N SECS OF FREVIOUS CYCLED
AND INITIALIZE DATA-UFDATE CLOCK

TIME=ITIMIZ

ITIME=0D

DT=TIME~120.

CALL DYNNF

KFEET=HM45080 .2
IF(AFEET . EQ. 0. »®XFEET=1.
YMILE=Y~ 5380 .2
HER=A-XFEET+TNESA
IF(XM.EQ.-31 . 0826 XM=-31.0827
EPS=RTANCCYMILE+ . SU36ES /(21 . NZ26+-M)D
IFIKEM. 79, -5 ,433%60HM=-5,4895

VOR. ADF AND DOME INFORMATION

ADF =35 -ATANCYMILE ~ {—¥M-5, 42762 ) *RAD
IFCEM.GT . -5, 4896 XR0OF=A0F+ 1310,
IFCAMEQ . -31 . U82ENAM=-21 , U516

VOR=33 . -ATANCCYMILE+ . S026582 /(=31 . 0326 =-R"MDI*FAD
IFCHM . GT.-31.08263Y0R=VOR+121,
ADF=AMODCADF . 360 . )
YOR=AMODCYOR, 360, >

CALL RTOF
DIST=SORTC(KM+2L  02Z6 I +kT+IYMILE+ SO266)+%2D
LABEL (DME>

ZSETCR . OF

MOVEC(-0 . 34F ., -0, 01424F )
WRITEC1G,SSS0IET

FORMATC"g5" ,F5., 1)

ENDLIST

RALT=A-101300,

IALTI=RALT

RALT=10, % PRLT-1ALT1>

IALTZ2=FALT

RALT=10. .+ RALT=-1ALTZ)

IRLTZ=RALT

RALT=10 .+ (RALT-TALFZY

IALTA=FrALT

RALT=10.+<RALT-1ALT4)

1ALTS=RALT

LABELCALT

ZSETC0 . 0F Y

MOVEL . 6LF.  2%F)
WRITEC1S.901251ALTL. IALTZ. IALTI, 1ALTY, TALIS
FORMATOZTIY . "33, 1X,311)

ENDLIST
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CONE= . FALSE,

IOH=TMM=1IM=0
ISCEPS.LE.D.05.AND .EPS,6T7 . -0 .05)CONE=. TRUE.
TURN OUTER MARKER LIGHT ON
IFCABS(XM+35, 48962 . LE, TMRKR1  AND . CONE» JOM=1
TURN MIDDLE HMARKER LIGHT ON
IFCABSC(XM+0 ., 7896 . LE. TMRKR2 ,AND . CONE Y IMM=1

TURN INNER MARKER LIGHT ON

IF(ABSCXM+0 . 18960 .LE. TMRKR . AND . CONE HIlm=1
CALL BEACONSCEIOM, IMM. IIM, JIFF?

EXIT IF ALTITUDE=Q

IF{AY4.4.46
CONTINUE

STOP THE DISPLAY. TURN ALL LIGHTS OFF

JPSR $HHALT
KFF=AM«0080.2+1153.
KDT=1.-0T

SHOW PARAMMETERS AT TERMINAL TIME GR AT STOPACTION ON CRT SCREEN

WRITE(25.20002

WRITEC25, 2001 2TO0TAX,RIARS, X1

WRITE(2S,2002 V2
WRITEC(2S,2003>UVEL, WVEL @, THETA,A.DIST.TPOS, T,CTETR
FORMATC /7 r7274, "PARAMETERS AT TERMINAL TIME OR AT STOPACTION"-«>

FORMAT 274, "TOTAL FLIGHT TIME *,F15.0," SEC, "~
1 27X, "INDICATED WIRSPEED "L3R.F?.1." KNDTSM/

2 27X, "HEADING YL10%,FS. 10" DEGL D

FORMAT (27X, "VERTICAL SPEED “,F15.1, " FPM™)

FORMATC A27N, "FORWARD VELOCITY U "L10RLF7 LY FTL/SEC,
1 27X, "DOWNWARD VELOCITY W "L10K.F7.1." FT.#SEC. "
2 27X, "PITCH RATE “,13R,F7.4," RAD, SEC."~
4 27X, “PITCH ANGLE “,13X.F7.4." DEG."~
3 27X, "ALTITUDE "J10X.F6.0." FT, "¢
6 27X, "RANGE "SIIXLF6.1. " NAUT, MI, Y/
227%, "THROTTLE POSITION ", 14X, F6.4,/,27X, "THRUST",25%,.F3. 1,
8" LBS,", .,27%, "ELEYATOR POSITION "J13%,FS. 2, DEG. ")

EXIT

END
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SUBROUTINE SAMPLE
Cexs  SUBROUTINE TO SAMPLE COCKPIT CONTROLS

GLOBAL SFBRK.FLAPS. THRUST
IMPLICIT FRACTIONCF)
REAL FLAPS
COMMON-RELAX~-SCORD, SSPAN, SARRER, P. B, RUW. RMACH, DPP.DAG. DRR, SPALF
COMMON/FRMTR -V, X1.BETAG.DT
COMMON/PRMTR-ALPHA.BETA,PHI . VX, VY. Y2, THETA,. A, XM, Y, R, RIAS
COMMON/CNTRL-T,FLRPS,.CTETA,CPHI,CXI .BEAR . SFERK. TPOS
COMMOMN/CNTRL-BTETA.BPHI, BXI
A ADEPT

FFRI

MDO7'F O

0:0.0

MDO7'F 10 p

0.0

S5MD FSFBRK

MDOT?'F 20

0:0

S5MD FT1

MEA?'F 40

0.0

S5MD FT2

MDOP'F 00

0.0

SSMD FT3

MDO7'F z0U

0.0

S5MD FT4

MDO?'F O

00’0

MDO7'H C!t

0:0,0

MDG7'L. 1!H?

0.0

SSMD FFLAPS

mbe?'L: 1!H2

2.0

S5MD FYOKE

Moe7'Ly 1!'M4

0.0

$5MD FUWHEEL

MDO?'L: 1!H1O0

0.0

S5MD FPEDL

MDGZ'H Ct

o.n.o

UPRI



MDAR MASK
SE6AR'A'F
ARAR'H'F
JPLS DOUN
MDAR 2ERO
ARMD FGEARR
JUMP BACK

DOWN: MDAR CONE
ARMD FGEAR
JUMP BACK

MASK : GCG100!HO

2ERD! 0{HO

ONE ! 0'!'H3??77

FGEAR: 0

FSPBRK : g

FTL: 0

FTe: 4]

FT3: ]

FT4: 0

() 0 H00001

FFLAPS! 0

FYOKE: 0

FUHEEL : b}

FPEDL: 0

BACK: NOGP

MASKUP 110000
MASKDN: 64000
MDAR MASKUP

S6AR'A'F
JPLS SWUP
MDAR MASKDN
S6RAR'A'F
JPLS SWDN
JUMP SREN
SWUP: NOOCP
FORTRAN
BTETA=BTETA+.05
A RDEPT
JUMP SUWEN
SWDN: NOOP
FORTRAN
BTETAR=BTETA~.05
A ADEPT

SWEN: NOOP

160
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FORTRAN

c

Cess MACH NUMBER

c
IFCA-36089.)9004,9004,9005

9004 RMACH=VY. 1661 ,-C.002434%A))

60 TO 900s

9085 RMACH=V/573.

9006 CONTINUE

c

Ceex  INDICATED AIRSPEED IN KNOTS

c
RIAS=(656.~(.0091+A)>*«RMACH
SPBRK=FTOR(FSFBRK)>*187.5
IFCRIAS~-16S8,99007,2007.,9003

9008 SPMAX=60.-(.233«{RIAS~-188.))
SPBRK=AMINL (SPBRK, 3FMAX)

9007 CONTINUE
FLAPS=AMAXZ(0 . 0F ,FFLAPS)*128,315
IF(FLAPS-5PALF)»9001,9002.,90603

900! FLAPS=SPALF-.4175
G0 TO 9002

9003 FLAPS=SPALF+ . 4175

9002 SPALF=FLAPS
CTETAR=(-FTORCFYOKE>*18, 7S-BTETAY*2.,0
CPHI=(~FTORCFUHEELY %42, S-BPHI~1,85)*1.85
CRISCFTORCFPEDL »#*20 . S-BXI1/2.657%2.69

c

Cessx THRUST COMPUTATIONS

c
THRUST=FTORC(FTI+FT2)+FTORCFT3+F T4
TPOS=(THRUST-.3727)/1.1761
TROS=ANANL (TPDS, 0.,
TPOS=AMINI (1.0, TPOS)
IF<A-10000.5820,821.821

820 RMAXT=13300,~,22125%A+( . 3117+A-7B00, X *RMACH
RIDLT=1000.-2000 . #RMACH
GG TO 822

821 RMAXT=13800,-.25125+*R

1+C. 12%«¢A-1700Q .2 -3125, »*RMACH
RIDLT=10G0.+¢.054¢A-10000,>~2000.)+RMACH

822 RIDLT=AMAXICRIDLT.N.?)
T=(RIDLT+(RMAXT-RIDLT»*TPO5*xTPOS %4,

206 CEAR=FTORCFGERAR>

RETURN
END
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SUBROUYINE BEACONS(]OM. IMM, IIM,JIFF)
Cees SUBROUTINE TO OPERATE MARKER-BEACONS' LIGHTS

[FCIOM. CR, IMM.OR. 1IM)9. 10

9 CONTINUE

JIFF=JJFF+1

G0 TD (8.8.6,10>, JFF
8 CONTINUE

IFCIOM)> 1. 4
4 IFCIMM2,5
3 IFCIIN)3.6

Csex  NONE OF THE LIGHTS SHOULD BE ON:
Cowe  TURM THEM ALL OFF

c
10 JIFF=0
6 CONTINUE
A ADEPT
MDRR. 8CH
ARIC'A'F
JURP [ +2
BCN: 77277157777
NOOP
FORTRAN
60 10O 7
t CONT INUE
A MDAR CUTER
fA ARIC'O
G0 10 7
2 CONT INUE
A MOAR MIDLE
A ARIC'O
60 10 7
3 CONTINUE
- MDAR TINNER
A ArRIC'O
G0 To 7
A ADEPT

OUTER:20000
MIDLE:CO40C!'H
INNER: 00100 !'H

FORTRAN
? CONTINUE
RETURN

END
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SUBROUTINE DYNNF
DYNAMICS-COMPUTING SUBROUTINE

GLOBAL DVZ2.DT.MP.,APF.DP.DQ,DR,.P. &, R

GLOBAL CXI.CPHI.CTETA.RALFHA,BETA )

GLOBAL UVEL,YYEL.WVEL,RYX,RYY.RvZ.,UDOT, wdOT,vDOT.VTOT

GLOBAL THETR,PHT.31.L.D.,SFOR

GLOBAL LLL,MMM.NNN.RFIE.RTET.RSY.V.RX.RY.R2Z

REAL L.FLAPS.,LLL .MMM, NNN
COMMON/RELAX~SCORD. SSPAN. SAREA. P, D, ROW.RMACH, DPP. DGR, DRR. SPALY
COMMON/WORK-UVEL . YVEL ., WVEL  ¥TOT. UCTT . VOTT, WDTT, ¥TOD
COMMON/EXTRA-DDFIE. DDTET.DDSY,.RFIE,RTYET,RSY,.STTET,.CTTET, SFIE.CFIE
COMMOMN-MURE-S5Y.,C8Y
COMMON/CNTRL-T,.FLAPS,CTETA.CPHI,CHI. GEAR. SPBRK, TPOS
COMMCN/CNTRL/BTETA. RFHI .BXI

COMMON/PRMTR-Y, %1 .BETHG.DT

COMMON-PRMTR “ALPHA, BETA,PHI WX, VY. VZ, THETR, 8, XM, Y, R.RIAS
COMMON-/FD/ADF . VOR . ERS, HER, RAD
COMMON/QUTAUJC130Y ., w<1900 ., K100, TEETC1002 ., HHC100) , RANGECLI00)
COMMONAQUTATPCLO0 ), EECLIGOD , RACF0D, Y'Y (V0o , HHYH (PO Y, TOTHKX,LDC L. LOCZ,
1TOTTCE0G) . THCLIOO YL DIET

CALL SAMPLE

Y2=¥TOT4YTOT

ATMOGPHERIC DENSITY

ROW=,2378E-2+(A*((A-C(1.806E12))~-C . 6565834E-723)

RLPAS=FLAPS-6.

