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SUMMARY

A series of flight tests and fast-time simulations have been conducted,
using the augmentor wing jet STOL research aircraft and the STOLAND 4D-RNAV
system to add to the growing data base of 4D-RNAV system performance capabili-
ties. To obtain statistically meaningful data a limited amount of flight data
were supplemented by a statistically significant amount of data obtained from
fast-time simulation. In this paper, the results of these tests are reported.
Included are comparisons of the 4D-RNAV estimated winds with actual winds
encountered in flight, as well as data on along-track navigation and guidance
errors, and time-of-arrival errors at the final approach waypoint. In addi-
tion, an improvement of the STOLAND 4D-RNAV system is proposed and demon-
strated, using the fast-time simulation.

INTRODUCTION

Traffic capacity within the air traffic control system can be increased
by closer spacing and more precise sequencing of aircraft, especially in the
terminal area (ref. 1). To achieve such precision, a concept of precise con-
trol of the aircraft in both position and time, referred to as 4D-RNAV, has
been proposed (ref. 2) and shown to be effective (refs. 3-5). Preliminary
system analysis and simulation studies considered path changing (ref. 6) and
speed control (ref. 7) or both (ref. 8) to achieve controlled time of arrival.
Early studies considered an ideal environment with no navigation errors and
winds that were known. In recent years several other analytical and simula-
tion studies of improved 4D-RNAV systems that considered environmental dis-
turbances have been published (refs. 9-15).

To study detailed problems of 4D-RNAV in a real environment, such systems
must be implemented and flight tested. Two different flight-director 4D-RNAV
systems have been test flown in a Convair 340 to simulate slow STOL steep
approaches (5°). Both systems used preselected airspeed profiles and wind
estimates to control time of arrival (refs. 16-18). It was shown that the
desired time of arrival could be met within *3 sec (20); moreover, the navi-
gation system permitted smooth transition from area navigation to precision
terminal navigation with an acceptable pilot rating for the overall guidance
task. Automatic and flight-director 4D-RNAV flight tests, using a conven-
tional jet transport plane, have been reported in reference 19. Time control



was maintained by flying a preselected groundspeed profile along the refer-
ence path, regardless of winds.

The purpose of this paper is to add to this growing data base of 4D-RNAV
systems by reporting the performance of the 4D-RNAV system installed in the
Augmentor Wing Jet STOL Research Aircraft (AWJSRA). To obtain meaningful
statistical data, a procedure (borrowed from certification of automatic land-
ings) was used in which a limited number of flight tests are conducted to
verify the performance of the system, and a fast-time Monte Carlo simulation
study is conducted to provide meaningful statistical data. In this paper the
results of both the flight tests and fast-time simulation studies are pre-
sented and compared. This is followed by the results of a fast-time simula-
tion study directed at verifying a proposed improvement in the 4D-RNAV
algorithm.

The AWJSRA is a two-engine turbofan aircraft with swiveled hot-gas
exhaust nozzles and with the cold flow from the front fans ducted to augmented
jet flaps (ref. 20). The aircraft is equipped with an integrated digital
avionics system (STOLAND, ref. 21) which includes a computer that can handle
all navigation, guidance, and control computations. The flight-test facility
included a TACAN station, a microwave landing system, and an extensive track-
ing radar and data acquisition facility.

EXPERIMENTAL EQUIPMENT FACILITIES AND SIMULATIONS

The experimental equipment used in this study includes the AWJSRA, a
real-time fixed-base simulation facility, and a fast-time 4D-RNAV simulation
facility.

Augmentor Wing Jet STOL Research Aircraft Description

The AWJSRA is a modified deHavilland C-8A "Buffalo." 1Its wing area, S,
is 80.36 m? (865 ft?) and its maximum gross weight is 21,772 kg (48,000 1b).
The aircraft is powered by two turbofan engines.

The cold flow from the engine fans is ducted through the wing and fuse-
lage to the augmentor jet flap and blown ailerons. The augmentor flap pivots
about the flap hinge point. No provision is made in this installation to
retract the flap into the main wing contour. The Coanda surface serves to
deflect the (cold) flow from the nozzle. The chokes at the trailing edges of
the main flaps control the lift generated by the flaps. Two outboard chokes
are used for roll control and two inboard chokes are used for direct 1lift con-

trol during the final approach.

The hot gas from the two engines flows through two pairs of nozzles; the
nozzles can be rotated through 98° in flight to provide vectoring of the hot
thrust. In automatic flight, the nozzles respond in unison to a single
nozzle-angle command. The servos that control the nozzles are rate limited



at 90°/sec. In automatic flight the speed of both engines is controlled in
unison by a single throttle command. The associated throttle servo system is
relatively slow, with a bandwidth of approximately 1 rad/sec.

The cold flow has a pronounced effect on the lift-drag polars of the air-
~craft. There is a substantial change between the cruise configuration

(5.6° flap) and landing configuration (6.5° flap). Automatic trajectory
tracking systems have to cope with the large variation in the lift-draft char-
acteristics of such aircraft.

Flight-Test Facility

The flight data were obtained at the Naval Auxiliary Landing Field

(NALF) Crows Landing Test Facility. The facility includes a simulated STOL
runway, which is 591 m (1939 ft) long, a TACAN station for terminal-area navi-
gation, and an experimental microwave landing system, MODILS (ref. 8). It

also includes a tracking radar to provide position and velocity data for post-
flight calculation of navigation errors. The tracking data were smoothed with
a minimum mean square second-order curve fit over *3 sec to obtain a best esti-
mate of the actual aircraft position.

A radio downlink transmits all sensor data from the aircraft to a display
and computational facility. At this facility, the downlinked data and the
tracking radar data are time correlated, merged, and recorded, using a digital
computer. Thirty-two channels of data can be selected and displayed in real
time on a strip-chart recorder and monitored by the test engineer. A display
is also presented to the test engineer on a TV monitor, which duplicates the
information on the mode-select panel in the aircraft. Voice communication
with the aircraft is maintained at all times.

Real-Time Simulation

Ames Research Center operates an extensive real-time simulation facility.
This facility includes flight hardware, permits preflight testing of all air-
craft system modes. It is used to: (1) develop systems concepts, (2) estab-
lish a data base for each concept to be validated by flight tests, (3) validate
software prior to flight, (4) train pilots, and (5) reduce and interpret data
postflight.

The link between the simulator and flight hardware is the airborne hard-
ware simulator (AHS). The AHS converts digital sensor simulation signals from
the simulation computer (EAI 8400) to the formats of the airborne sensors and
NAVAID receivers. These signals are then fed into the flight hardware mounted
in the equipment rack, which, in turn, interface with the displays and control
panels in the simulation cockpit.



