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INTRODUCTION

The objective of this report is to describe work being done
at DOT/TSC to develop 4-D guidance algorithms for STOL aircraft.
The work described herein is primarily concerned with evaluating
basic concepts and the integration of this research into an
actual aircraft/ATC situation is not attempted. For the pur-
poses of this study, it is assumed that the aircraft is RNAV
equipped and has a limited onboard digital computation capabil-
ity. The basic mission that the aircraft must fly, which in-
cludes 4-D waypoints and protected airspace limits, is assumed
to be generated by a ground based metering and sequencing pro-
gram and uplinked to the airborne system. Separation criteria
are also assumed to be taken into account by the ground ATC
system when specifying this mission and the protected airspace
limits. -

A functional block diagram of the airborne system is shown
in Figure 1. The dashed segment of this block diagram represents
the autocoupled system that was simulated on the hybrid computer
in lieu of displays and a pilot to generate preliminary perform-
ance data on the systems being studied. In order to alleviate
any ambiguity in the meaning of terminology as used in this
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Figure 1. A Block Diagram of Airborne System



paper, the basic functions of the navigation system block and
guidance system block are listed below:

The Navigation System has the primary function of
determining the position and if possible the velocity of
the aircraft with respect to an earth-fixed coordinate
system. This system is typically composed of radio wave
receivers and the necessary computation capability to
determine the state of the aircraft from the received in-
formation. For the simulation results contained herein
perfect navigation and wind information was assumed.

The Guidance System has the dual functions of
generating the aircraft's flight path and also of generat-
ing the steering commands to keep the aircraft on this
flight path. The flight path planner portion of the
guidance system updates the guidance mission of the air-
craft based upon the sensed aircraft state data, mission
requirements and any predicted information that might be
available. The steering law segment of the guidance system
generates a velocity to be gained vector that is a function
of the position and velocity error of the aircraft from a
reference vehicle flying the mission prescribed by the
flight path planner.

Two methods of doing 4-D guidance that are tailored to
specific protected airspace situations are discussed. The flight
path planners as currently implemented for both systems define
constant airspeed missions taking into account winds such that
the 4-D guidance requirements are satisfied within the allocated
airspace. The main difference between the two planners is the
method of moving the waypoints in order to do path stretching or
compressing to lose or make up finite amounts of time.

The scenario for this research as previously stated consid-
ers a situation where the flight path planning is done onboard
the aircraft. However, assuming accurate aircraft position and
velocity information were available on the ground, the studied
algorithms could be implemented on the ground and the 4-D guid-
ance information uplinked to the aircraft. Also, as the pro-
tected airspace for maneuvering is reduced, both of these systems
would become more dependent on speed adjustment to accomplish
the 4-D guidance mission.

Performance Objectives

The philosoply that governed the performance goals of this
work was to design a system that guided the aircraft 'as smoothly,
as precisely and as efficiently as practicable while keeping the
piloting workload and airborne computational requirements within
reasonable limits. A method of satisfying the formentioned goals



would be to allow the aircraft to specify its own mission within
the constraints of the ATC defined mission. This was done by
assuming the aircraft could do limited extrapathway maneuvers
from the nominal flight path to make up or lose finite amounts
of time. If a limited maneuver capability is not present then
the principle means of controlling time-of-arrival is through
speed adjustment. This control channel is typically a slow
response-time channel and the range of speed adjustment can be
severely limited depending upon the operational situation of the
aircraft. Speed control was therefore utilized as a secondary
method of controlling time-of-arrival and was used only when

the constraints on maneuvers did not allow the 4-D mission to

be completed at constant airspeed.



