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Abstract

Improvements are dealt with which are possible
with an integrated presentation of guidance
information and terrain in a 3-dimensional for-
mat for supporting the pilot in landing an air-
craft. This is considered to enhance the accessi-
bility of small to medium airports in demanding
landing approach conditions as regards low
visibility, adverse weather and/or a difficult
terrain environment. The 3-dimensional guid-
ance information displayed to the pilot compris-
es the command approach trajectory in the form
of a tunnel, the aircraft position at an appro-
priately selected time ahead using a predictor,
and an image of the terrain. The terrain image
shows all elements of the outside world impor-
tant for the control task of the pilot. It features a
high-resolution replication of the airport and its
surroundings as well as a graphical reproduc-
tion of obstacles. Furthermore, the 3-dimen-
sional guidance information presented on the
display offers the possibility to perform curved
and steep approaches. Thus, the flexibility of
approach and landing operations can be en-
hanced. Results from pilot-in-the-loop simula-
tions show the performance which can be
achieved with the guidance aids.

1 Introduction

Accessibility of airports is a significant issue for
the mobility with aircraft. For this purpose, a
high level needs to be maintained, independent
of external influences and conditions. However,
the accessibility of airports can be degraded due

to various reasons with regard to which low
visibility and adverse weather are important
factors. This particularly holds for small airports
which are not equipped with landing aids. Se-
vere visibility or weather conditions can even
lead to a stop in take-off and landing operations.

A further issue is a difficult terrain envi-
ronment of the airport, like a mountainous area
or a terrain showing obstacles in the surround-
ings of the landing site. This can aggravate the
problems which arise from a deterioration in the
visibility and/or the weather. Thus, the reach-
ability of small airports may be further de-
graded.

For removing the restrictions in the acces-
sibility of airports, various means are feasible.
One possibility is to provide the aircraft with an
autonomous capability for landing approaches
and take-off as well as for the movement on the
ground. Thus, there would be no necessity to
install ground-based landing aids at the airport.

An autonomous capability for landing and
take-off requires an appropriate equipment on
board of the aircraft so that the pilot can inde-
pendently follow the approach trajectory as well
as perform a landing and take-off. For this pur-
pose, the pilot has to be furnished with adequate
guidance aids. Such guidance aids can be pro-
vided by a display presenting command and
status information in an appropriate manner. A
display type achieving this objective is a predic-
tor-tunnel display which shows guidance infor-
mation in a 3-dimensional format, with a terrain
image included in an integrated form. The guid-
ance information comprises, as main constitu-
ents, the approach trajectory presented in the
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form of a tunnel and the aircraft position at an
appropriately selected time ahead using a pre-
dictor. Thus, command and status information is
available. The terrain image comprises the air-
port and its surroundings as well as other ele-
ments which are important for the flight task of
the pilot.

Research on cockpit displays presenting in-
formation of the described kind shows that im-
provements in the guidance and control of air-
craft are possible (Refs. 1-11). A promising
concept features a predictor-tunnel display (e.g.
Refs. 1-3, 10, 11). The improvements possible
with this display type are due to the command
and status information, including preview, pro-
vided for the pilot. A further issue is the picto-
rial and descriptive manner in which the guid-
ance information is displayed. It enables an in-
tuitive access, yielding a reduction of the mental
effort for reconstructing the spatial and temporal
situation.

This paper is concerned with aircraft-
autonomous aids supporting the pilot, provided
by a predictor-tunnel display presenting guid-
ance information and a terrain imagery in a 3-
dimensional, integrated format. The purpose is
to show the potential of this display type for
precise approach trajectory control, independent
of ground-based support. A further issue is that
current computer and navigation technologies
offer a low-cost solution for predictor-tunnel
displays, using Commercial-off-the-Shelf hard-
ware. This is an important point in the present
context because the addressed on-board guid-
ance aids may thus become affordable for small
aircraft operating on small to medium airports.

2 Concept of Aircraft-Autonomous Guidance
Aids

The conceptual approach for providing aircraft-
autonomous guidance aids is graphically pre-
sented in Fig. 1. This Fig. shows a tunnel which
represents the approach trajectory to the landing
site. The approach trajectory is presented to the
pilot as the command flight path on a display in
the cockpit. The form of the tunnel shown in
Fig. 1 suggests that not only a straight flight
path but also more complex approach trajecto-
ries are possible. Thus, curved and steep ap-

G. Sachs, F. Schuck, F. Holzapfel, J. Schaller

proaches can be performed. Such a possibility
yields an enhancement in the flexibility of ap-
proach and landing operations. It may be par-
ticularly beneficial for airports in a difficult ter-
rain environment, offering approach directions
which are otherwise not feasible.

More details of the 3-dimensional display
IS given in Fig. 2 which shows the guidance
information presented to the pilot. The dis-
played information comprises, as main ele-
ments, the command approach trajectory and the
predictor symbol indicating the aircraft position
at an appropriately selected time ahead as well
as an image of the terrain.