RLAPS=RLPAS-B,

RLPAA=AMAXI (RLPAS. 0.

RLAPP=AMAN1 (RLAPS. D .2

ROFP=AMINI(RLFAA., 1.0}
CLT=((4,5384+RMACH* (S, Z27HRMACH-2.22)+C ] .0B1)+RDFP I« ((WVEL/VTOT 3+
1.0331))>-.0055+CTETA+RLPAAS. 01432

LIFY

L=ROU*Y2+SAREA*CLT
IF(RMACH-.345)811.811.812
IF(RMACH-.3)>3i2.813.81i4
IF(RMACH- . 7231 %.315.316
COM=,012

GO TO 818
COM=-.,10589+,1455*RMACH
RK=-.6411+.8333+RMACH
GO TO 819

COM=- Qi7235+.037 1 *RMALCH
RK=~, 12603+ 235E«KMACH
€0 T0O 219
CDM=.,0097+,0033=RMACH
RK=.0324

CONTINUE
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DRAG

D=RON*V2HSAREA* (COM+RK® (CLT*CLTI+ . 0103+GERR+RLPAR* 0018+ .833E-3»
1SPBRK

S10E FORCE

SFOR=SROU» 1505 . «VTOT#{(~ . FL7*VYVEL-. 004V TOT«CX])
DF IE=P+(SFIE«STTETACTTET»*O+(CFIEMSTTET/CTTET ) *R
DYTET=CFIE+Q-SFIE#*R
DSY=C(SFIE-CTTET)*Q+CFIE*R-CTTET

RFIE=RFIE+((3, *DFIE-DDFIE)>»DT~ 2.)
RTET=RTET+((3 . +DTET-DOTET»*DT~2.)
RSY=R5Y+( (3 *DSY-DDSYI®LTA2.)

DDFIE=DF1E

ODYET=DTEY

DDSY=DSY

EULER ANGLES

PHI=RFIE*RRAD
THETA=RTET#*RAD
X1=RST+RAD
STTET=SINCRTET)
CTTET=CO=Z<RTET)
SFIE=SINC(RFIES
CFIE=CQS<RFIE>
SSY=SIN(RSY)
CSY=COS(R3Y>

ROLLING. PITCHING. AND YAWING MOMENTS

LLEL=ROWHYTOT (Y TOTHSSPANS( -, 17194YVEL/YTOT+. 0011 3%«CPHI~.0002+CX])
1-¢ . 60745E7+P)
MMM=ROU*YTOTH(VTOTHSCORD* (., 048-C, 955 WVEL/VYTOTo+ . 00I+CTETA+
IRLAPP#(~.0033>>-¢, 125E8%Q)>

NNN=ROWYTOT« (VTOT*SSPAN®C. L 1SHVYVYEL /YTOT+ . 001 14CX13-(,2397RE7%R))
DP=CCCLLLA  3B2E7YI~R*Q%( 856X +P*Q+( , 0974

DR=CC (MMM 4BSEPI Y +P*R»{,  33RI-C((P*xP)—(R*RI & { , 0I767)>

DR=CCCUNNS  BIZETI I —Fln(  LI2T-R*A%(, 045220

ANGULAR VELOCITIES IN BODY AXES

P=P+((3,*DP-DPPI*DT-2.)
Q=R+ (3, +DR-DQAI*DT 2.
RaR+( (3. .*%DR-DRRI»DT~/2,)
DPP=DF
bae=0a
DRR=DR
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AERODYNAMIC VGNGLES

ALPHA=RAC»WVEL ~VTOT

BETA=RAD*YVYEL -/ VTOT

BETAG=RETA

BET1=1.-C(IVVELHVYVELY 7 (2, #YTOTH#VYTOT))
CON1=-1-(6337 ., +4TOT)
UDOT=C(CONI*(UVEL*BET1#D+(UVEL#YVEL-YTOT)*GFOR-WVEL*L ) )~
1 (Q+WVEL-R*¥VEL ) -32, 2xSTTET+T~6937.

YDOT=C(CDM I+ YVEL*D-VTOTHBET 1 *SFORM Y- (R+UVEL ~P+UVEL ) +32 . 2%CTTET*
1SFIE
WOOT=(CONIHCWYEL+*BET 1D+ CBVELXYVYEL/YTOT)«SFOR+UVEL*L 2> -
1CPeWVEL-G*UVEL >+ 32, ZaCTTET*LF LE
VTOT=SARTCUVEL*UYEL+VYEL#VYVEL+UVEL*WVELD

Y=VTRYZ1 .63

LINEAR VELOCITIES IN 20DY AKES

UVEL=UVEL+ ({3, «UDOT~UDTTH)*DT/ 2,3
YYEL=VYVEL+ (O3, »VDQT=C ToxDTrz,
WVEL=WVEL+C(3, #WROT-WDTTOIHDT 2.3
upTT=UDOT
YDTT=VDOT
WOTT=U0OT

LINERR VELOCITIES IN YEHICLE AXES

RYX=CTTET#CSY+ VEL+(SFIE*STTETHCSY-CFIEX*SSY ) #VVEL+(SFIE®*SSY+

1CFIE*CSY+«STTET . rWVEL

RVY=CTTET*SSY#UYEL+(CFIE4CSY+SF IEASTTET*SSY ) #YVEL+ (CFIE*STTET*S3Y

1-SFIE*CSY i+WVEL

RYZ==STTET+UVEL+SFIE4CTTETHVYEL+CFIE*CTTETHUVEL
VZ=-60 .%RVY2

¥XR=,F735*RYY+ , B1915%RVX

¥Y=,81915%RVYY-.5733+RY}

EARTH CONRDINATE SYSTEM POINTS

XM=XM+{(VY X500, 20#DT
Yay+yyYsDT
ASR+VZxDT 60 .
XI=aM0D(XI,360.0
PHI=RMODC(PHI.3E0.>
THETA=AMOD(THETA, 360,
A=AMAXIC(A. 0.7

GE IS
RIGINAL PA
‘OF, POOR QUALTTY
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RECORD MOMINAL VALUES OF STATES AND CONTROLS EVERY 3 SECONDS
RECORD EARTH FOSITION YALUES EVERY S SECONDS

TOTRK=TOTXX+DT

TINT=3.
IFCAMODC(TOTRX. TINT) . GT. DTG0 TO 101
LOCt=L0C1+1

UUCLOC1>=UVEL

WWLOCLd=WvEL

@RcLOC1Y=Q
TEETC<LOC1>=RTET
HHILOC1)=R
RANGEC(LCC1>=DIST
THCLOZ 1) =T

TPCLOC1>=TPOS
EECLOC1=CTETA
TOVTCLOCE)=TOTKK
CONTINUE

TINT=3S.
IFCAMODCTOTXY, TINT) . GT,DTIGO T0O 182
LOC2=L0C2+1
KXCLOC2)=VMre0B0,2
YY(LOC2) =Y
HHHL.OCZ2) =/
CONTINUE

RETURN

END
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SUBROUTINE RTOF

SUBRQUTINE TO CONVERT DATA REAL-TO-FRACTION

GLOBAL TRIG.FPICH!,FPCHI
IMPLICIT FRACTION (F>
COMMON/FREMTR~%, ¥1.BETAG, DT

COMMON-FRMTR.-ALFHA, BETK, PHT ., VX, VY. VZ. THETA. A, XM, Y. R, RIAS
COMMONSFRRC/FY.FENK,.FPICH.FA.FYZ,FHDG, FADF ., FVYOR.FCPICH
COMMON/FRAC/FER, FHER . DMECS D, ALT 7

COMMONAFD-ADF, VOR, EF3, HER, RAD
Fv=(200.-AMODIRIAS, 400 ., 3 »~200.
FEBNK1=PHI 260 .
FENK=FENK1+FENH 1
FPICHI=~-THETA. 360,
FPICH=FPICHI+FFICH1
IFCA.LT.C.OA=0,

FA=(300 ., -AMODCAR, 1000, 2> -3500 .,

FYZ=-FMIN1<1., . AMAZLI(VZ A 4000,,~1,
FHDG1=AMODC({XI-BETAGY, 360, 3,360,

FHDGE=FHDG1+FHOGEL
FADF1=-ALF 350,
FADF=FADFI+FADF 1
FVYOR1I=-VOR/3€9,
FYOR=FVYOR1+FVOR1
ERR=EPS*RAD~12.07
TEMFP=AMAR I CERR, -5.02
ERR=AMINI (5.0, TEMPP)
FER=ERR*0 .12
IFCHM.ER.0.32¥M=0.0001
AHER=HER#*RAD- (HM4E60S0 . 20
TEMPP=AMAXL (AHER, -0 . 72
TEMP=AMINI L0 .7, TEMPF?
FHER=TEMP=D ., 22257
RETURN

END

)7
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IMAGE DIALS

SUBROUTINE TO DISPLAY THE INSTRUMENT PANEL

INTEGER $FTIMX

IMPLICIT FRACTIONCF
COMMOM.FRAC/FY, FBNK, FPICH,FA.FVZ.FHDG, FADF . FVOR,FCPICH
COMMON/FRAC-FER, FHER . DMECXS Y ,ALT(P >

LINKAGE PTR{2)Y,LYHEC(4),FNTR<20D

LINKRGE GETCS» LOCTASh  ADFNCIEY, WORNCLD Y, HONGEIS)