STOL'S REQUIREMENT FOR A 4-D GUIDANCE CAPABILITY

Establishing the future need for a 4-D STOL guidance capa-
bility requires an understanding of the various urban-based mar-
kets that STOL may one day service and their implication on the
air traffic patterns over the metropolitan area. An immediate
and large volume market in which STOL may be found viable is
in servicing the metropolises where the lack of airport capacity
has caused air congestion. Of course, one ready answer to the
lack of airport runways is to build more urban jet runways. But
the requirement of new jet runways for large amounts of addi-
tional land has had the increasing effect of causing these new
runways to be located outside the metropolitan areas they were
designed to serve. STOL, with its relatively small land require-
ments and its relatively greater ability to fly around noise
sensitive areas, could be the solution to the problem of estab-
lishing more urban runways. These runways would service the
short-haul inter-city shuttle market to the relief of the exist-
ing jet runways. The intercity STOL shuttle would operate out
of a system of stolports located either in the downtown area
near the central business district, suburbia, or at the existing
jetport or some combination of these. The final configuration
will depend on local conditions such as community reaction and
on market conditions such as the ability of STOL service to
compete directly with existing CTOL service.

In operating into a STOL runway at a jetport, large scale
STOL operations will be conducted in parallel with the CTOL
operations. STOL operations will be independent of the CTOL
traffic if their respective runways have sufficient distance
between them. If not, the operations will be dependent and will
be coordinated from the ground.

A second potential STOL market is in servicing the jetports
that have been located outside of the metropolitan areas that
they are to serve. The regional jetport STOL shuttle would
operate out of a number of distributed small stolports within
the metropolis and some sort of facility at the remote jetport.
A third potential market available to STOL is the intraurban
shuttle. The inhabitants of the large metropolitan areas are
finding an increasing need for a high speed mode of travel with-
in the metropolis itself to counter the increasing sprawl and
congestion of urban life. The fourth and final potential STOL
market is the intrastate/regional shuttle. While the city
dweller has found himself increasingly restricted in travel due
to sprawl and congestion, the country dweller finds himself in-
creasingly isolated due to the curtailment of transportation
services. A STOL shuttle system would link the regional centers
of business, commerce, government, and the rural community with
themselves and with their metropolitan hub. If the potential



of each of these markets is realized by STOL, there will be a
Profusion of air traffic criss-crossing the airspace above each
metropolis. The air congestion that STOL seeks to relieve by
making more runways available to intercity air traffic may be
more than accounted for by the amount of air traffic generated
in servicing these markets. A mature System of STOL services
may be possible only if the traffic over the metropolitan area
is highly coordinated.

ATC system a much greater degree of control of an aircraft's
position with respect to time. There are three distinct opera-
tional situations in which 4-D guidance may be of benefit, 1In
independent operations into a runway, a controller meters and
Spaces the incoming aircraft. This coordination task is most
difficult at Tunways operating near or at saturation. In the
case of dependent Operations into a runway, the controller has
the additional task of coordinating the coupled operations.

This situation could occur if an intercity STOL shuttle operated
out of a STOL runway located at a metropolitan jetport. Finally,
in the case of a large number of simultaneous operations within
a confined airspace, coordination could be necessary once again.
Whether STOL proves to be viable or not, the pressure of the
continuing growth of CTOL traffic will one day require the
coordination within the terminal area that 4-D guidance can
provide. If STOL is successful in establishing large scale
operations in these various urban-based markets, the need for
and demands on coordination in the metropolitan terminal areas
will indeed be even greater.



POSITION OF NEXT WAYPOINT

PRESENT VW VELOCITY OF WIND
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e 4 - Vector Diagram for Computation of Aircraft

Figur
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or initial condition in space and time can
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be computed utilizing the following recursive relationship:
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This computed tf is compared with the desired arrival time t *
and the waypoints are moved by the amount AM which is given £

by

*
AM = AKM (tf . tf) VAF (3)

where

AKM = iteration loop gain

ATC specified arrival time at the final
waypoint

(+
]
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tf = arrival time at the final waypoint for
current computation cycle

VAF weighted sum of the ground speed over the

remainder of the mission

Figure 5 shows the variables used to define the direction
of movement of the waypoints. This direction is defined as
follows for the respective corners of the nominal mission:

