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A B S T R A C T

In order to construct a flight dynamics computer
simulation model of airship flight with a high degree of
fidelity in the aerodynamic modelling, extensive wind
tunnel testing was carried out. This was aimed at, first
developing some specific airship wind tunnel testing
techniques and then to obtain aerodynamic data for the
YEZ-2A project airship being designed and built by
Airship Industries for the US Navy. The wind tunnel
testing techniques so developed insured a good matching
between wind tunnel results and flight test data from
existing airships.

The next step consisted in the construction of the
flight dynamics computer simulation model. This was a
full six-degree-of-freedom (6 DOF) non-linear model
written in the simulation language ACSL, and the wind
tunnel generated data for the YEZ-2A airship provided the
aerodynamic data base.

The computer simulation model was then used to study
the YEZ-2A aerodynamic stability modes, to obtain a
catalogue of vehicle responses to both aerodynamic and
power control inputs and finally to predict some of its
longitudinal handling qualities characteristics.
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in rudder fashion (Chapter 6)

Airship pitch angle (Euler)

Elements of the DCM

Air density

Time constant

Airship bank angle (Euler)

Airship yaw angle (Euler)

Angular frequency of oscillation

Derivative with respect to time



1. OVERVIEW

1.1 Introduction

In the history of world aviation the place occupied
by the airship stands as a unique example of the
successes and failures accumulated since man began to
fly. The airship was the first vehicle used to
demonstrate that controlled flight was possible, when the
Brazilian aeronaut and sportsman Santos Dumont won the
Deutsch prize in Paris in the beginning of this century.

The airship was also the first means of
transcontinental air travel, when in the 1920s and 30s
the German Zeppelins, operating for the DELAG airline,
provided safe and regular trans-Atlantic crossings
between Europe and North and South America (Ref. 1). The
spectacular accident of 1936 with the Hindenburg put a
sudden stop to the passenger carrying side of airship
flight, but what is usually not so well known is the fact
that the United States Navy continued to successfully
operate their ’‘blimps’ until the early 1960s in the
anti-submarine warfare (ASW) role. During the Second
World War, it is reported that no cargo ship was ever
sunk by a German submarine in convoys being escorted by
blimps.

The British efforts in the airship area culminated
in the extraordinary R100 and R101 designs. Were it not
for political influences which seriously compromised the
R101 development program, resulting ultimately in its
crash sixty years ago, they could have easily advanced
this branch of aeronautical engineering beyond even what
was being attempted in Germany at that time (Ref. 2).
The R34 airship does stand, however, as the first
aircraft ever to have crossed the Atlantic in both
directions.

In the America of the 1920s and 30s, political
problems also affected the destiny of the US Navy program
of large rigid airships, which started with the ZR-1, the



’Shenandoah’, and finished after the crash of the ZR-5,
the ’Macon’. With the notable exception of the ZR-3, the
German built ’Los Angeles’ from the Zeppelin Company, all
the others crashed ultimately due to causes largely
attributable to political manipulation of an infant
technology (Ref. 3). This took the form of flying into
appalling weather conditions (ZR-1 and 4), expecting to
show the airship’s worth, executing manoeuvres well
beyond the structural 1load 1limits (ZR-2) and even
delaying mandatory structural reinforcement modifications
(ZR-5) .

In more recent times, interest in the airship arose
after the oil crisis of 1973. The exceptionally low fuel
consumption associated with the airship made it a subject
©of numerous studies carried out by major international
institutions. An important international conference took
place at the Massachusetts Institute of Technology in
1974 (Ref. 4) to discuss airship applications as well as
its technical peculiarities, followed by similar events
every two years organized by the American Institute of
Aeronautics and Astronautics, the so called LTA (for
lighter-than-air) Systems Technology Conferences. In
Britain, the Airship Association in connection with the
Royal Aeronautical Society has also been promoting yearly
events of the same kind for quite a number of years now.

In 1981, the United Nations Organization for
Industrial Development also sponsored a major gathering
in Vienna between the representatives of developed and
not so developed countries aimed at assessing the
airship’s potential as an agent to foster economic
development.

However, as far as actual vehicle development is
concerned the picture is not so bright. After a number
of exploratory designs in the 70s, which ranged in
applications from airships for natural gas transportation
to those destined for cargo transportation in poor
countries, the only significant designs to emerge were



those originated at Airship Industries in the United
Kingdom (Ref. 5). The Skyship-500 was a late 70s design
which was used for advertising and also underwent the
most extensive series of concept evaluation trials that
an airship has undergone in modern times (Ref. 6). Its
updated and slightly larger version, the Skyship-600, has
been successfully used for advertising, passenger
sight-seeing, police patrol and crowd control duties,
amongst other tasks, for a number of years now (Ref.7).
It was also the chosen test bed for the first aircraft
ever to fly with a full ’flight-by-light’ type of flying
controls (Ref. 8).

It was therefore considered a major breakthrough
when, in 1987, the YEZ-2A contract was awarded to the
consortium of Airship Industries and Westinghouse for the
supply to the US Navy of an Airborne Early Warning (AEW)
airship (Ref. 9). The so called Naval Airship Program
(NASP) called for the design and construction of an
Operational Development Model (ODM) whose main mission
will be to demonstrate the airship capability in the AEW
role, although other missions are already Dbeing
considered for it (Ref. 10). The vehicle that is to
fulfill the ODM requirements is called the YEZ-2A and it
is the first large military non-rigid airship to be built
in more than 25 years (Fig. 1.1).

In order to perform its AEW mission it is envisaged
that it will be fitted with the radar and electronic
suite already operational in the E2C ‘Hawkeye’ carrier
based aircraft. The radar antenna is to be housed inside
the gas envelope.

What is in effect outstanding in this event is the
fact that a substantial proportion of the total US$ 170
million contract value is to go into research and
development. In other words, for the first time in
several decades money is being invested in upgrading
airship technology to state-of-the-art levels.

It was therefore this set of circumstances that made
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the research work here described not only possible but
worth pursuing as well.

1.2 Background

With the resurgence in the 70s of world wide
interest in the airship, one of the first aspects to be
reassessed in the technical arena was, naturally enough,
the subject of airship aerodynamics. Particular emphasis
was placed on airship drag as this is the single most
important design parameter in lighter than air technology
(Ref. 11).

As a result of that, interest in the subject of
airship flight dynamics came as a natural consequence.
Airships had been considered unsuitable for flying in
adverse weather conditions, of being difficult to handle
near the ground and of being generally ‘unstable’ (Refs.
12 and 13). In order therefore to investigate these and
other aspects, some notable attempts were made to model
airship aerodynamics and to actually simulate airship
flight with the aid of both digital and analogue
computers.

Amongst the published work in this field, two
research efforts in the field of flight dynamics of
airships achieved a reasonable and deserved degree of
prominence. The first originated at the University of
Toronto Institute for Aerospace Studies (UTIAS), under
the guidance of Professor James DelLaurier.

The scene was set with their 1979 paper "Airship
Dynamic Stability" (Ref. 14), a landmark in the subject
even to this day. After that, came the paper that is
perhaps one of the most important in this field (Ref.
15), as it is actually an update and adaptation of the
original formulation by Munk and others, based on slender
body theory, to estimate the forces and moments acting
along the airship hull and fins, with the use of modern
digital computer techniques. The procedure that was
outlined in this paper supplied the airship flight



dynamics researcher with a valuable tool for implementing
the kind of simulation that is the main subject of this
thesis, if only the geometrical characteristics together
with the mass and inertias for the vehicle under study
are known or estimated.

This procedure was put to good use by Delaurier in
association with other researchers (Refs. 16, 17, 18, 19,
20 and 21 amongst others) and applied to old as well as
existing airships, resulting in the first major effort in
contemporary times directed towards unraveling the
peculiar flight dynamics aspects of airship flight. This
included even airship response to turbulence.

The second research effort in this field which is
worthy of praise is that undertaken by a California based
company called Systems Technology 1Inc. Having been
involved in the PACE trials of the Skyship-500 (Ref. 6),
the company then wused its earlier experience as
consultants to NASA (the American National Aeronautics
and Space Administration) in the field of airship flight
simulation, to develop an airship full six degree of
freedom non-linear simulation model. It has been applied
to the Skyship-500 case, in order to compare its results
with those from the PACE trials, especially in terms of
transfer functions between control inputs and airship
response in the frequency domain (Refs. 22 and 23).

The significance of the research efforts just
described can better be gauged by the the realization
that not only for the first time was it possible to
predict airship flight characteristics but also that a
certain degree of success was achieved between simulation
predictions and flight test results when both simulation
packages were applied to the Skyship-500 case (Refs. 20
and 22). However, to put these achievements in
perspective, it must be understood that all the airship
flight dynamics simulations described so far had to
resort to analytical means in order to establish the

aerodynamic model of the vehicles under consideration.



These analytical means were, as already mentioned,
largely based on adaptations of slender body theory plus
the cross-flow drag concept (Refs. 24, 25 and 26), which
were originally developed in the 1920s and 30s at the
height of world wide interest in airships. The main
available experimental source used to compare the results
from the theory was the series of wind tunnel trials
carried out by Freeman using a 1:40 scale model of the
’Akron’ (ZR-4) airship (Refs. 27, 28 and 29), as for some
unknown reason, the excellent work reported in various
Report & Memoranda of the British Aeronautical Research
Committee, especially in connection with the R101, did
not enjoy the same level of popularity. The Akron was a
large rigid airship with a slenderness ratio (length over
maximum diameter) of about six. Modern day non-rigid
airships have a slenderness ratio of about 4.0 and so the
original theory had to be suitably adapted in order to
cater for this substantial change.

It was therefore with this background that the
subject of this thesis was undertaken. In view of the
importance of the YEZ-2A project, the need for the
accurate modelling of airship aerodynamics had by then
become an overwhelming consideration.

1.3 The Purpose of this Work
The purpose of this work was to construct an airship

flight dynamics simulation with a high degree of fidelity
in the aerodynamic modelling of the vehicle. In order to
pursue this objective it was decided, early on in the
projeét development, that the preferred source of data
for the aerodynamic modelling would not come from the
current analytical methods previously mentioned but from
a wind tunnel test programme.

With the establishment of a cooperation scheme with
Airship Industries 1linked with the YEZ-2A project
(originally denominated ‘Sentinel 5000’, Ref. 30) the

generation of an aerodynamic data base became the main



subject of interest for both parties. A mutually agreed
programme of wind tunnel tests was therefore conceived
and carried out (See Chapter 2), the result of which was
a reasonably comprehensive aerodynamic data base that
could and was used in the aerodynamic modelling of YEZ-2A
in the way required to implement the flight dynamics
simulation.

In contrast with the previously mentioned work in
this field, where the simulation was first conceived,
implemented and then checked against whatever flight test
results became available, in the present case the
overriding consideration was to try to correlate the wind
tunnel test results with flight test data before the
simulation was implemented. This type of approach was
clearly justified in view of the original objective of a
high fidelity simulation model.

Bearing in mind that the YEZ-2A was a project
airship and that the option of having flight test data
from it would not be available, the solution adopted was
to carry out some initial wind tunnel tests with a model
of an existing airship, the Skyship-600. The objective
at this stage turned out to be the development of wind
tunnel test techniques that would enable a good match
between flight test data and tunnel data.

What happened eventually was that the more or less
full confirmation of a reasonable match between flight
test and tunnel data came only much 1later in the
programme (See Section 2.4), although some encouraging
early evidence was available from the PACE report (Ref. 6
and Fig. 2.2 of Chapter 2).

All in all, it was felt that the risks involved in
this undertaking would be worth taking in view of the
somewhat pioneering nature of generating a reasonably
large wind tunnel aerodynamic data base for an airship
whose slenderness ratio is of the order of 4.0, and
which, as a consequence, has no known precedent as far as

its scope and range of results are concerned.



As is often the case, this is the type of approach |
that has to be followed if the advancement of knowledge
is the ultimate objective being pursued.
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2. THE AERODYNAMIC MODEL

2.1 Introduction

The purpose of this Chapter is to give a brief
outline on the aerodynamic data base that was used in
support of the YEZ-2A flight dynamics simulation.

The generation of the afore mentioned data base
occurred largely as a result of a cooperation between the
College of Aeronautics and Airship Industries(UK) Ltd
(Ref 30). The program of cooperation (Ref 31), which
started in January of 1988 and finished in July of 1989,
was organized around five so-called ’‘Tasks’. The basic
principles that guided the concept of these five Tasks
‘can be summarized as:

1. Gain experience in airship wind tunnel testing,

given its specific peculiarities.

2. Provide Airship Industries with wind tunnel data
resulting from investigating alternative hull
shapes together with different fin sizes and
locations on the hull tail cone. This was aimed.
at helping the preliminary design process at
Airship Industries so that a basic design for the
YEZ-2A could be evolved. The basic hull and fins
design would therefore be employed in the work
that followed.

3. Obtain wind tunnel static aerodynamic data on the
YEZ-2A design, in terms of force and moment
coefficients, pressure distribution around the
hull and some of the fins, and control surface
(ruddervator) hinge moments. This would enable
Airship Industries to assess their design whilst
at the same time supplying a substantial part of
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the data base required by our flight dynamics
simulation.

4. Obtain wind tunnel dynamic aerodynamic data on
the VYEZ-2A design, in terms of aerodynamic
longitudinal and lateral rotary stability
derivatives. This would eventually be
incorporated into the flight dynamics simulation
as the so-called damping terms.

5. Investigate the YEZ-2A response to turbulence, an
area which is of particular relevance to airship
flight, forms an important part of airship
certification requirements (Ref 32), and is still

lacking serious and comprehensive studies.

Finally, in order to be able to actually run the
simulation model, it was necessary to obtain data
regarding estimates on the moments of inertia, total mass
and mass distribution as a function of environmental
conditions. By the time the actual flight dynamics
simulation started, the YEZ-2A project had seen enough
progress at Airship Industries so that these estimates
were available and could ther2fore be incorporated in the
simulation model.

The following sections summarize the work performed
in each of the Tasks and activities. These lead
eventually to the aerodynamic model of the YEZ-2A used as
the data base for the flight dynamics simulation.

2.2 Results from the Tasks

2.2.1 Task 1

The main purpose of this first Task was to try to
obtain some degree of expertise in airship wind tunnel



testing.
1'

In

-12-

The main problems faced were:

Due to the relative large size of an airship, the
results of airship wind tunnel testing are not
always reliable in view of the large scale
factors involved.

The thickness of the boundary layer on the aft
portion of the envelope affects the fins and
control surfaces effectiveness. This thickness
is dependent upon the rate of growth of the
boundary layer, i.e., to scale effects and the
wind tunnel test Reynolds number relative to full
size.

view of these important aspects, it was decided

that the the Task 1 investigation would incorporate the

following points:

1.

Boundary layer tripping and surface roughening
techniques would be employed on the wind tunnel
model so as to effectively raise the test
Reynolds number. This would hopefully lead to
turbulent flow over the whole model length and
therefore avoid the unwanted effects of flow
separation.

As the ultimate test for any wind tunnel result
is a comparison with flight test results, and the
YEZ-2A was a project airship, it was therefore
decided that a 1:75 scale model of the existing
Skyship-600 would be built and tested in the 8ft
x 6ft wind tunnel of the College of Aeronautics.
Since a small amount of flight test data was then
available for the Skyship-500 and 600 airship
series, these were to be used in the validation
of the wind tunnel data.

The Skyship-600 model was therefore tested with
four different kinds of surface roughening:
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1. Model covered in fishnet type of stocking, for
maximum surface roughness (Fig. Al.3.1 of
Appendix-1).

2. Model covered in a fine mesh type of stocking,
for minimum degree of surface roughness.

3. Model with bare hull but with a nose band for
tripping the flow.

4. Model with the bare standard smooth wooden hull,

for comparison purposes.

The results produced by the wind tunnel tests were
analyzed in terms of drag, 1lift and pitching moment
coefficients. Figure 2.1 shows these plotted as a
function of incidence for the ‘no control surface
deflection’ case.

These results were then compared with a previous set
of wind tunnel test results (Ref. 33) and the small
amount of flight test data then available (Ref 6). The
conclusion reached was that the smallest amount of
envelope surface roughening was to be used in all
subsequent airship wind tunnel testing for the following
reasons:

1. The Lift and Pitching Moment coefficient graphs
show good agreement between the various surface
condition results. The exception was the nose
band case and this method was not therefore
further pursued. The phenomenon of flow
separation seems to have been avoided to a large
extent, except in the range of extreme angles of
longitudinal incidence where where some data
scatter 1is evident in the pitching moment
results. This last point is further
substantiated by the pressure distribution
measurements also carried out in the course of
this work, and which were extensively analyzed in
Reference 34.
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2. The Drag coefficient graph shows what was
expected: Increasing surface roughness merely
shifts the drag curve upwards as airship drag is,
to a considerable extent, skin friction drag.
The flight test drag coefficient estimate then
available (Ref 6) indicated that the bare hull
results were on the optimistic side, whereas the
fine mesh stocking results fell on the
pessimistic side by approximately 60%.

In this way, the minimum degree of surface roughness
was concluded as being a must in the subsequent airship
wind tunnel testing, with the proviso that drag
coefficient results would probably need some fine tuning
adjustment before they could be readily wused. The
complete set of methods employed and results achieved in
this Task 1, which eventually resulted in approximately
2,500 force and moment coefficient data points and 500
pressure distribution data points, is given in Reference
35.

2.2.2 Task_1a |

The main purpose of this Task was to help Airship
Industries complete the preliminary design assessment of
the YEZ-2A hull shape and fins. In order to achieve
this, a 1:75 scale model of the YEZ-2A airship was built
and tested in the 8ft x 6ft tunnel of the College of
Aeronautics. Its method of assembly was such that it
permitted three types of envelope tail cones (back ends)
to be quickly interchanged, together with two types of
fins, which in turn could be fitted at two different hull
station positions.