ROD FTIMY TO ITIME. FO UPDARTE THE DATAR-UFOATE CLOCK

SITIME=$ITIME+3FTIME
FOSCHARC(D . 2417F,-0.01434F, -0 ,3F,"9533")
POSCHAR (DHED
POSCHARCALTY
LOYCO.F>
TABLEZD{HDNE?»
LDK(~0.73F)
LDVED , 39F >
LSCLCR . 27FSF)
LREZCFY
TABLEZDC(PNTR)
LDXCO.71FD
LDY(O,52F)
LECLCO. 28
LRZC(FA
TABLEZD(PNTRD
LDX(D.71826F)
LDYV(-0,20575F )
LSCLCO.225F 2
LRZ(FVZ-0.5F)
TRELEZL (FNTR?
LDXCO . FD
LDYC~0.323F)
LSCLCG.33F)
LRZC(FHDED
TABLEZDA3CCRRD)
ROTZC-0.100333F
20T BUG
ROTZC(=0.13444F
DXCFERS
TABLEZDCLYNED
LRZCFHDG)
LOXC-0.745F)
LDY(-0,212F)
LSCLA0.275F
ROTZIFALE Y
TARBLEZD CADFN)
ROTZC(FVOR-FROF >
YABLE2D(VORNX
LRZ(FHDG)
TABLEZD($CCARD>
LDXC0.F>
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LDYCOD . 66F
LSCLCO.32F)
LRZCFBMKD
TABLEZD(FTR)
LSCLC1.0F)
ROTXC(FPICH)
LRIC1IG6R, 1. 0F)
LAICI?B.0.5F)
TABLEZD ($HRZION)
RETURN
DATARZDCLYNE)
C3ETCO.0F)
LINECO .F.0.43F,.0.F.-0.5286F>
ENDLIST
ENDDATA
DATRZD(PNTR)
ZSET(Q.0F)
MOVE(D . 0F, -0 .5F)
DRAWC-0.02F. -0 .56F)
DRAWC-0 ,02F, -0 .74F>
DRAWCO . OF,~0,3F)
DRAWCO . 02F, -0 .74F)
DRAWCO . 02F, -0, 56F)
DRAWCO ,0F . -0.5F
DRAWCO . 0F,-0,2cF>
ORAWCOD .04F ., ~N ., 2F>
DRAWCO . 04F .. OF>
DRAWCO ,OAF,C.1F
DRAWC-0 . 06F., 0, 1F
DRAWC-0 .04F .0 .0F)
DRAWC -0 .04F, -1, ZF>
DRAWCG ,DF,-0.24FD
MOYECO . OF.Q ,0F
DRAWCY .NF,0.0F
ENDLIST
ENDDATA
DATAZD I GE]Y
2SETC0 . 0F)
MOYEC(-0.3F,0.55F
DRAWC -0 .35F, 0, 53F)
DRAWC-0.2F,0.3F)
MOVEC-0.2F,-0.30F>
DPRAWC~0 . 26F. -0, 24F )¢
DRAWC-0 . 3F ., -0, 33F>
ENDLIST
ENDDATH
DATAZ2DILOCT)
Z5ETCO . 0FD
MOVEC(-0 .04F,0.16F>
DRAWCG .OF.0.12F
DRAWCYO .N4F. 0. 16F)
ENOLIST
ENODATA
DATHZD CADFND
ZSETC0.0F)
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MOVEC-0.1F.0.5F)
DRAWC-0.1F.,~0.7F>
DRAWCG .O0F . ~0.8F)
DRAWCD, IF . -0 .7F2
DRAWCO ., tF.0.5F)
DRAWC-0 13F,0.3F)
DRAWCD .GF . 0.5F)
DRAWCN . 14F,0.5F2
DRAWCD . AF,0.5F 7
MOVECD . QGF,0.3F)
DRRWCD ,OF,0.3F )
MOYECO.OF .0 .0F2
DRAWCY.OF,0.0F)
MOVEC(D .QF.~-0.8F2
DRAWCE .OF, -0.9F)
ENDLIST

ENDDATA
DATAZDCVORND
2SETC0 . 0F
MOVE(DH, 0F,0,3F)
DRAWI -0 .14F , 0.6F)
ORPW{-N . B4F, -0 . 2F)
DRAWCH .u3F, -8, SF)
DRAWCEG . 04F,0 . 5F 2
DRAWCH .OF,0D . 3F)
MOVECD . OF .0, 9F )
DRAWCD .OF. -0 .2F>

ENDLIST

ENDDATA
) aDEFPT
BUG: ©

1631224426, 1631221261:1314423345. 1631229427
2000026733, 11462116827 114A215461.0631414431
0767513244, 11456215461 60631462216, 8314655465
60000132054 6000013053, 6000012085,FOQGI0T462
7000005463 70000054€3:1000072314: 1000072315

FORTRAN
DATAZDCPTR)
ZSETrC0.F»
MOYECO . F .3 .83%4F)
DRAWC -0, 1SF, 0. 66R7FD
DRAWCH . 1SF.0.66E7F)
DRAWCO .OF, 0 . B333F)
ENDLISY
ENDDATH
DATA2DLHONG)
23ETCO.OF)
MOVEC(—0 .0315F.0.03625F)
ORAWNCD.F.N.0025F)
DRAWCEH .01SF,0.0262%F)
ENMDLIST
ENDDATAR
RETURN
END
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FROGRAM AB

THIS PROGRAM COMPUTES THE LINEARIZED EQUATIONS WHICH DESCRIBE THE
CONTINUDUS-TIME A AND B MATRICES EVERY 3 SECONKDS

THE PROGRAM USES THE DATA FILES CONTRINING THE KOMIMAL STATE
AND CONTROL YALUES FROCDUZED BY “NY" A2 INPUT
THE COMFUTED A AND E MATRICES ARPE STORED IN DATA AND ATEXT FILES

RERL L

DIMENSION [BUFFLZ20&82 . LUUCIO0Y , WHICICGY . A0CIN0Y . TEETCIO0D) HHLLOO ),
TRANGEC100), THCL1Q0, TROLICGOY , EECIO0, TOTTCID0>.ACLOD, 6.6,
2B(100.6.2>

WRITEC1D., 100D

100 FORMATC(LIY."ENTER 2-DISIT NUMBER OF YRLUE FILES IN QCTAL".~ )

101

102

READCLI0, 101 )NUM

FORMAT(02)

D0 4 J=1,MUM
OPENC21.,0,2,31BUFF, 'VALUEL ')

REWIND 21

IF¢T=~122,2.2

0 3 K=2.1J

SKIPFILE 21

CONTINUE

READCZ1ILOCT, CULCT ), W Ty, @QCT ), TEETCI 7. HHCT » . RANGESI) . THCT Y,
1TPCIP EECI >, TOTTCIY . I=1.L0C))
CLOSE(21>

DO 02 KL=1,50

COMTINUE

DO 1 I=t.t0oCl

UVEL =DUCT )

WYEL=WWCI

Q=0C])

THETAR=TEET(I?»

AA=HH(])

RANG=RANECEL]

THRUST=TH. 1)

TPOS=TP< I

CTETH=EE >
YTOT=5QRTCUVEL*UVEL+UVEL*WVYELD
Y2=vTOT#YTOT

ROW= . 3373E-2+(AA*((AA-C1 . BOBEI2) )~ . 625B4E-730)
RMACE =MTAT (1 .8694¢6R1.-C.00242d4%4A)) >
CLMHA=(4 5L4+RMACH*(S, 2E74AMACH-2 . 225>
CLT=CLMM* L (WVEL-VTOT+ 02313~ , D0S5+CTETA
L=ROW+Y2%1505.+CLT
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814
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{FCRMACH-.845)811,811,812

IF(RMACH-,32213,8:13,814%

IF(RMACH-.77315.,815,81%

COM=.0t2

GO 7O RlE

COM=~,108%+, 1455+«RMaCH

RK==.6411+.8333*xRMACH

GO TO 819

COM=-.0.735+.0371+RMACH

RK=-,13603+.2356+«RMACH

60 TO 819

COM=,0097+.0033RMACH

RK=.0524

CONTINUE
CDCD=CCWVEL/YTOTH>+ . 03310+ (C10,774-(1 . 69%(6FA]1 .~ . D02434%RAD) )2, 22~
IVTOTO> /01 . 62%CE51 . —, 002434%ARD Y

D=ROW*V2¥ 1303, ¥+ CCOM+RK+(CLT*CLT IO

DDDU=2 . *xUVEL «[V2

DDOW=2 . sWYEL <D V2

DLDU=150S . +RON* - . QOSS+CTETAZ  «UVEL+(CLMM*UVEL*( , 04862+ (WVEL-YTOT
130 +v22xUVEL*CDCD)

DLDW=150%5, +ROU{- , DOSSHCTETA®2, #UVEL+(CLMM*(YTOT+UVEL*{ . 662+
TWVELA/YTOT2) 25 +v2%UVYELMCDCD)
DRDH=.002378+( (2, *AA- HS536) -1 . 83555536
OCLDH=1505 , #RQW+Y 24 , 00242345+ 02321+ (WVELAYTOTID# {10 . 7T74%V20-(
11.69% (K61 .- . GO23434%AA 21 -2 22+YTOT3/ (] . E3%(AGEL, -, DR2AT4AARI#CRET,
2-.002424%A() 7
DTTD=((-2000,+,05+%«{HA—10000,33+CL . -TPOS*TPOSI+(~2125, +. 12+ (AR~
$10G00.>)>*TPOS*TPOS) 01, A9%YTOTH(ERL .~ . O0Z434*AAQYY
DTOU=4 . »UVEL®DTTD

DTDW=4 , «UVEL*DTTD

DTDH=4 . »(¥TOT+ (1, -TPOS*TPOSO* (. 05+ (. 002424 {~-2000.+.05«{AR-1C00
10.307¢661 .~ . BH02454%AAI D)/ (1 . 634661 .~ Q02434%AAI I+~ , 2B125+YT0T+(
2.,12+0C.0024344(-212F. 4+, 122(RA-10A00 . D) 7{eel .-, 002434«RADD3 /(1,57
3x(B61 .~ . N024344AA2I >« TFOS*TPOS)
RMMM=V2%(1505.>%{22.69)0# (. 042~ ,9554kWYVEL-VTOT+,00F*CTETAI+TIE. 54
1516, 84»=VT0T*:-32,7)%Q

R1=C(1505. Y*ROW#22 . 4594 ¢ . 148+.003*CTETAY

R2=7352 .3*ROWA516 . 4% —-32.7>

DMDU=2 , *UVEL*F 1+ (UVEL4IVEL-VTOT i # (-, 9550 +R2#Q*UVEL/YTCT

DMOW=2  #WVEL#RLI+<YVTOTHUVEL*UVEL/YTOT )% (- IS5 +R2%Q4UVEL-VTOT
DMOQ=YTOT*R2
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ACL. 1, 10=(D* CCCUVEL*UVEL/V2) -1 . D /VTOT > —La CUVELHYVEL ~<V2+VYTOTY )
1=-CUVEL-VTOT)*DDDU+ CWUVEL-VYTOTI*«DLDU+DTDUL 76958,

ACT, 1,20 =(D*(UVELARVEL/ (Y2RYTOTI 3= CCUVEL®UVEL #v2) =1 . D /¥ TOT ) %L
L-CUVEL-VTOTY#D0DW+ (WVEL/YTOTI*DLOWN+DTONY #6928, -0

ACT. 1.3)=-UWVYEL

ACL,1,40=-32.2¢«C03(THETR) R

ACL, 150 = (- (UYEL/VTOT )«D/RON+CUVEL/CVTOTAROWY >« Y*DRDH
1+DTOH+ CUWYEL/YTOTY*DLLDH) #6338,

Adl,1.63=0,

ACL, 2, 13=CUVEL*WVEL - (V24VTOTI) *D+ CCCUVEL®UVEL /Y23 =1, 2 YTOT )KL
I-CWYELAVYTOT>+DODU-CUVEL-VTOT)*DLOUY #6988, +Q
ACL.2,22=CCCCUYELHWYEL/VZY -1 ) #VTOTI D+ CUVELAHUYEL /(Y2 VTOT Y %l
I-C(WYEL-VYTOT)*DDDW-CUVEL-VYTOT>#DLDNY 78988,

AClLl,2.,3)>=UVEL

ACTL,2,4)=-32 . 2+SINC(THETA)
ACTL,2,9)=((-CWVEL/VYTOT )40 ROW-CUVEL-¥YTOT2+L-ROW) *DRDH
1-CUVEL-VTOT)+DCLDH) #5328,

ACE.2.63=0.

ACT,3,1>=DMDU~ . 425E7
ACL,3.2)=DMDY~, 425ET
ACI,3,3)>=DMDO. . 4C5E7
ACL,3,4>=0,
RCT,3,5)=(RRAMM. ¢, 48SE7 ) +DRDH
ACL,3.63=0.