Ay
-1 .
by = Vpnoy + —EE PR Zosign (Aypn-1, pn) (4)
pn P
HEADING M
REFERENCE
DIRECTION ¥ | aNGLE BISECTOR
WAYPOINT
- Awpn—], pn
/’// ! 2
A’ -— —
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pn~1¢
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pnt1 \

Figure 5. Waypoint Movement Variables and Geometry

Simulation Results for Corridor/Angle Bisector Guidance System

The corridor angle bisector guidance scheme was simulated
on a Beckman 2200/XDS9300 hybrid computer. This simulation
included the guidance system, a wind model and a Twin Otter
aircraft/autopilot model as discussed in Appendix A.

The included results are based on the aircraft starting
from waypoint 1 at an airspeed of 240 feet per second. Figures
6, 7, and 8 are computer generated plots of the aircraft's
motion in the Xy plane for nominal, early and late arrival times
at waypoint 1 and for various wind conditions. From these
figures the 100 seconds early situation is readily managed by
this flight path planner. The 100 seconds late mission is seen
to complete the first segment of the mission within the two
nautical mile corridor but after the first turn the flight path

11
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DISCRETE MANEUVER VOLUME/TIME TO TURN FLIGHT PATH PLANNER

A protected airspace/path planner scheme that is currently
under study but has not yet been integrated into the simulation
is described in this section. The discrete maneuver volume/time
to turn flight path planner utilizes the corners of the RNAV
route to perform path stretching/compressing maneuvers. The time
to turn flight path planner defines flight paths within these
maneuver volumes that will rendezvous the aircraft with fixes
located at the boundaries of the discrete maneuver volumes.

A possible terminal area RNAV route (STAR) with the discrete
maneuver volumes at its corners is shown in Figure 10. The nom-~
inal mission is the same as defined in Figure 2 and the assump-
tions underlying the basic mission remain the same.
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Figure 10. Discrete Maneuver Volume Protected Airspace

This flight planner is based upon choosing the proper point
X1l to turn the aircraft such that it will rendezvous with a
point x2 at a given time. Figure 11 shows three possible flight
paths as defined by this flight path planner. The gain-time
path starts the turn early and the lose time path delays the
turn to stretch the trajectory. As can be readily seen, in

17



order for these flight paths to have any time of arrival control
capability the nominal mission must have corners (6).

X2

GAIN-TIME NOMINAL LOSE -TIME

Xl X1 X1

Figure 11. Possible Flight Paths as Defined by the
Time to Turn Flight Path Planner

The time to turn subroutine involves computing the angles and
lengths as shown in Figure 12 for the three situations that
can arise. For a constant ground speed situation, the flight

Figure 12. Three Situations for Time to Turn Computation

path length from the point x1 to the point x2 for these three
situations is as follows:

(a) Lyp = RMIN(|8y[+[62]) + |c| (5)
(b) Ljp = RMIN(|687|-|62]|+2|B|) + |c| cos B (6)
(c) Ly, = RMIN(|8q|+]65|+2]|B]) + |c| cos B (7)

where |g| is the center to center distance between the two
circles of radius RMIN and RMIN is given by

18



v2

g-tan|20°| (8)

RMIN =

The trajectories defined by this subroutine will be the minimum-
time and minimum-maneuver flight paths to rendezvous with the
point x2 with the constant velocity V for all xl1 if the point

x2 lies at least a distance DMIN from the initial direction of
travel (see Figure 13). DMIN is defined as follows:

DMIN = 3 RMIN + RMIN cos Ay (9)

X2

DMIN
RMIN
AV
v )
o
X1 —>

Figure 13. Minimum Separation Distance

Proposed Implementation Method

It is proposed that this flight path planner be implemented
in the following manner. The flight planner will be called at
the initiation of the mission to determine if the aircraft's
speed needs to be changed. If a speed change were necessary,
it would be immediately commanded. Prior to entering each
maneuver volume, the flight planner would again be called to
determine the time to turn the aircraft so that it would
rendezvous with the specified fixes. The flight planner would
attempt to null as much as possible of the time error in the
maneuver volume the aircraft was entering, and then null the
remaining error in the next maneuver volume etc.