Considering that the size of the model (1.72 m long)
did not allow it to be covered in human stockings, the

required degree of surface roughness was implemented by
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painting the polyurethane made hull with grey spray paint
from a distance of approximately 60 cm. This enabled a
coarse type of surface finish to be achieved, which was
felt to closely reproduce the fine mesh stocking type of
surface roughness originally employed in the Task 1 wind
tunnel tests.

The scope of the wind tunnel testing that was
carried out was such that approximately 1,700 force and
moment coefficient data points were obtained over a range
of pitch and yaw angles. Some flow visualization trials
were also carried out and Reference 36 gives a more
detailed account of this Task 1A.

Two important results were achieved in this Task:

1. The drag coefficient result for the full flight
straight and level condition (zero longitudinal
and lateral incidences in terms of wind tunnel
references) presented in Reference 6, is within
less than 10% of the equivalent Task 1A result
(Fig. 2.2).

2. The flow visualization wind tunnel tests
indicated that flow separation only occurred when
the airship model was set at extreme angles of
longitudinal and/or lateral incidences.

These two important results lead to the conclusion
that the degree of surface roughness implemented was not
only adequate in view of the Task 1 investigation, but
that no appreciable amount of drag curve fine tuning
would be required in order to obtain reasonably realistic
wind tunnel results.

Task 1A therefore served the purpose of helping
Airship Industries to finalize the YEZ-2A preliminary
design, as well as giving the required degree of
confidence with which the subsequent Tasks, all aimed at
establishing the aerodynamic characteristics of a more or

less definitive design, could now be pursued.
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2.2.3 Task_2
The main objective of this Task was to try to
estimate the main aerodynamics characteristics of the
YEZ-2A design project. This would enable Airship
Industries to proceed in their design development, whilst
at the same time providing the major part of the
aerodynamic data base required by the flight dynamics
simulation, which is the principal topic of this thesis.
The investigation carried out was concentrated
around three main areas:
1. Force and Moment coefficients, i.e., obtaining
the non-dimensional coefficients of Drag, Lift,
Side Force, Rolling Moment, Pitching Moment and
Yawing Moment.
2. Pressure distribution around the hull and along
the quarter chord line of some of the fins.
3. Control surface (ruddervator) Hinge Moment
coefficients.

The work was performed by incorporating the required
modifications to the Task 1A 1:75 scale model of the
YEZ-2A airship, and testing it in the 8ft x 6ft wind
tunnel of the College of Aeronautics. (Fig. Al1.3.2 of
Appendix-1). The modifications included the fitting of a
gondola (or ‘car’ in the US Navy vocabulary) to the
underside of the model, fins with movable ruddervators,
including two with strain gauge balances fitted to their
deflection axes (for hinge moment measurements), and a
total of 96 pressure tappings connected to two scanning
valves for pressure distribution measurements.

A test Reynolds number of 6 x 10° was achieved in
the wind tunnel, which is estimated to be about 35 times
less than the full flight value, and this was considered
to be quite an acceptable figure for airship model
testing. Considering the tested range of the model
longitudinal and 1lateral incidences, coupled with a



e

number of ruddervator deflection angles, a total of
approximately 3,000 data points were produced for the
various force, moment and hinge moment combinations,” and
15,000 data points for the associated pressure
distributions. A more detailed account of the Task 2
methods and results can be found in Reference 37.

It is important to note, however, that as far as the
flight dynamics simulation is concerned, the relevant
results produced by this Task were the force and moment
coefficients produced. They were obtained as a result of
testing the YEZ-2A scale model through a reasonably
comprehensive range of longitudinal («) and lateral (B =
=Y, in the wind tunnel axes system) incidences and
ruddervator deflection angles. These were, in effect,
the following:

o o o o

* Yy angles: 0°, -5°, -10°, -20°, -30°

o o

* a angles: -20°, -16°, -12°, -8°, -6°, -4°, 0°, 4

o o o o

8°, 12°, 16°, 20°, 24°, 28°, 32°
* Ruddervator deflection angles (In both elevator and
rudder configurations): -25°, -15°, 0°, 15°, 25°

In practice, the scheme of testing was achieved by
setting the airship model at one of the ¥y angles and
running the wind tunnel while the model would be put
through each of the stated a settings. This operation
would be repeated for each ruddervator deflection angle,
first in the pure elevator type of tail deflection
configuration and then in the pure rudder type. Next,
the model would be set at another Yy angle and the whole
process repeated again until the complete range of Y
angles had been covered. The aerodynamic data base that
resulted from following this procedure meant that for
each set of a particular combination of ¥y, «, and
ruddervator deflection angles there would be, associated
with it, three force coefficients (drag, lift and side
force) and three moment coefficients (rolling, pitching
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and yawing).

The processing of the raw data gathered in the wind
tunnel was carried out wusing the model and test
parameters required for the non-dimensionalization of the
force and moment results (See Appendix-1). The resulting
data base was presented in table form in ASCII type of
files, one for each combination of ¥ and ruddervator
deflection, and containing the six coefficients as a
function of «a. In this way, the files were ready for
visual inspection, by the use of a personal computer,
they could be printed if so wished, or they could be used
as input for a spread sheet type of software if the
plotting of the coefficients were required.

The aerodynamic data base as here described was
subsequently modified in its format, so as to suit the
requirements of the simulation in general, and of the
simulation language (ACSL) in particular. It is
important to note, however, that data points were
produced for the previously stated combinations of vy, «,
and ruddervator deflection angles only. Any simulation
flight condition which fell in between any of the data
points, or indeed outside the range covered, had its
aerodynamic force and moment coefficients determined by a
process of 1linear interpolation or extrapolation
respectively (See Chapter 4).

In spite of this limitation, it was felt that the
range of longitudinal and lateral incidences, together
with the range of control surface deflection angles, was
a set of data points comprehensive enough to support a
good flight dynamics simulation, given the range of
flight conditions that would be used in that
investigation. The results of the Task 2 aerodynamic
data base are presented in the form of graphs in
Appendix-1.
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2.2.4 Task 3

The main purpose of this Task was to estimate some
of the aerodynamic damping derivatives of the YEZ-2A
airship, namely mq and n_.. In order to achieve this a
special 1lightweight 1:75 scale model of the YEZ-2A
airship was built and tested in the 8ft x 6ft wind tunnel
of the College of Aeronautics (See Fig. Al.3.3 of
Appendix-1). The rig assembly was such that the airship
model could be made to oscillate in both pitch and yaw.

The usual technique for measurement in wind-on and
wind-off conditions was carried out (Ref. 38). In
practice, it is impossible to separate the virtual mass
terms from the desired aerodynamic damping derivatives so
that the values estimated were effectively for mq-m&u and
for n_-ncu. In the process, the values of the stiffness
derivatives m, and n, were also determined.

A more detailed account of the Task 3 methods and
results can be found in Reference 39. The relevant
results for the flight dynamics simulation are presented
in Appendix-1, together with the non-dimensionalization
procedure adopted and a comparison with the equivalent
results estimated for other airships. The relatively
good agreement amongst these results allowed the Task 3
estimates to be used in the subsequent simulation work.

2.2.5 Task_4

The main objective of this final Task was to
evaluate the YEZ-2A response to turbulence. 1In order to
carry this out, an ultra-lightweight 1:200 scale model of
the YEZ-2A airship was built and tested in the Earth
Boundary Layer 8ft x 4ft wind tunnel of the College of
Aeronautics (Fig. Al.3.4 of Appendix-1).

The simulated open field boundary layer velocity
profile in the wind tunnel test section allowed a
reasonably realistic representation of flight through a

naturally turbulent atmosphere, with due consideration
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being given to the airship model scale factor.
Measurements of the instantaneous value of the vertical
(gust) and horizontal velocity components were taken
using hot wire anemometry. The airship response was
measured in terms of Lift and Pitching Moment by the use
of two strain-gauge balances fitted to the model’s Centre
of Volume (CV).

The results of this essentially dynamic type of
experiment were subsequently analyzed in terms of the
Transfer Function, the Phase Shift and the Coherence
between input (the vertical gusts) and output (lift and
pitching moment). The values of the spatial frequency Q
at which a peak occurred in the transfer function,
followed by a marked phase shift and a value of the
<coherence function close to 1.0, were then noted down as
the characteristic frequencies of response of the airship
to turbulence. These results are likely to influence the
design of the automatic flight control system once the
appropriate scaling up procedure is followed.

Although the results of this Task are not directly
applied in the subsequent flight dynamics simulation, the
dynamic lift and pitching moment measurements constitute
a data base that 1is relevant to the further work
suggestions that are mentioned at the end of this
document. A more detailed account of the Task 4 methods
and results can be found in Reference 40.

2.3 The YEZ-2A Weight, Buoyancy and Environmental

Conditions Cases

In order to complete the data base for the flight
simulation work, typical examples of weight distribution,
moments of inertia, and Centre of Gravity positions as a
function of environmental <conditions (temperature,
pressure and altitude), were required. These estimates
were eventually provided by the Weights Department of
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Airship Industries and the ’Cases’ effectively used are
presented in table format in Appendix-1.

2.4 Concluding Remarks

As the results from Task 2 were used to provide the
set of static force and moment coefficients required by
the simulation, it is important to bear in mind that no
attempt was made to carry out any data smoothing or curve
fitting on them. The main reason for that is the fact
that this is effectively a three-dimensional problem:
Since each data point is a function of three variables,
Y, a and ruddervator deflection, the process would have
to be carried out in each of the Task 2 graphs presented
in Appendix-1 and, at the same time, from one graph to
the next as the Y angle varied. After that, the graph
points would have to be restated in table format, in
order to be suitable to be imported into the simulation.
The scope of this type of work was clearly beyond our
means, both in terms of the time required and the tools
available.

On the other hand, a careful inspection of the Task
2 graphs presented in Appendix-1 shows that although in
some situations a curve smoothing process would be a
desirable feature to be incorporated into these results,
in the majority of the cases this is not really a
mandatory requirement. Although this is ultimately a
matter largely for a subjective kind of discussion, it
was felt that the lack of a curve fitting or smoothing
process for the Task 2 results would not seriously
compromise the simulation results to be obtained based
upon them.

Finally, the previous sections have shown that, as
far as the data base for running the simulation model is
concerned, the results from Tasks 2 and 3 were the
relevant ones. In retrospect, it can be argued that the
other Tasks were not required for obtaining the
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simulation aerodynamic data base.

Considering however that one of the objectives of
this work was to construct a high fidelity aerodynamic
model of the YEZ-2A airship, it was felt that the
experience gained in the wind tunnel testing required by
Tasks 1, 1A and 4 was of great importance in giving the
necessary degree of confidence so that Tasks 2 and 3
could be adequately carried out. Besides, Task 1 and 1A
provided the important 1link between the wind tunnel
results and the small amount of flight test data
available during the time when this work was being
carried out. This link came in the form of the technique
for airship wind tunnel testing developed as a
consequence of performing these Tasks, and which was used
in Tasks 2 and 3.

When further Skyship-600 airship flight test results
became available more recently, they were compared with
those produced by Task 1. The good degree of matching
that was confirmed between the two sets of results (Ref.
41) can only be regarded as late confirmation that the
wind tunnel test methodology employed was reasonably
adequate in view of the high fidelity objective pursued.
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3. THE SIMULATION CONCEPT

3.1 Introduction

The concept of the mathematical model that was used
in the flight simulation work was derived from two
previously published models by the College of Aeronautics
staff (Refs. 42 and 43). The first one was conceived as
a mathematical model to be used in the simulation of a
Remotely Operated Underwater Vehicle (ROV), whereas the
second one consisted in an adaptation of the former to
obtain a small perturbation model for the study of
airship flight dynamics. This background of work in
buoyant vehicles led in 1988 to a Master of Science
thesis based on a small perturbation model analogue
‘simulation of an airship (Ref. 44).

In the present case, the primary objective was to
obtain a full six-degree-of-freedom (DOF) non-linear
mathematical model of airship flight, so that the flight
dynamics simulation could be implemented. A major
conditioning factor in the implementation was the fact
that the aerodynamic forces and moments, including those
used to control the airship, were to be determined from
the results of the wind tunnel test programme (See
Chapter 2), and not from analytic'expressions based on
the estimated values of some aerodynamic stability
derivatives, as is usually the case in this type of work.

A second important condition was that the simulation
was to be implemented digitally on a computer, using a
high level language, so that different flight cases could
be easily tried, as well as different types of control
input.

It was decided therefore that, in order to satisfy
the stated model requirements, the basic ROV mathematical
model was to be used. Its very concept had already made
possible simulation work of the kind sought here, and
therefore just the necessary adaptations to the present
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airship case had to be conceived and implemented.

3.2 The Adaptation to the Airship Case

The fundamental principle at the heart of the
mathematical model of the simulation is the calculation
of the three linear velocities, u, v and w, and the three
angular velocities, p, q and r, with reference to X, Y
and Z respectively. This 1is an orthogonal axes
set, centered at the airship Centre of Volume (CV), and
are called ’‘body axes’.

A second set of orthogonal axes is also used in
this type of simulation concept: ’Inertial’ or ‘Earth’
axes, where OX is aligned with the North direction, OY
with the East and 0Z points downwards towards the centre
of the Earth. This axes set stays stationary throughout
the simulation run, whereas the body axes set moves with
the vehicle. For this simulation, the effects of Earth
curvature were not taken into account (’flat Earth’
assumption) .

Once the velocities in body axes are calculated,
the airship trajectory in three dimensional space, can be
determined. This is achieved by a simple axes
transformation, 1i.e., velocities in body axes are
transformed into velocities in Earth axes, followed by a
time integration, which, in Earth axes result in the
displacements in the North, East and Vertical (height)
directions respectively.

Figure 3.1 shows the set of body axes employed in
the simulation. The CV 1is assumed to 1lie on the
geometrical longitudinal axis of the envelope (its Centre
Line), and the X-axis is aligned with it. The XZ plane
defines the longitudinal plane of symmetry, since the
body is assumed to be symmetric, and therefore the Centre
of Gravity (CG) 1lies on this plane as well. Two

important consequences arise from this assumption:
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i. If the CG coordinates, with respect to the
stated axes system, are given by (ax, a az)
then a_= 0.
Y

ii. The products of inertia IXy and Iyz are both

yl

equal to zero.

Although the choice of axes set origin is
arbitrary, in this case the CV was chosen because the
wind tunnel gathered data on forces and moments was based
on an equivalent set of axes. In this way, the
transformation of force and moment coefficients in wind
tunnel axes to simulation axes was avoided, greatly
simplifying the Aerodynamics computation algorithm.

The remaining simulation model assumption made was
that the airship is considered to be ‘rigid’, i.e.,
aeroelastic effects are ignored.

The principle behind the concept of the equations
of motion employed in the simulation is (Ref. 42) the
formation of a Lagrangian from the energy of the airship
and a 1large sphere of surrounding air. After some
manipulations, the final format of the equation is given
by:

= Fd(ul vV, W, P, 4, Ir) +
+ A (u, v, w, p, q, r) +
(3.1)

G (A +

31’ A32’ A33)
+ P (propulsion forces & moments)

K- Q--'C- g. <. o
+
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where M 1is the 6x6 Mass matrix
Fd is the 6x1 matrix Dynamics vector
J I is the 6x1 matrix Aerodynamics
vector

G 1is the 6x1 matrix Gravitational
and Buoyancy vector

P 1is the 6x1 matrix Propulsion
vector

\

The state variable format of the equations of
motion (EOM) as here presented has been found, over the
years, to be quite adequate for simulation model
implementation using a high level computer language. One
of the reasons is the fact that the whole problem of
dealing with the six EOM is reduced to matrix
manipulation procedures once the the elements of each
matrix has been determined. It is mainly for this reason
that this EOM format was employed in this work.

The following sections define the various matrices
which were presented in Equation 3.1.

3.2.3 The Mass Matrix M

In the EOM formulation adopted additional terms
that are specific to buoyant vehicles like airships, and
are not wusually considered in conventional aircraft
simulation work, are incorporated in the Mass matrix.
They are called ’‘added’ or ’‘virtual’ masses and inertias
and arise due to the vehicle mass being of the same order
of magnitude as the mass of displaced air (Ref. 22). The
conventional modern formulation of using aerodynamic
stability derivative notation to denote these terms has
also been employed here, and they are therefore stated as
equivalent aerodynamic acceleration derivatives (Ref.
45).

After incorporating the simplifications due to
vehicle symmetry, the Mass matrix is given by
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M= mX 0 0 0 maz-X- 0
0 my 0 —maz—Yb 0 ma ‘Yf
0 0 m, 0 -ma -7 0
0 —maz-LQ 0 JX 0 —sz
ma,-M: 0 -ma_-M. 0 Iy 0
] 0 max-NQ 0 —sz 0 Jz ]
(3.2)
where,
m = The airship mass
mx =m - Xﬁ
my =m - Y",
mz =m - Z‘;vl
Xﬁ, YQ and Zﬁ are the virtual mass terms
Jx = Ix - Lb
J =I_- M-
y Y q
Jz = Iz - Nf
Ix’ Iy and I, are the moments of inertia about 0X,

0OY and 0Z, respectively

p’ g
=TI, +N =TI, +L

L:, M: and Nf are the virtual inertia terms
X2 XZ P XZ
I

J
%z is the product of inertia about OY
Nb and Lf are virtual inertia terms
a, and a, are the CG coordinates with respect to 0X
and OZ respectively
Xé' Yﬁ' Yf and Zé are virtual mass terms
LQ, Mﬁ, MQ and NQ are virtual inertia terms

In practice, some of the virtual masses and
inertias have to be disregarded, whereas others can be
estimated as will be shown in Chapter 4.