ACI.4,1)=0.
ACL.4.,2)=0.
R(I.4,3)>=1,
ACl.4.4)=0.
AcCl,4,5)=),
ARCT.4,56)0=0,

ACL, 5, 1)=SINCTHETAY

ACTL,S5,2)=-COSCTHETA)

ACL,5.,3)=0,

ACL, 9, 4)=UVEL#COSCTHETA) +WVEL*SINCTHETAY
ACl,5,97=0,

RCILS5.60=0.

ACL.6,1>=~COS{THETA)
ACT.6.2)=-SINCTHETA)

ACL.6.,3)=0,

RCTL 6, 4)=SINCTHETAY #UVEL-COSCTHETA #UVEL
ACL.6.5)=0.

ACL.6.65=0.

' PAGE I8
ORIGINAL PA _
oF TOOR QUALITY]
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BC(l.1.,1)=1,,6988,
BC(I.2.15=0,
BCI.3.15=0.
BCL.4.1)=0,
8(1.9.15=0,
B(Il.6,1)=0,

BC1.,1,2)=UVEL*1595. «ROWHVTOT*(~,0055>,6988,
BCI.2,27=-UVEL*1305, *ROW*r~,0035>*¥TQT 6938,
BCI.3,2)=V2*ROW*1S505,+22,.69+.009~.433E7
BECl.4,2)=0.

B¢Il.5,2)=0,

B(I.6,2)=0,

1 CONTINUE
C+++ THE AR AND 8 MATRICES ARE STORED IN DATA AND ATEXT FILES

OPEMC2!,0,2,3IBUFF., "A-MATRIX'2
WRITEC21ILOCL, (C{ACTL,J2,J32.J3=1,6),J2=1.62,J1=1.L0C1>
CLOSE(21)
OPENC21.0,2.38IBUFF, 'B-MATRIX'D
WRITE(21JLOCT, ({(B(KI1,KZ.K3),K3=1,2),K2=1,£62.K1=1,L0C1>
CLOSE(21
OGPENCZ0, 0, 1.3IBUFF., "A-GTEXT ">
WRITEC20,20202L0CL, CTOTT(JIL, <CACSL, J2,03),J3=1.,6),]2=1,6),
1J1=1,L0C1>

2020 FORMATCLK, 14,77, 120C1X. F8.2,-/ 1X.6F12.5, /. 85C1IX:6F12.8,723,7722
CLOSE<20)
OPENCZ0.0,1,8IBUFF. 'B-ATEXT '
BRITE 20,2121 2LOCT1, (TOTTCK LY, (CBCK1,KZ,K3),K3=1,2),K2=1.,6),
tKt=1,L0C1>

2121 FORMATCIH. 14, /7, 120014, F8 .2, 12X,2F12.5, 7. 0C(21X%,2F12.5, 70,773
CLOSEC(20 >

4 CONTINUE
EXIT
END
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PROGRAM FGH

C+es TYHIS PROGFAM COMPUTES THE DISCRETE-TIME LINERR SYSTEM F, G. &ND H
Cews MATRICES USING THE DATA FILES CONTAINING THY A AND B MATRICEZ RS
C+=+¢ [NPUT. THE DISCRETE-TIME LINEAR SYSTEM MATRICES AFE STORED

Cxex ON DATA AND ATEXT FILES

DIMENSION GG(31.6,2),FF(31.4,6),HH(31.6.2)
DIMENSION AAC?3.6,6),BB(73,5,2>.A(6.6),U(k.67,D0(6,22,
I1RCB.6),YC6,62.2CA, 6. EACh, 62, 1BUFF(208),.REC(E,ED
COMMON-MAIN1-NDIM, DUML (6. 60
COMMON~/ INOU/KIN. KQUT
NDIM=6
KIN=10
KQuT=10
DO 200 J1=1.6
DO 200 J2=1.,2
200 D(Jt1,J2)=0.
DCS.,1)=-1%.
D6, 2¥=-1.
WRITEC10.100)
100 FORMAT(1X, "ENTER 2-DIGIT NUMBER 0F A-B MATRIX PAIR FILES",.)
REALC1I0, 101 3NUM
101 FORMATO2)>

FLRG=0.
DO t [=1.NUM
LOC3=0
KK=0
II=I+1-1
JFENZ21.0.2,31BUFF., 'A-MATRIX'>
REWIND 21
IF (1-1>3.2.13
3 DO 4 J=2.1I1
4 SKIPFILE 2t

2 CONTINUE
RERD(Z1ILOCE, CCCARACTL, J2.J2),33=1,62,J2=1,6),J1=1,L0C1)
CLOSEC(21)
OPENC21.0,2,3IBUFF, 'B-MATRIX ')
REWIND 21
g 5 J=1.11
5 SKIPFILE 21
READC2IOLOCL, (((BB(KI,K2,K3),K3=1,22,K2=1,6),Kl=1,L0C1)>
CLOSEC21>
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43

44

48

16

46

17

97

13

66

7
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N=6

T=3.0

NR=6&

HC=6

MT=0

Ni=6

N2=6

DO € K=1,L0CH
KK=KK+1

0N 3 L=1.6

DO &8 LL=1.6

AL, LLY=AARCK, L. LLD
CALL MEXPIM:A.T.EAD
DO 44 Ji=1.6

DO 44 J2=1.08
IFCI1~J2045,43,45
®(J1.,J2x=1,
RECJ1,J22=3.

GO TO 449

Oy, Ja2x=1.

RECT1, J25=1),
ACTL,I20=ARMK,J1.,J2)

COEF=3,

DO 46 KL=2.19
Fh=KL
COEF=COEF*3. - FL
N2=¢

00 48 J1=1.,6

00 48 J2=1.6
Y(J1,J2¥»=AadtL, J2>

CALL MAULC{K, Y, N1, H2,N3,2)
DO 16 J1=1.6

DO 16 J2=1.6
RECT1.,J22=RECJIL, J23+C2C(J1.,J2y*COEF)
ROTJ1,J2r=2¢J1,72)
CONTINUE

DO 17 J1=1.6

DO 17 Ki=1.2
YCJ1L.K1=BBCK, J1,K1)

DO 47 Ji=t.,4

0O 47 Ja2si.9
¥eJ1,J2)=RECTL.J2)

N3=2

CALL MMULC(KX, Y, N1,N2,N3,2)
PO 13 Ji=1.6

D0 13 J2=t.2

GGCKK, J1,.12)=2¢J1.J2)

PO €& Li=). 6

LD 66 LZ=1.6
FFOKK,L1,L2)=ERCLL1.L2)
CALL MMULC(RE.D.6.6.2.2)
bo 77 Ji=1.86

0o ?? J2s1,2

HH(KK, J1.J2)=2¢J1.32>
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IFCK-39)30,33, 30
IF(K-602335,33,35
IFCX-903326,33, 36
IFek-10C1>32,31, 32
LICE=31
LLOC3=LO0C3+20

GO TO 34
LOC2=L0C1-LOC3
CONTINUE

K¥=0

THE F. G, AND H MATRICES ARE STORED IN DATA AND ATEXRT FILES

OPEN{21.0.2,alBUFF, 'F-MATRIX")

WRITELZIMLACE, ((CFF(I1, A2, 13),J3=1.6),J2=1,6),J1=1,L0Cz"
CLOSELZ21Y

OPERC21,0.,2,3IBUFF, 'G-MATRIX '

WRITEC21LOCE, (CC(GGIKL K2, K2),K2=1,2),K2=1,6).,K1=1,L00C27
CLOSEC(21)

OFEMCZL, 0. 2.0[BUFF, "H=MuTRIX"'>

WRITECZL1ILOCZ., CCiHHCK T . R2, K3, K2=1,2),K23=1,6),Ki=1,L0C2"
CLOSEC21)

[FLI-153030, 6060, 5050

IFCI-NUMY22.7070, 22

IFCFLASY 22,8030, 22

IFCK-LOTL 22,3080, 32

FLrG=1,

OPENC2D.,0 . 1. 2[BUFF, 'F-ATEXT ')

WRITEC20.2020:L002, (LCFFCIL,J2,.J32. 032160, J2=1,82,J1=1.L002>
FORMATCY R, T, »/, IZDC6CIK, BF12.9, 70,7430

CLOSEC20)

OPENCZD, G, L. aTBUFF, "Z~ATEXT "2
WRITEC20,21213L0CE, ({IEECK1 K2, K3, KE=1.25,K2=1,6),K1=1.L0OC2)
FORMAT (1Y, 14, /v, 120CRCESHAFY2.5,70 4770

CLGSEC20>

GPENC(20.,0.1.,3[BUFf, 'H-ATEXT ">

WRITEL20,22225L0C02, (C(HHIKL,KE,KQ),K3=1,23,KZ2=1,62.K1=1,L3C2)
FORMAGT LK, T4, /v, 1200C6C25H, 2F12 .8, 72,700

CONTINUE

CONTINUE

CONTINUE

EXIT

END

»
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PROGRAM RIC

THIS PROGRAM SOLYES THE RICCAT! EQUATION AND DRIVING FUNCTION
THE FEEDBACK GAINS AND ENOGENGUS COMFGNENTS ARE COMPUTED FOF
USE IN THE FEEDBACK SOLUTION FOR EACH 2 SECOND TIME INTERVAL

THE DATA FILES CONTAINING THE DISCRETE-TIME F, G, AND H MATRICES
ARE USED AS [NFUT

DIMENSION FF(31.6,67,66{31.6,23,HHC2L,6.22,Q06,6,,R(2.2),5(h.62,
IF6,6Y, GCE. B, FTLE, &), 2T/ 6,62, 3TCE,67,2C6,0) DICE,6),D206,62,
2D3(6,6>, D406, 67, W1C2, 1, H2C2.13.05(5.,6)

DIMENSION P{G, A3, PP{31.6,6>.GAINC(2L,2,7). [BUFF(208>.,0606,6),
107¢6,67 . H(G6,5H)

COMHOH-MATHI-NDIM,DUMLIC(E, 62
NDIM=6
URITEC10.,5050)

FORMAT(LIX, "ENTER HEAD-WIND IN KNOTS IN 23-0.GIT INTEGER FORMAT"/2

READCLQ ., 0560 X NUM2

FORMATCIZ
WIND=HUMZ
Wict, 1r=0,

Wi1¢2,10=—-WIND*]l 569
w2¢1,15=0
W2(2,15=-WIND*1, 69
b0 18 J=1.6
0o 18 JJI=1.,6
S¢J.JJ)=0,

ST, JIX=0,

PLJ,J3J»=0,

Q¢J. JIy=0,

00 20 J=1.46
DS5CT.Ly=1),

THE STATE, CONTROL AND CROSS-TERM WEIGHTING MATRICES

@C1,t)=.72

Q¢2,25=.95

Qcz,3:=800.

R{C4,4)=73,

Q(5,5>=.88E-2
QC6,61=.55E~5

RC1,2)=6G.

Rc2.,12=0,

RC1.1)=,39E-4

R¢2.2.=.11

SC1, 1 >=50RT(ACL, 1>*R(1,12)
562, 1.=50RTCGI2.2)%F{L, 1)
53¢3.2/=25RRT(UC3, IINR2,2)5
S$(4,2)=25aRT(R(4,.45+R(2,22)
€(9,2)=5QRT«O(5,3)y*R(2,2)>
S(6.1)=5RQRT(GA(6,.6+RC1. 10
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THE TERMINAL TIME STATE WEIGHTING MATRIX

PCL,10=1.