Analytical Results for Discrete Maneuver Volume/Time to Turn
Flight Path Planner

The discrete maneuver volume mission and the time to turn
flight path planner were analyzed independent of the -guidance
and control systems and the aircraft dynamics model. Based on
the results to date, this scheme would find its primary useful-
ness in doing fine tuning on the time of arrival of aircraft

19



at fixes in high density airspace. As will be shown, this
method of controlling time of arrival has a limited gain-time
capability. Also depending upon the dimensions of the maneuver
volume and the amount of time to be lost, the lose-time missions
may involve large turns since the turn requirements can increase
with the amount of path stretching required.

The time of arrival control capability of the two 90° turns
and the 60° turn for the maneuver volumes under consideration
has been computed and is plotted in Figures 14, 15, and 16 for
a ground speed of 240 fps. Utilizing this type of path stretch-
ing/compressing logic to control time of arrival is seen to give
continuous (albeit bounded) time of arrival control. The total
gain-time capability over the nominal time equals 91.2 seconds
while the lose-time capability over the nominal time is 265
seconds. With the addition of a holding pattern at waypoint 1,
the lose-time capability for the total mission would become
infinite. Based upon being able to make up the maximum time of
arrival error resulting from leaving a standard holding pattern
(2 minutes or 1 minute with a 60 seconds advance callout), this
discrete maneuver volume mission is seen to have a capability
that lies between the two possible extremes.

For a no wind situation the maximum gain-time and lose-time
missions would be the boundaries of the maneuver volumes as
shown in Figure 10. The gain-time flight path is relatively
simple to fly while the lose-time flight path involves large
turns that could present difficult navigation problems. Results
for a complete simulation of this system including aircraft/
autopilot dynamics will be reported at a later date.
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CONCLUS!ONS AND RECOMMENDATIONS FOR FUTURE WORK

This paper considers two methods of doing 4-D guidance for
a given mission where the cockpit has the capability of defining
its own mission within the constraints of the ATC defined
mission. The preliminary computer results on the corridoxr/
angle bisector guidance scheme demonstrate that it is possible
to do precise 4-D guidance in the face of constant wind dis-
turbances and aircraft/autopilot dynamics assuming perfect
navigation and wind information. The corridor/angle bisector
flight planner and the guidance and steering system as realized
in this simulation required about 2K of 24 bit word computer
memory. This does not represent a large memory requirement and
it is felt that this requirement could be reduced to 1.5K for
an actual implementation. The iteration loop convergence rate
was excellent and a typical time for iterating a new mission
was .01 seconds.

If this flight planner and guidance system could be im-
plemented in an aircraft, it is felt that the following per-
formance objectives could be realized:

1. The ATC operating efficiency could be increased and
the ATC workload decreased by curtailling the amount
of direct intervention by the ATC system in realizing
4-D guidnace.

2. The aircraft operating cost could be decreased due to
the aircraft's ability to define a mission more
commensurate with its operational capabilities and due
to the increased efficiency of the ATC system.

3. The pilot workload could be decreased due to the
capability of the flight path planner to define a
constant airspeed mission with a near minimum of
heading changes (within the allowed alrspace con-
straints).

4. The passenger comfort could be increased due to the
capability of the flight path planner to define a
smooth guidance mission with a near minimum of speed
and heading changes (within the allowed airspace
constraints).