3.2.4 The Dynamics Vector Fq

The 6x1 column matrix that contains the dynamic
terms associated with the inertial 1linear and angular
velocities u, v, w, p, g and r can be expressed as
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_ T
Fq = [ £, £, £, £, £ ] (3.3)
where,
— p— [ 2 2 -
f1 B m, wq + myrv + m_ ax[q + r ] a,rp ]
f2 = -mur + m,pw + m_-aqu - a,rq ]
f = -m Vvp + m_qu + mr-a rp + a q2+ p2
3 Yy X | X z
f4 = —[Jz-Jy]rq + szpq + maz[ur - pw]
f = -[J -J ]pr + J [rz- p2] + m[a [vp - qu] -
5 X 2 Xz X
az(wq - rv] ]
’f6 = —[Jy-Jx]qp - szqr + m[-ax{ur - pw] ]

In the above expressions the simplifications due to
vehicle symmetry about the XZ plane have already been
incorporated.

The 6x1 column matrix that contains the aerodynamic
forces and moments had its computation expressions and
algorithm based entirely on the fact that, in the present
airship simulation, these elements were to be determined
directly from the results of the wind tunnel test
programme carried out. In practice, if the aerodynamics
vector is expressed as

T
A = [ A A
XB Y

B AZB ALB AMB ANB ] k254
where,

= Aerodynamic total force on OX axis (Body axis)

= Aerodynamic total force on OY axis (Body axis)

= Aerodynamic total force on 0Z axis (Body axis)

= Aerodynamic total moment on OX axis (Body axis)

= Aerodynamic total moment on OY axis (Body axis)

= Aerodynamic total moment on 0Z axis (Body axis)

2?!£yt?‘gyrg,k?
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then each one of the above matrix elements was determined
from the associated wind tunnel measured non-dimensional
coefficients. These were transformed into dimensional
forces and moments using the appropriate factors. The
dedicated expressions are presented in Chapter 4.

In summary therefore, the above expressions for
total forces and moments, as implemented in the airship
simulation model, incorporated the effects of:

i. The aerodynamic forces and moments due the
vehicle air speed, and 1longitudinal and
lateral incidences.

ii. Any control surface deflection effects, since
the wind tunnel test programme results had
this feature already built in. The A vector
as stated contains, therefore, effectively the
Aerodynamic Control vector, which is usually
presented as a separate entity, especially in
small perturbation simulation models.

iii. The dynamic force and moment damping terms,
also estimated in the wind tunnel test
programme (Chapter 2).

This approach to the solution of the Aerodynamic
vector implied, therefore, that aerodynamic stability
derivatives were not used in order to calculate the
aerodynamic forces forces and moments, as is usually the
case in flight dynamics simulation models. In fact, the
state variable format of the EOM employed meant that the
aerodynamic stability derivatives, for any particular
flight regime, can be estimated, if required, from the
system Jacobian, as is shown in Chapter 5.

The 6x1 column matrix that contains the terms
associated with the gravitational and buoyancy forces and
moments is given by
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_ ) . -
G = Ayy kw - B‘ (3.5)
( )
Ko s Lw - B‘
( 3\
Koy Lw - BJ
“Ag3,W
(A3laz A33ax]w
| Aap%, |
where,

W is the airship weight, acting at the CG

B is the buoyancy force, acting at the CV

a is the CG coordinate on the X-axis

a is the CG coordinate on the Z-axis

A are elements of the Direction Cosine Matrix
(DCM, see Appendix-2)

In Equation (3.5) the simplifications due to
vehicle symmetry about the XZ plane are already
incorporated. The Direction Cosine Matrix (DCM) is the
standard matrix used for axes transformation and for
determining the airship attitude with respect to the
horizontal and vertical planes (Appendix-2).

Unlike the conventional aircraft situation, the G
vector in the airship case has only a secondary
importance. This is largely due to the counteracting
effect of the buoyancy force on the weight and the fact
that, in normal circumstances, they differ by small
amounts. Also, the CG in practice is made to rest at a
certain distance directly below the CV, and therefore for
small disturbances in pitch and roll, the value of the
gravitational restoring moment tends to be small indeed.
However,when the vehicle attitude has departed from the

small angles condition the G vector becomes important,
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and in a six-degree-of-freedom non-linear simulation its
determination 1is, along with the other elements of
Equation 3.1, essential.

The 6x1 column matrix that contains the terms
associated with the propulsive forces and moments had to
be conceived as a function of the geometrical arrangement
of the propulsive units around the established body axes
set. It was therefore a function of the specific design
of the YEZ-2A. For this reason, if P is expressed as

T
P= [xpmp’ Yprora’ Zprop’ Lprop’ Mprop’ Npmp] (3-6)
Qhere,
Xprop = Total thrust along OX axis (Body axes)
Yprop = Total thrust along OY axis (Body axes)
Zprop = Total thrust along 0Z axis (Body axes)
Lprop = Total thrust moment about OX axis (Body axes)
Mprop = Total thrust moment about OY axis (Body axes)
Nprop = Total thrust moment about 0Z axis (Body axes)

then the derivation of the mathematical expressions that
make up each element of P is presented in Chapter 4,
where all the vehicle specific equations are developed.

3.3 The Solution
The solution to the type of simulation concept here

presented is found by inverting the mass matrix M and

multiplying both sides of Equation (3.1) by Mt

(3.1) will then have the form

. Equation
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_ [ > ] (3.7)

K. Q- 'O g. < - (=)

where,
D 1is a 6x1 matrix containing the numerical values
of the state variable derivatives with respect
to time

Once J is integrated over a small time interval At
the values of the three linear and the three angular
velocities in body axes are automatically found. Once
the three linear velocities are transformed into Earth
(inertial) axes and integrated over the same small time
increment At, the displacements in the North, East and
Vertical (height) directions are also found.

The body to Earth axes transformation is achieved
by the use of the Direction Cosine Matrix (Appendix-2),
which is also used to determine the set of Euler angles
¢, © and ¢y which describe the airship attitude with
respect to Earth axes. |

The linear and angular velocities, together with
the displacements in Earth axes and the Euler angles, are
the basic flight dynamics simulation output parameters
and Figure 3.2 summarizes the simulation concept here
described.
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4. THE SIMULATION MODEL

4.1 The Computer Simulation and ACSL

Early in the development of the YEZ-2A simulation

model, as presented in Chapter 3, a decision was taken

regarding the simulation language to be used. The choice

of ACSL (Advanced Continuous Simulation Language) seemed

natural for the following main reasons:

i.

ii.

iii.

iv.

It is a high 1level language conceived
especially for simulation purposes. A program
written in ACSL is already structured in terms
of the Initial, Dynamic and Terminal regions
since this 1is a requirement of the ACSL
translator (Fig. 4.1). In other languages this
structure has to be constructed manually with
the use of logical flags and branching.

ACSL has already built in the function INTEG
which provides the time integration of the
state variables using an integration algorithm
specified by the user. This avoids the need to
write, debug and implement Runge-Kutta type of
subroutines to perform that task.

As a substantial part of the flight dynamics
investigation was concerned with stability and
control, the ANALYZ package provided by ACSL
seemed quite attractive with its built in
capacity to calculate the system Jacobian
matrix, the eigenvalues and associated
eigenvectors.

Being a FORTRAN based language, ACSL offers the
facility of accepting subroutines written in
that language to complement the main program
features if so required.

In addition, to the stated reasons for using ACSL

was another important one: The existence of an example
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INITIAL
REGION

DYNAMIC

REGION

Y

TERMINAL
REGION

Figure 4.1 - Program regions of the computer simulation

DERIVATIVE
CALCULATIONS

model, The ACSL language requires the

program code to be conceived using this
stucture, a feature not found in other

commonly used high level languages,




-39-

program to simulate the firing of a torpedo, which is of
course another kind of buoyant vehicle (Ref. 46). This
program had already been debugged and implemented in
ACSL, and although it was realized that extensive
modifications would be required in order to adapt it to
the airship case, it was felt that the torpedo simulation
formed a very good starting point.

During program implementation, only two major
inconveniences were found associated with the use of
ACSL: The first was the need for the whole program to be
compiled and linked as a single unit, preventing the
separate development, debugging and implementation of
program sub-units which would then be linked to the main
program at compilation time. The second difficulty found
was that the error reporting messages produced by ACSL
are not as direct and explicit as those found in other
languages, which made error identification and tracing a
rather time consuming process. The combination of these
two factors meant that the achievement of an error free
simulation program was, most of the time, an all or
nothing type of process, and this considerably delayed
the stage when meaningful results started to appear.

The YEZ-2A simulation program consists essentially
in the coding of the simulation model presented in
Chapter 3. The mass matrix and the various vectors of
the right-hand-side of Equation (3.1) are calculated in
the Dynamics/Derivative region of the program at each
integration step, so that the equivalent of Equation
(3.7) 1is produced at each time step. The initial
conditions regarding vehicle speed, attitude, weight and
environmental conditions are all specified in the Initial
region of the program, which acts therefore as the
initial input to the actual running of the model in the
Dynamic region. Matrix inversion and mass change, along
with CG position change FORTRAN subroutines are called
every time from the Derivative region in order to update

these airship parameters as the simulation run is allowed
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to proceed.

The simulation program was run from a command file
in accordance with the options offered by the ACSL
run-time syntax rules. In this way, the actual
simulation program represented the coding of the
simulation concept (seen in Fig. 3.2), along with the
initial conditions that did not need to be changed,
whereas the command file was used not only to specify the
required parameters for each simulation run but changes
in flight ‘cases’ as well, e.g., new environmental
conditions, initial weight and buoyancy, speed or
attitude, and aerodynamic and power control inputs.

An IBM Personal Computer AT fitted with a math
coprocessor was used to develop, implement and run the
YEZ-2A flight dynamics simulation.

The following sections present a summary of the
relevant aspects in each of the main sections that make
up the simulation program. A program flow-chart is
presented at the end of the Chapter summarizing the way
in which the simulation actually works.

4.2 Axes Transformation

The major axes transformation that the simulation
required was, as seen in Chapter 3, between body axes and
Earth axes. In order to achieve that a Direction Cosine
Matrix (DCM) had to be calculated at each time interval
At so that the necessary transformations could take place
as the simulation run proceeded.

More specifically, the DCM or some of its elements
were used in three main instances:

i. To obtain the velocities in the North, East and

Vertical directions (Earth axes) once u, v and
w were determined, so that

VNorth u
VEast = DCM v (4.1)
V. w

Up



-41-

ii. To obtain the Gravity & Buoyancy vector G as in
Equation (3.5).

iii. To obtain the Euler angles ¢, 6 and ¥, since
they can be expressed as a function of the
elements of the DCM.

The chosen way to calculate the DCM was by using the
quaternion method (See Appendix-2), which is quite
suitable for implementation in a digital type of
simulation. This method assumes that the DCM can be
expressed as

DCM = All A12 A13 (4.2)
A21 A22 A23
A A A

31 32 33

from which the relevant Aij values are used in the
calculation of the G vector. On the other hand, the
Euler angles are determined from

(
= arc tan|a A ] 4.3

¢ 2327233 (4.3)
{

8 = arc sin|-a ] (4.4
L 31 ‘ )
(

Y = arc tan|a A ] (4.5)
{ 21/ 11

A full derivation of the above expressions can
be found in Reference 47.

4.3 The Mass Matrix M
The Mass matrix elements are those presented in

Equation (3.2). For their determination the simulation
program had to resort to different methods in accordance
with the element being calculated.

The final calculation of M was accomplished in the
ACSL program inside a PROCEDURAL block, a code section
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which is not sorted by the ACSL translator and where the
required output (M) and all the necessary inputs for its
determination have to be precisely specified. An
important property of the mass matrix is the fact that it
is symmetrical about its diagonal elements. 1In the code
implementation, therefore, only the diagonal elements and
those above them were actually calculated. Once the
latter were copied to the the array elements below the
diagonal, observing of course the symmetry rules, the
determination of M was completed.

After M had been obtained, a FORTRAN subroutine was
called to perform the required inversion so as to obtain
ML, The following sub-sections give a brief description
of how each variable required to calculate each element
of the Mass matrix was determined.

One of the peculiarities of non-rigid airship flight
is the considerable amount of vehicle total mass
variation that can occur in a short time span. The usual
condition for this to happen is the performance of a
climb or descent manoeuvre, when the ballonets have to be
emptied or filled with air respectively, so that the
lifting gas has room inside the envelope to expand or
contract in response to outside air density and pressure
changes. Other situations which can potentially lead to
sudden mass changes are the encountering of air masses
that have a higher or lower temperature than that of the
lifting gas inside the envelope. This will lead to
adjustments in the amount of air allowed to remain inside
each ballonet if constant height is to be maintained.

In the YEZ-2A simulation program the initial value
of total airship mass is taken directly from the data
base weight tables (Appendix-1). As the simulation run
unfolds, the required mass variations are incorporated in
the following way:
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i. First, the air density p is calculated at each
time step of the simulation. This is achieved
by calling a subroutine directly from the
Dynamic/Derivative region, whose inputs are the
vehicle height and the 1ISA (International
Standard Atmosphere) or off-ISA condition for
the on-going simulation run. This subroutine
effectively embodies a model of the atmospheric
properties in accordance with the ISA
convention (See Appendix-1).

b & Second, the new p value is used to calculate
the new value of the Buoyancy force B.

iii. Third, the difference between B (aerostatic
buoyancy force) and W (airship total weight) is
checked against the specified value of
heaviness (weight larger than buoyancy) or
lightness (buoyancy 1larger than weight) for
that flight case. If that difference is
greater than a specified tolerance, a mass
change subroutine is immediately called and the
mass m is changed to restore the original
heaviness or lightness value specified.

iv. Fourth, in case m suffered any change, the mass
change subroutine calls a CG position
subroutine in order to determine the new CG
position.

In the mass change subroutine, logical checks are
- carried out in order to determine whether, for example,
in a climbing manoceuvre, there is still air to be pumped
out of the ballonets. Otherwise a message saying that
pressure height has been reached is displayed, which
means that any height increase will only be possible by
venting of the lifting gas, a situation which is normally
avoided.

The implementation of the mass change algorithm as
described was found to be satisfactory in keeping the
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total airship mass constantly updated in response to
changes in the flight operating conditions.

The weight tables (Appendix-1), present the moments
and products of inertia referenced to the vehicle cgG,
i.e., Ix’ Iy' Iz and Ixz’ for each flight case. The
simulation program had to alter these values in order to
cater for the fact that the chosen reference body axes
system had its origin at the CV, and to incorporate the
necessary virtual inertia terms (See Section 3.2.3).

The first change was carried out by using the
standard expressions for changing the moments and product
of inertia from one reference frame to another. This was
done in the Initial region of the program, since the CV
position is assumed not to change during the simulation.
After that, no changes were incorporated due to total
airship mass variation as it was felt that, for the
airship stability and response type of investigation and
the associated vehicle manoceuvres that had to be
performed (Chapters 5 and 6), the order of magnitude of
the inertia changes due to this cause, would not make
this a mandatory program requirement. For investigations
in the area of vehicle performance, it is 1likely that
these changes will have to be incorporated.

The second alteration to the inertias was
incorporated in the Dynamic/Derivative region at each
time step of the on-going simulation run. This is
because the added inertias depend on the instantaneous
value of the air density, which has to be calculated each
time as well (See Section 4.3.4).

The final values of Jx’ J Jz and sz at each time

yl
step are obtained after the incorporation of the changes

described to Ix’ Iy’ I_ and Ixz'

Z

The CG position with reference to the body axes
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system, given by [ax, ay, az] where ay= 0, is initially
taken from the weight tables (Appendix-1). After the
change imposed by the initial longitudinal trim procedure
(See Section 4.9), the CG position is recalculated at
each step of the simulation if, and only if, an airship
total mass change had to be incorporated, as mentioned in
Section 4.3.1. The subroutine that performs this task
takes into account the following mass breakdown:

1 Airship airframe mass

ii. Lifting gas (helium) mass

iii. Forward ballonet mass

iv. Aft ballonet mass

V. Starboard pannier ballonet mass

vi. Port pannier ballonet mass

Although the airframe and 1lifting gas masses were
assumed not to change in each given flight case, the four
ballonet masses were allowed to change in response to the
initial trim procedure and, as the simulation got going,
in response to height (air density) changes. The
coordinates of the CG of each one of the six elements
given above were assumed to remain constant throughout
the simulation. ,

Figure 4.2 shows the geometrical arrangement of the
air ballonets inside the airship gas envelope and the
relative positions of their CGs with respect to the
airship CvV.

4.3.4 Virtual Masses_and_Inertias

The estimation of the virtual masses and inertias
followed the standard methods based on the original
formulation by Lamb (Ref. 48) and Munk (Ref. 25).
Referring to the Mass matrix definition (Equation 3.2),
the associated virtual terms were estimated by using the

following standard expressions:

X = =k. m (4.6)
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Y", = -k2 m (4.7)

M: = -k’ I 4.8
a y ( )
Z‘;’ = Y"’ (4.9)

N]} = Mq (4.10)

where,
k1 is Lamb’s inertia ratio for movement along the
longitudinal axis (OX)
k2 is Lamb’s inertia ratio for movement along the

lateral axis (0Y)
k’ is Lamb’s inertia ratio for rotation about the
lateral axis (0Y)

m = B/g

i 5[12+d2]

I =

Y 20

1 = Airship length

d = Airship maximum diameter

In the expressions given, Equations (4.6), (4.7) and
(4.8) are the original ones developed for a prolate
spheroid. The YEZ-2A, for the purposes of estimating its
virtual masses and inertias, was therefore considered to
have a hull shape that approximated that of an ellipsoid
of revolution, with a 1length to diameter ratio of
approximately 4, as the is the usual practice.

Equations (4.9) and (4.10) are good approximations
if the effects of the gondola are ignored, which is also
the usual practice.

The effect of the fins was also ignored in view of
the assumption that their contribution must be small as
compared to that of the hull. An independent
investigation in this area also estimated that, for fins
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with an aspect ratio of the order of 3.0 (the YEZ-2A
case), the two types of contributions to the virtual mass
effects of fins cancel each other out, a result which
lent  further support to the original assumption (Ref.
15) .

The remaining acceleration derivatives that are part
of the Mass matrix were all assumed to have negligible
values, after each one of them had been individually
assessed, along with possible ways of estimating their
values. In practice however, some additional values of
acceleration derivatives were incorporated in the model
(though not via the Mass matrix) with the use of damping
term coefficients (Section 2.2.4) to calculate the
Aerodynamics vector.