PC2,2)=Q¢2.,2)
P(3,3)=0¢(3.,3>
PC(4.4)=0(4.4>
P(S5,8)=,9¢E-2
P(6,6=,22E~4
WRITECLO. 16402

FORMATLA . "ENTER Z-DISIT OLTAL NUMBER OF F-G-H MATRIX SET FILES",

17>

READCIO0, 121 YNUM

FORMAT (02>

DO 1 I=1.HNUM

11=3%NUM-3+]+1

ITI=IT+1

OPENC21.0.,2,31BUFF, 'F-MATRIX")
REWIND 21

IFEl1-1232,2.2

D3 4 J=2.11

SKIPFILE 21

CONTINHUE

REWDL213LON2: CCCFFLTL,J2,03),03=1.6>.J2=1.6).J1=1,L0C2>
CLOSEC21)

QPENC21:0.,2,.3IBUFF, 'G-MATRIX'>
REWIND 21

DO S5 J=1:11

SKIPFILE 21

READC2IILOCZ. C{CBREKLL K2, K3Y,K23=1.2),K2=,62,K1=1,L0C23
CLOSE(21)

OPENC21.0.2.3IBUFF., 'H-MRTRIX"')
REWIND 21

DO 25 J=1.111

SKIPFILE 21

READC215LOCE, (((HH(KT,K2,K3)Y,K3=1,Z),"81.6),K1=,.,LaCa)
CLOSE(2L)

D0 é K=1,LuUC2

JK=L0OC2-K+]

po 7 J=1.6

Do & JI=1.6
FCJ,JI>=FFCIK,J,J1?
FTCII,I»=FFCIK, . 00

DO 7 JI=t,2

HCT, JI2=HHC(JIK, J., 10>
G(I,.II)=GGCIK, T, T
GT<JJ,JY=GGLJK.J, I

Catl MMUL(H M1,6.2.1.2)

DO 77 J=1.4

D6e<¢J,10=2¢3. 1)

CALL MMULCP.D6.6.,6,1.25

oo 21 I=t.6

06dI,10=2¢T, 1>
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CaLl MMUL(GT.P.2.6.6.,27
DO 10 J=1.2

DO 10 JI=t.6

D1CT, JI>=2(3.JJ)

CALL MMUL(DL1.F.2.6.6.2)
b0 9 L=1.2

00 9 LL=1.6

DL, LLY=3TCL,LLY+ZCL,LLY
CALL MMULC(ET.F,2.6,6.22
po 11 J=t.2

Do 1t JI=t.%
D2¢J,JI¥=2¢J, 13

CALL MMUL(D2.G6,2,6.2.,2?
DG 19 J=i.2

oD 19 JJI=l.2

ZCY . JIr=2¢T, JI)+RCT 0T
RR=Z(1,13x2(2,25-2C1.,22%2¢2,17
D2C¢1.15=2(2,2)-FR
D2¢1,22=-2¢1.23/KR
D2¢2,132==-2C2.13/ER
D2(2.2k=Z01,12/RR
D3C1.,13=Db2C1., 12
D3C1.,20=02¢1.2>
03¢2,1>=02¢2, 1)
03¢2,22=b2¢2. 2

CALL MMULD2,01.,2.2,6.2)

STORE FEEDEBACK GAINS

Po 12 J=1.¢

DO 12 JJ=1.,6
GRINCIK.J,JJ)==2(T.JJ)
D1, JH=2¢T,3T%

CALL FAULCD3.6T.2.2.6.2)
p0 22 J=t.,2

00 22 JI=1.6
0ad(F,33>=2(J, 3

L5 2 3 =2¢ I

DG 24 J=1.6

DFCY - 12=DSCT. 12+D6CT, 12
CALL MMUL(D3.D7.2.6.,1.2

STORE FEEDBACK L.

pe 23 J=1.2
GRINCIK, I, ?)==2¢J., 1)
call MMULCFT.P,6.6,6.,2)
0o 13 J=1.46

Do 13 JJi=1.6
02¢J,JI2=2¢J. 1

CALL MMUL(D2.G.6.6.2.2)

TiHPONENTS
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DO. 14 J=1,6

00 14 JI=1.2

D2<T, JI)=S(],JI)+2CT, 30D

D3CT.JIN=02CT, T

CALL MMUL(D2.D1.6.2.6.2)

DO 15 J=1.¢

Do 15 JJ=i.6

D1¢Y, JI>=2<, 10

CALL MMULIFT.P.6.,6.4,22

DO 16 J=1.

0O 16 JI=1.¢

D2¢J.,JI>=2¢), JI>

CALL MMULC(DZ2,F.6.6.:6.2)

Do 17 J=1.6

D0 t7 JJ=1.6

PCJ,3J3=R(],JJ2+2¢T, JJ0-01(T, J I

PP(JIK, I, JI)=PCJ, . )

CALL MMULC(D3.D4,.6,2,6.2)

b0 25 I=t.6

D7¢1,12=D5¢T. 10+D6CT, 1

DO 25 JJ=1.%

D3I JI=FT I JI2-2C(J. I

CALL MMULCD3,.D7.6,6, 1,22

DO 26 Jt=1.6

DS¢r.10=2¢1, 10

CONTINLE

OPENC21.8,2.8IBUFF, 'GAINS '

WRITEC(21)L0C2, (({GAINCKI,K2,K3),K2=1,7),K2=1,2),K1=1.L0C2>
CLOSE(Z1)
IFCI-137171.,727
IFCI-NUMX?7373,7
CONTINUE

']

(B

2,
z

L
7,

4~

) -

v

I
wr

THE RICCATI SOLUTION, FEEDRACK GAINS, AND EXOGENDUS COMPOMENTE
ARE STORED IMN DATA aMD ATEXT FILES

OPEN(20,0.1,31BUFF, '"P-MATRIX')

WRITEC20.,20203L0C2, ({CPPCJL,JE,J3),03=1,6).J2=1,562,J1=1,L0C2)
FORMAT LR, [4, 7/, GOCECIX.6FL12,.4, 70,770

CLOSE{20)

CONTINUE

OPENC20.0.,1.81BUFF, 'GAINS ")
WRITEC20,2121L0C2, ¢CLGAINCKL, KZ,K3),K3=1,7),K2=1.25,K1=1,L0C2>
FORMAT (1K, {4,/ 60¢C201%, PF10.4,7),770)

CLOSE(28)

CONTINUE
EXIT
END
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PROGRAN REE

THIS PROGRAM IMPLEMENTS THE LINEAR FEEDBACK SOLUTION ON
THE COMPLETE NONLINEAR AIRCRAFT MODEL OF THE BOEING ?07-3208B

THE DATA FILES CONTAINING THE NOMINAL STATE AND CONTROL YALUES
AND THOSE CONTRINING THE FEEDBALK GRINS AND- EXQGENCGUS COMPONENTS
ARE USED AS INPUTS

FUNCTION SWITCH 4 RESETS INITIAL CONDITIONS

FUNCTION SWITCH 3 STARTS PROGRAM

FUNCTIGN SWITCH 12 STOPS PROGRAM

FUNCTION SWITCH 16 DISPLAYS FLIGHY CONDITIONS AND PARAMETERS AT
TERMINAL TIME OR AT STOPRCTION

GLOBAL ITIME,NF
IMPLICIT FRACTION <F )
LOGICAL CONE
RE . FLRAPS
OTSERRORS=35HORT
COMMON/MORE~/IBUFF (208>, TP(7S) . EE(VS) , TOTT(?7S), QWCE, 6>, RNC2,2)
COMMON/RELAX/SCORD, S5PAN.SAREA, P, D . ROW, RMACH, DFP, 03, DRR, SPALF
COMMON-WORK-UVEL, YWEL ., WVEL. ¥TOT,ULBTT,.VDTT,. WDTT, VTAD
COMMONENTRA-DDFIE,CDTET, GD5SY RFIE.RTET.RSY,STTET.CTTEY. SFIE.CFIE
COMMON - MORE/33Y,C5Y
COMMON/CMTRL/T.FLAPS.CTETA.CPHL.CX1, GEAR . SPERK, TPOS
COMMON-CNTRL-BTETA., BPHI . Bl
COMMON/PRMTR-Y, 1. BETAG. DT
COMMON-PRMTR-ALFHA. BETH, PHI. VX, VY, V2, THETA, A, ¥M, Y, R, RIAS
COMMOH/FRAC/FV,FENK.FPICH.FA,FYZ,FHDG,FADF , FYOR.FCPICH
COMMON-FRAC/FER. FHER . DMECSY . ALT (72
COMMON/FD-ADF, YOR, EPS, HER . RAD
COMMON/GAINS/GAINC31.2, 7. 0UCI00, WWC100), QRC1000, TEETL100, JKS,
1HHC100) , RANGEC100 . LOCT, LOC2, JKL, JK2, CTIN, TOTHY, JK3.DELU. DELWY,
2DELQ, DELT.DELH, DELR, DELTH, DELE. DEST. THC1UB Y, JK4. NUM1 . NUM2, WIND
DRATA TMRKR1-/1).4815/, TMRER2-0.0687, THRKR -0 .007R~
DATA TNESAX-0.0529337,.RAD-57.29%96~
DATA SCIRD~-24143./,55PAN."219254, /., SAREAR-150US. ~
ENTRY NF
URITECL1Q.5059)
FORMATCLIX, "ENTER HEAD-WIND IN KNOT3 IN 2-DIGIT INTEGER FORMAT".~)
READ(10.6060) INUM
FORMATC I3
RNUM=TNLM
BIND=-RNUM*! . .6¢
URITEC10.,1010>
FORMATCIX, "ENTER TOTAL NUMBER OF VYALJUE FILES IN OCTaL“s>
REAPC10.,2020)NUML
FORmAT(O2>
WRITEC10.3030)
FORMAT(1X, "ENTER TOTAL NUMBER OF GAIN FILES IN OCTAL"/)
READC10., 4040 )NUM2
FORMRT (023
WRITEC10.7070>
FOKMATCIX, “TYPE | FOR EXOGENOUS COMPONENT- OTHERWISE 0"/)
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READ{10.868080)JK5
8080 FORMATCOL)
1 CONTINUE

Cax» [NITIALIZE ALL VALUES

DO 124 1=1.6
DO 124 J=1.6
i24 QUCI.JX=0.
Qucl,1)=,72
aw¢2.23=.5
QWw{3.3)=800.
QW{4.4)=73,
Qu¢5,5)=,88E-2
QW¢6,6>=,55E~-5
RUCL.1>=,3%E-4
RWC1.2>=0,
RW<¢2,12=0,
RWC2.23=.11
COST=0.
JK1=NUML+NUM2 -1
JK2=1
JK3=10
JK4=~1
LocCl=0
LOCZ2=-10
TOYR¥=0.
CTIM=0,
DELU=Q .
DELW=9 .
DELR=0,
PELY=0,
DELH=0.
DELR=0 .
DELTH=0,
DEL.E=0,
SPALF=0,
DDF1E=0,
ODTET=0.
DDSY=0.
RFIE=D,
RTEY=.84-RAD
RSY=532,07/RAD
STTET=SINC, 015
CTTET=C0OS¢ . 015>
SFIE=0.
CFIE=1,
S8¥=,79937
CSY=.€00337
X1=53.07
PHI=0.
FBNK=0,0F
ALPHA=2 .84
BETAG=0,
BETA=0,
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DRNG=2550 ,

[OM=IMM=T IM=0

JIFF=0

ETIME=TOTTX=0.

XM==150 .26

¥=-232497.19

VOR=53.07

AbF=49.69

V=476,

VTOT=304.

vTOD=0 .

UVEL=YTOT

YVEL=0 .

WVYEL=11.0

UDTT=0 .

VDTT=0.

WDYT=0.

V=764 .65

VY=248.45

vz=0.

p=q,

a=0 .

R=0.

DPP=0 .

DRG=0 .