T+ is difficult to compare the two candidate systems in
detail since they were both tailored to a specific protected
airspace situation and only the angle bisector scheme was
actually simulated. The corridor angle bisector flight path

planner defined missions that in general were easy to navigate
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and fly, and in an overall sense these flight paths remained
relatively close to the nominal flight path. Whereas when
implemented, the discrete maneuver volume/time to turn flight
path planner would force the aircraft to return as quickly as
possible to the nominal mission and by restricting the maneuvers
to the discrete portions of the airspace it would be much easier
for the ATC system to determine the intent of user aircraft.
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APPENDIX A

a ¢c, 6o, Ug autopilot were used to evaluate the various guidance
schemes in a closed loop fashion. The longitudinal motion was
represented by the following three dynamics equations:

» _ l -

U== [XU (U - uy) + Xy W+ Xy GT:I (Al)

. 1 .-

Q=5 [MQQ + MoW o+ MW + M, GE} (a2)
Yy E

o s

W= mv} [zww + muUQ + ZQ + ZGE SE] (A3)

_ 1
P = T [LPP + LdA GAJ (A4)

The values of the dimensional stability derivatives were
based on reference [7].

The ¢o and 6c autopilot loops were designed for quick
response and no overshoot (& = «707) . The Uc autopilot sub-
system was designed so that the dominant root was on the real
axis with a time constant of two seconds. The autopilot block
diagrams for the various channels are shown in Figure A-1,

horizontal plane and the 3 axis of the orthogonal triag point-
ing into the earth. The X axis was also utilized as the
bearing reference axis.
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APPENDIX B

ANGLE BISECTOR FLIGHT PATH PLANNER
DESCRIPTION AND EQUATIONS

an earth-fixeqd reference System and a Specified time base,

I.

From the Present PoOsition t+o the next waypoint ang between

the remaining Waypoints the following difference Vector ig
Computed (see Figure 4):



_ (B1)

and these differences are used to compute

AR, = AX2 + Y2
J ] J

In the following derivations the subscript J will be dropped

for convenience although these computations must be done for

each led. The sine and cosine of the heading angle for each

leg are given by

sin Vg = AY/AR | (B2)

cos wG = AX/AR - (B3)
thus,

Vo = ARCTAN (sin'wG/cos wG) (B4)

where - T < wG < . The difference angle between the aircraft's
heading angle and the ground path heading is computed as
follows from the law of sines:

v v
sin (V,-vg) = V§§§ sin Vg - V&%ﬁ cos g (B5)

and assuming the wind velocity will not exceed the airspeed of
the aircraft

cos (wA—wG)== Vqrsinz(wA-wG) (B6)
IJJA - wG = ARCTAN (sin (q)A—IJJG) cos (IIJA—IPG)) (B7)

where - m/2 < Yp ~ Vg < T/2. The heading of the airspeed vector
is then given by

by = Wam¥e) + Vg (B8)



The ground speed required to compute the flight time for each
leg is as follows:

VGX _ vWX + VA/W cos wA 25

VGY VWY + VA/W Sin wA

therefore, the ground speed is given by

_ 2 2
V. = A% + VGY (B10)

IT. Time of Flight Computation

The time of flight to the final waypoint computation in-
volves summing the flight times for the straight parts of the
flight and the flight times in the turns. Figure Bl shows the
pertinent terms used in this computation. A recursive rela-
tionship can be defined for the arrival time at the final point
by considering the arrival times at the points t2, t3, t4, and
t5. The arrival time at t2 starting at the point t1 is given by

RMIN Ay Ay
_ 12 12 12
tz—tl+Ale+T2z_ tan | —

and the time of arrival at the point t3 from t2 would be

_ RMIN,, , A%, 3 Avo3|| RMING, A%;,
t. = €. + AT 4+ 2 |22 - tan |23 ]|- 12,
3=t 23 * v 3 3 ey 3

Continuing in this manner, the arrival time at the final way-
point is given by

45
G5

RMIN
tf = t5 + AT56 = 7

tan

Ay
3

Substituting the times t4, t3, ty into this equation gives the
following recursive relationship for the tf computation

|



tf =t
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Figure Bl. Time of Flight Computation Terminology

N-1
+ AT. .
— Jj,J+1
J=E (B11)
N-2 vV, +V
2RMIN. . Ay, .o G, G. Ay, |
e G o e
= G. G.
j=1i 3 :]+l

where for the case of starting at point 1 the variable i would

equal 1. Because Eq.