4.4 Dynamics

The calculation of the Dynamics vector Fd was
achieved through relatively simple assignment statements,
placed in the Dynamics/Derivative section of the
simulation program, which were effectively the ACSL
codification of Equation (3.3). The values of the
required variables for this program section were all
calculated elsewhere in the program, i.e.,

m m_ and m, were estimated in the Mass matrix

x' Ty
section
a, and a, were initially estimated during the
longitudinal trim procedure and then
changed as required in the Mass matrix
section
u, v, w, p, 9 and r were calculated in the final

part of the program (See Section 4.8)

After the values of each element of Fd were
calculated using the expressions given in Equation (3.3),
they were copied to the array elements that made up the

Dynamics vector. This operation was carried out inside an
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ACSL PROCEDURAL block, a practice used in the computation
of all the 6x1 column matrices that were presented in the
right-hand-side of Equation (3.1).

4.5 Aerodynamics

The calculation of the Aerodynamics vector A of
Equation (3.1) is probably the most innovative part of
the simulation investigation carried out. This is
because this is the first time that, as far as we are
aware, an airship simulation program has drawn directly
on wind tunnel test results in order to determine the
resultant aerodynamic forces and moments that are acting
on the vehicle, including the contributions due to any
control surface (ruddervator) deflection.

The basic idea was a relatively simple one: As the
YEZ-2A wind tunnel test programme (Chapter 2) had yielded
thousands of data points regarding the non-dimensional
coefficients of Drag, Lift, Side Force, Rolling Moment,
Pitching Moment and Yawing Moment for a number of lateral
(B) and longitudinal (a) incidences, combined with rudder
() and elevator (m) type of ruddervator deflection,
these coefficients were to be used in order to estimate
the actual aerodynamic forces and moments that would be
acting on the airship, due to the simulation calculated
values of a, B and the user input values for control
surface deflections.

In order to implement this kind of solution to the
Aerodynamics vector, the problem was divided into a

number of smaller tasks. These were then tackled
separately and eventually brought together under the
Aerodynamics section of the simulation, in the

Dynamics/Derivative region of the program.

The following sub-sections summarize the major
challenges faced 1in each task and the associated
solutions found for each one of them.
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The chosen way in which the wind tunnel coefficient
results were to be used in the ACSL program was by
implementing them in TABLEs. This decision was motivated
by the fact that the ACSL TABLE function provides for
automatic linear interpolation or extrapolation between
or beyond the stated data points, avoiding therefore the
need for a user supplied subroutine to carry out this
task when the data base is constituted of discrete
coefficient data points as in the present case. The
TABLE function is also able to cope with a maximum of
three independent variables associated with the dependent
one, which was exactly the case in hand since each of the
three force coefficients and the three moment
coefficients were obtained as a function of a«, B and
ruddervator deflection.

In order to import the wind tunnel results into the
ACSL program, a spread sheet type of software (SupercCalc)
was used to read in from the ASCII type of files in which
the original wind tunnel coefficient results were stored.
The data points were then arranged in the format required
by the ACSL syntax rules and subsequently exported to the
simulation program, where each aerodynamic coefficient
was assigned a specific TABLE. By doing the data
transfer between the wind tunnel results and the
simulation program in this way, the need of manually
entering aerodynamic coefficient data to the simulation
was avoided, preserving therefore the fidelity of the
aerodynamic data base as originally stated.

A total of twelve TABLEs constituted the basic
aerodynamic data base, since there were six aerodynamic
coefficients, and for each one of them there were rudder
type and elevator type of control surface deflection
results.

Subsequently six more TABLEs were added to cater for
the aileron (&) type of control surface deflection, a
control function not normally found in airships. This
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was motivated by the fact that, with this facility, the
lateral roll oscillation mode could be more adequately
excited (See Chapter 5). The fact that the YEZ-2A is to
have a roll damping function incorporated in its auto
stabilization system was behind the reason that lead to
some exploratory wind tunnel trials using this type of
unusual tail deflection configuration for an airship.

The 18 TABLEs created with the results from Task 2
(Chapter 2), constituted therefore the source of static
aerodynamic force and moment coefficients. They came to
be known as elevator, rudder and aileron TABLEs (six of
each, for the three force and the three moment
coefficients) and to enter them the current value, at
each simulation time step, of a, B and m or { or £ was
required.

The Task 3 non-dimensional damping coefficients of
pitching moment and yawing moment were used in the
Aerodynamics section directly, after the static forces
and moments had been determined, by applying the
appropriate dimensionalization factors (See Appendix-2).
Unfortunately the scope of the Task 3 tests could not
accommodate equivalent rolling moment damping
measurements and therefore the YEZ-2A roll damping
coefficient was parametrically estimated from the results
obtained for other airships in Reference 14. A value of
C1 = =0.012 was used, a value which was found to be

close to that estimated by Airship Industries for use in
their own work.

As far as the algorithm (Section 4.5.3), and the
aerodynamic coefficient data TABLEs were concerned, five
parameters were required during each time step of the
simulation run in order to calculate the static forces
and moments. The first two were the following:
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* Longitudinal Incidence «
This was determined from the standard aerodynamic
formulation
oa = arctan(w/u) (4.11)
* Lateral Incidence B
From the standard aerodynamic formulation
B = arCSin[v/VTotal] (4.12)

Figure 4.3 shows the geometrical arrangement from
which these parameters are calculated.

The next required parameters were associated with
ruddervator deflections and therefore were user inputs.
As the simulation model had been devised, amongst other
reasons, to investigate the aerodynamic control response
of the YEZ-2A, it was decided that it would be desirable
that any of the four ruddervators could be deflected
individually within the design 1limits, i.e.,with a
maximum amplitude of + 25°, where a positive deflection
meant ruddervator down and vice-versa. So the four
ruddervators were numbered by looking at the airship from
the back and calling number one the high port side
ruddervator, and progressing in a clockwise sense until
number four was assigned to the low port side one.

The next step in this process was a determination of
how much equivalent elevator, rudder and aileron
deflection the four individual control surfaces would
contribute to the total tail deflection configuration.
This was achieved by first calling each ruddervator
deflection a]j 62, 63 and 64 (Fig. 4.4) respectively.
Then if the total amount of elevator deflection is called
N, that of rudder is called { and that of aileron &, they
were determined by imposing that

0 = (4.13)
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Figure 4.3 - The longitudinal incidencec< and the lateral
: and the lateral incidence 3 shown together with
the three linear velocities u,v and w, and the
resultant velocity Vp,4,7 with respect to the

body axes system,

Port side Starboard side

g{ down => S( >0
Si up =2 §i <0

‘v,
50 .
Figure 4,4 - The YEZ-2A viewed from the stern with the control

surfaces (Ruddervators) deflection scheme, Each
surface can be deflected either downwards or
upwards up to + 25 degrees, The configuration

shown would be suitable for a turn to the
starboard side,
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8, -8, +68, -5
¢ = 1 2 3 4 (4.14)
4
5, - 8, -8, + &
£ = 1 2 3 4 (4.15)
. |

Having determined the five parameters required to
enter the elevator, rudder and aileron TABLEs
respectively, the next development step consisted in the
concept and implementation of a calculation algorithm
that would yield the resulting static forces and moments.

4.5.3 Static_Forces_and Moments

In trying to devise an algorithm that would best
make use of the 18 aerodynamic data base TABLEs to
calculate the static forces and moments, a number of
different alternatives were tried out. Eventually, one
was found to yield more consistent results for all the
different airship manoeuvre possibilities and was
therefore adopted.

The basic principle behind it is straightforward:
Since all the TABLEs were constructed in a format that
allowed the six aerodynamic coefficients to be obtained
with and without any control surface deflection, each
coefficient was to be calculated by considering the ‘no
control surface deflection’ coefficient added to the
incremental coefficient value due to any amount of
rudder, elevator or aileron type of control surface
deflection contribution, i.e.,

C(a, B, M, C, §) = C(a, B, 0, 0, 0) + AC(a, B, M, C, £)
(4.16)

where,
C is any of the six aerodynamic force & moment
non-dimensional coefficients (Drag, Lift, Side
Force, Rolling Moment, Pitching Moment or Yawing
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Moment)
AC is the incremental C value due to the deflection
of the ruddervators, i.e.,

Ac = Ac o+ Acc + ACE (4.17)

In order to implement this formulation at each time
step of the simulation program, first the aerodynamic
TABLEs were entered with a 2zero value for ruddervator
deflection, therefore obtaining the value of C(a, B, 0)
(Any of the three types of TABLE will give the same C
value if there are no control surface deflection and
therefore, in this condition, C is a function of three
rather than five independent variables).

Following this, the amount of elevator, rudder and
aileron deflection associated with the complete tail
deflection configuration, due to the deflection of each
individual ruddervator as specified by the user, was
determined using Equations (4.13-15). The next step
consisted in entering the elevator, rudder and aileron
TABLEs with the values of the independent variables («,
B, m), (o, B, ) and (a, B, £) respectively, therefore
obtaining Cn, CC and CE° Once the subtraction of C(«a, B,
0) from each one of these was carried out the respective
values of Acn, ACc and ACE were obtained.

They were then added together as in Equation (4.17)
and the AC value arrived at was substituted in the
equivalent ACSL coded form of Equation (4.16) to yield
the value of the final static aerodynamic coefficient
sought.

The corresponding full dimensional value of the
three forces and three moments was obtained by
multiplying the six coefficients by the associated
non-dimensionalization factors (See Appendix-1).

In the actual implementation of this algorithm,
three further problems had to be addressed:
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is Conversion of the aerodynamic coefficients to
airship body axes, since these coincided with
the wind tunnel axes only in the a = 0 and B =
0 condition.

ii. The fact that the actual the wind tunnel test
scope only accommodated zero and positive
values of B (or, in wind tunnel jargon,
negative Yy angles, since in the wind tunnel y =

-B, see Appendix-1). This was Jjustified in
view of the vehicle being considered
symmetrical about the XZ plane. The

aerodynamic TABLEs therefore presented data
only for B = 0.

iii. The fact that a rather small amount of data was
available for the aileron type of tail control
surface deflection configuration as this type
of wind tunnel test had not been a high
priority requirement.

The solution to these problems was incorporated in
the simulation software, i.e., the aerodynamics section
algorithm was conceived with specific sections devoted to
addressing each one of themn. The concept of the
solutions found is presented in Appendix-2.

The dynamic damping forces and moments were added to
their static counterparts at the end of the aerodynamics
section of the program, after being dimensionalized with
the appropriate factors (Appendix-1). The
non-dimensional moment coefficients used are those
presented in Appendix-1 and Section 4.5.1.

For the corresponding values of the damping forces
in yaw and in pitch a simplifying assumption had to be
made in order to estimate them. This assumption was that
most of the damping forces would be acting at the airship
tail, and therefore the value of these forces was
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estimated by dividing the value of the corresponding
damping moment by the moment arm, i.e., the distance
between the CV and the aerodynamic centre of the fins.

This calculation therefore concluded the
aerodynamics section algorithm and supplied the six
elements required by the 6x1 column matrix Aerodynamics
vector.

As already mentioned, the amount of deflection of
each ruddervator surface were configured as user input
5 63 and 64) from the ACSL command file.
In this way, the tail deflection configuration could be

values (61, é

made to change as required and and for as 1long as
required during each simulation run.

However, since one of the major purposes of the
simulation was to investigate the actual vehicle response
to control inputs, the beginning of the aerodynamic
section of the simulation program was fitted with four
extra sections. These were designed so that as the
simulation run proceeded, each ruddervator could be made
to deflect in a precise way which would configure the
standard control inputs of a STEP, a PULSE (i.e., a step
of finite duration), and a RAMP.

This was achieved by using the ACSL built in
functions of the same name in the appropriate way, and by
introducing a slight modification to the use of the PULSE
function, a Doublet type of control input 1law was
achieved. The parameters that were required in order to
obtain these types of input laws were all specified in
the command file, where they could be easily changed
before each new simulation run.

In order to achieve a particular type of input law
from the four types given, the value of the logical flag
associated with that input had to be set to TRUE. While
it remained so only that part of the code associated with
that particular kind of input law was executed at run
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time, whilst the code sections associated with the other
three types of inputs were skipped. This type of
approach was found to be useful in shortening the total
program execution time.

The solution given to the aerodynamic control
problem of the airship was found to be adequate to study
its aerodynamic response (Chapters 5 and 6).

A second version of the simulation program was also
developed which accepted a pilot type of input in terms
of demanded elevator and/or rudder type of control. An
algorithm solved the pilot demand in terms of the four
ruddervator deflections that would be adequate to meet
i€, Only one such algorithm was tried, but there is
certainly scope for a wide range of experimentation in
this area (See Appendix-2).

4.6 Gravity and Buoyancy

The Gravity and Buoyancy vector G was determined by
a direct ACSL codification of Equation (3.5), since all
the values of the variables required to calculate its
constituent elements were determined in other sections of
the simulation program.

The only exception to this was the determination of
the total airship weight, which was not calculated by
simply multiplying the current value of airship mass by
g. In order to avoid the rounding-off type of numerical
errors at every time step of the simulation, the value of
the total airship weight in this section was determined
as

Weight = (Buoyancy Force) + (Heaviness) . g (4.18)

where,

Buoyancy Force (Airship volume) . p . g

Heaviness Airship heaviness value set by the
simulation user in Kg (Positive

for heaviness force greater than
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airship weight and negative for
the opposite)
P = Current value of air density

g = Acceleration due to gravity

By calculating W using the ACSL coded form of
Equation (4.18), the value of heaviness set by the user
was kept constant throughout the simulation run,
irrespective of the kind of manoeuvres that the vehicle
had to perform. This kind of solution was found to be
more in 1line with the aims of the flight dynamics
investigation than the other alternative mentioned, i.e.
W = mg, which was initially tried but had to be abandoned
for giving inconsistent values for the heaviness
parameter as the simulation run proceeded.

4.7 Propulsion

The Propulsion vector P was calculated in the
Dynamic /Derivative region of the program, and at each
time step of the simulation, by assuming that the
propulsive function is provided by pure thrusters located
at fixed distances from the airship CV. Their geometrical
arrangement with respect to the established system of
body axes is shown in Figure 4.5.

From Figure 4.5 it can be seen that in the given
body axes system the three propulsive forces and the

three propulsive moments can be expressed as

Xprop = Tt + [ Td + Td ] cosu (4.19)
S p
Yprop = 0 (4.20)
Zprop = —[ Td + Td ] sinu (4.21)
S p
Lprop = [ po - Tds ] sinu . dy (4.22)
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MprOp = Tt - C, + [ Tds + po ] { dzcosu - dX51nu ]
(4.23)
Nprop = [ Td - Td ] cosu . dy (4.24)
P s
where,
Ty = Thrust of turboprop engine
Td = Thrust of starboard side Diesel engine
s
Tq = Thrust of port side Diesel engine
p
il = Angle of rotation through which the Diesel engines
thrust vector directions can be varied
synchronously in a plane parallel to 0OXZ
c, = Vertical distance between the turboprop engine
thrust line and the 0OX axis
dx = Horizontal distance between the 0Z axis and the
line connecting the two Diesel engines thrust
lines
dy = Horizontal distance between the O0XZ plane the
_ Diesel engines thrust lines
d = Vertical distance between the OXY plane and the

line connecting the two Diesel engines thrust
lines

The thrust generated by the engines was estimated
from the data supplied by Airship Industries
(Appendix-1). Only the power available versus RPM curve
was available for the Diesel engine selected, and the
maximum continuous power figure for the turboprop engine.
As the propellers for both the turboprop engine and the
ducted fans connected to the Diesel engines had not been
selected, a conservative figure of propeller efficiency
of 60% was adopted in order to estimate the thrust of
both types of engines from the power figures given. The
standard expression
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Power Available X Propeller Efficiency

Thrust = Total AIr Vehicle Velocity

(4.25)

was used to estimate the thrust generated by each engine
type.

In normal circumstances only the Diesel engines
thrust was considered, since the aim of the extra
turboprop engine is to provide a ’‘dash’ capability when
and if required by the airship operational role.

The implementation of the propulsive model was
achieved by the use of an ACSL TABLE in the propulsion
section of the simulation program. This TABLE was simply
the transcription to this format of the Power versus RPM
curve given in Appendix-1. 1In this way, by selecting a
desired RPM value the associated thrust value was
obtained by first finding out the power available at that
RPM figure from the power TABLE, and then using the ACSL
coded form of Equation (4.25). After that, Equations
(4.19-24) were used to determine the elements of the
Propulsion vector P.

As in the Aerodynamics section case (Section 4.5.5)
three extra sections were added so that thrust control
input laws could be implemented in terms of the standard
functions of STEP, PULSE and RAMP as already provided by
ACSL. These were implemented in the same way and format
as in the Aerodynamics case, and they provided for thrust
change laws from the initial thrust value established in
the longitudinal trim procedure (See Section 4.9). As
before, the parameters required for this type of
investigation could be changed from the command file,
which made their use a relatively straightforward task
(See Chapter 6 for some results).

4.8 The Solution

The previous sections have explained how each

matrix, on both sides of Equation (3.1) was effectively
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obtained in the simulation program. As already
mentioned, the ACSL coded version of Equation (3.7) was
obtained when both sides of Equation (3.1) were
multiplied by M-l, and this was accomplished in the
program in a specific section of the Dynamic/Derivative
region. It received the name ’Acceleration
Calculations’.