Fast-Time 4D-RNAV Simulation

Several simplifying assumptions were made in order to produce a fast-time
simulation with which to study RNAV system performance. First, the lateral
and vertical control systems were not simulated. This is equivalent to assum-
ing that the actual systems are able to maintain the aircraft on the indicated
reference path independent of winds or path distortions caused by navigation
errors. Second, the dynamics of the speed control system were represented by
a low-pass filter with a 3-sec time constant between commanded and calibrated
airspeed. Third, it was assumed that filtering would not reduce the very
slowly changing position errors that result from time-invariant bias errors
in the navigation aids. Thus, the complementary navigation filters were not
simulated. Also, the change in bias-error effects on position estimation with
altitude have been neglected, thus reducing the problem from one of three
dimensions to one of two dimensions. When NAVAID bias errors were simulated,
the groundspeed measurement error caused by the bias errors was added to the
wind velocity and filtered with an 80-sec low-pass filter to represent the
estimated winds. Comparison with real-time simulation data showed these to
be reasonable assumptions (appendix A).

To provide a realistic wind profile, 27 sample wind profiles were used.
These sample profiles were observed and recorded at 305-m (1000-ft) altitude
intervals at the Oakland, Calif., weather station. From these sample profiles
a wind model was also developed from which an infinite number of wind profiles
could be generated (appendix A). For some studies, a random wind component
was added to a chosen average wind profile. The random wind was generated by
filtering wideband Gaussian pseudorandom noise through a Tt = 900 sec time
constant low-pass filter of proper gain to produce a desired random wind stan-
dard deviation.

AVIONICS SYSTEM DESCRIPTION

The AWJSRA is equipped with STOLAND, an integrated digital avionics sys-
tem. The system is programmed to perform all terminal-area navigation, guid-
ance, and automatic control functions along a curved reference approach
flightpath. Included in the system are the autopilot modes, considered stan-
dard for commercial transport aircraft, and an autothrottle. The major com-
ponents of the system are a Sperry 1819A general-purpose digital computer and
a data adapter that interfaces all the navigation aids, displays, controls,
and servo actuators with the computer. The navigation aids include VHF omni~
range (VOR), distance measuring equipment (DME), tactical air navigation
(TACAN), a microwave modular instrument landing system (described in ref. 8
(MODILS)), and a radio altimeter.

System components installed in the cockpit of the aircraft include a
horizontal situation indicator (HSI), an electronic attitude director indi-
cator (EADI), a multifunction display (MFD) and MFD control panel, a mode-
select panel (MSP), a status panel, and a data-entry panel. During automatic
operation, the pilot monitors the system operation through the various cockpit



displays. During flight-director operation, the pilot uses the same set of
displays to fly the aircraft along the reference flightpath and to monitor
the system. A detailed description of the system operation is given in
reference 7.

The Navigation System

The navigation system provides estimates of the aircraft position and
velocity with respect to a runway coordinate system which has its origin at
the glide-slope intercept point (fig. 1). The position and velocity estimates
are generated using ground-navigation-aid information blended in a comple-
mentary filter with inertial information obtained from body-mounted accel-
erometers and attitude sensors, magnetic heading, barometric altitude, and
true airspeed.

The ground navigation data are obtained from TACAN, except when the air-
craft is in MODILS coverage after passing point A (fig. 1). The navigation
system also estimates wind velocity. In the event of a momentary loss of
ground-radio-navigation-aid information, navigation is accomplished by dead
reckoning, using air data and inertial data. Upon regaining radio informa-
tion, the system automatically switches back to the use of radio data. A
detailed description of the navigation system is presented in reference 9.
Subsequent changes made to that system are described in appendix D.

The Guidance System

4D-RNAV path specification- The guidance system used during the landing
approach is based on a flightpath stored in the airborne computer. The
flightpath is specified by waypoints (X, Y, Z coordinates) and associated
information, such as the radius of turn between waypoints and the maximum,
minimum, and nominal airspeed between waypoints V.., Vpins and Vpop. An
illustration of an approach flightpath in the AWJSRA is shown in figure 1.
It consists of a long inbound leg (waypoints 1-9); a 180° turn to final
approach (waypoints 9, 10), with a 7.5° glide slope occurring after the turn
(waypoint 11); and a final straight-in approach (waypoints 11, 12). The
guidance system is essentially independent of the type of aircraft and inde-
pendent of whether the system is manual or automatic. The guidance laws are
separated into lateral tracking, vertical tracking, and speed control for time
of arrival. A detailed description of the system is given in appendix A of
reference 3. The AWJSRA's speed/safety limits are described in appendix C.

Time-of-arrival guidance system- The object of time-of-arrival guidance
is to permit the aircraft to arrive at a specified waypoint within a closely
defined time interval, in order to permit high-density sequencing operations
for aircraft in the terminal area. The time-of-arrival guidance at the final
waypoint is based on speed control only. Path stretching capability has not
been provided.



- T 7777
/

/

DESIRED ACTUAL
AIRCRAFT AIRCRAFT
POSITION POSITION

/

/
>/
/tD

- ~ _ MODILS ELEVATION

~ MODILS AZIMUTH
_ “lmﬂ COVERAGE

N
< ?% — X
- 1‘ \ MODILS
— AZIMUTH
z AND DME

GLIDE SLOPE
INTERCEPT POINT

Figure 1.- Approach flightpath.



Speed control for 4D-RNAV is achieved by providing an airspeed command
to the aircraft speed control system. The airspeed command, V., is defined
to be the sum of a prescribed nominal airspeed Vpo,n and an error that is
proportional to an aircraft position error, AS, illustrated in figure 1

Tref

Vo = Vpop *+ Kg 85 |5

c

<1

where K¢ = 0.04 sec, T = time-to-go, and Tpof = time-to-go at which maxi-
mum constant gain is used. The term AS is the distance along the track from
the aircraft position to a moving desired position, which is positive when the
desired position is ahead of the aircraft. The last factor, Tref/Tlsl is
used to prevent a large deviation of V., from the nominal speed when the air-
craft is far from the final position. The commanded airspeed V. is also
governed to fall between specified speed limits that are dictated by aircraft
structural design safety margins and ATC considerations.

Initially, at the aircraft's arrival at the first selected waypoint, the
aircraft's desired and actual positions coincide. Two techniques were used
to compute the time it will take from the selected capture waypoint to the
final waypoint. The original technique referred to herein as the 'constant-
wind technique" is based on the assumption that the wind will remain at its
current estimated value throughout the remainder of the approach. It was
found, as will be shown, that this results in large time-of-arrival errors.
The technique was then modified to assume that the wind changes linearly from
its current estimate to the ground-measured wind at the final waypoint. The
ground wind would be manually inserted by the pilot. The latter technique,
referred to as the "variable-wind technique," was not evaluated in flight but
was evaluated in both the real- and fast-time simulations. From the foregoing
discussion it is apparent that with either technique the nominal time of
arrival will not be known until passing the first waypoint, nor can it be
preassigned. In an operational system, this would not fulfill the require-
ments. One solution, investigated at Ames Research Center, employs a contin-
uously recomputed capture flightpath to a selected waypoint to achieve the
desired time of arrival (ref. 17).

With both techniques the desired position of the aircraft is recomputed
every 10 sec, based on the latest estimate of wind velocity and direction,
such that the final waypoint arrival time will be satisfied with the least
deviation from the nominal airspeed Vpop. As long as the aircraft and the
desired target position coincide, the aircraft will only deviate from nominal
airspeed if there are changes in the estimated wind velocity or if navigation
errors occur. Details of the calculations are given in reference 16.