(B1ll) involves a transcendal function, an

iterative process was needed to define the revised mission.

IIT. Waypoint Adjustment Computation

In order to close the iteration loop, the waypoints are
moved according to the error in the time of arrival as follows:

AM

*
= AKM (tf = tf) VAF (B12)



where

AKM = ,2
* ,
tf = desired time of arrival at the final point
N (T- _T-}
VAF = E _J.':J'_J..VG
J=i bty j

The adjusted waypoints then become

Xpn xpn + AM cos wM .
= 3 (B13)

Y Y + AM sin Y

pn pn , an

where the X,, and Y,, on the right side are the components of
the previoug waypoint. The angle prn is the bisector angle
properly directed and is given by

v

A
N pn-l,pn _ T _.
prn . wpn_l + 3 ’ 7 Sign (Awpn-l,pn) (B14)

When the iteration loop has reduced the time of arrival error
to within +.5 seconds, the 4-D waypoints as specified by the
flight planner are input to the guidance and steering system.
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APPENDIX C
STEERING LAWS

Regulation of the aircraft's position and velocity from
start to finish is required to insure that the vehicle accom-
plishes its mission and remains within protected airspace.

This regulation is accomplished by generating steering commands
based on a reference vehicle which flies in position, velocity
and acceleration the flight planner specified mission.

The 4-D waypoints as defined in the flight path planner
provide the basic mission profile for the reference vehicle's
motion. For the straight portions of the mission the reference
vehicle's velocity and position as a function of time are given
by: '

- -
X | Xon+l ~ Xpn
Qr = T;;:I%T;; Yon+tl = Ypn (cl)
L..r_s | Zpn+1 ~ Zpn_
rxr Xpn+l - (Tpn+1 - t) ).<3f_--1
Yy = an+l - (Tpn+l = +E) Qr {€2)
_Zr_ g _an+1 B (Tpn+l -t érd

where the pn subscripted quantities on the right hand sides of
Egs. (Cl) and (C2) are based on the 4-D waypoints defined by the
flight planner. The reference vehicle's velocity and position
while in the turns are given by:

kr v cos'(¢t+wo)
s'zr = | V sin (Ut+y,) (C3)
Zr : 0




[ x_ ] (X, + ¥ (sin (Yo+Pt) = sin (y,))

r i

Y_ = | Yo - ¥ {cos (wo+it) - cos (v,))| (c4)
‘1) )

Zy Zr

L 4T L, ol
where

X, = X component of position vector at turn initiation

Y, = y component of position vector at turn initiation

Y, = heading of reference vehicle at turn initiation

vV = kz + iz (X_ and ir are computed using Egs. (Cl)

and are based on the leg preceding the turn)
. [+] I
v = g tanv(20 ) sign (AY)

The time to start the turn is computed as follows:

N _[ RMIN Ay
Tst = Tpn+l ( v )tan 2 (C5)
and the time in the turn is given by

T, = IAL| (C6)

v
where
2 °
RMIN = V°/g tan (20°)
AY = heading change in turn

An error vector is éomputed between the reference vehicle's
position and velocity and the actual aircraft's position and
velocity as shown in Figure Cl and given below:

E = [AX AY AZ AX AY Aé] 1 (C7)
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This error vector is next transformed into the following
velocity to be gained vector

(C8)

I VGX ] —l/T 0 0 0 W
VGY 0 1/T 0 0 E
k_VGZ ] i 0 0 /T, 1 |
where T, and T, are characteristic times associated with the

time desired to remove a position error.

The velocity to be gained vector is then transformed to

an aircraft vertical heading reference frame as follows:



VH

cos wA

-sin wA

where wA,is the heading of

this velocity to be gained vector in the following manner:

sin wA

cos-wA

0

el

" the aircraft.

GY

GZ

cx|.

(C9)

The speed control and steering equations are derived from

.
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