The right hand side of Equation (3.7) could

therefore be expressed as
T . . . . . .
[Acc] = [ u VvV W p gq r ] (4.26)

The next section in the same region of the
simulation program, called '’Velocity Calculations’,
consisted in the use of the ACSL built in INTEG function
which provided for the integration of each element of the
Acc column matrix, yielding therefore

[Vel]T = [ u v W p q r ] (4.27)

Once the Vel matrix was obtained the total vehicle
velocity «could be calculated, wusing the standard
expression

_ 2 2 2

VTotal = v/u. + v + w (4.28)
The final section of the Derivative region of the

simulation program was called ’‘Position and Height’. It

consisted first in the coded form of Equation (4.1), so

as to obtain

T
[VEarth] - [ VNorth VEast VUp ] (4-239)
The INTEG function was again applied, now to the
elements of the VEarth matrix and the displacements of
the airship in the North, East and Vertical directions
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respectively were obtained. This was expressed as
T
[Position] = [ North East H ] (4.30)

The actual vehicle altitude from the ground was
calculated as Height = -H, as the 0Z axis, in the Earth
axes system, is assumed to point toward the centre of the
planet.

Two other variables that were determined at this
stage were the ground path distance travelled and the
absolute distance travelled since the start of the
simulation run. These were calculated as

—

Ground Path = V (North)2 + (East)>2 (4.31)

—

Total Distance = \/(North)2 + (East)2 + (Height)2
(4.32)

These calculations concluded the Derivative region
of the simulation program.

4.9 1Initial Conditions and Trimming

The initial conditions associated with the state
variables of the complete simulation equations, i.e., the
initial values of u, v, w, p, q, r, ey €11 e, e,
North, East and H, were all stated in the Initial region
of the simulation program as is the usual practice. As
they were all declared as ACSL CONSTANTs, their values
could be easily changed from the command file for each
new simulation run.

In practice, and for the investigation here
described, most runs started from an ISA sea-level
condition, in which case the body axes system was made to
coincide with the Earth axes system at t = 0. As in this
condition V, is identical with u, basically only the

Total
initial value of u was changed between runs, although the
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facility to change any of the other state variables was
available. During the simulation run, however,
conditions could change due to aerodynamic and/or power
control inputs as already described.

Before the simulation run was allowed to actually
start, the condition of 1longitudinal trim was imposed.
This was a section of program code placed after the end
of the Derivative region and before the end of the
Dynamic region, in accordance with proven practice for
ACSL (Ref. 49). The idea was that, while t was still
equal to zero, the power setting would be changed in
order to achieve trimmed flight at the initial value set
for u, and the CG position would also be changed in order
to counter the positive pitching moment due to the
engines thrust line being a certain distance below the CV
(origin of the body axes system).

The implementation of the two trimming procedures
was achieved by enclosing their respective code sections
inside regions delimited by logical flags. In this way,
once the trimming conditions had been satisfied, the
trimming flags were set to TRUE and those program
sections were altogether skipped.

The power versus speed trimming was a
straightforward procedure. As program execution wentv
from the Initial region to the Dynamic/Derivative region
at t = 0, the drag force for the initial set value of
VTotal was calculated. This value was then multiplied by
VTotal and divided by the assumed propeller efficiency
factor and the result was made equal to the total engine
power required. A Diesel engine RPM versus power
available TABLE was then entered, and the RPM figure to
be used in the initial part of the flight was therefore
established. Finally, the logical flag for this section
was set to TRUE, and it was never executed again from
then on.

The next part of the trimming procedure, the CG
trim, was slightly more involved. As already mentioned,
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in normal circumstances the YEZ-2A airship will have a
tendency to pitch nose up due to the engines thrust line
being a certain distance below the cV. In some other
airship designs this tendency is checked by having the
horizontal fins set at a fixed predetermined incidence
angle with respect to the vehicle Centre Line. With an X
type of tail configuration as in the present case, this
solution could still be used were it not for the fact
that maximum endurance is a primary objective and a
standard fin non-zero incidence angle generates enough
trim drag as to be an unacceptable solution.

According to Airship Industries, the problem is
likely to be solved in practice, and in principle, by
shifting the CG position in such a way that the airship
bow becomes ’‘heavy’ enough to counter the existing pitch
up moment. This forward shift of the CG is designed to
occur by means of exchanging a certain amount of air
between the bow and stern ballonets, so that the former
ends up heavier than the latter for the initial
longitudinal trim. This was therefore the solution
implemented in the simulation program.

The CG trim procedure started by adding an extra
variable to the right hand side of Equation (3.1), called
Trimom (for trimming moment), which was allowed to assume
a non-zero value only in the pitching moment equation of
the set of six EOM. The idea was to arrive at Trimom
value that would make the total pitching moment go to
zero or, more realistically, a negligible specified
value, whilst t = o.

This idea was implemented in the simulation program
by carrying out a number of iterations at t = 0, which
calculated a new value for Trimom, each time program
execution passed through the CG trim procedure region
(Just before the end of the Dynamic region). If the
total pitching moment were still above the acceptable
value, program execution would go back to the end of the
Initial region and the Dynamic/Derivative region was
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executed all over again with the new Trimom value. This
process was repeated until the Trimom value made the
total pitching moment negligibly small. Then the logical
CG trim flags were set to TRUE, therefore making that
program section a mandatory skip and allowing the actual
simulation run to start (t > 0). For all practical
purposes, the set maximum acceptable pitching moment
value in this trimming procedure was of the order of 1.0
Nm, an empirical value that was arrived at after some
considerable experimentation.

The value of Trimom was calculated at each iteration
by using the expression

Trimom = —[MassFB - MassAB]g.xball (4.33)
where,
MassFB is the air mass in the forward ballonet
MassAB is the air mass in the aft ballonet
g is the acceleration due to gravity

Xpall is the horizontal distance between the CG of
the forward or aft ballonets and the CV

The value of [MassFB - MassAB] was calculated, at
each iteration, as

_ Total Pitching Moment (4.34)

Xpa11°9

[MassFB - MassAB]

In the actual CG trim implementation an empirically
determined gain factor (equal to 0.75) was introduced in
the equivalent ACSL coded version of Equation (4.34), so
as to achieve a rapid convergence to the final Trimom
value. This was a necessary procedure since each new
Trimom value determined also carried with it a new cCG
position, due to a new mass distribution inside the gas
envelope.

Another measure that was introduced to speed up the
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trimming process was the alternative way of terminating
it once the value of g (pitch angular acceleration) had
reached a negligibly small value. The acceptable q value
was found empirically, after a trial and error process,
to be of the order of 1.0 x 10 > rad/sec?.

Once these two measures were combined, the total
program execution time spent in the trimming procedures,
before the actual simulation run could start, was reduced
to a period of approximately seven seconds on the

average.

4.10 Model Running in ACSL
The YEZ-2A flight dynamics simulation was

implemented in ACSL in the way described in the previous
sections. 1In its final version, the source program had
1805 1lines of code, of which approximately half were
taken by the aerodynamic data base in the form of ACSL
TABLES. The translation plus compilation time of the
source program took approximately 30 minutes to be
accomplished, a factor that occasionally discouraged the
introduction of more sophisticated refinements, bearing
in mind the already mentioned error reporting
difficulties associated with ACSL.

A typical simulation run of 200 seconds would take
approximately 18 minutes to be accomplished, depending on
the choice of integration control parameters. This gave
an average ratio of approximately 5.5 between simulation
time and real time.

It is important to notice that the figures given are
for the Personal Computer already mentioned. Some
tentative runs were occasionally carried out on more
recently made and faster PCs, which resulted in dramatic
reductions both in the compilation of the source program
and the simulation run times. It 1is therefore
recommended that future and more complex versions of the
simulation program be run on the fastest equipment
available so as to permit ever more sophisticated



-69-

simulation techniques to be implemented, if so desired.

In the actual running of the simulation model a
considerable amount of time was spent in investigating
the choice of parameters used by the ACSL integration
control. These were mainly the integration algorithm
(there are eight options available), the communication
interval, i.e., the frequency at which the simulation
results are output, and the maximum integration step size
that is to be allowed.

After a reasonably extensive investigation process,
during which a considerable number of spurious results
were obtained and had subsequently to be discarded, the
final set of integration parameters, that seemed to yield
the most believable results, was arrived at. The choice
of integration algorithm fell on the Runge-Kutta-Fehlberg
(second order), complemented by a communication interval
of half a second and a maximum integration step size of
0.1 second.

The given set of parameters meant that each
simulation run would produce twice as many data points as
its total run time in seconds, an output level which was
found to produce graphs and tables with a reasonable
degree of resolution.

The facilities provided by ACSL for outputting the
results comprise the output file, in which the values of
the variables specified in the PREPAR list of the command
file are printed as text (ASCII characters), and its
graphics package. The graphics package 1is able to
produce both line and strip plots, and send them either
to the computer screen or to a printer.

These facilities were considered adequate for most
of the work carried out. The instructions on how to plot
each graph, rather than being manually input to the
system after each run, were all encoded inside PROCEDs in
the command file, which not only saved a considerable
amount of time but also helped to standardize the output
of successive simulation runs.



-70-

The only drawback found, however, was that the ACSL
system used was not able to combine the results of more
than one run in a single plot. ACSL plots refer to a
single run only. In order to overcome this problem a
spread sheet type of package was used (SuperCalc), which
was made to read in from the ACSL output file, after it
underwent some modifications in order to allow this type
of operation to be accomplished. Although not a
straightforward process, it nevertheless worked as
expected and avoided the need to re-enter data manually
through the keyboard (when sometimes thousands of data
points were involved), preserving therefore the accuracy
of the original results.
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FIGURE 4,6 - Flight dynamics computer simulation program
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FIGURE 4,6 (cont,)
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FIGURE 4,6 (cont,)
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FIGURE 4,6 (cont,)

at speed set by the
command file
2. Enter Power x RPM Table
and establish
flight RPM
3. Set 'Power Trim' = True

Calculate Total! Fitching Moment (TPM)

|

Counter TPM by shifting air
between forward and aft
ballonets

Y

Calculate new C.G. position




-75=-

5. STABILITY INVESTIGATION AND MODE DEMONSTRATION

5.1 Introduction

The purpose of this Chapter is to present the
results of the investigation on the stability and modes
of motion of the YEZ-2A that was carried out using the
developed flight dynamics simulation model.

Airships are known for their characteristically

positive values of m (Cma) and negative values of n,

W
(CnB), which is certainly the case of the YEZ-2A (See
Table Al.5.1 of Appendix-1). This would imply static

instability for a conventional aircraft about its Centre
of Gravity, with dynamic instability being a very 1likely
consequence. In the case of the airship, however, with
approximately neutral buoyancy, this might not be the
case and therefore the need to investigate their specific
stability characteristics (Ref. 14) was determined.

The investigation was divided up into two parts:
The first was aimed at finding the eigenvalues and
eigenvectors for a reasonable range of the YEZ-2A flight
speeds. This would result in a general assessment of the
YEZ-2A longitudinal and lateral stability
characteristics, including an attempt to predict it modes
of motion resulting from small perturbations. |

The second part of the investigation was aimed at
trying to demonstrate the longitudinal and lateral modes
of motion of the YEZ-2A airship based on the information
generated during the first part.

The methodology employed in the stability
investigation, the resulting eigenvalues and
eigenvectors, as well as the attempts to predict the
airship modes of motion are all contained in Appendix-3.
In particular, reference will be made here to the 1long
sequence of Tables of eigenvalues and eigenvectors as
functions of flight speed that form Section A3.2.

On the other hand, the mode demonstration

investigation was carried out by running the simulation
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model with different control inputs over different time
intervals until the desired mode of motion was achieved.
The results were then compared with the predictions
generated in the first part of the investigation.

The next two sections present the results achieved
for the longitudinal and lateral stability
investigations. The last Section draws some conclusions
and compares the results achieved with those estimated
for other airships.

5.2 Longitudinal Stability
The eigenvalues for the YEZ-2A airship, Case 1

(neutral Dbuoyancy, ISA, sea level conditions) are
presented in Tables A3.2.1-15 of Appendix-3. Both the
real and the complex values for the longitudinal case
were plotted in the complex plane and are presented in
Figure 5.1. The frequency of the oscillatory mode has
also been plotted against its associated damping ratio
and is shown in Figure 5.2.

From these results it can be concluded, in essence,
that:

i. As all the eigenvalues are on the left hand side of
the complex plane, with some of them virtually on
the imaginary axis and/or its intersection with the
real axis, the longitudinal stability of the YEZ-2A
appears to vary from neutral to stable.

ii. In the hover condition the airship stability is
virtually  neutral, and this applies to the
oscillatory mode as well. Considering that the
damping of this mode is apparently non-existent,
these indications suggest that unless some closed
loop auto-stabilization feature can be incorporated
into the flying controls and power throttles, the
hover condition for an airship is not very much
different from that faced by a free balloon.
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iii. With the speed increase, the stability picture
improves, since the damping ratio of the oscillatory
mode increases and the eigenvalues of the subsidence
modes become more negative.

iv. At the fast end of the speed range the oscillatory
mode slows down, 1i.e., 1its frequency becomes
smaller, but the damping ratio also gets slightly
smaller and so the overall effect is probably a
positive one.

V. The slow subsidence mode does not appear to be much
affected by speed increases. It results in a nearly
neutral mode with a long time constant and therefore
should not present major difficulties in being dealt
with by either a pilot or an automatic control
system.

5.2.1 Mode Demonstration

In order to try to demonstrate the 1longitudinal
modes of motion of the YEZ-2A airship, the command file
that was used to drive the simulation was successively
filled with instructions that would hopefully excite each
mode in turn. In order to have a starting point, the
mode derivation work presented in Sections A3.2-3 of
Appendix-3 was used as a guide to conceive the mode
demonstration experiments.

This type of work was carried out for a number of

flight speeds as follows:
* Hover:

From Table A3.2.1, the hover heave mode eigenvalue

is given by S, = -7.6 Xx 10-5 rad/s. If the wusual

exponential type of solution is assumed for this mode

then its time constant T will be obtained from

heave
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2 heave Theave = 13,200 seconds

An experiment was therefore devised in which the
flight speed was set to 0.01 m/s (to avoid division by
zero during program execution) and the four ruddervators
were made to deflect in an ‘elevator down’ type of
configuration of 25° for 19,500 seconds. The result is
presented in the strip plot type of graph produced by
ACSL in Figure 5.3.

It can be seen that both the vertical velocity w and
the vehicle height appear to follow the assumed
exponential law, as after 13,200 seconds of the applied
disturbance both parameters have reached approximately
63% of their final steady state values. The mode
denomination of ’‘heave’ can therefore be considered to be
adequate to describe the vehicle motion.

For the oscillatory mode, an experiment was
conceived which <comprised the application of an
’elevator’ doublet, i.e., the four ruddervators were
deflected upwards by 15° during 10 seconds and then
immediately deflected downwards by the same amount and
time. The result is shown in Figure 5.4.

As predicted in Appendix-3, the oscillatory motion
appears to have negligible damping characteristics. The
time period of this mode can be estimated from the
associated eigenvalue frequency, i.e.,

Tpendulum 2ll/w = 2MM/0.293 = 21.4 seconds
and this result is effectively confirmed in Figure 5.4.
In addition, the phase relations predicted in Figure
A.3.3.1 are all confirmed, i.e., q and 6 are out of phase
by 90°, and q and u are out of phase by 180°. 1In view of
these results, it can be concluded that the assumed
pendulum type of oscillation was in effect confirmed.

The physical explanation for its occurrence has long
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been known to balloonists and it is due to the
metacentric height of the CB, i.e., the fact that the
Centre of Gravity is some distance below the Centre of
Buoyancy. After a disturbance, this configuration
induces an oscillatory motion caused by both the buoyancy
force B and the vehicle weight W, about an axis that is
located somewhere between the CG and the CB, and hence
the mode denomination.

* Flight Speed = 25 m/s and 5 m/s:

From Table A3.2.13 the surge mode eigenvalue is
given by s, = =0.028 rad/s. Therefore, the usually
assumed exponential type of solution will yield

S, = -1/t =====> T = 35 seconds

The experiment associated with the demonstration of
this mode consisted in letting the airship fly for 50
seconds in the trimmed, straight and 1level condition.
Then a thrust step was applied, whose value was 25% above
the initial value. The results of the experiment are
presented in Figure 5.5. It can be seen that the
u-velocity appears to follow the assumed exponential law,
as after approximately 35 seconds of the applied
disturbance the value of this variable has reached about
63% of its final steady state value. The mode
denomination of ‘speed surge’ or Jjust ‘surge’ can
therefore be considered to be adequate in describing the
vehicle behaviour.

The second eigenvalue from the Table is given by s

2
= -1.12 and the assumed exponential solution will yield

-1/s = 0.9 second

tpitch 2

For this much faster mode the experiment consisted
in flying the airship in the trimmed, straight and level
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condition for five seconds and then applying an elevator
type of ruddervator deflection (all four surfaces) of 10°
up for 10 seconds. As can be seen in Figure 5.6, after
0.9 second the value of the pitch rate variable q has
reached approximately 63% of its final steady state
value. It was therefore concluded that the ‘’pitch
subsidence’ denomination for this mode of motion was
adequate in describing the vehicle behaviour.

For the oscillatory mode in Table A3.2.13 the
indications are that the time period and the damping will
be given by

T 2ll/w = 2I/0.119 = 53 seconds
= 0.65

The relatively high damping value coupled with the
long time period suggest a mode transition between an
oscillatory type and a subsidence aperiodic mode of
motion. The results from the associated experiment,
which consisted in running the model initially for 5
seconds and then applying an elevator ‘doublet’ (all
surfaces up and then down) of 15° in each direction for
10 seconds, confirm these predictions. They are shown in
Figure 5.7 and, as pointed out in Section A3.3
(Appendix-3), ’pendulum oscillation’ is a misnomer for
this mode of motion at 25 m/s.

If however the speed is reduced to 5 m/s, as shown
in Figure 5.8, then the characteristics of the pendulum
oscillation, with a phase shift of approximately 90°
between pitch rate g and pitch angle 6, become more
evident. Furthermore, Table A3.2.3 indicates that at
this speed the periodic time can be estimated from

T = 2I0M/w = 2II/0.285 = 22 seconds

and this can just about be confirmed in the 6 versus time
plot of Figure 5.8, before the damping ratio of { = 0.38
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reduces the amplitude of the oscillation to a negligible
value. Under these conditions it was therefore felt that
the pendulum oscillation denomination was adequate in

describing the airship behaviour.