The aircraft-autonomous guidance aids are
intended to support the pilot in all three stages
during approach and landing, yielding the fol-
lowing phases:

— Approach phase in the wide area of the air-
port

— Approach phase in the vicinity of the airport

— Runway landing phase

The displayed terrain image is constructed
using a 3-dimensional data base which com-
prises digital elevation and surface models as
well as graphical replications of obstacles
(buildings, power lines, etc.). Data from various
origins are applied, like CAD data, topographi-
cal data or aerial photographs. Different data
sources are used for the generation of the terrain
image, depending on the distance from the run-
way, Fig. 3.

3 Tunnel Construction

The tunnel presented in the 3-dimensional dis-
play (Fig. 2) shows the approach trajectory, thus
providing the pilot with command information.
For constructing the tunnel, various aspects are
taken into account. The course of the command
trajectory which can show lateral and vertical
changes in the case of curved and steep ap-
proaches should be such that it is easy to fly and
does not impair passenger comfort. Further-
more, the command trajectory has to comply
with local and general rules or guidelines. An
important point relates to safety which is of par-
ticular concern in a difficult terrain environ-
ment. This means that the distance between the
command trajectory and the terrain is always
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greater than a specified safety margin. Another
point relates to noise sensitive areas. An appro-
priate construction of the command trajectory
offers the possibility to alleviate or avoid this
kind of exposure.

The process of the tunnel generation is
schematically shown in Fig. 4. As a starting
basis, reference is made to waypoints which are
connected by straight lines. A refinement of this
basic trajectory is effected accounting for flight
mechanics issues, e.g. by introducing a curved
segment adequate for a turn in the case of a lat-
eral flight path change. The result is a prelimi-
nary form of the tunnel in terms of its center
line. This is subject to verification steps. Here, a
check is performed using a terrain model in or-
der to examine whether or not the tunnel comes
too close to the surroundings. After passing all
checks, the final tunnel version is available
which will be used as a plug-in for the visualiza-
tion software.

A detailed description is given in the fol-
lowing for a representative case, concerning the
tunnel configuration which was generated for
the approach trajectory to Bolzano airport (It-
aly) where flight tests are planned. This airport
in the Alps is located in a mountainous area,
thus yielding a demanding terrain environment.

The starting basis for the approach trajec-
tory to Bolzano airport is presented in Fig. 5.
The original waypoints are connected to each
other using straight lines, yielding an initial
form of the approach trajectory. The next step is
concerned with modifications related to flight
mechanics issues. This is demonstrated consid-
ering the refinement in the initial trajectory form
for a lateral change. As shown in Fig. 6, every
second point on a laterally changing trajectory
segment will not be overflown but passed along
the inside of the curve. For such trajectory parts,
a curve segment is constructed such that it com-
plies with flight mechanics considerations for
performing a turn. Then, all trajectory elements
can be combined, with waypoints shifted to-
wards the respective curve segment (Fig. 7).
The next refinement is concerned with the tran-
sition from straight to curved segments and vice
versa at the beginning and end of a turn. For
these parts of a curve, clothoid segments are

used (Fig. 8). The objective is to make control
easier with regard to the transition phases.

An important aspect in generating the tun-
nel is safety. This holds particularly for ap-
proaches in a difficult terrain environment. The
issue is graphically illustrated in Fig. 9 which
shows how the problem can be solved. A circle
around the tunnel center with radius R is intro-
duced as a safety margin. Thus, a tube or safety
corridor is generated such that an intersection
with the terrain can be avoided. In order to de-
termine possible intersections with the terrain,
appropriate terrain data are used, like a digital
terrain or a digital surface model.

The final outcome of the tunnel generation
process is the command approach trajectory. A
graphical presentation is given in Fig. 10 which
provides a perspective view on the tunnel and
the ground track of the trajectory. It also gives
an impression of how the trajectory fits in the
mountainous terrain.

4 Predictor Control Law

An important constituent of the guidance infor-
mation presented in the 3-dimensional display is
the predictor (Fig. 2). The predictor can be con-
sidered to have the following functions:
1) Indicator of aircraft position
The predictor indicates the position of the
aircraft at an appropriately selected time
ahead.
2) Element of control system
The predictor is an element of a control sys-
tem which consists of the pilot, the predictor
and the aircraft.

Concerning the first function, a mathemati-
cal model is required for describing the con-
tinuation of the flight path in order to determine
the predictor position at the prediction time
ahead which is denoted by T.;. The model

which has been developed to meet predictor
function 1 is graphically given in Fig. 11. It
yields the following relation for the deviation of
the predicted position from the command trajec-
tory

Ahge = Ah—he +VT Ay + K Ay (1)



The deviation from the command trajectory is
indicated in the 3-dimensional display as an
error e,, which can be expressed as

eps (S) = Kpg (% $% +TopS +1jAh(s) (2)

The second function of the predictor relates
to manual control of the flight path, in terms of
a closed-loop system consisting of the pilot, the
predictor and the aircraft. For this function, pi-
lot-centered requirements are relevant which
result from the presence of the human operator
in the control loop. The objective is to develop a
predictor control law yielding a controlled ele-
ment (predictor-aircraft system) which requires
minimum pilot compensation. This objective
can be achieved when the controlled element
approximates a pure integration over an ade-
quately broad region centered around the pilot-
predictor-aircraft crossover. The described ob-
jective yields the following relation

YPRYC = ? (3)

where Y., and Y. are the transfer functions of

the predictor and the aircraft, respectively.