The Automatic Control System
Overview- To achieve time-of-arrival guidance, the AWJSRA has two auto-

matic modes of operation: the cruise mode and the STOL mode. In the cruise
mode the primary vertical force on the aircraft is due to the lift from the



wings, and the primary horizontal force is due to thrust from the engines and
the drag of the aircraft configuration. Therefore, it is natural to control
vertical flightpath with pitch and to control speed with throttle. The nozzle
angles are held constant at 6°. The vertical-path-control law generates a
pitch command, which controls the elevator via a pitch-control stabilization
feedback loop. The autothrottle-control law generates a throttle rate command
to stabilize the system. A trimtable, which is part of the control system,
reduces the amount of error correction the control laws have to accomplish
when reference values, such as flightpath angle or airspeed, change. As
inputs, the table uses (1) reference flightpath angle, (2) flap angle,

(3) nozzle angle, and (4) airspeed. The outputs of the table are reference
throttle and pitch commands.

As the speed decreases on final approach and the flap setting is greater
than 45° the STOL mode of operation is engaged automatically. In the STOL
mode, flaps and nozzles are deployed to allow steep approaches, and the air-
craft is operated on the backside of the power curve. Hence, pitch is chosen
for speed control and throttle for flightpath control.

In the automatic 4D-RNAV mode, the flaps deploy automatically during
4D deceleration segments, and the nozzles deploy for some descending approach
configurations with the flaps down. This automatic control of the flaps and
nozzles is described below in more detail.

Configuration control: automatic flap control- To minimize workload in
manual operation, pilots increase flap settings incrementally. The automatic
system can control flaps in a continuous manner. Automatic continuous control
can make the approach more fuel-efficient, particularly if the flaps are
deployed as late as possible. Automatic flap control is a vital part of auto-
matic configuration control for powered-lift STOL aircraft since it decreases
pilot workload and permits the pilot to spend more time monitoring overall
system performance.

Before deploying the flaps automatically, the flap control system
requires that (1) the flap servo be selected, and (2) that the pitch control
system be functioning. When these conditions are satisfied, the system com-
pares the reference airspeed with the minimum airspeed allowable for the pres-
ent aircraft configuration, IAS ;. (see appendix D). If the command airspeed
V. 1is greater than the minimum airspeed chin’ the flap position remains

unchanged. If V, corresponds to IAS. oy < IASpins the flaps are deployed

at a rate that is somewhat less than 2°/sec until TAS.,n = IASpi;. Because
of safety considerations, the automatic system is permitted to lower the flaps
but not retract them, even though the 4D-RNAV may require an increase in speed
to make up for time errors.

When the aircraft is on the final part of glide-slope tracking, it must
be brought quickly to the full-flap landing configuration. For this purpose
a flap waypoint is defined, past which the flaps are deployed at the maximum
possible rate without exceeding the flap placard speeds.



Configuration control: automatic nozzle control- In the cruise config-
uration, the aircraft nozzles are held in the up position (6°). The nozzles
are deployed automatically if (1) the flaps are down more than 45° or if the
MLS glide slope is captured and (2) a descending flightpath angle steeper than
or equal to 4° is being commanded.

The nozzle deployment rate is 20°/sec and the final position is a func-
tion of the aerodynamic flightpath angle required to achieve the inertial
flightpath angle commanded. This aerodynamic flightpath angle is calculated
as the ratio of groundspeed to true airspeed multiplied by the inertial flight-
path angle. The result is that the nozzle angle varies with wind speed for a
given speed and inertial descent angle. The net effect is to trim the con-
figuration of the aircraft so that the trimmed engine rpm settings remain in
the region of 93-95% Ny, irrespective of the inertial flightpath and winds on
a standard day. When the aircraft is turning, the nozzles are raised slightly
to allow the power setting to remain constant in the turn.

The overall nozzle command is limited to less than 104° for altitudes
above 70 m (200 ft). To prevent debris ingestion, below 70 m (200 ft) above
the runway this limit changes to 90°. If the nozzles are more than 90° at
70 m (200 ft) they are driven back to 90° at a rate of 10°/sec. 1In addition,
below 18.29 m (60 ft) the nozzle command will remain at the value it had at
18.29 m (60 ft).

Illustration of automatic configuration control system operation- The
operation of the automatic configuration control system will be illustrated
by discussing the data for a representative approach, which are shown in
figure 2. The dash~dot line in figure 2(a) is the nominal speed Vpgp, and
the dashed lines labeled Vp,y and Vpi, represent the minimum and maximum
speeds that the 4D-RNAV system can command, irrespective of the aircraft con-
figuration or control mode. The difference between maximum and minimum speeds
allows for time-of-arrival control. It can be seen that most of the terminal
path consists of deceleration segments. In the last flight segment (way-
points 11, 12) the speed envelope converges to the aircraft's landing air-
speed, and this converging speed envelope reduces the speed difference avail-
able for time-of-arrival control for the final portion of the flight.

The heavy solid line in figure 2(a) is the actual speed command IAS.gp
that corresponds to the desired V. for a typical flight; IAS.op 1is some-
times above and sometimes below the 4D nominal speed in an attempt to meet
the nominal time of arrival as winds and navigation errors change. Although
Vhom 1s true airspeed, the differences between indicated and true airspeed
were negligible for these flights. Figure 2(a) also shows (dotted lines) the
aircraft configuration-dependent safety limits, IASp,, and IASpi,, which are
superimposed on the 4D command speed. As shown in figure 2(b) the flaps
begin to be deployed when the command speed IAS.,, goes below IASpin, which
is the airspeed that guarantees a maneuver margin of 0.69 g. Since, to save
fuel, the flap is deployed to the minimum angle which guarantees the specified
maneuver margin, IASpi, and IAS.,y coincide during flap deployment. If, how-
ever, at t = 100 sec, the 4D system had suddenly required a speed increase

of 20 knots to Vp,y, IAS.,, would have increased only by 10 knots to IAS ..
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(since flap retraction was forbidden in these tests), and the flaps would have
remained fixed until the speed command again would go below 90 knots.

As discussed in the preceding subsection, the nozzle is deployed as a
function of the commanded glide-slope angle. The nozzle angle &, which
shows little variation for different approaches is shown in figure 2(b). As
the trace for IASyip shows, only after the nozzle is fully deployed is a
speed command as low as the landing airspeed permitted. This configuration
control can limit the authority of the 4D system and thus contribute to time-
of-arrival errors.

TEST PROCEDURES

The performance of the time-of-arrival control system has been determined
both in flight and in the fast-time simulation for the reference flightpaths
shown in figure 3. The flight tests were initiated at an altitude of 1329 m
(4360 ft) to determine the system performance in winds which varied with alti-
tude. The flightpath was designed to minimize flight time while providing a
complex path. The fast-time simulator flights were initiated at an altitude
of 2408 m (7900 ft) to study effects of winds with larger altitude changes.