5.3 Lateral Stability
The lateral eigenvalues for the YEZ-2A airship, Case

1 (neutral buoyancy, ISA, sea level conditions) are
presented in Tables A3.2.2-16 of Appendix-3. Both the
real and the complex values for the 1longitudinal case
were plotted in the complex plane and are presented in
Figure 5.9. The frequency of the oscillatory mode has
also been plotted against its associated damping ratio
and is shown in Figure 5.10.

From these results it can be concluded, in essence,
that:

i. As all the eigenvalues are on the left hand side of
the complex plane, with some of them virtually on
the imaginary axis and/or its intersection with the
real axis, the 1lateral stability of the YEZ-2A
appears to range from the neutral to the stable
categories.

ii. In the hover condition the airship stability is
virtually neutral, and this applies to the
oscillatory mode as well. Considering that the
damping of this mode is apparently non-existent,
these indications suggest that, just 1like in the
longitudinal case, unless some closed loop
auto-stabilization feature can be incorporated into
the flying controls and power throttles, the hover
condition for an airship is not very much different
from that faced by a free balloon.

iii. With the speed increase, the general stability
picture improves, since the damping ratio of the
oscillatory mode increases and the eigenvalues of
the subsidence modes become more negative.

iv. However, in direct contrast to what happens in the
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longitudinal case, the frequency of the oscillatory
mode stays virtually unchanged throughout the speed
range - and only the damping ratio undergoes an
increase, which in turn appears to be directly
proportional to the speed variation.

V. The slow subsidence mode does not appear to be much
affected by speed increases. It results in a nearly
neutral mode with a long time constant and therefore
should not present major difficulties in being dealt
with by either a pilot or an automatic control
system.

5.3.1 Mode Demonstration

In order to try to demonstrate the lateral modes of
motion of the YEZ-2A airship, the command file that was
used to drive the simulation was successively filled with
instructions that would hopefully excite each mode in
turn. In order to have a starting point, the mode
derivation work presented in Section A3.4 of Appendix-3
was used as a guide to conceive the mode demonstration
experiments.

In contrast to the longitudinal case, the increase
in flight speed did not show any changes in the nature of
the modes. Therefore, the mode demonstration

investigation was carried out for two flight speeds only:
* Hover:

From Table A3.2.2, the hover sideslip subsidence and

yaw subsidence mode eigenvalues are given respectively by
s, = -6.4 x 10”2 rad/s and s, = -4.7 x 107% radss. 1f

the usual exponential type of solution is assumed for

and T

these modes, then their time constants tsidelip yaw

can be obtained from

S, = -1/tsideslip ===> tsideslip z 15,600 seconds

= _l/tyaw ===> Tyaw

IR

2,130 seconds
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An experiment was therefore devised in which the

flight speed was set to 0.01 m/s (to avoid division by
zero during program execution) and the four ruddervators
were made to deflect in a ‘rudder to port side’ type of
configuration of 25° for 15,000 seconds. The result is
presented in the strip plot type of graph produced by
ACSL in Figure 5.11.
‘ It can be seen that both the yaw rate r and the
sideslip angle B appear to follow an exponential rule of
convergence to their final steady state values. In
addition, it can be seen that B has reached approximately
63% of its final estimated steady state value after its
assumed time constant of 15,600 seconds had elapsed. The
mode denomination of ’‘sideslip subsidence’ was therefore
considered to have been confirmed in the experiment.

As for the yaw rate r, it appears from Figure 5.11
that its associated time constant is about two times the
predicted value of 2,130 seconds. This is probably due
to the very hover conditions in which the experiment was
carried out, which provide very 1little in terms of
lateral motion damping, therefore allowing the yaw rate
to develop up to a value higher than otherwise
anticipated. The effective mode demonstration is
consequently left for the forward flight condition in
this particular case.

For the oscillatory mode, the experiment consisted
in deflecting the four ruddervators in an aileron type of
fashion, so as to give the vehicle a positive initial
roll rate, of 15° for 5 seconds. The results are shown
in Figure 5.12. The time period and damping ratio of the
oscillation, if estimated from the Table A3.2.2 results,
would be given by

T
¢

2ll/w = 21/0.727 = 8.6 seconds
8.8 x 107 °
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These values appear to be appropriate in view of the
results presented in Figure 5.12, including the fact that
the amount of damping shown is negligible for all
practical purposes, as predicted. 1In addition, the phase
difference between the roll rate p and the roll angle ¢
is of the order of 90°, and v (or B) is in phase with P,
as predicted in Figure A3.4.1 of Appendix-3. This type
of motion can therefore be adequately described by the
’roll oscillation’ denomination.

The roll oscillation is the lateral equivalent of
the 1longitudinal pendulum oscillation and arises for
similar reasons, i.e., the already mentioned metacentric
height. However, as already shown by Figure 5.10, its
frequency does not get lower with the increase of speed
and only the damping ratio gets higher, in sharp contrast
with what was shown for the 1longitudinal case. In
addition, the 1lateral oscillatory mode is known to be
excited whenever the airship starts a turn and under this
light, the consideration of incorporating a roll damping
feature in the Automatic Flight Control System acquires
an added relevance in view of intended YEZ-2A primary
mission.

* Flight Speed = 5 m/s:

For the forward flight condition, Table A3.2.4 of

Appendix-3 gives the first eigenvalue as s, = -0.0315 and

the second eigenvalue as s, = =0+ 232, The usual

assumption of an exponential type of solution will yield
the mode time constants as

_l/rsideslip Tsideslip 32 seconds

= 1/ tyaw e T

]
R

yaw 4.3 seconds
In order to try to demonstrate these modes, two
similar experiments were conceived. The first one,

connected to the slow mode, consisted in deflecting the
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ruddervators in a ‘rudder to port’ fashion of 15° for 150
seconds, after the airship had been flying in a trimmed
condition for 10 seconds. The results are presented in
Figure 5.13.

The second experiment, carried out in connection
with the fast mode, consisted again in a rudder 1like
ruddervator deflection of 15° for 20 seconds after the
airship had been flying in a trimmed condition for 5
seconds only. The results are presented in Figure 5.14.

The analysis of both figures reveals that, in both
situations, the sideslip angle B and the yaw rate r
appear to follow an exponential law of convergence to
their final steady state values. In addition, they both
seem to have reached 63% of their final steady state
values after a time interval that is reasonably close to
their respective time constants. It was therefore
concluded that the mode denominations of ‘’sideslip
subsidence’ and ’‘yaw subsidence’ for the slow and fast
subsidence modes respectively were adequate in describing
their main characteristics.

Finally, in order to try to excite the 1lateral
oscillatory mode, the experiment carried out consisted in
deflecting the ruddervators in an ‘aileron’ type of
fashion, so as to generate an initially positive roll
rate r. They were deflected by 15° for 5 seconds and the
results are presented as the set of strip plots of Figure
5.15. From Table A3.2.4 of Appendix-3, the anticipated
mode time period and damping ratio would be given by

=]
Il

2ll/w = 2MM/0.728 = 8.6 seconds
0.044

A
I

These estimates appear to get a reasonable degree of
confirmation from the results presented in Figure 5.15.
The phase relations of Figure A3.4.2 (Appendix-3), i.e.,
a phase difference of 90° between the roll rate p and the
roll angle ¢, and p in phase with v (or sideslip angle
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FIGURE 5V.14
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B), are all reasonably confirmed in the results of the

mode excitement experiment. It was therefore concluded
that ’roll oscillation’ was an adequate mode
denomination.

5.4 Comparison and Concluding Remarks

The results presented in the previous Sections were
aimed at providing a reasonable estimate of the open loop
airship behaviour after 1longitudinal and lateral
disturbances are encountered. In trying to draw
comparisons with results published for other airships
elsewhere, a fundamental difficulty is found due to the
main fact that, as far as we are aware, there has never
been an exactly similar effort directed towards
unravelling airship modes and behaviour over the complete
speed range of the vehicle as was the case here. What is
found are results generated for only a particular speed
or buoyancy condition, both in the case of flight test
work as well as in the case of flight dynamics simulation
work of the type here carried out.

If this difficulty is borne in mind, than some
degree of comparison is possible with the results
presented in the previous Sections. For easier
reference, this was divided into two parts, the first one
concerned with the results from other flight dynamics
simulation work and the second part concerned with the
small amount of flight test data available on this
subject:

* Other Simulations

As pointed out in Chapter 1, the airship simulation
work carried out at the University of Toronto Institute
for Aerospace Studies (UTIAS) in the 70’s until the
mid-80’s by J. DeLaurier and others, and that
accomplished by various researchers at the Systems
Technology Inc. (STI) company of California, USA, stand

as the fundamental 1landmarks 1in this field. At the
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College of Aeronautics, the work carried out by J.
Lipscombe, although not formally published, was found
particularly useful since it was aimed at the same
objectives as those of this Chapter.

The DeLaurier stability and modes investigation
(Ref. 14) concentrated on three airship types, the ZR-1,
the ZR-4 and an inverted Y-tail blimp. The first two
were rigid airships built before World War II with
slenderness ratios of 6.0 or higher. The late 50’s blimp
design is consequently the one that most resembles the
YEZ-2A characteristics.

Although DeLaurier’s investigation was carried out
for only one flight speed (the maximum in each case), his
results for the blimp show a general agreement with those
produced here for the YEZ-2A in the open-loop condition.
The three 1longitudinal and the three 1lateral modes
identified by him are qualitatively very similar to those
detected for the YEZ-2A and only the phase relation
between the u and the 6 eigenvectors in the pendulum
oscillation mode show some noticeable disagreement with
our results. In the lateral case there is no substantial
qualitative difference.

The results for the other rigid airships show
significant differences when compared to those produced
for the YEZ-2A, and this only reinforces the general
feeling that each design configuration needs to be
assessed separately.

The STI investigation (Ref. 22) consisted in a
flight dynamics simulation model developed specifically
for the Skyship-500 airship, aimed at checking out some
of the flight test results obtained by STI during their
participation in the PACE Skyship-500 flight test program
(Ref. 6). Although the investigation was not directed
towards stability and modes as in our case, concentrating
rather more on the input/output relations resulting from
frequency sweeps of both elevator an rudder types of
command input, the resulting predictions for the angular
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frequencies and damping ratios of the longitudinal and
lateral oscillatory modes at the 25 Knots sped condition
agree remarkably well with the YEZ-2A estimated values.
In particular, the estimated values of Wro11l = 1.0 rad/s
and croll = 0.11 for the angular frequency and damping
ratio of the roll oscillation of the Skyship-500 are of
the same order of magnitude as those anticipated for the
YEZ-2A in Tables A3.2.8 and A3.2.10 (Appendix-3).
Considering that the flight test results are plotted
alongside the STI simulation predictions, and the clear
similarities (e.g., slenderness ratio, hull shape) and
differences (e.g., hull volume, tail configuration, total
mass) between the YEZ-2A and SKS-500 designs, it appears
that the YEZ-2A simulation is at least pointing towards
some realistic direction.

Finally, J. Lipscombe’s work (Ref. 55) was aimed at
identifying airship modes of motion. It was based on a
thorough theoretical analysis of the Jacobian matrix
derived from the airship equations of motion, and it
served as the starting point for the investigation which
was presented in the previous Sections. However, due to
the limited amount of reliable airship aerodynamic data
available when it was carried out, the numerical results
produced in the course of that work were very few. In
this way, it was basically the characterization of the
modes of motion, without even the benefits of the
eigenvector analysis as presented here in Appendix-3,
that were the fruits of this work. That mode
characterization checked extremely well against the
results of the present investigation.

* Flight Test

The only results taken from the PACE report (Ref. 6)
that are directly relevant to the YEZ-2A stability and
modes investigation are the detection of the longitudinal
pendulum mode at approximately 0.3-0.4 rad/s and the

lateral roll oscillation at 1.1 rad/s. Both figures are
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for the 40 Knots flight speed regime, and the YEZ-2A
corresponding results (Table A3.2.11-12 of Appendix-3)
are 0.12 rad/s and 0.74 rad/s.

Therefore, if other differences are momentarily
ignored, such as environmental conditions and location of
the measuring instrumentation inside the Skyship-500, it
appears that the YEZ-2A has slower modes than the
Skyship-500. Considering the size and mass differences
between both ships, this is a result that was to be
intuitively expected.

Finally, in analysing the results presented in the
previous Sections, two important points have to be
remembered:

is All the results presented were based on the
established system of body axes, as introduced
in Chapter 3. Therefore, the modes of motion
here described were referenced to the Centre of
Buoyancy (CB) of the YEZ-2A, and not to the
Centre of Gravity (CG) as is usually the case
in conventional aircraft work. As already
pointed out, the 1longitudinal and lateral
oscillatory modes do not occur about axes going
through the CG (for further details see Ref.
22) and it was felt therefore that no loss of
accuracy would result in staying with the set
body axes system.

ii. As already remarked, it is believed that the
investigation here presented is reasonably
thorough and complete. In particular, it
detected the change of characteristics of the
longitudinal pendulum oscillation with the
increase in flight speed, of which no previous
published record was found.

In conclusion, it can be said that the definitive
confirmation of these two points will only be possible
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when further airship flight testing is carried out.
However, the points raised here can be used as a starting

point for the required investigation.
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6. RESPONSE TO CONTROLS

6.1 Introduction

The purpose of this Chapter is to present the
results of the investigation carried out with the
objective of assessing the YEZ-2A’s response to various
types of control inputs. The inputs considered were,
first, of the aerodynamic control type, 1i.e., the
ruddervators were made to deflect in an elevator fashion
and then in a rudder fashion, and the second type of
input considered was that associated with power controls,
i.e., thrust changes.

The response to these inputs was achieved by setting
the appropriate parameters to the desired values of input
in the command file of the ACSL flight dynamics
simulation. The responses obtained, i.e., the time
histories of the relevant flight parameters were then
plotted using the ACSL graphics package. On some
occasions, when the results of more than one run had to
be combined then several ACSL output files were, after
some careful manipulation, imported into a spread sheet
software (SuperCalc 4), where the relevant results were
suitably plotted.

For easier reference, the small catalogue of
responses obtained as a result of the investigation is
presented in the next Sections in accordance with the
type of input that was used. Part of the investigation
was also devoted to assessing the sensitivity to changes
in the input amplitude, and the associated results are
presented in the same Section of the relevant type of
input, and to changes in the flight speed. The latter
results are presented in a separate Section. The closing
Section presents some brief conclusions and compares some
of the results obtained with the small amount of
published flight test data available for the Syship-500
airship.
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6.2 Elevator Type of Input

The purpose of this part of the response
investigation was to assess the behaviour of the airship
once an elevator type of input was applied and then
withdrawn. The short term as well as the medium to long
term behaviour were felt to be of interest, and therefore
the simulation run had to be sufficiently long in order
to be able to show both the initial transient regime of
the response as well as the ultimate steady state values
assumed by the relevant flight parameters.

As the elevator type of input is the one directly
responsible for the longitudinal airship response, the
flight parameters that were selected as the relevant ones
for this investigation were as follows:

n (Eta) = Angle of ruddervator deflection (all four)
in degrees

8 (Theta) = Airship pitch angle in degrees

q = Airship pitch rate in rad/s

VTot = Total flight speed in m/s

w = Velocity along the 0Z body axis in m/s

Height = Airship height above the ground in m

NCB = Load factor with respect to the Centre of

Buoyancy in g (gravitational acceleration)

In order to try and achieve a more thorough
understanding of airship behaviour, two types of response
experiments were carried out. The first had a small
amplitude type of input and the second was aimed at
investigating the large response type of behaviour. The
initial flight speed was kept the same in both instances
as well as the flight condition (masses, inertias and
environmental conditions) so as to afford the required
comparison. The results obtained were as follows:

* Small Perturbation

For an initial flight speed of 25 m/s, Case 1 (ISA,
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sea level, neutral buoyancy condition), with the airship
flying level in a trimmed condition, an input of 5° of
elevator up was applied during 15 seconds and then
withdrawn. The results, for a total simulation run time
of 120 seconds are shown in Figure 6.2.1.

The physical interpretation of the ACSL strip plot
results is that the vehicle attitude angle slowly
increased (nose up) up to 5°, with a corresponding drop
in flight speed, a barely perceptible variation in the
vertical load factor NCB and a slow but steady increase
in height. Upon removal of the input the airship nose
went down, but did not reach quite the same attitude as
before the application of the input. A residual 6 value
of about 1° remained, which implied a very low climb rate
and very slow speed recovery. The load factor value
returned to 1.0.

It is interesting to observe the behaviour of the
pitch rate g throughout the exercise: A new pitch rate
value was quickly acquired, in an approximate exponential
fashion, as a result of the application of the elevator
input, a result that is not surprising in view of the
pitch subsidence mode described in the previous Chapter.
Control removal brought it back to zero with
approximately the same time constant as for the control
application. Although the time constant value is
different from that of general aviation aircraft, the
type of g versus time curve obtained bears many
similarities.

In order to assess the sensitivity to small
perturbations, another simulation run was carried out,
with exactly the same value for the initial conditions,
except that now the elevator input applied was of 6°,
rather than 5°. The results are shown in Figure 6.2.2.

The parameter that seemed to be most affected by the
input amplitude increase was the pitch angle 6, which
went up to nearly 6°, showing therefore a direct, nearly
linear relationship between control input and vehicle
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response. The general nature of the response remained
essentially the same and all the other parameters show
time histories which are similar to the previous case.

The variation in the vertical velocity w is more
apparent now, in the sense that it is positive at first
and then slowly goes negative as initially demanded. The
interpretation of this type of behaviour is that the
application of elevator up generates a negative 1lift at
the tail of the vehicle, which in turn makes it go down a
few metres before climbing. This behaviour can barely be
detected in the Height versus time plot.

* Large_Response

For an initial flight speed of 25 m/s, Case 1 (ISA,
sea level, neutral buoyancy condition), with the airship
flying level in a trimmed condition, an input of 20° of
elevator up was applied during 15 seconds and then
withdrawn. The results, for a total simulation run time
of 120 seconds are shown in Figure 6.2.3.