DRR=0 .

THETA=ALPHA-2.
DIST=SART((XM+31 0826 %*k2+(T/6080.2+.50366)4%2)
TISD=DIST

R=35000 .

JALT1=3

1aLT2=5

1ALT2=0

IALT4=0

1ALTS=0

LABEL (ALT®

ZEETCO.0F)
MOVEC.61F, , 39F)
WRITEC16,301151ALT1, IALT2, 1ALT3, TALT4, [ALTS
FORMATC211. 95", 1X.311)
ENDLIST

LABEL (OME )

ZSETCO .F)
MOVEC—-0.34F,-0.01434F)
WRITE(16,555)DIST
ENDLIST

XFEET=XM*60B0 . 2
EPS=ATANCCY+3062.355/ ((XM+321. 0816746080 .2))
HER=A-XFEET*{-0.052533)
BTETA=BPHI=BXI=0.

CALL SAMPLE
BTETA=CTETA+2. 1 ,
BPHI=CPH} '
BXInCK]

CALL RTOF
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'STURT THE DISPLAY

JPSR $GRAFX
$DIALS
3

INITIALIZE DATA-UPDPATE CLOCK

ITIME=]

EMTVER WAIT LOOP IF SWITCH 8 (START) IS NOT ON

IFC NOT.SWITCHC(BY)G0D TO 2

EXECUTE UNLESZ SWITCH 12 (FREEZE> IS ON

READS FEEDBACK GAINS ND EXOGENQUS COMPONENTS

IF(JKI-NUML1+13859.859.6
IFCJE3-LOC20559, 860, 360
DPENCZ1.,0,2.3]BUFF, 'GAINS ')
REWIND 21
IFC¢JK13851.8353,951

DO 852 Ji=1, Kl

SKIFFILE 2!

REACGC21LOCE, (CCGRINCKL, K2, K3),K3=1,7¢>,K2=1,2),Kl=1,L0C2)
CLOSEC(21>

JK3=0

CONTINUE

JK1=JK1~1

ITIME=L

READS NOMINAL STATE AND CONTROL VALUES

IF(LOCTI-JK4)3854., 866, 366

IF(JKEZ-NUM1-1,855,854,E54

OPENC2E.0,2,31IBUFF, "WYALUEL ")

IFCIKZ-138356.857, 356

0o 253 Ji=2.JK2

SKIPFILE 21

REALCEIILACL, CUUCTY,WWCTIN,. QRCTD, TEETCI S, HHCT DL RANGECLY . THC(T Y,

1TPCIYLEECI)  TOTTCED, E=1.,L00CT D

CLOSEC2!>
JK4=L0C1
JKz=JKZ2+1
CTIMN=CTIM+210.
LOC1=0

ITIME=]
CONTINUE

URIGINAL PAGE IS
0% POOR QUALITY
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Ceer THE DEVIATIONS IN YHE STATES AND CONTROLS ARE PRINTED
Ces¢ 0ON THE TELETYPE EVERY & SECONDS

IFCAMODCTOTXX.6.2> . GT.DTYGO TO 8181

WRITE10.6161DELULDELW, DELA.DELT. DELH., DELR, DELTH, DELE
6161 FORMATC(IX.FR.2.F7.2,F8.4.,2%.F8.4,F10.2.,F10.2.,F10.2

1.2%,F6.20

ITIME=1
8181 CONTINUE

IFC.HNQOT. SWITCHC12)&0 To 3
Cesx+ AFTER SWITCH 12 HAS BEEN FRESSED., EXIT IF SWITCH 16 IS ON,

7 IF(SWITCH(16)>G0 TO 4

C#+ OR INITIALIZE VALUES IF SWITCH 4 C1C» IS ON. .,

IF(SWITCH(4»)G0 YO 5
Cx#+x OR START EXECUTION AGRIN IF SWITCH 8 1S ON...

IF(SWITCH(8>>G0 TO &

c
Cxwx GR INITIALIZE DATAR-UPDHTE - ¢ ahd CNTER A WAITING LOOP
C
ITIME=1
GO TO0 7
5 CONTINUE
c

Cxex STOP THE DISPLAY AND GO BACK TO INITIAL VALUES
C

A JPSR $NHALT
A HOOP

Go TO 1
c

Cesx  START EXECUTICN OF A MNEW DATA-UPDATE CYCLE:
Cox» COMPUTE DT (=TIME IN 3SECS OF PREVIOUS CYCLE>
Cxxx  AND [NITIALIZE DATAR-UPDATE CLOCK

3 TIME=ITIME
ITIME=D
DT=TINE~120.
CALL DYNNF
HFEET=xM=+6080.2
IFCRFEET .EQ.0 . OXFEET=1,
YMILE=Y-6080.2
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COST FUNCTION

COST=COST+OELUQU L, 1 )ADELU+DELWHQUWC2, 2)«DELW+DELQ*QGW (3, 33+DEL T
L+DELT+QWC(4, 43 #DELT+DELH+QUWCS, SY*DELH+DELR+RQW{E, 62 #DELR
2+DELTH#RW (], 1 ' #DELTH+DELEARW(2, 2)DELE

HER=A-XFEET*TNGSA

JF(XM . EQ.-31.08263XM=-31,0327

EPS=ATANCCYMILE+ . SN366) (31 .0826+XM))

IF(XM . EU.-5.43%62KM=~5.4299

VOR. RADF AND DME INFORMATION

ADF=33.-ATAN(YMILE/ (~XM~5, 4396 )#RAD
IF (XM, GT.-5.4396)A0F=a0F+130.

IF(XM . EQ.-31.022634M==-31.031¢€
VOR=35, -ATANC(YMILE+ . 503662 -{=31.0826-XM) ) mRAD
IFCXM . GT .21 . 0226 VOR=VOR+130 .
ADF=AMOD LALF . 360 .7
YOR=AMOD(VOR, 360, 2

CALL RTOF
DIST=S0RTC(LNM+Z] . 03260 %42+ (YMILE+.S0366 2 +%2)
LRBEL (DUME)

ZSETCO . OF )

MOVEC-0.24F.-0.01424F)
WRITE{16,353)D1ST

FORMAT (e~ ¢+ 1>

ENDLIST

RALT=>~- 3¢5,

TALT? o

RALT=10 . +<RALT-IALTIL)

IALTZ=RALT

RALT=10 ., %<RPALT-1ALTZX

TALTZ=RALT

RALT=10.x(RALT-IALT2>

IALT4=RALT

RALT=10 . .+(RALY-1ALT4>

IALTS=RALT

LABELCALT

ZSETC0.0F 2

MOVEC.61F, . 39F)
WRITE{16.90123IALTL, IALT2, [ALTS, IALT4,1ALTS
FORMATC2I1," 35", 1%.311)

ENDLIST
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CONE= . FALSE,
JOM=IMM=TIM=0
IFCEPS . LE.O0.05.AND . EPS.GT.-0.05>CONE=. TRUE.

C
Cesn TURN QUTER MARKER LIGHT ON
c
[FC(RABS(XM+5.4896) . LE. TMRKR! ,AND .CONE) [OM=1 *
c
Comn TURN MIDDLE MARKER LIGHT ON
c
IFCABS (XM+0.73963 . LE. TMRKR2 . AND . CONE) IMM=1
c
Cmmm TURN INNER MARKER LIGHT DN
c
[IF(ABS{(KM+0,1898> . LE. TMRKR . AND. CONE 211M=1
CALL BEACONSCIOM, IMM, IIM, JJIFF)
c
Coxe EXIT IF ALTITUDE=0
c
IF(R)4. 4.6
- CONTINUE
c
Cexx  STOP THE DISPLAY, TURN mLL LIGHTS OFF
c
A JPSR SNHALT
XKFF=XM%5080.2+5133,
KDT=1.-DT
C
Cawx  SHOU PARAMETERS AT TERMINAL TIME OR AT STOPACTION ON CRT SCREEN
c
TSID=DIST*60E0.2
WRITEC(2S, 20007
WRITE(2S,2004YT0OTKK.RIAS, X1
WRITEC2S,2002)VZ
WRITEC2S, 2003 UVEL, WYEL . @, THETA, A, DIST, TPOS, T.CTETA
2000 FORMATC( s s 27X, "PARAMETERS T TERMINAL TIME OR AT STOPACTION"//)
2001 FORMATCZ?X,"TOTAL FLIGHT TIME "L,F15.0." SECS.M
2 27X, "INDICATED AIRSPEED YLBXLFT L 1" KNGTS"
3 27X, "HEADING “,104,F3.1." DEE.")
2002 FORMATC2TX,"VERTICAL SPEED "JF1G01, " FREMMD
2003 FORMATC »27X."FORWARD WELOCITY U "L10KLFY LY FTLoSEC MY
i 27X "DOWHWARD wELOCITY W YLI0XL,F7L L FYLSEC
2 27X, "PITCH RATE "J13X:F7.4," RAD.-SEC."r
4 2?X%."PITCH ANGLE ",13X.F7.4," DEG."~r
5 27X, "ALTITUDE “,J10X,.F6.0." FT."r
8 27%. "RANGE "S11XL.F6. 1" NARUT, MI," "/
627X, “THROTTLE POSITION ",14X.F6.4,/,27X, "THRUST", 25%.F8.1.
7" LBS. ", 274, "ELEVATOR POSITION "S13K,F5. 2, DEG. "
WRITE(25,2004)CL057
2004 FORMATC(,, 27X, "COST ",F19.1)

EXLT
END
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SUBROUTINE SAMPLE

SUBROUTIRE TC SAMPLE COCKPIT CONIROLS

GLOBAL SPEBRK.FLAPS, THRUST
IMPLICIT FRACTIONC(F)
REAL FLAPS
COMMON-MORE-IBUFF (203>, TP(?3) ,EE(7S), TOTT(?3> . QUWL&E, 60, RI0C2. 23
COMMON-RELAX/SCORD, SSPAN,SAREA,P.Q,ROW.RMACH. DPP,D0O0.DRF . SPALF
COMMON-/PRMTR-V, X1, BETAG.DT
COMMON-PRMTR-ALPHA.BETA,PHI.VYX. VY. V2. THETA. A, M. Y R, RIAS
COMMON-CHTRL-T.FLAPS,CTETA.CPHI.CXI.GERR,3PBRK, TPDS
COMMON-CNTRL/BTETA,BPHI,BXI
COMMON/GARINS/GAINC31,2, 73, 0UCI0O2), WWC100).0QC100), TEETCL00), JKS,
1HHC100) . RANGECIOO Y, LOCT, LOCZ. JKL ., JK2,CTIM, TOTXK, JK3, PELY, DELY,
2DELG.DELT,DELH,.DELR,DELTH.DELE, DIST, THUI00 >, JKd4, NUML, NUMZ, WIND
ADEPT
FPRI
MOO?'F 0
0.0;0
MOG?'F 10
0.0
SEMD FSPBRK
MDO7'F 20
0:0
SSMD FT1I
MDO7'F 40
¢.0
§3MD FT2
MDO7'F 100
0:c
SSMD FT2
MDO?7'F 200
0;0
SOMD FT4
MDO7'F ©
0:0:0
MOO7'H C1
0:0:0
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MDO?'L: 1!Ht
0:0

SBMD FFLAPS

MpO7'L) 1!HZ

G.0

SSMD FYOKE
MDOZ7'L. {'H4
0.0

SSMD FUWHEEL
MBO7 'L 1!'HLO

0:0
SSMD FPEDL
MDO?7'H C1
0:0:0
UPRI
MDAR MASK
S6AR'A'F
ARAR'H'F
JPLS DOUN
MDAR ZERD
ARMD FGEAR
JUMP BACK

DOUN: MDAR CONE
ARMD FGEARR
JUMP BACK

MASK! 00100!HD

2ERQ: UiHO

ONE ! 0iIH3?7777

FGEAR: o

FSPBRK: ¢

FTt: ¢

FTe: 0

FT3: )