Flight Test

The flight test was conducted to check for problems arising from compo-
nent errors, such as sensor errors, that cannot be considered in the simula-
tions, and to validate the simulation data. The data recorded during the
flight test included: (1) the winds encountered and the 4D-RNAV estimated
winds, in order to determine how well the 4D-RNAV system was able to estimate
the winds; (2) the TACAN and MLS bearing and distance errors, to aid in under-
standing the navigational environment in which the tests were conducted;

(3) the along-track navigational errors, to aid in understanding their effect
on time-of-arrival errors; (4) the along-track guidance errors, to aid in
understanding their effect on time-of-arrival errors; and (5) the time-of-
arrival errors, which are the primary measure of the 4D-RNAV system
performance.

Because of operating costs, only the constant-wind 4D-RNAV technique was
evaluated in flight. Two approaches were made along the complete flightpath,
starting at waypoint 1, and 10 approaches were made starting at waypoint 7
(to conserve flight time). The 12 approaches were flown on three different
days (the flights are referred to here as flights 1, 2, and 3, respectively).
In addition to these 12 approaches, 5 other approaches, starting from way-
point 1, were flown over most of the approach; however, for various reasons
they were aborted prior to reaching waypoint 12.

Three methods were used to check on-board wind measurements. First,
balloons were launched and tracked by radar to obtain wind magnitude and
direction versus altitude over the test site. Second, a ground-wind measure-
ment station, which records wind magnitude and direction, was installed at

11
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the STOL runway threshold. Third, the best available estimate of the wind at
the aircraft was obtained by using tracking radar combined with air data.

The air data and radar were smoothed via a minimum mean squared error
algorithm.

Real~Time Simulation

The real-time simulation was used to develop and check out the flight
digital computer program and for pilot familiarization. In addition, it was
used to verify the fast-time simulation (see appendix A).

Fast-Time Simulation

The fast-time simulation was used as a base for an intuitive understand-
ing of the system's operation and to obtain the statistical performance of
the system. For each simulated flight a wind profile was randomly chosen from
the wind model described in appendix E, and navigation bias errors were
selected from the navigation bias error model described in appendix F.

Four statistical quantities (tabulated for all tests in appendix D) were
used to characterize each simulated flight. First, the average of the absolute
value of the difference between command and nominal velocity |VC - Vnoml was
used to indicate the tracking error from the nominal speed profile. Second,
the standard deviation of the change in speed command over a given time inter-
val, (AV./At) was used as a measure of throttle activity. Third, the average
of the absolute value of the position error between the aircraft actual and
desired position, |AS|, was used as a measure of the strictness of speed con-
trol. Fourth, the time-of-arrival error T,, which is the difference between
predicted and actual time of arrival, was used as the primary measure of the
overall system performance.

The number of times the speed command was limited, either because of
4D-RNAV-specified limits or because of aircraft maneuver margin or flap
placard limits, was also recorded. For specific runs in which more complete
output was desired, 24 channels of analog data were recorded and pertinent
statistical data accumulated.

Both 4D-RNAV techniques were evaluated on the fast-time simulation. For
the constant-wind technique, in which the winds measured at the aircraft were
assumed to be constant over the remaining portion of the flightpath, 770 simu-
lated flights were made along the entire flightpath (fig. 3); in addition,
2000 simulated flights were made which began at waypoint 7. Results of these
tests, as well as many others, are given in appendix B.

To study the variable-wind 4D-RNAV technique, in which the wind was
assumed to change linearly with altitude, from the wind measured at the air-
craft to the wind measured at the airport, 170 pairs of simulated flights
were made with winds selected from the wind-profile model described in appen-
dix A but without navigation errors. To investigate the effect of both

13



navigation errors and wind profiles on the time-of~arrival calculation, an
additional 365 simulated flights were made, using the navigation error models
described in appendix F and the wind models described in appendix E.

RESULTS AND DISCUSSION

Flight Test

Wind estimates— Because the performance of the 4D-RNAV guidance system
is affected by how well the system estimates the winds, the winds derived by
the 4D-RNAV system are compared in figure 4 with the winds determined from
radar/air-data measurements (light solid lines) and the balloon measured
winds (dashed lines). The balloon wind measurements were taken either before
or after each flight. As seen in figure 4, the balloon-measured winds agree
quite well with the radar/air-data derived winds; they are interpreted as
being a reasonable approximation of the actual winds.

The 4D-RNAV estimated winds are obtained by blending TACAN or MLS mea-
surements with air data and magnetic heading. The accuracy of the navigation
aids therefore has a significant effect on the wind estimate. This is evident
in figure 4 which shows the large errors in the on-board derived wind estimates
between waypoints 1 and 9 where TACAN is the primary navigation aid. Once the
aircraft gets into the MLS coverage (waypoints 10-12) these errors are sig-
nificantly reduced. The large errors in the wind estimates between waypoints 1
and 9 can be expected to affect the time-of-arrival errors at waypoint 12.

Navigation and guidance errors— For the TACAN, the standard deviation of
the high-frequency noise in the bearing signal was about 0.17°. The super-
imposed bias error for Flight 1 was 0°, for Flight 2 it was 0.15°, and for
Flight 3 it was about 0.2°. TFor the other five long approaches, the TACAN
bias error was about 1°. For the TACAN DME, the standard deviation of the
high-frequency noise for all flights was 38 m (125 ft). The bias error was
+69 m (226 ft) for Flight 1, -61 m (200 ft) for Flight 2, and -84 m (276 ft)
for Flight 3. For the other five long approaches it was between -90 m (295 ft)
and 180 m (590 ft).

For the MODILS, the standard deviation of the high-frequency noise in the
azimuth was 0.083°. The bias error for all flights was a constant 0.13°.
These values held for all 12 approaches. For the MODILS DME, the standard
deviation of the high-frequency noise was 8.9 m (29 ft). The bias error for
all three flights was 15 m (49 ft). The high-frequency MODILS elevation
error had a 0.02° standard deviation. The elevation error pattern repeated
itself almost exactly for the 12 approaches. In the turn the elevation error
was about +0.2°. For the straight-in section of the approach the elevation
error was about -0.1°.

The along-track navigation errors, shown in figure 5 for four approaches
of one of the flights, include the ground navigation system (TACAN or MODILS)
and airborne receiver signal errors, off-nominal atmosphere effects on the
altimeter, errors in the radar tracking data, and the basic navigation system
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errors resulting from software/hardware mechanization. In these figures, the
abscissa is the distance (S) along the track. For orientation, the waypoints
are labeled on the figures. Waypoints 9 and 10 describe the final turn, and
waypoint 12 is the final waypoint for time-of-arrival control. Data for a
typical approach are shown as a heavy line. All other approach data are

shown as light lines, to give an overview of the variation of the data among
approaches. Along-track navigation errors are positive if the estimated posi-
tion is ahead of the actual (radar-derived) position. The derivation of the
equations for the navigation error calculations is given in appendix B of
reference 3.