Although the general shape of the vehicle response
is the same as in the small perturbation case, there are
now some marked differences. The pitch rate g decay,
whilst the input was being applied, now has a nearly
exponential type of behaviour, rather than the linear one
shown previously. The maximum pitch angle 6, reached
after 15 seconds, is only just under half of the applied
input. The loss of height, immediately after control
application, is now much more pronounced.

In summary, it appears that the 1large amplitude
input has resulted in non-linear vehicle response. This
airship characteristic has been known for some time, but
it is only the type of investigation here presented that
helps to quantify this aspect of lighter-than-air flight
dynamics.

The large response sensitivity issue was tackled by
running another simulation experiment with exactly the
same initial conditions, except that now the input was
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changed to 21°of elevator up. The results thus obtained
are presented in Figure 6.2.4 and it appears that when
these are compared with the previous results the changes
are small indeed, i.e., a 1° of input change goes
practically unnoticed in the large amplitude regime.

In trying to better visualize the airship response
to both the small perturbation and the large response
cases, as well as the sensitivity investigation results,
some of the results from the four simulation runs were
combined in a single graph, which shows the airship
trajectory during each run. This is shown in Figure
628 It can be seen that the sensitivity to input
change is more pronounced in the small amplitude case
than in the large response. As expected, although the
climb gradient is the same in all cases after input
removal, it is much steeper in the large amplitude case.
The slight surprise was the final height reached in the
21° of elevator input case being a shadow inferior to the
20° case. Although this can easily be seen to have been
caused by the larger negative lift generated at the early
stages of control application, which made the vehicle
sink further down in the former case, it is ultimately a
demonstration of the non-linear characteristics of the
response in the large amplitude condition.

Finally, this first part of the 1longitudinal
response investigation was concluded by trying to assess
the tracking response of the YEZ-2A. 1In order to achieve
that, a simulation run was carried out in which after an
initial flight in trimmed conditions, Case 1, with an
initial speed of 25 m/s, an elevator input ramp of 0.25°
per second was applied over 100 seconds, so that at the
end of the run the maximum allowable control deflection
angle would have been reached. The results are shown in
Figure 6.2.6, where as expected, the input with a linear
rate of increase generated a slow exponential type of
response for most flight parameters.
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The time histories of input elevator angle and the
pitch angle 6 are further plotted in Figure 6.2.7, where
it can be seen that the time lag between input and output
stays more or less constant up to about 8°, after which
it increases exponentially. In other words, the pitch
angle is said to ‘track’ behind the elevator deflection
angle by a constant time 1lag up to about 8°,
characterizing therefore a region of approximately linear
type of response. After that, the region of non-linear
response behaviour is reached, and the tracking time lag
increases exponentially, so that at the extreme control

surface deflection angle it has nearly reached infinity.

6.3 Rudder Type of Input

The purpose of this second part of the response
investigation was to assess the behaviour of the airship
once a rudder type of input was applied and then
withdrawn. The short term as well as the medium to long
term behaviour were felt to be of interest, and therefore
the simulation run, just 1like in the previous
longitudinal case, had to be sufficiently long in order
to be able to show both the initial transient regime of
the response as well as the ultimate steady state values
assumed by the relevant flight parameters.

As the rudder type of input is the one directly
responsible for the lateral airship response, the flight
parameters that were selected as the relevant ones for
this investigation were the following:

= Airship roll rate in rad/s

C (Zeta) = Angle of ruddervator deflection (all four)
in degrees

Y (Psi) = Airship pitch angle in degrees

r = Airship yaw rate in rad/s

B (Beta) = Airship sideslip angle in degrees

¢ (Phi) = Airship bank angle in degrees

p

u

= Velocity along the O0X body axis in m/s
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As in the lateral case, two types of response
experiments were carried out. The first had a small
amplitude type of input and the second was aimed at
investigating the large response type of behaviour. The
initial flight speed was kept the same in both instances
as well as the flight Case (masses, inertias and
environmental conditions) so as to afford the required
comparison. The results obtained were as follows:

* Small Perturbation

For an initial flight speed of 25 m/s, Case 1 (ISA,
sea level, neutral buoyancy condition), with the airship
flying level in a trimmed condition, an input of 5° of
rudder to starboard side was applied during 15 seconds
and then removed. The results, for a total simulation
run time of 200 seconds are shown in Figure 6.3.1.

It can be seen that, as expected, a new yaw rate r
value was reached very quickly (the fast yaw subsidence
mode shown in the previous Chapter), whereas the sideslip
angle response was comparatively slower, with Bmax having
reached just under 5°. It is interesting to note that
the initiation of the turn excited the roll oscillation
mode, and a peak bank angle of just over 3° was reached.
It should also be noted that these results show that a
residual turn rate existed before control application.
This merely reflects the fact that the wind tunnel
gathered data had some residual side force and yawing
moment even at the B = 0 condition, a fact that probably
occurs even for the full size airship, as perfect
longitudinal plane symmetry is virtually unattainable.

After control removal, the residual yaw rate ensures
that a relatively steady turn will follow unless checked
by another rudder input.

The sensitivity aspects of the lateral response were
investigated by running the simulation once again, but
this time increasing the rudder input to 6° of deflection
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to the starboard side. The results are shown in Figure
6.3.2. It can be seen that Bmax has reached just under
6° now, with all the other flight parameters exhibiting
slightly increased maximum values, but essentially the
same kind of behaviour.

* Large_Response

For an initial flight speed of 25 m/s, Case 1 (ISA,
sea level, neutral buoyancy condition), with the airship
flying level in a trimmed condition, an input of 20° of
rudder to the starboard side was applied during 15
seconds and then removed. The results, for a total
simulation run time of 200 seconds are shown in Figure
6:3.3.

Although as in the longitudinal case, the general
shape of the vehicle response is the same as in the small
perturbation case, there are now some marked differences.
The yaw rate r behaviour, whilst the input was being
applied, now has a nearly 1linear type of decay 1law,
rather than the constant value one previously seen. The
maximum sideslip angle B, reached after 15 seconds, is
now much lower than that of the applied input. The peak
bank angle ¢ reached during control application, has now
more than doubled. '

In summary, it appears that the 1large amplitude
input has resulted, just like in the longitudinal case,
in a non-linear type of vehicle response being exhibited.

The large response sensitivity issue was tackled by
running another simulation experiment with exactly the
same initial conditions, except that now the input was
changed to 21° of rudder to the starboard side. The
results thus obtained are presented in Figure 6.3.4 and
it appears that when these are compared with the previous
results the changes are small indeed, i.e., a 1° of input
change goes practically unnoticed in the large amplitude
regime. Particularly noticeable is the Bmax value which
appears to have remained the same.
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In trying to better visualize the airship response
to both the small perturbation and the large response
cases, as well as the sensitivity investigation results,
some of the results from the four simulation runs were
combined in a single graph, which shows the airship
trajectory during each run. As in this case it was
lateral airship behaviour that was being investigated,
the trajectory consists in the horizontal plane plot of
the vehicle position, assuming that the initial condition
is a north bound flight. This is shown in Figure 6.3.5.

As in the longitudinal case, it can be seen that the
sensitivity to input change is more pronounced in the
small amplitude regime than in the large response one
although, as expected, the turn gradient is much larger
in the large amplitude case.

Finally, this first part of the lateral response
investigation was concluded by trying to assess the
tracking response of the YEZ-2A. In order to achieve
that, a simulation run was carried out in which after an
initial flight in trimmed conditions, Case 1, with an
initial speed of 25 m/s, a rudder input ramp of 0.25° per
second was applied over 100 seconds, so that at the end
of the run the maximum allowable control deflection angle
would have been reached. The results are shown in Figure
6.3.6, where as expected, the input with a linear rate of
increase generated a slow exponential type of response
for most flight parameters. The roll behaviour in
particular shows some interesting characteristics as it
appears that once the control application starts, the
already existing rolling tendency (due to the slightly
untrimmed lateral condition) is first checked and then
increased in the same direction. Then an oscillatory
period follows, after which the positive rolling tendency
only increases with the growing control input amplitude.

The time histories of input rudder angle and the
corresponding sideslip angle B are further plotted in
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Figure 6.3.7, where, as in the longitudinal case, the
response parameter (B) is shown to track behind the
input ({). The region of constant time lag between input
and output is, however, much smaller now and after about
4° of control input the time lag grows in an approximate
exponential fashion, so that at the extreme rudder input
angle it is getting close to infinity.

In summary, therefore, it appears that the region of
non-linear behaviour for the airship starts much sooner

in the lateral case than in the longitudinal case.

6.4 Response to Thrust Change

As the power control is the third type of control
input available in the YEZ-2A airship, the last part of
the response investigation was devoted to assessing the
impact of thrust changes. As in the previous work
reported, three types of input control 1law were
successively tried out and their results carefully
recorded. The first was a small step of increase on the
trimmed value of engine thrust, the second was a large
step of increase and the third was a ramp type of
increase on the originally trimmed thrust value.

The first case started with the airship flying in a
trimmed condition, Case 1 (ISA, sea 1level, neutral
buoyancy), with an initial flight speed of 25 m/s. Then
a step of increase of 10% above the trimmed thrust value
was applied for 15 seconds and then removed. The
simulation run was allowed to run for 120 seconds and the
results obtained are presented in Figure 6.4.1. As
thrust changes affect mainly the longitudinal motion of
the vehicle, the chosen flight parameters were the same
as for the longitudinal response investigation.

It can be seen that the effects of this small change
in thrust result in the same pattern of response as for
the elevator type of input. The magnitude of the changes
in the flight parameters is however much smaller now, and
the final steady state values that are obtained after the
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control input removal are about the same as in the
elevator up case. Since the YEZ-2A thrust 1lines are
located some distance below both the CG and the CB the
effect of a thrust increase is similar to that of pulling
back on the control yoke, i.e., the bow rises, aithough
the speed increases initially and then drops after input
removal, and the vehicle gains height. It is just the
scale of these effects that is much smaller now than in
the elevator case.

For the 1large step of increase, the initial
conditions were set at the same values as in the previous
case. A thrust step increase of 75% above the original
thrust trim value was applied for 15 seconds and then
removed. The results are presented in Figure 6.4.2.

It can be seen that the effect of increasing the
thrust step was equivalent to having a larger elevator
type of input, except for the flight speed increase
during control application, although on a much smaller
scale than if the actual elevator step were implemented.
Evidence of that is the fact that at the end of the
thrust step application period the bow of the airship had
risen by under 2°. After input removal, the ultimate
steady state values reached by all the flight parameters
appear to be the same as in the previous case, except of‘
course for the height reached which is somewhat higher
now as could be expected.

Finally, for the thrust ramp the initial conditions
were set at the same values as for the previous cases.
Control input application consisted in a continuous
increase of thrust of 1% of the initial trimmed, or
basic, value over a period of 120 seconds. This basic
value was slightly adjusted over the control application
period (and the 1% increase was calculated as a fraction
of the adjusted value) to account for changes in the
flight speed that occurred, but its corresponding power
figure remained constant. The results obtained are shown
in Figure 6.4.3.
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It can be seen that the slow application of an
almost linear thrust increase (the slight deviation from
a straight line is due to the basic thrust adjustment
mentioned) results in approximately linear increases in
both flight speed and pitch angle, whereas the other
flight parameters exhibited the expected exponential
behaviour. If left unchecked, this type of input will
therefore result in a continuous pitch up motion with a
very low and steady pitch rate, accompanied by speed and
height increases. Considering however that all these
changes occur in a relatively slow fashion, and that
during this period the actual vehicle thrust nearly
doubled, it does not appear to present any significant
problems from a control point of view.

6.5 Sensitivity to Flight Speed
Having examined the basic vehicle response to the

aerodynamic and power types of control inputs at the same
initial flight speed, the next stage in the response to
controls investigation consisted in trying to assess the
effects of different flight speed regimes. A series of
experiments were therefore devised and carried out, in
which the change in flight speed was the main factor. 1In
all cases, the Case 1 parameters (ISA, sea level, neutral
buoyancy conditions) were used so as to have a common
basis of comparison. As before, the investigation was
divided into the longitudinal and lateral cases.

The first experiment of the 1longitudinal case
consisted in simply running the large response experiment
once again, with the same initial conditions except that
now the initial velocity was set at 40 m/s, a value which
is estimated to be very close to the maximum speed to be
attained by the YEZ-2A. The results obtained are shown
in Figure 6.5.1.

It can be seen that the shapes of the response
curves are similar to those obtained for the initial
speed of 25 m/s case (Fig. 6.2.3), and the curve peaks or
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otherwise extreme values reached by the flight parameters
are higher in this case. It is interesting to note that
the speed recovery after control input removal is much
faster now. In summary, it can be said that these
results could well have been predicted from the previous
U0 = 25 m/s case results.

The second experiment of the 1longitudinal case
consisted in going in the opposite direction of the first
experiment, i.e., having an initial flight speed of only
5 m/s, with the initial conditions remaining the same.
The results obtained are shown in Figure 6.5.2.

It can be seen that as far as the vehicle attitude
is concerned, the pendulum mode (See Chapter 5) was
excited by the control input. However, the interesting
finding here is the fact that during and after the
elevator up type of control input the airship actually
lost height, i.e., the opposite of what was to be
expected. The interpretation for this fact seems to
start with what was already detected in the U0 = 25 m/s
case (Fig. 6.2.5): The elevator up input generates a
down force that leads the pitching up moment, and so in
the first instant the vehicle loses height for a few
seconds. After this, the increasing 1longitudinal
incidence causes the hull upward lift to predominate and‘
the vehicle goes up, like a conventional aircraft.

However, when the forward flight speed is allowed to
drop below a certain value, which seems to be the case in
the U0 = 5 m/s instance, then the inertia to be overcome
in pitching up the buoyant vehicle seems to be too high,
and the downward pointing tail 1ift takes the whole
vehicle down.

This result suggests the existence of a threshold
speed, just like in the conventional aircraft case, above
which the vehicle is controllable by the established
aerodynamic type of controls. However, below that speed
the conventional aircraft is hardly controllable and is
very likely to stall and crash if the threshold is passed
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close enough to the ground. The airship on the other
hand, if kept in a buoyant condition, will remain
airborne but will have considerable difficulty in
maintaining reasonable aerodynamic control
characteristics. Below the aerodynamic control regime it
appears that the solution has to be some form of vectored
thrust control that permits the vehicle to move at least
along the main body axes, as is done in the case of ROVs
(Remotely Operated Underwater Vehicles).

The third and last experiment of the longitudinal
case was conceived with the objective of throwing further
light onto the aerodynamic controllability aspects as a
function of flight speed. It consisted in effect in a
series of simulation runs, each one having a different
initial flight speed, and all having, as control input, a
standard elevator up ramp of 0.25° per second extending
over 100 seconds, so as to reach the 1limit of control
surface deflection which is 25°. The combined relevant
results of the various runs are presented in Figures
6.5.3 and 6.5.4.

In Figure 6.5.3 it can be seen how the longitudinal
tracking characteristics are affected by flight speed.
In the top speed case the response parameter 6 first lags
behind the control input m, then leads it for most of the
input range and then lags behind again near the limit.
At all the other flight speed cases the control input
always leads the response, and the response lag increases
sharply as flight speed is allowed to drop. At speeds
below about 13 m/s it is not possible to pitch the
vehicle up by more than 5° and the response time lag has
become virtually infinite.

In Figure 6.5.4 it can be seen that as far as the
vehicle trajectory 1is concerned, no gain in flight
altitude will result from an elevator up type of control
input if the speed is allowed to drop below about 13 m/s.
In fact the airship is likely to loose height at the low
speed range, a fact that could have disastrous
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consequences if close to the ground or to surface vessels
at sea, the 1latter being the 1likely operational
environment for the YEZ-2A.

The first experiment of the lateral case consisted,
like the corresponding one for the longitudinal case, in
simply running the large response experiment once again,
with the same initial conditions except that now the
initial velocity was set at 40 m/s, a value which is
estimated to be very close to the maximum speed to be
attained by the YEZ-2A. The results obtained are shown
in Figure 6.5.5.

It can be seen that again, the shapes of the
response curves are similar to those obtained for the
initial speed of 25 m/s case (Fig. 6.3.3), and the curve
peaks or otherwise extreme values reached by the flight
parameters are higher in this case. It is interesting to
observe that after control input removal the tendency to
continue the turn persists, although with a very low yaw
rate r. This finding is associated with a well known
aspect of airship stability, i.e., that their weathercock
tendency 1is very 1low indeed, in <contrast to the
conventional aircraft. In the present simulation, this
tendency is made even more obvious due to the already
mentioned existence of a small side force and yawing
moment at the B = 0 condition. The roll oscillation mode
excitation resulted in a ¢max =z 15°, which can therefore
be regarded as an absolute maximum, since in practice the
airship is not 1likely to fly continuously at this speed
and much less likely to have a sudden rudder input of 20°
without it being progressively applied and with the
likely control lags.

In summary, it can be said that these results could
well have been predicted from the previous U0 = 25 m/s
case results, in the same way as for the longitudinal
case.

The second experiment of the lateral case consisted,

exactly as for the longitudinal case, in going in the
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opposite direction of the first experiment, i.e., having
an initial flight speed of only 5 m/s, with the initial
conditions remaining the same. The results obtained are
shown in Figure 6.5.6.

It can be seen that the general shapes of the
response curves are essentially the same as in the
previous case, except that the time constants for the
recovery of the initial conditions are longer now. The
damping of the oscillatory mode is, as expected, much
lower in the present instance but so are the oscillation
amplitudes. In summary therefore it appears that the
turning of the vehicle will be possible at the low speed
end of the speed range as it was possible at the high
speed end.