The predictor control law developed for
achieving the objective described by Eq. (3) can
be expressed as

€or (S K,

PR =#((S))= KPR(VySZ +-I-PRS‘"]-j 4)

With a proper selection of the prediction

time, T, and the gain in the y pathway, K,

the following expressions are obtained for the
zeros of Eq. (4)

T, ~Teg
K. 5
LK ®)
VT

Using these expressions, the predictor relation
given in Eq. (4) may be rewritten to yield
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5 Test Results

5.1 Simulation Test Facility

The described guidance aids are subject of an
experimental program consisting of pilot-in-the-
loop simulation tests. The simulation tests are
performed using the research flight simulator of
the Institute of Flight System Dynamics of the
Technische Universitdt Minchen, Fig. 13. This
is a fixed-base flight simulator with a two-pilot
cockpit. It provides programmable, wide cock-
pit-displays, side sticks for operating the aero-
dynamic pitch and roll control devices and ped-
als for the rudder. Furthermore, the flight simu-
lator is equipped with a computer generated
visual scene system featuring a spherical screen
of 150 °. For the visual scene system, a high-
performance visualization software is available
which contributes to the realism of the simula-
tion. The simulated vehicle for which a realistic
and elaborate six-degree-of-freedom dynamics
model is used is a modern regional class aircraft
with two jet engines.

5.2 Simulation Test Results

Results from a simulation run are shown in Figs.
14 to 17. They can be regarded as representative
for the achievable performance.

Results on the deviations from the com-
mand fight path are presented in Figs. 14 and
15. As a main result, the deviations from the
tunnel center line are rather small. This holds
for the lateral as well as for the vertical devia-
tions. The aircraft stays within the boundaries of
the tunnel the width of which is 35 m and the
height 30 m. The fact that the deviations are
small does not only hold for the straight parts of
the command flight path, but also for those
segments where changes in the approach trajec-
tory take place.

In Fig. 16 and 17, the deviations of the
predictor position from center of the reference
cross section of the tunnel are shown. These
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deviations are also small, both in the lateral as
well as in the vertical directions.

To sum up, the results presented in Figs 15
to 18 suggest that the goal of achieving a precise
trajectory following has been achieved.

6 Project Consortium

The on-board guidance aid system has been
realized by a consortium which comprises 12
institutions and industry companies from 6
European Countries, including an aircraft manu-
facturer, two universities and three airports. The
members of the consortium are:

1) Epsilon GIS Technologies SA, Greece, —
Project Coordinator, www.epsilon.qgr,
www.epsilon-eu.eu.

2) Aerolabs AG, Germany, www.aerolabs.de.

3) Aeroservices SA, Greece,
WWW.aeroservices.qgr.

4) Airport Authority Lugano, Switzerland,
www.lugano-airport.ch.

5) Aschenbrenner Elektronik GmbH, Germa-
ny, www.aschenbrenner-elektronik.de.

6) Delft University of Technology, The Neth-
erlands, www.tudelft.nl.

7) Diamond Aircraft Industries SA, Austria,
www.diamond-air.at.

8) ESRI Geolnformatik GmbH, Germany,
WWW.esri-germany.de.

9) IABG mbH, Deutschland, www.iabg.org.
10) Institute of Flight System Dynamics, Tech-
nische Universitat Miinchen, Germany,

www.fsd.mw.tum.de.

11) Airport Authority of Bolzano, Italy.

12) TopoSys GmbH, Germany,
wWww.toposys.de.

7 Conclusions

Guidance information displayed to the pilot in a
3-dimensional format is considered an aircraft-
autonomous aid to enhance the accessibility of
small-medium airports, particularly in low visi-
bility, adverse weather and in a difficult terrain
environment. The guidance information com-
prises a terrain image as well as the command
flight path and a predictor for indicating the

aircraft position. With reference to pilot-
centered requirements, an appropriate control
law is developed for the predictor. The terrain
image presented in the display shows all picto-
rial elements important for the pilot. The con-
struction of the command flight path presented
in the 3-dimensional guidance display accounts
for various aspects. An objective in constructing
the command approach trajectory which can
show lateral and vertical changes is that it is
easy to fly and does not impair passenger com-
fort. Furthermore, the command flight path
complies with local and general rules or guide-
lines. An important aspect is safety which is of
particular concern for a difficult terrain envi-
ronment.
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Fig. 1 Concept of aircraft-autonomous guidance aids
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Fig. 10 Tunnel and ground track of approach trajectory to Bolzano airport
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Fig. 13 Flight simulator of the Institute of Flight System Dynamics
of the Technische Universitat Mlinchen
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Fig. 16 Lateral predictor deviation from command flight path
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Fig. 17 Vertical predictor deviation from command flight path
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