The along-track navigation errors contribute to time-of-arrival errors
at the final waypoint. As expected, the navigation errors had different char-
acteristics on different days (not shown), since the TACAN bias errors on
different days distorted the measured flightpaths differently. The MODILS
portion of the flightpath was similar since MODILS errors were small and did
not change from day to day. For the approaches shown, the navigation error
tended to be positive between waypoints 7 and 9, which means that the 4D-RNAV
system underestimated the distance the aircraft had to go. This in turn would
result in a lower V. and a late arrival at the final waypoint.

This point can better be illustrated by looking at the along-track guid-
ance errors shown in figure 6 for the same four approaches. Along-track guid-
ance errors are positive if the desired aircraft position is ahead of the
actual position. The characteristics of the curves are different even for the
four approaches, because the time-of-arrival calculations are based on wind
estimates whose values at the starting waypoint are different.

There is one common trend in the guidance errors for all four approaches.
The actual position tended to fall behind the desired position in the first
half of the turn, and tended to catch up in the second half. This was because
the reference aircraft position calculations are correct for the endpoints
only and do not appropriately account for the winds and deceleration during
the turn. Given that the wind measurement is correct, the speeds and arrival
times will be correct at the endpoints, but not at intermediate points. The
situation could have been improved by defining additional waypoints around the
turn.

In figure 7, the along-track guidance errors for the two long approaches
and for the five additional approaches that did not continue to waypoint 12,
are shown. To produce a plot that is correlated by waypoints, the abscissa
has been arbitrarily scaled in waypoint numbers rather than distance along
the track. Graphs are labeled in the time sequence they were flown. The
following observations can be made. For the first straight constant altitude
section (waypoints 1-3) the guidance errors remain small. 1In the descending
turn (waypoints 3, 4) the navigation errors and wind changes with altitude
caused the wind estimates to change and errors began to build up. These
errors were then reduced as the flight continued. The curves labeled 3-1 and
3-2 and 5-1 and 5-2 are pairs of approaches that were flown sequentially. It
will be noticed that both members of each pair show similar errors since the
winds and navigation errors had not changed much between sequential approaches.
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Figure 8 is a histogram of the time-of-arrival errors at waypoint 12 for the
12 approaches (10 short, 2 long) that were continued to waypoint 12. For
these tests, the mean time-of-arrival error was -1.02 sec, with a standard
deviation of *1.85 sec.

Fast-Time Simulation: Constant and 4D-RNAV Mechanization

The fast-time simulation was used to look at approaches starting from
both waypoint 1 and waypoint 7. Depending on the wind measured, the computed
nominal flight times varied. For the set of winds used, the average calcu-
lated flight time for the full flightpath was 794 sec, with a standard devia-
tion of 59 sec. For the flight beginning at waypoint 7, the average computed
flight time was 233 sec, with a 7-sec standard deviation. The complete set of
means and standard deviation of the important statistical quantities are tabu-
lated against the system parameters and other test conditions in appendix F.

The time-of-arrival errors for the constant-wind 4D-RNAV technique are
summarized in figure 9. Shown is a plot on normal probability graph paper of
the cumulative distributions of time-of-arrival error (T.) for the approaches
starting from waypoint 1 and waypoint 7. The values of the mean time-of-
arrival error are similar. Neither curve is straight, indicating that the
distributions are not normal. The tails of the distribution curves are
markedly longer than those for normal distributions with the same variance.
The curve for the longer flightpath shows that 2.37 of the flights arrived
more than 3 sec early and 0.67 arrived more than 3 sec late. The equivalent
figures for the short flightpath are 0.6% and 0.4%. The differences between
the two sets of numbers are due to the error contribution resulting from
descending from 2408 m (7900 ft) to 567 m (1860 ft) through unknown and chang-
ing winds, the shorter approach having the smaller time-of-arrival errors. To
determine if speed-limiting (which occurred because of the maximum and minimum
allowable speeds specified by the 4D-RNAV system for each point of the refer-
ence flightpath) was responsible for the tails on the distribution curves,

20 early arrivals (10 > T, > 1.5 sec), 20 late arrivals (-4 < T, < -1.5 sec),
and 20 on-time arrivals were selected from 770 flights that were started from
waypoint 1 for detailed analysis. For the on-time arrivals, speed-limiting
occurred much less frequently than in either of the other two cases. Surpris-
ingly, in many of the early-arrival cases there is considerable maximum speed
limiting early in the flight. 1In other words, the system functioned as if
late, an error which could not be fully corrected by later commanding the min-
imum allowable speed. However, for the four extremely early arrivals tabu-
lated in figure 9, the maximum speed was never commanded; the minimum speed
was commanded for at least 378 sec along the path.

Comparison of Flight-Test and Fast-Time Simulation Results
The cumulative time-of-arrival comparison of flight data with fast-time
simulation data is also shown in figure 9. It can be seen that the simulation

and flight data are offset from each other. The 50% point of the flight data
cumulative distribution curve is at -1.7 sec (50% of the data points above and
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50% below). However, the 507 point for the simulation data is at 0.3 sec
early. The tendency for the flight data to be late is explained as follows.
First, as 'stated in appendix A there were minor errors in the flight program;
those errors caused the aircraft to be late by an average of 1 sec. Second,
for the eight approaches of Flights 2 and 3 the TACAN DME error was such that
the aircraft flew on the outside of the desired path. As a result, the air-
craft flew a longer path than expected by the system, and was always late.
For the first flight the TACAN DME error was such that the aircraft flew
slightly on the inside of the desired path, resulting in an arrival that was
about 2 sec early.

The second approach of Flight 1 was subjected to a special analysis
because it arrived 2.8 sec early, which was the largest early arrival error
of the 12 approaches. In this case the wind component along the x-axis esti-
mated at waypoint 1 (12 m/sec (39 ft/sec)) was more than twice the value of the
actual wind (5 m/sec (16 ft/sec)). This caused a calculated flight time of
248 sec, which was at least 10 sec longer than for the other three approaches,
where the wind estimate was closer to the actual wind. To cope with this
additional 10 sec, the commanded aircraft speed should have been reduced below
the nominal speed. To make matters worse, in the beginning of the flight the
aircraft seemed to be late, since the actual wind was smaller than the esti-
mated one. To compensate for this, the aircraft speed was increased. After
the turn (waypoints 9, 10) the already developed error could not be fully made
up by speed reduction, and the 2.8-sec early arrival results.

Comparison of Constant-Wind and Variable-Wind 4D-RNAV Techniques

If the 4D-RNAV-assumed wind and the wind estimates along the path are
correct, the aircraft will follow the nominal speed profile, no speed-limiting
will occur, and small errors will be corrected in the linear range of the sys-
tem. The initial assumption of a constant-wind profile, based on the esti-
mated wind at the start of the flightpath, provided a poor estimate of the
complete wind profile which resulted in large time-of-arrival errors. Even
when the system used maximum allowable effort to correct the error, that
effort was insufficient, and, therefore, the system ended up with a relatively
large error.

Using the fast-time simulation to investigate the benefits of the
variable-wind technique, it was found that the time-of-arrival errors for the
variable-wind technique were reduced in 79% of the flights below that of the
constant-wind technique, with a substantial reduction in the larger errors.
For the remaining 21% of the flight the errors, which were already small,
increased slightly. Also, the deviation from the nominal-speed profile was
reduced by 35% and the standard deviation of the time-of-arrival error was
reduced from 2.0 sec to 0.4 sec.