FT4: 0

Ct: 0tHO0001

FFLAPS! 9

FYOKE: ]

FUWHEEL : g

FPEDL: 0

BACK: HOOP

MASKUP: 10000
MASKDN:04000

190
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MDAR MASKUP
SEAR'A'F
JPLS Suwup
MDAR MASKDN
S6AR'A'F
JPLS SUWDN
JUMP SWEN
SWUP: NOOP
FORTRAN
BTETR=BTETR+.0S
4] ADEPT
JUMP SUWEN
SWDN: NOOP
FORTRAN
BTETA=BTETA-.05
] ADEPT
SWEN: NOOP
FORTRAN
c
Cesx MACH NUMBER
C
IF(R-36029.39004,9004,9005
9004 RMACH=Y~/ 661 .~¢.002434%03)
GO TO %006
8005 RMACH=Y/573.
3006 CONTINUE
[d
Ceww TNDICATED AIRSPEED IN KNOTS
C
RIAS=(656.-¢.0N91*A) »*RMACH
SPBRK=FTOR(FSPBRK)>*187.5
IFC(RIAS-188.29007.9007., 3008
9008 SPMAX=€0.-1,233+«(RIAS-1283.)»)
SPBRK=AHMIN1 (SFERK.SPHAX)
9007 COMTINUE
FLAPS=AMAX2(Q .AF,.FFLAPSY*128.319
IF(FLAPS~SPALF 9001, 9002,3003
3001 FLAPS=SPALF~. 4175
GO TO 3082
3003 FLAPS=SPALF+.4175
9002 SPALF=FLAP3

CTETA=(-FTORC(FYOKEY*13,75-BTETAY*2.0

CPHI=(~-FTORCFWHEEL>*42.S5-BPHI-1.85)%1 .85

CXI=C(FTOR(FPEDL) %20 ,5-BXI1~2,.65)%2.65



C*ne

820

821

gae

Cdw
Cwux
Cowwx
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THRUST COMPUTATIONS

THRUST=FTORCFTI+FT2)+FTORCFTI+FT4)
TPOS=(THRUST-.3727)-1 . 1761
TROS=AMAXL (0. . TPGS)

CTETRA=AMAXLI(~2C¢ .. CTETAY

TPNS=AMINL(TPOS, t.0) ’
CTETA=RAMIHICCTETA, 20,
IFCA-10000,02320.,821,821
RMAXNT=128B50 .-, 23125+A+L . 311 74”3-7800.)+«RMACH
RIDLT=1000.-2000.RMACH

GO 70 822
RMAXT=13200.-.2812%+9+¢ . 124«(R-10000.)>-3123, Y*RMACH
RIDLT=1000.4+C, 05%(R~10000.>-2000, >=RMACH
RICLT=AMAX1LRIDLT.D.)
TE(RIDLYT+(RMAXT-RIDLT Y« TPOS*TPOS Y *4 .
JKE=JK3+1

RIKI=JKS

THRUST = NOMINAL THRUST + THRUST DEVIATION FROM FEEDBACK LAu
ELEYATOR DEFLECTION = MOMINAL CEFLECTION + DEYIATION
THRUST AND ELEVATOR DEFLECYTION ARE NOT ALLOWED TO EXCEED LIMITE

T=THCLOCLI+I)+GARINCIES . L, 1y «DELU+GAIMIIKS, 1, 23+ DELU+LEATNCIKE, 1, 32)
1#DELQ+GATNCIKG, 1, 4) «DELT+GAINCIKE ., 1. SI+DELH4ERINCIRG, 1. 62+DELR
S-CEAINCIKE, 1, Fr+«INDHRIKS/(15.+1,€9))

RMAXT=4,  *RMAXT

RIDLT=4.«RIDLT

T=AMINL (T, RMAKT)

T=AMARX I (RIDLT., T2

CTETA=EE(LOC1I+12+GRINCIKS, 2, 1) #DELU+GAINCIKE, 2, Z)*DELW+GAINCIKE, 2
1,37*DELO+GALINCING, 2, 42 +DELTH+EAIN(IKS, 2, Sy +DELH+GATNCIKS ., 2, 50 +DELR
2-CGAINCIKE, 8, ForUTHDHR TS/ C15,.%1,635)

DELTH=T-TH(LOCL+1)

DELE=CTETA-EECLOCI+1)

CONTIMNUE

CTETR=PAMAXL (-20G..CTETA>

CTETA=RAMINICCTETA,20.)

TMAX1=4 . *PMANT

TMINL=4 . *RIDLT

GEAR=FTORC{FGEAR>

RETURN

ENC
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SUBROVUTINE BEACONSCIOM, IMM. IIM, JIFF)

c
Ceex  SURRJUTINE TO OPERATE MARKER-BEACONS' LIGHTS
C
IFCIOM.OR.IMM . OR . 1IM>9. 10
9 CONTINUE
JIFF=JJFF+1
GO TO ¢8.8,6,103,JJ¢¥F
8 CONTINUE
IFCIOM» 1.4
4 IFCIMM2,5
) IF{IIM>3.6
c
Ceas  NONE OF THE LIGHTS SHOULD BE ON:
C#+% TURN THEM ALL OFF
c
10 JIFF=0
6 CONTINUE
R ADEPT
MDRR ECN
ARIC'A'F
JUMP . +2
BEN! ?P277 1HI?777
NOOP
FORTRRAN
Go 70 7
i CONTINUE
L MDAR OUTER
A ARIC'D
GO TO 7
2 CONTINUE
A rOAR MIDLE
] ARIC'O
G0 TO 7
3 CONTINUE
A MDAR IMNNER
A ARIC'O
GO TO ?
A ADEPT

QUTER: 20000
MIDLE:00400!H
INNER:0O0100H

FORTRAM

7 CONTINUE
RETURN
END

¢. 3
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SUBROUTINE DYMNF
DYNAMICS-COMPUTING SUBROUTINE

GLOBAL OVZ.DT,.MP,APP.DP.DR,.DR.P.B.R

GLOBAL CXI.CPHI,CTETA.,ALPHA.BETA .

GLGBAL UVEL, WWEL, WVEL,RVX., RYY., RYZ, UDOT, WOOT., YDOT ., ¥TOT

GLOBAL THETA,PHILX1,L.D,SFUR

GLOBRL LLL.MMM,NNN.RFIE,RTET.RSY.V.RX,RY.RZ

REAL L.FLAPS,LLL .MMM.NNN
COMMONAMOIRE/IBUFFCZ03: . TPI(VS), EE(?S2, TOTTC(PS), QUC6, 602, RNC2.,2)
COMMON/RELAX-SCORD, SSPAN, SAREA, P, Q. ROW, RWACH, DFF , DOG., ORE, SPALF
COMMON-WORK~UVEL, YWEL, WVEL,VYTOT,UDTT, ¥YDTT. WOTT.,VTOD
COMMON/EXTRA~-DDFIE.DDTET, DOSY RFIC, RTET, REY.STTET.CTTET. 5FI&, CFIE
COMMON-MORE~-SSY, C3Y
COMMON/CNTRL-T.FLAPS,CTETA, CPHI,CHT1. GEAR. SPERK. TPOS
COMMUMN/CNTRL-BTETA, EPHI . BX1

COMMON-PRMTRV.XI,BETAG.DT
COMMON/FREMTR-ALFHA, BETA. PHL. VX, VY. Y2, THETA. A, XM. Y. R, RIAS
COMMONAFL-/DF, VOR, EFS. HER., RAD
COMMON/GHINS-GAINISY, 2. 73, JUCL0DD , WHCIC0D ., Q001080 TEETCIA0 . JKS,
IHHCID0 ), RANGECLOD Y, LOCL, LOCE, JK1, JK2, CTIML TOTRX, JK3, DELU. DELW.
2DELE. DELT. DELH. DELRLDELTHL. PELE, DIST, THOLR0D) , JHA, NUML, HUME . WIND
CALL SAMPLE

Ve=YTOT»YTOT

ATMOSFHERIC DENSITY

ROW=,2373E-2+(A+( (A (1,BRKELE2Y - 665384E-7I 2>

RLPAS=FLAPS3-6,

RLAPS=RLFAS~3,

RLPARA=AMAX I (RLPAS 0 .2

RLAPP=AMALL CRLAPS, 0.2

ROFP=AMINL (RLPAA.1,.07

CLT=({(4 . S244RMACH* (S , 387 *RMACH-2 ., 223+ (1 . 031 )+#RDFPI+CCWVELAVTOTO +
1.03317)- . 008S4CTETA+RLFAA* . 01432

LIFT

L=ROW*%2+IAREA®CLT
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IFCRMACH-.845>811,811,812
et1 IF(RMACH~.8>813.813.,814
813 [F(RMACH-.73215.815,81¢6
8135 COM=.612

G0 70 818
812 COM=-,1039+. 1455*RMACH

RK=~-,6411+.8233+RMACH

G0 70 819
314 CDM=-.01735+ 0371 *RMACH

RK=~,13608+.23536+RMACH

&0 T0 81%

816 CDOM= . 0097+ .0033*«RMACH
g18 RK=,0524
aL9 COMTINUE

c

C*+» DRAG

c
D=ROUW*Y24SAREA* CCDM+RK* (CLTWCLTI+ . 0105S*GEAR+RLPRA# . 0018+ ,833E~3*
1SPBRK)

c

Cxw& SIDE FORCE

c
SFOR=ROW*1505 ., #VTOT+ (-, 91 FVYVEL- , 004xVTOT#CXI)
DF IE=P+(SFIEXSTTET/CTTET ) *A+(CFIE*STTET-CTTET >*R
DTET=CFIE+Q~5F IE*R
DSY=(SFIE/CTTET2*Q+2FIE*R-CTTET
RFIE=RFIE+{ (2. %DFIE-DDFIEI&DT~2,)
RTET=RTET+{({3 . «DTET-ODTET»*DT»2.,)
RSY=RBY+((3.#DEY-DDSYI*DT 2.
DDF1E=DFIE
DDTET=DTET
DOSY=DSY

c

Cex% EULER ANGLES

c

PHI=RFIE*RAD
THETA=RTET*RAD
XI=RSY*RAD
STTET=SIN(RTET>
CTTET=COS<RTET>
SFIE=SINC(RFIE?
CFIE=COS(RFLEX
SSY=GIN(R3Y)
CSY=COS(R5Y)
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c

C»#% ROLLING., PITCHING, AND YAWING MOMENTS

c
LLL=ROWAVTOT*(YTOT*SSPAN*(—, 1 7194 VVEL-VTOT+.00113*CPHI- . 0002+CXI>
1-C,60745E7%F))
MMM=ROW*VYTOT+(YTOT*SCORD® (048~ (, 9STHWVEL-VTOT 4+ 009I+CTETS+
IRLAPP* (-, 00332)~C,128E24Q)) :
NNN=ROWAVTOT¥ (VTOT*SSPAN®C, L 1SHYVEL/YTOT+.00114CKXI)~(,23372E7%R)>)>
DP=CCCLLL,  SB2ETII-R4Q*( . B56)+P+GIK( , 0F74) 7
DA=CC (MMM  43SEV I ) +F4R%C, 3580 - ({(P¥PI~(R*RII*( . O7ET7 )
DR=CC(NRN,  BLZE7) ) —P#Qw(, 1271 ~R4Q%(, 045383)