The cumulative distribution of the time-of-arrival errors for these simu-
lated flights is shown in figure 10. Although the system's overall performance
still fails to be normally distributed, figure 10 shows that the large errors
in time of arrival have been considerably reduced using interpolated wind
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calculations. From the foregoing discussion it can be seen that there is a
definite advantage in using the interpolated wind methods for time-of-arrival
calculations. For the infrequent case that the ground wind at the airport

may not be available, the performance of the interpolated wind method was
investigated with the estimated ground wind set to zero. The standard devia-
tion of time-of-arrival errors was 0.5 sec for the variable-wind 4D-RNAV tech-
nique, 0.8 for the same system with zero ground wind assumption, and 0.9 for
the constant-wind technique. This shows that the interpolated wind method,
which uses the reported ground wind, is better than the same method with a
zero ground wind input. However, the latter method has been shown to be sta-
tistically as good as the constant-wind 4D-RNAV technique. Hence, the
variable-wind technique is preferable, even if there are times when the
ground-wind data are not available. These conclusions have been confirmed to
be statistically significant by Student's t-tests at the 1% confidence level
where the time-of-arrivals of the corresponding flights were compared in pairs.

CONCLUSIONS AND RECOMMENDATIONS

This study has been concerned with 4D RNAV for jet STOL aircraft, using
the AWJSRA as a representative aircraft type. Flight tests were used to
verify simulation results, to test the automatic configuration control, and
to get operational experience. Fast-time simulation was used to determine the
overall performance of the time-of-arrival control system for a particular
flightpath, radio navigation aid location, and 4D-RNAV speed limits.

The following conclusions were reached from this simulation and flight
study: .

1. The accuracy of the 4D-RNAV wind estimates is dependent on the accu-
racy of the ground navigation errors. For these tests, the error in the wind
estimate was as high as 10 knots when TACAN was used. When MLS was used as
the primary navigation source, the error was reduced to less than 2 knots.

2. The navigation errors and errors in the wind estimates strongly
affect the time-of-arrival error. Neither the navigation errors nor wind
errors are repeatable from day to day, and therefore the time-of-arrival
errors will be different.

3. In the 4D-RNAV mechanization evaluated, the reference aircraft posi-
tion calculations were correct only at the waypoints and did not appropriately
account for winds and for the effect of deceleration during the turn. The
situation can be improved by defining additional waypoints around the turn.

4. The results of the flight test combined with the fast-time simulation
demonstrated that the constant-wind 4D-RNAV technique achieved a time-of-
arrival error standard deviation of less than 2 sec. Only 2.3% of the flights
arrive more than 3 sec early and 0.6% arrive more than 3 sec late.
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5. If speed-limiting occurs due to the restrictive operating range of
aircraft speeds, large time-of-arrival errors can occur. In these tests
errors of greater than *4 sec occurred for 1.3% of all approaches.

6. Based on results of the fast-time simulation, the variable-wind
4D-RNAV technique resulted in a significant reduction of time-of-arrival
errors over the constant-wind 4D-RNAV technique. The standard deviation was
reduced from 2 sec to 0.4 sec and errors greater than *4 sec were reduced
from 1.3% of all approaches to only 0.4% of all approaches.
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APPENDIX A

COMPARISON OF FAST-TIME AND REAL-TIME SIMULATION

The piloted real-time simulation includes full simulator cockpit instru-
mentation and uses software identical with the flight software. In fact, the
simulator is used to check out flight software. To verify the fast-time simu-
lation, nine pairs of flights with nine different wind profiles were flown on
the real-time simulation and on the fast-time simulation on identical flight-
paths. The real-time simulation always arrived later, by an average of 1 sec,
than the corresponding fast-time simulation. Time histories of AS were
plotted. They agreed in trend but not completely in magnitude. .To study
these minor differences, the time-of-arrival tables for the two simulations
were compared. The comparison showed that the fast-time simulation calculated’
flight times for the 600-sec path that were between 7 and 10 sec longer than
the real-time simulation. This was traced to several improvements in the
arrival-time calculations that had been made in the fast-time simulation, but
not implemented in the real-time simulation. When these improvements were
incorporated in the flight program, the time-table calculation differences
were reduced to 5 sec maximum, or less than 1%. The remaining differences
resulted from round-down truncation errors in the integration, using the fixed-
point 1819 computer. The original 7-10 sec underestimation of the flight time,
which the real-time system tried to adhere to in spite of later wind shifts,
had to be made up by speed control, which explains the tendency for the real-
time system to show time-of-arrival error that was positive. In summary it
can be said that the fast-time system is a good (but somewhat improved) repre-
sentation of the flight program that was used in the real-time simulation.
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APPENDIX B
THE MASTER TABLE OF FAST-TIME SIMULATION RESULTS

The master table is a summary of the simulation results concerned with
time-of-arrival control. First, the parameters will be defined that have been
varied during the tests. Then the table will be presented followed by brief
comments on the significance of the tests.

1. Feedback (Fb)

- |Tref
Vo = Voom + Kg 45 I

T

c

L1

yes > K¢ = 0.04 where T = time to go
no > Kg =20
2. Trer = time to go at which maximum constant gain is used.
3. Smooth
yes = with arrival time estimate smoothing
no = without arrival time estimate smoothing

(See ref. 18 for definition of smoothing.)

4. Update = time interval in seconds at which time of arrivals at the
waypoints are recalculated based on the latest wind information.

5. Wind calculations

5.1 Constant (C): calculates arrival time at each update interval as if
the wind would remain constant at the presently measured wind for the remainder
of the flight.

5.2 Interpolate (I): calculates arrival times at each update interval as
if the wind would vary linearly with altitude from the presently measured wind

to the actual ground wind.

5.3 Exact (E): calculates arrival times from the known wind profile.
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67

Statistical measures of test outcomes

Deviation from Throttle
Systems parameters Environmental conditions Phantom posi- nominal speed activity Time of arrival
1 2 3 4 5 TACAN TACAN tion error profile Veom - Veomy, error
Flight Tref 6 DME A, (°) Flight- No. of 8] £t TVeom - Vmomgl °© At T, (sec)

set Fb (sec) Smooth Update Wind Wind errors errors path  flights u a u g u o N o
1  no 200 yes 10 E  1-27 27 73 27 0.0l  0.002  0.30 0.01 0.7 0.3
2 no 200 yes 10 1 1-27 0 0 Fig. 3 27 1754 1060  0.02  0.006  0.32 0.01  -6.0 11.7
3 no 200 yes 10 c  1-27 27 2884 1708  0.03  0.045  0.33 0.02 -11.2 17.7
4 yes 200 yes 10 E  1-27 27 17 5 0.43  0.11 0.30 0.01 0.0 0.1
5 yes 200 yes - 10 E 1-27 0 0 Fig. 3 27 299 150 5.30  2.42 0.32 0.02 0.0 0.5
6 yes 200 yes 10 c 1-27 27 544 453  7.59  3.76 0.33 0.04 0.5 0.8
7  yes 200 yes 20 c  1-27 27 537 449  7.57  3.76 0.34 0.04 0.5 0.9
8 yes 200 vyes 20 1 1-27 0 0 Fig. 3 27 293 141 5.26  2.41 0.33 0.02 0.0 0.5
9 yes 200 no 10 c  1-27 0 0 Fig. 3 27 548 456  7.60  3.76 0.52 0.12 0.4 0.8
10 yes 200 no 10 1 1-27 27 298 150  5.40  2.45 0.47 0.08 0.1 0.4
11 yes 50 yes 10 1 1-27 27 736 393 4.01  1.98 0.32 0.02 0.0 0.5
12 yes 100 yes 10 1 1-27 27 485 248 4.70  2.20 0.32 0.02 0.0 0.5
13 yes 300 yes 10 1 1-27 0 0 Fig. 3 27 224 116 5.53  2.49 0.33 0.02 0.0 0.4
14 yes 400 yes 10 1 1-27 27 188 100 5.65  2.51 0.33 0.02 0.0 0.4
15 yes 1000 yes 10 1 1-27 27 153 83  5.77  2.52 0.34 0.03 0.0 0.4
16 yes 200 yes 60 c  1-27 27 502 426  7.51  3.75 0.34 0.04 0.5 1.0
17 yes 200 yes 60 T 1-27 27 269 136 5.11  2.37 0.34 0.03 0.0 0.5
18 yes 200 yes 1000 c  1-27 0 0 Fig. 3 27 390 261 7.69  3.35 0.40 0.09 2.3 11.8
19 yes 200 yes 1000 1 1-27 27 210 116 4.67  2.39 0.37 0.07  -0.07 2.3
20 yes 200 yes 1000 E  1-27 0 0 Fig. 3 27 17 5 0.43  0.11 0.30 0.01 0.0 0.1
21  yes 200 yes 20 1 7 50 348/251 127 6.9/5.3 2.27 0.38/0.33 0.05 0.0/0.0 0.7
22 yes 200 yes 20 1 11 50  854/676 276 11.5/9.6 2.28 0.40/0.36 0.04 1.3/1.0 0.9
23 yes 200 yes 20 I 14 0 0 Fig. 3 50  389/335 160 7.6/6.9 2.49 0.36/0.31 0.05 1.3/0.9 1.2
24 yes 200 yes 20 I 19 50  297/259 125 5.3/2.5 2.01 0.37/0.32 0.06 -0.8/-0.8 0.9
25 yes 200 yes 20 1 21 50  549/428 191 8.6/6.5 2.46 0.38/0.32 0.05 0.6/0.4 0.9
26 yes 200 yes 10 1 1-27 0 0 Fig. 3 27 322 159 5.265 2.16 0.33 0.02 0.0 0.3
27  yes 200 yes 10 c  1-27 : 27 720 593 8.45 3.59 0.35 0.04 0.3 0.5

”
28 yes 204.7 yes 20 ¢ posx] random randon MP712 2000 339 382 7.20  4.12 0.54 0.14 0.1 1.0
29  yes 204.7 yes 20 C RD as as —20Y . 422 876 901  10.97 4.78 0.39 0.08 0.2 1.8
30 yes 204.7 yes 20 c RD errors errors  Fig. 3 4,8 967 1078  11.17  4.99 0.39 0.09 0.3 2.1
see app. F Jsee app.
31 yes 204.7 vyes 20 c RD 0 0 Fig. 3 302 794 1002 9.26 4.88 0.33 0.05 0.3 2.0
32 yes 204.7 yes 20 c RD 1000 2.0 Fig. 3 305 1053 1133 11.81  4.36 0.53 0.04 3.4 3.6
33  yes 204.7 yes 20 1 RD 1000 2.0 Fig. 3 167 631 318 9.32  3.24 0.51 0.02 2.0 1.0
34  yes 204.7 yes 20 1 RD ~1000 -2.0 Fig. 3 192 526 282  10.00 3.17 0.37 0.04  -0.8 0.7
35  yes 204.7 yes 20 1 RD 0 0 Fig. 3 111 438 324 6.76 3.53 0.33 0.03 -0.3 0.8
36 yes 204.7 yes 20 1 gp | ¥amdom . jrandom L5 9y 464 283 7.56  3.12 0.38 0.07 0.0 0.8
37 yes 204.7 yes 20 1 RD bias bias 131 493 319 8.00 3.60 0.38 0.08 .0 0.7
errors errors

38  yes 204.7 yes 20 1 RD 0 0 Fig. 3 170 271 391 6.00 3.2 0.32 0.03 0.0 .4

*With zero ground-wind assumption.
**%RD = random wind profile (see appendix E).




Comments
referring to
flight sets

Comments to master table

1, 2, 3

4, 5, 6

9-5, 10-6

11, 5, 12, 13, 14,
15

6, 7, 16, 18;
5, 8, 17, 19

4,20

21, 22, 23,
24, 25

26-5; 27-6

28

29, 30

31, 32

32, 33

33, 34

35

Performance of system without error feedback shows that
interpolated system would have less correcting to do than
constant-wind system.

Same as 1-3 except with feedback correction. Shows how
feedback reduces errors at small cost of throttle activ-
ity. Shows interpolated wind system better than constant.

Compare 9 with 5 and 10 with 6 — Smoothing primarily
reduces throttle activity.

See also 5. Gain scheduling primarily reduces deviations
from the nominal speed profile without affecting time-of-
arrival errors.

Compare Flight Sets 6-7-16-18 for variation in time-of-
arrival table updating for constant-wind assumption and
5-8-17-19 for interpolated wind. Arrival-time errors get
worse with less updates. Constant system is more sensi-
tive to longer update times. Faster update reduces
throttle activity somewhat.

Compare to 4 — Updating is irrelevant when exact wind is
known.

Add 8 fps low pass filtered random wind T = 900 sec to
different known wind profiles to determine additional
errors due to randomness of the wind with time. Numbers
behind the slash are for the given wind without additional
random wind component. TOA errors become larger and the
throttle activity goes up by 13%.

Exact wind at the aircraft position used for TOA calcula-
tions at each update point. Compare 26-5 and 27-6.
Slight improvement in time-of-arrival error with exact
wind.

WP 7-12 only — Wind from random wind profile model.

Full flightpath; wind from random wind profile model;
combine flights to get overall statistical
performance.

Comparing 31-32 shows effect of specific navigation bias
error.

Flights same as first 167 in Flight 32 — See improvement
due to interpolation of wind.

Compare 33-34 for biasing effect of specific navigation
error.

Zero ground wind assumption (35) with interpolation is
better than constant wind model (31).
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Comments
referring to
flight sets

Comments to master table (Concluded)

36, 37

35, 36

Combine and compare to 29 + 30. Time-of-arrival error is
reduced.