Cax» ANGULAR VELOCITIES IN BODY AXES

P=P+{((3.*%DP-DPP)*DT-2,)
Q=Q+((3, *DR-0QAQI*DT-2, )
R=R+((3.*DR-DRRI*DT~2.)
DPP=DP
0QG=Da
DRR=DR

C*x+% AERODYNARMIC ANGLES

ALPHA=RAD*WVEL/-%TOT

BETA=RAD*YVEL/VTOT

BETAG=BETRA

BET1s1 ., ~C(YVELRVVELD 7 (2. %VTOT*YTOT))
CONL=-1-¢(6387.%VTO0T>

UDOT=CCONI* CUYEL#BET 14D+ (UVEL*VVYEL/VTOT)*SFOR-WVEL*L D >~
1{Q*WVEL-R*VYEL 32 . 2*#STTET+T €987,
VOOT=(CONLI*(YVELHD-YTOT*BET 1 «SF0OR) > - (R&#UVEL-PHUVEL > +22, 2*CTTET*
1SFIE
WOOT=C(CONT*{UYEL*BET 1w+ CWYELAVYVELAYTOT ) *S5FOR+UVEL*L) > -
1(PHYVEL-Q#UVEL+32 . 2%CTTET*CFIE
VTOT=SORT(UVEL+UVEL+VVEL+*VYVEL+UVEL*WUVEL>

V=¥T0T-1.69

Ces#  LINERR VELOCITIES IN BODY AXES

UVEL=UVEL+<{(3 *UDOT~UDTTH>*DT-2.,)
VYEL=VYVYEL+C((3 . %YLOT-VDTTH>*DTA2 .3
WVEL=WVYEL+((3 . #UDOT-WDTTI*DT»2.2
UbTT=UDOT
YOTT=vDOT
WDTT=WOOT
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C .

Cwaw  LINEAR VELOCITIES IN VEHICLE AXES

c
RYRX=CTTET#CSY*UVEL+(SFIE*SYTET4«CSY-CFIE*SSYIwVVEL+(SFIEXSSY+
ICFIE*CSY*STTET »*WVEL
RVY=CTTET+SSY*UYEL+(CFIEXCESY+SFIE*STTET*SEY)IwYVEL+(CFIEXSTTET*SSY
1-SFIE=CSY)=WVEL
RYZ=-STTETHUVEL+SFIEXCTTETAYVEL+CFIE#CTTET+WVYEL
¥Z2=-60 .%RVZ
RAAR=18,07-RAD
YX=.3735*RVYY+ .81 915+RYN+WIND*COSCRAAD
VY= ,B8I19154RVY- . 5735*RVYX+UIND=SIN(RAA)

c

C++x EARTH COORDINATE SYSTEM POINTS

c

AM=XM+(VYX/60380.2)5DT
Y=Y+¥YaDT
A=A+YZ*DT-60,
XI=AMOD(X1.,360,>
PHI=AMODPHI, 360,
THETA=AMODCTHETR., 360 .,
A=AMAX1(A,0.)
TOTXX=TOTHK+DT
TINT=3.
IFCAMODCTOTXX, TINT2 . GT.DTXG0 TO 10}
IF(JK2-NUM1-12>327,797, 837
797 IFCLOC1-JK4>897.829,97
897 COMTINUE
LOC1=LNC1+1
899 CONTINUE

Cexx CALCULARTION OF DEVIATIONS IN STATES

DELU=SUVEL~-UUCLOCL) +WIND
DELW=WVEL-WWLLACL)
DEL@=0-@Q(LOC1>
PELT=RTET-TEET(LOC1)
DELH=A-HHC(LOZ1 )
DELR=(DIZT-RANGECLOC1))*6080.
IFCIJK1I-NUM1+13298,751,8398
761 IF<JK3-L0C23833.101,89%
898 JK3=JK3+1
101 CONTINUE
RETURN
ENO
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SUBROUTINE RTOF
tw#% SUBRDUTINE TO CONVERT DATA REAL-TO-FRACTION

GLOBAL TRIG.FPICH!,FPCHI1

IMPLICIT FRACTICN (F2
COMMON-PRMTR/V, X1.BETRG, DT
COMMON/PRMTR-ALFHA, BETH,PHL, VX, VY, VZ, THETA, A, XM, YL RLRIAS
COMMON/FRACFY,FBNK,FPICH,FA,FY2,.FHDE, FADF ., FYOR,FCFICH
COMMON/FRACFER.FHER, DMEC(E Y, ALT (7D
COMMONAFDR~ADF, YOR, EF5, HER. RAD
F¥=(200.-AMODCRIAS,400.25 7200,
FBNK1=PHI-350.

FEBNK=FBNK1+FENKI{
FPICHI=-THETA-260 .
FPICH=FPICHLI+FPICHI1
IFCA.LT.0.2A=0.

FA=(S00 .-AMOD(A,10900.3>3 300,
FYZ=-FMINL (L., AMANT (V274000 ., -1,
FHDOG1=AMOD (AL ~BETAGY . 360, ¥ /360,
FHOG=FHDG1+FHDG1L

FADF1=-ADF ~360.

FADF=FADF1+FARDF1

FVYOR1=-VYQR~/360.

FYOR=FYOR1+FVOR!

ERR=EPS*RAL-18.87
TEMPP=AMAX1(ERR,-5.0)
ERR=AMINL (S .0, TEMFF?

FER=ERR*) .12

IFCXM . EQ. 7. 3XM=0.3001L
AHER=HER ~RAD~ {XM+*5030 .23
TEMPP=RMAX] (AHER, -0, 72
TEMP=AMIN1<0 .7, TEMPP2
FHER=TEMF=*0 , 22357

RETURN

END
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IMAGE DIALS

SUBROUTINE YO DISPLAY THE INSTRUMENT PANEL

INTEGER $FTIMX

IMPLICIT FRACTIONCF?
COMMON/FRAC/FY, FENK, FPICH,FA,FV2, FHDG, FADF , FYOR,FCPICH
COMMON-FRAC/FER, FHER.DMEC(B) . ALT (VY

LINKAGE PTRCZ2D,LYHEC(S)> . PNTRC(20)

LINKAGE 5S51(3),L0OCI{S?, ADFNC135., VORNCED), HONGIS)

ADD FTIMX TO ITIME. TO UPDATE THE CATA-UPDARTE CLOCK

S$ITIME=¢ITIME+$FTIMX
POSCHARCO . 2417VF. -0 .01434F ., -8 ,3F, "8833">
POSCHARCDME)
POSCHRR{ALT)
LDY (0 . F)
TABLE2D(HONG>
LDX(~0.,7?5F)
LDYCG . 43F)
LSCLC0.275F)
LRZC(FY)
TABLE2D(FNTR)
LDXCO.71F)
LDY (D .52F>
LSCL<OQ.28F)
LRZC(FAD
TABLE2D(PNTR)
LDX(D.71826F)
LDY(-0.206575F)>
LSCLCO ., 285F)
LRZC(FYZ-0.5F)
TABLEZD(PNTR?
LDXKCD . F)
LDY(~0.323F)
LSCLCO,33F)
LRZCFHDG?
TABLE2D($CCARD)
ROTZ(~0 . 100338F)
20T BUi
ROTZ(-0.19443F)
DXC(FER)
TABLE2D(LYNED
LRZ(FHDG?
LOX(-0.745F)
LDY{(~0.212F)
LSCLC0.275F)
RATZCFADF >
TABLEZDCADFN)
ROTZ(FYOR-FADF)
TABLEZD ('/ORN)
LRZ(FHDG)
TRABLE2D($CCARDD
LOX 0. .F>



LDF{0.65F>
LSCL<G.32F >
LRZ(FBNK)>
TABLE2D(PTR.
LSCLCL.0F)
ROTXCFPICH?>
LAIC16B.1.0F)
LAIC17?B.,0,5F)
TABLE3DC(SHRZON)
RETURN
DATAZD(LYNE?
ZSETC0.0F)

LINE{D.F.C.43F,0.F,~0,

ENDLIST

ENDDATA
DATAZD(PNTR)
2ZSETC0.0F D
MOVECO . OF. -0 .35F>
DRAWC(-0.02F, -0 .56F)
DRAWC~0 . 02F, =0 . 74F)
ODRAWCO . 0F ., -0 .8F>
DRAWCD .02F, -0 .74F)
DRAWCO ., 02F., -0 ,56F?
DRAWCO .OF . -0 . 5F>
DRAWCO .0F ., -0, 26F)
DRAWCO ,04F, -0 .2fF)
DRAWCO .04F .0 . OF >
DRAWC(G .06F, 0. 1F
DRAWC-0.06F.0.1F>
DRAWC-0 . 04F .0 .0F)
DRAWC-0.04F, -0 .2F)
DRAMLC . OF, ~0 . 26F
MOYE<QO . CF.0 . 0F 3
DRAWCO .0F .0 .0FD
ENDLISY

ENDDATA
DATAZDI(GSTI)

2SET(0 .0F?>
MOVE(-0,3F.0.55F)
PRAWL-0.,326F.0.52F)
DRAWC-0 ,3F.0.63F)
MOYEC(~0 , 3F,~0.30F)
DRAWC-0 ,26F ., -0, 34F )<
DRAWC(-0.3F, -0 ,3EF)
ENDLIST

ENDDATA
DATA2DC(LOCT)
ZSEY(C0.0F>
MOVE(-0.04F,0.16F)
DRAWCO .OF.0.12F)
DRAWCO .04F .0, 16F)
ERDLISY

ERDDARTA
DATAZOCADF N
29ETL . 0F)

5286F2

200

oo e e
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MOVE(-0.1F.0.5F)
DRAWC(-0 . 1F,~-0.7F>
DRAWCOD . 0F,-08.8F
DRAYWCO  1F, -0 . 7F)
DRAWLG . 1F,0.5F>
DRAWC-0.13F.,0.5F)
DRAWCO . OF . 0. 3F >
DRAWCY . 14F ., 0.5F)
DRAWCO . 1F. Q. S5F>
MOVECH .0F ., 0. 2F >
DRAWCD .AF .0 . 3F 2
MOVECO.OF.0.0F>
ORAWCO .0F .0 . 0F)
MOVECO .0F.,-0.3F>
ORAWCD . OF. =0 .3F>
ENDLIST

ENDDATA
DATARZD(VORNY
2SET<0 . 0F>

MOVECD .0F.0.3F)>
DRAWC-0 . 04F, 101, 6F 2
DRAWC~0 . 04F, ~0.8F)
DRAWCY . Q4F. -0 .8F2
DRAWCO .04F 0 . RF
DRAWCO , OF . 0, 2F)
MOVECO.,0F, 0. %F)
ORAWCD .UF ., ~0.5F2

ENDLIST
ENDDATA
A ADEPT
BUG: o
1631224426 1631221261,1314422345; 1631224427
2000026743: 1146211662 1145215461.063231414431
0767613244, 1144215461.6631462316.6314A554653
60000123054;€000013055.600001320S5; 7000005462
7000005463 7000005463, 1000072231451000072315
1000072315:2000064022, 2000064023 1777764023
FORTRAN
DATAZDC(PTRY
ZSETL0.F

MOVECH .F.0 ., B333F)
DRABC-0.15F.0.6567F)
DRAWCO . 15F,0.6667F)
DRAWCO .0F,0.3333F)
ENGLIST

ENDDATA

DATAZD CHDNG)
ZSETCO0.0F)
MOVE(~G.015F.0.02625F)
DRAWCO ,F.0.0025F)
DRAWCO.01SF ., 0. 03625F)
ENDLIST

ENDDATA

RETURN

END
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