Compare with 35 and 31. It is good to know ground wind
but if not available assume ground wind is as good as
constant assumption.
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APPENDIX C

ATRCRAFT SPEED AND SAFETY LIMITS

Aircraft configuration-dependent speed/safety limits are computed in
addition to the 4D-RNAV specified speed limits. The speed/safety limits will
always override any 4D speed limits in cases where these 4D limits fall out-
side the designated safe limits. The maximum speed limit is determined by the
structural flap placard speed. The minimum speed is based on the maneuver
margin, where L is a measure of the aerodynamic lift available, provided the
thrust is not changed:

n =L max - L
W

(g)

With flaps up, a maneuver margin of 0.69 g was selected, which is equiv-
alent to the well-known minimum conventional takeoff and landing approach
speed, 1.3 Vg 1,77 When flaps are extended, the powered-lift augments aero-
dynamic lift, and the aerodynamic maneuver margin is lowered to 0.4 g, beyond
30° flap deflection. Between 5.6° and 30° of flaps the maneuver margin
smoothly decreases from 0.69 g to 0.4 g. As bank angle protection prior to
glide-slope capture, 3 knots are added to the minimum speed computed. When
the nozzles are deployed a minimum speed related to the landing airspeed is
computed.

In the flightpath design it is desirable that the 4D-RNAV limits agree
as closely as possible with the aircraft speed limits. If the aircraft limits
are much larger than the 4D limits, the error correcting capability of the
system is not fully used. If the aircraft limits are much smaller than the
4D limits, the 4D system, based on the 4D speed limits, calculates maximum and
minimum possible times of arrival that are not realistic. Hence, the system
may indicate to the pilot that it is capable of correcting an existing error,
when indeed it is not.
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APPENDIX D
THE NAVAID TRANSITIONING CIRCUIT

The NAVAID transitioning circuit is described here, because it is not
described in other STOLAND documentation, and because it affects the reported
results. When the aircraft navigation transitioned from TACAN to MODILS, or
from dead reckoning to a NAVAID, relatively large step changes in the input to
the navigation filters were noted. These changes resulted in large transients
in both speed and position estimates, which, when the aircraft is in 4D RNAV,
can result in undesirable aircraft motions. To minimize these transients and
to reduce the aircraft motions, a NAVAID transitioning circuit has been added
to the navigation system (see fig. 11). The transitioning circuit works as
follows. At transition a value X is calculated where X 1is the difference
between the new rawh(unfiltered) position estimate, Xp, and the old filtered
position estimate, Xj.

AX:XR-XI

If the difference X is smaller than 2 n. mi. the filtered position estimate,
X1, is reset to the new raw position estimate

A

X1 = X

The position estimate, X, which is used by the guidance system, is calculated
as

5{=3(I"X
At the moment of transition, X is equal to the old position estimate
X=X - AX = XR - (XR - XI) = X;

and there is no transient disturbance in the estimated position. At the same
time, X, = Xz = X1 = 0 and there is no transient in the velocity estimate.
The value AX is now reduced to zero at a rate of 12.2 m/sec (40 ft/sec) so
that the guidance system finally depends fully on the new navigation source.
This process is slow enough so that the resultant aircraft motions are not
noticeable to the pilot.

Other sources of navigation errors are biases on the aircraft gyros and
accelerometers after the turn to final. Hence, when transitioning from TACAN
to MODILS, the complementary filter gains are changed from the low values for
TACAN navigation to high values for MODILS in order to quickly integrate out
bias errors in the acceleration inputs to the complementary filters, which are
introduced by the roll and heading gyros. If the gains were changed suddenly,
however, large filter transients might occur if the TACAN bias errors were
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large. Therefore, the complementary filter gains were linearly reduced with
time from the TACAN gains to the constant MODILS gains.

One further difference between the navigation filter described in refer-
ence 23 and the new navigation filter is the calculation of the wind vector.
In the previous filter it was assumed that the aircraft heading was in the
direction of the airspeed vector, which is correct for straight and level
flight without sideslip. For coordinated turns, the relation between the
aircraft heading and the velocity vector is shown in figure 12. The airplane's
heading is into the turn by an angle Ay where

Ay = 8§ tan ¢

This angle is therefore subtracted from the heading as an approximation of the
track angle, which then is used in the wind calculation to compute airspeed
components along the x and y axes of the runway oriented coordinate system.

sinf = sina cos¢

sine  sing

Ay = @tang

Figure 12.- Angle between heading and velocity vector in a coordinated turn.
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APPENDIX E

THE RANDOM WIND PROFILE MODEL

The random-wind-profile model was generated from statistical examination
of the sample-wind profiles, obtained from the Oakland Weather Station and by
combining this information with FAA information about the wind direction and
magnitude for automatic landing studies. For the ground-wind direction ¢ we
select randomly from a truncated normal distribution such that two-thirds of
the winds have a headwind component 90° £ y £ 270°, where the peak value is
a pure headwind component along the landing direction (y = 180°). The ground-
wind magnitude, W,, is chosen from a normal distribution so that the 3-sigma
headwind is 25 knots, sidewind 15 knots, and tailwind 10 knots.

Sigma = 1/3(15 - 7.5 cos ¢ + 2.5 cos? y) (knots)

Wg IN(O, Sigma)l (knots)

The winds at altitude are determined by the following calculations in 305-m

(1000-ft) intervals for h = 1000, . . ., 9000
Wy = Wh—1000 + (1.1 + 1.3e(1000-h)/2000y 4+ 35(0., 1.) (knots)

Thus the wind tends to grow with altitude, first rapidly then less rapidly.
The wind direction is selected from

Azy = Azp_1000 t+ Ag * N(O., 1)|Limit 30 (deg)
where

Ag = |12. + 17.5e(1000~h)/1000| (deg)

and the sign of the A  1is selected from a two-valued probability distribu-
tion, which is a probability of 0.78 that the wind angle changes in the same
direction as the wind angle of the last lower altitude and a probability of
0.22 that the wind angle changes in the opposite direction.
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APPENDIX F
TACAN POSITION AND NAVIGATION ERROR MODEL

Flight data have shown that flying close to a TACAN station presents
guidance problems because of the effects of the bias errors on position and
groundspeed estimation. For the test flights at Crows Landing, the TACAN
station was at one specific location with respect to the runway. In general,
the relative location changes from airport to airport. Two questions must
therefore be explored: (1) How are the NAVAIDs located? and (2) How does the
location of the NAVAID affect path control? Figure 13 shows the positions of
TACAN, VOR and VORTAC stations with respect to the runway threshold for 52
airports in California, Nevada, Utah, and Arizona that have radio NAVAIDs on
the field. Most lie within 6000 m to either side of the runway. The data
have been obtained by scaling the figures in reference 24, using the published
runway lengths. The locations have been verified for six cases by plotting
the longitude and latitude of the station given in reference 24 on the maps
in reference 25. It is clear that an RNAV system must operate successfully
for ground NAVAIDs located anywhere within the region occupied in figure 13.
For statistical evaluation, the TACAN azimuth has a normal distribution within
a mean bias of zero and a standard deviation of

o = -0.59°
by
and the TACAN DME has a normal distribution with a mean bias of zero and a

standard deviation of

o = 305 m (1000 ft)

DME
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