The third and last experiment of the lateral case
was conceived with the objective of throwing further
light into the aerodynamic controllability aspects as a
function of flight speed, using the same methodology as
in the longitudinal case. It consisted therefore in a
series of simulation runs, each one having a different
initial flight speed, and all having, as control input, a
standard rudder to starboard side ramp of 0.25° per
second extending over 100 seconds, so as to reach the
limit of coﬁtrol surface deflection which is 25°. The
combined relevant results of the various runs are
presented in Figures 6.5.7 and 6.5.8.

In Figure 6.5.7 it can be seen how the lateral
tracking characteristics are affected by flight speed.
In all cases the control input { 1leads the response
parameter B by a time period that rises exponentially
with the increase in control deflection angle. In
addition, this time lag becomes virtually the same, at
the extreme of rudder deflection angle, for all the
flight speeds, except for lowest one of UO = 5 m/s. The
conclusion therefore was that it was always possible to
make the airship turn, and that the turn configuration,

in terms of the sideslip angle into the turn would be
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approximately the same irrespective of flight speed.

Figure 6.5.8 was produced with the objective of
showing how the actual turns, achieved with the standard
rudder ramp, would 1look 1like at the various initial
flight speeds. As expected, the vehicle trajectory in
the horizontal plane (North versus East) consists of
turns of ever decreasing radii as a consequence of the
progressive increase in the control input magnitude.
Also, as expected the higher the initial flight speed the
further the vehicle will fly during the standard 200
second run. It is, however, the striking geometrical
similarity between the various turn trajectories that
supports the stated assumption that the vehicle turn
configuration is approximately the same, irrespective of
initial flight speed.

6.6 Concluding Remarks

The simulation results gained further credibility
when the small amount of flight test data from Reference
6 (the PACE Report) was used as a basis for comparison,
if it is borne in mind that the data there presented is
for the Skyship-500 airship, a much smaller airship than
the YEZ-2A, but with a certain amount of hull geometrical
similarity as both are non-rigid types and with a
slenderness ratio of the order of four. Among the
results that checked well between the two sets of data
were:

i. The PACE trials estimated a sideslip angle B of
15-20° in a steady turn at 25° of rudder
deflection angle, U0 = 25 and 40 Knots, a
result similar to that shown in Figure 6.5.7.

ii. At those speeds, a residual turn rate of * 1-2°
at zero rudder deflection was found in the PACE
trials, a result that is of the same order of

magnitude as shown in the simulation results.
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iii. The low level of directional stability found in
the PACE trials is in good agreement with the
results here presented, especially the
noticeable continued increase in heading angle
after rudder control input removal.

iv. The small amount of bank angle associated with
steady turns detected in the PACE trials is in
good agreement with the simulation results.

V. The PACE trials found that "At low speeds, the
rudder and elevator seemed to be ineffective
but eventually gave modest response." (Page
5-4), an assessment that is confirmed 1in
Figures 6.5.4 and 6.5.8.

In the previous Sections an attempt has been made to
present the major response characteristics of the YEZ-2A
airship as originated from the application of aerodynamic
types of control inputs (elevator-like and rudder-like)
as well as the power type of control. It appears from
this investigation that below a certain threshold speed,
which bears some resemblance to the conventional aircraft
Vmca (minimum control/air), aerodynamic control reversal
is a definite possibility in the longitudinal case. Care
in the operation of the vehicle at low speeds should
therefore be exercised, as this condition is 1likely to
exist close to the ground.

Furthermore, at the low speed regime vehicle control
will probably have to be obtained from power control
inputs. It is therefore recommended that further studies
are carried out to ensure that this will be possible at
least along the established main body axes. The first
priority is motion control in the longitudinal plane, and
the YEZ-2A vectored thrust feature with swivelling ducted
fans 1is certainly a step in the right direction.
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However, further refinements might still be needed for

more precise lateral control in the low speed regime.
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7. HANDLING QUALITIES INVESTIGATION

7.1 Introduction

In the 1literature surveyed in the course of this
work it was practically impossible to find any
significant material in the area of airship handling
qualities, except for some brief comments by pilots on
how they felt when in command of specific airship types.
It was felt therefore that a systematic study of this
important aspect of airship flight is currently required
if the techniques developed for conventional aircraft
over the past few decades (Ref. 57 and 58) are ever to be
applied to the lighter-than-air case.

The purpose of this Chapter is to present the
results of a short investigation on the handling
qualities of the YEZ-2A airship, which was carried out
using the ACSL flight dynamics computer simulation
program. It is intended that this would be just the very
first step towards trying to understand airship behaviour
so that, in the future, specific airship handling
qualities requirements can be developed and implemented.

The approach adopted was the one originally
formulated by Gibson (Refs. 59 and 60). The main reasons
behind this choice were as follows:

: The only currently available handling qualities
requirement, i.e., the American Military
Specification 8785C (Ref. 61) was devised for
conventional military aircraft. Therefore, the
main parameters that are specified as relevant
for assessing handling qualities are associated
with conventional aircraft flight
characteristics, e.g., short period pitching
oscillation frequencies, normal acceleration
change per unit change in angle of attack and
others.
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ii. Gibson, on the other hand, advocated the need
for a set of 1longitudinal attitude criteria,
which he successfully developed. The
relationships associated with his criteria are
fixed by the aerodynamics of the aircraft and
are independent of the flight control system
(FCS) design.

iii. Gibson further stresses the importance of this
point by stating that the "...advent of full
authority FCS has made the absence of attitude
criteria unacceptable for several reasons:

* Additional high order response modes can
result in poor or dangerous attitude
behaviour.

* Attitude behaviour can be easily modified and
so it is necessary to understand its
acceptable limits.

* The historic link between flight path and
attitude, that is Tez,
use of additional direct 1ift control."

can be broken by the

Considering that most of these 1last points are
directly relevant to the YEZ-2A airship case, the Gibson
criterion was therefore chosen for the preliminary
assessment of its longitudinal handling qualities.

However, as the Gibson criterion was developed based
on pilots’ comments and flight test data gathered using
conventional aircraft, its applicability to the airship
case has to be regarded with some degree of caution. It
must be appreciated that it was aimed at highly
manoceuvrable combat aircraft with high order flight
control systems (FCS). Therefore, its application to the
airship case might lead to a somewhat dubious assessment
of 1lighter-than-air vehicle handling qualities, even
though the principles involved in the application are
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quite relevant.

7.2 Experiments and Results

In order to apply the Gibson criterion to the YEZ-2A
case, a basic type of 1longitudinal manoeuvre was
developed. This consisted of an elevator type of input
of 20° applied over 30 seconds. The input was then
removed and the simulation run was allowed to complete 60
seconds in total. The Case 1 set of weight and
environmental conditions was used.

The same experiment was carried out for three values
of initial flight speed: 40 m/s, 25 m/s and 5 m/s. The
first value is very close to the estimated maximum flight
speed, the second value represents a typical cruise speed
and the 1last value represents a condition in which
forward flight is just noticeable.

For the application of the Gibson criterion the
output of the simulation consisted in the time histories
of the following flight parameters:

n (Eta) = Ruddervator deflection angle

6 (Theta) = Airship pitch angle

7 (Gama) = Airship flight path angle

q = Airship pitch rate

g (Qdot) = Airship pitch acceleration

o (alpha) = Airship longitudinal incidence

The results from the simulation runs are presented
in the following Figures 7.2.1-6. For the application of
the Gibson criterion the identification of the following
parameters is required:

CAP = Control Anticipation Parameter,
i.e., initial pitch acceleration/g

té = Time at pitch acceleration peak

- = Peak pitch rate

q = Steady pitch rate

SSs
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tq = Time at pitch rate peak
td = Effective delay of pitch rate
DB : = Pitch attitude dropback
t7 = Flight path angle delay

Figure 7.2.7 shows how these parameters can be
graphically identified in the case of the application of
an elevator up type of input for a conventional aircraft.
The corresponding numerical results from the YEZ-2A
simulation runs are presented in Table 7.2.1.
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FIGURE 7,2.7

time responses
aircraft,

RESPONSE TINE

- Typical longitudinal short period

for a conventional

ANGLE OF ATTACK
(VARIOUS SCALINGS)

PITCH ACCELERATION

Ass

PITCH RATE

oropsack (DB)
OVERSHOOT

CONTROL

=
Ty
FLIGHT PATH DELAY

a g9
| S >
- | = g
Q. 2
a. o (T}
< FLIGHT PATH ANBLE O o
" TINE (SEC)




-161-

UO = 40 m/s U0 = 25 m/s
CAP 5
(Deg/s"/qg) 1.7 0.94
(Rad/s’/q) 0.03 0.02
té (sec) 0.5 0.5
qm (Rad/s) 0.0385 0.0228
dgg (Rad/s) 0.012 0.0051
qm/qss 3.2 4.5
tq (sec) 1.5 2.5
td (sec) 0] 0]
DB (Deg) 3 5
DB/qss(sec) 4.5 17
tW‘ (sec) 6.3 10.5
TGZ (sec) 12 25

TABLE 7.2.1 - The Gibson criterion parameters obtained
in the flight dynamics simulation runs for
the YEZ-2A airship (Case 1).
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7.3 Analysis

The results presented in Table 7.2.1 are essentially
all the parameters required in order to apply the Gibson
criterion. Those for the initial flight speed of 5 m/s
could not be presented since, as can be seen in Figures
7.2.5-6, in that case the vehicle response behaviour does
not lend itself to the application of the Gibson
criterion. As already pointed out in Chapter 6, at this
low speed, vehicle control is to be obtained through
power control, i.e., by changing the engine power
settings and geometrical orientation of the ducted fan
thrust lines. Therefore, for this condition a distinct
type of handling qualities criterion should be developed
and applied.

Although the airship operates under a clearly
different set of rules as compared to conventional
aircraft, e.g., lift is mainly aerostatically rather than
aerodynamically generated, it is interesting to observe

that the usual aerodynamic relations still apply. For
instance:
1s The results presented in Table 7.2.1 show that

the relation

DB |, ¢+ « 716

qSS v 2

still holds in the airship case.

ii. The results presented in Table 7.2.1 and
Figures 7.2.2 and 7.2.4 show that the relation

sSs 2

where aog is the steady longitudinal incidence
angle (¢ = 6 - 7¥), is still applicable.

Figure 7.3.1 is the Gibson developed boundary for
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satisfactory behaviour in the plane of normalized
’dropback’, DB/qss’ and pitch rate overshoot ratio,
qm/qss. The relevant results from Table 7.2.1 are also
shown.

It can be seen that a ’‘continuous bobbling’ type of
handling is anticipated for the YEZ-2A case. The higher
speed yielded a somewhat better result, but it is still
far from the ’satisfactory’ region.

Gibson (Ref. 59) further specified that:

1s "Attitude dropback had little effect within the
range tested upon gross manoeuvring without
target, landing approach or flight refuelling,
provided it was not negative."

ii. "CAP up to 3.6 rad/s%/g was satisfactory for
gross manoeuvring without a target but was
unsatisfactory above 2 rad/s%/g for the landing
approach, above 1 rad/sz/g for fine tracking,
and below 0.28 rad/sz/g for any task."

iii. "Small values of flight path time delay were
associated with excellent flight refuelling
control, but were not essential for good gross
manoeuvring and did not on their own ensure
predictable behaviour."

7.4 Conclusions

Before reaching some tentative conclusions on the
prediction of airship handling qualities based on the
Gibson criterion, it is important to realize that it was
developed over quite a few years based on flight test
data and pilot rating and comment data. Its main
objective was to try to present the significant low order
aircraft handling characteristics so that current high
order flight control systems would still exhibit the
desirable low order handling qualities response
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FIGURE 7,3,1 - The Gibson developed 'dropback'
criterion in the plane of
normalized dropback, DB/qss,

and pitch rate overshoot ratio,

qm/qss‘
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characteristics.

In addition, the Gibson criterion is essentially
aimed at combat aircraft, and more specifically at
fighters. Not only its data base was obtained from such
aircraft types, they also present the greatest challenge
in terms of handling qualities characteristics in view of
the nature of their missions.

Therefore, before a specific set of handling
qualities is developed for the lighter-than-air case, the
application of the Gibson criterion to the results of a
flight dynamics computer simulation of the YEZ-2A airship
yielded the following preliminary conclusions:

i The positive dropback values found (3° for the
UO = 40 m/s case and 5° for the U0 = 25 m/s
case) mean that a sluggish, unpredictable
response, both in flight path control and in
tracking, are not to be expected.

ii. The attitude dropback values found mean that
the expected longitudinal response is
characterized by "... abrupt response and
bobbling, from ’slight tendency’ to ’‘continuous
oscillations’, in tracking tasks. Sometimes
this was called PIO (pilot induced
oscillations) but it did not cause concern for
safety" (Ref. 59). This assessment has been
confirmed by observations carried out in
existing airships, including the sensing of
what appeared to be PIO. It is characterized
by a slow frequency response to external
disturbances, which makes it difficult to hold
a set attitude and therefore can induce the
pilot into over controlling the vehicle. From
the results presented in Chapter 5 it can be
concluded that if the pendulum mode is
eventually excited by this handling qualities
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characteristic its frequency range still allows
a reasonable degree of control by the pilot or
the AFCS (automatic flight control system).

iii. The CAP values found were unsatisfactory under
the Gibson criterion, "...for any task", since
in the airship case they were below the minimum
value of 0.28 rad/s%/g. This result was to be
expected since the response time constants in
the airship case are substantially greater than
those associated with conventional aircraft,
especially combat aircraft. It is felt however
that since a typical airship cruising speed is
much lower than any conventional aircraft
speed, this might not have such a critical
effect on its handling qualities.

Finally, it 1is important to remember that the
conclusions reached were based on the open loop behaviour
of the YEZ-2A airship. Being a project airship for which
a ’‘fly-by-light’ (optical signalling) type of flying
controls is envisaged, coupled with an autopilot and an
autostabilization system, it 1is very 1likely that its
flight control system will exhibit high order
characteristics that could result in a significant
departure from the response behaviour here predicted. 1In
that case the Gibson criterion will still be a valuable
reminder of the low order handling qualities that are
desirable and should be aimed for.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The

airship flight dynamics computer simulation

model that was developed in the course of this work was

used to provide the following type of information:

iil

iii.

Describe and quantify the YEZ-2A  airship
longitudinal and lateral aerodynamic stability
modes.

Describe and quantify the airship response to

both aerodynamic and power control inputs.

Tentatively predict the kind of longitudinal
handling qualities response that 1is to be
expected for the YEZ-2A project design.

The results achieved in these three areas can be

summarized as:

i.

The airship was found to have three
modes of longitudinal motion and three modes of
lateral motion. In the longitudinal case these
were demonstrated to be a surge mode, a pitch
subsidence mode and a pendulum mode under
forward flight conditions. In the hover
condition however, the pitch subsidence mode
became a simple heave mode. They were all
stable modes, although stability became
virtually neutral in the hover condition. In
the 1lateral case the modes of motion were
demonstrated to be a sideslip subsidence, a yaw
subsidence and a roll oscillation. They were
all stable modes, although again stability was
found to become virtually neutral as the hover

condition was approached.
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ii. The airship was found to have a flight
threshold speed of about 13 m/s, below which
longitudinal aerodynamic control is not only
not possible, but it will possibly result in a
response that is the opposite of what was
demanded by the pilot. Under these conditions,
it appears that only the vectored thrust system
will be able to provide acceptable response
characteristics. This problem was not detected
in the lateral case. Above the 1longitudinal
threshold speed, aerodynamic control was found
to be effective and reasonably adequate.

iii. The YEZ-2A airship was found to have handling
characteristics of the "continuous bobbling"
type when the Gibson criterion was applied.
The Gibson criterion was originally developed
for high performance combat aircraft and it
seeks to optimize a "rate command attitude
hold" type of 1longitudinal control. The
"continuous ‘bobbling" response found for the
airship is characterized by a slow frequency
response to external disturbances, which makes
it difficult to hold a set attitude and can
induce the pilot into over controlling the
vehicle. Further work is definitely required
in this field, in view of the inherent
peculiarities of airship flight as compared to

conventional aircraft handling characteristics.

8.2 Recommendations

The results and conclusions that were achieved in
the course of this work constitute only a small part of
what the simulation program is able to generate. Amongst
the areas that could be further investigated are:



ii.

iii.
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Extend the investigation to a few cases of
non-neutral buoyancy conditions, so as to
assess their impact on the three areas already
covered.

The investigation established the speed below
which aerodynamic control of the vehicle is not
possible or even advisable (Section 6.5). This
is an aspect of airship flight that is well
known to airship pilots but which, as far as we
are aware, had not been properly quantified
before. Therefore, the possibilities of
manoeuvring using exclusively the power
controls, including all the changes in the
geometrical orientation of the ducted fans,
need to be further investigated and quantified.
The information thus obtained will be of
special relevance for the design of the
YEZ-2A auto-stabilization system, since it will
also have to operate in the conditions of low
altitude and very slow speed that will arise
when the vehicle is refuelling and re-supplying
from a fleet surface vessel.

As already pointed out, a set of airship
handling criteria needs to be developed. In
this respect, the computer simulation program
developed can play its part as far as the
ground simulation is concerned, although flight
test investigations coupled with pilot ratings
and comments will also be required. Of special
significance will be the 1lateral handling
qualities criteria, since this is the area in
which airships in general seem to attract a
measure of criticism. In addition, one of the
tasks that the YEZ-2A will be required to
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perform is to refuel and re-supply from a
surface vessel. This operation is to be
carried out at low altitude and at a very slow
forward speed. The handling qualities under
these conditions require urgent research,
since success in the accomplishment of the
refuel and re-supply operations will be vital
to the demonstration of the YEZ-2A capability.
Assessment of how well a vehicle can perform a
given task is, after all, the major objective

of any handling qualities investigation.

All in all, it is felt that the high fidelity
aerodynamic model of airship flight obtained in the
course of this work served to characterize the airship as
a perfectly controllable and manoeuvrable type of
vehicle, given its inherent peculiarities that were also
detected and, as far as possible, quantified. It is
hoped that this contribution will go towards making the
lighter-than-air vehicle concept a more viable
proposition for air transportation, in a number of
applications for which it is uniquely suited.
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Al.1 Introduction

The purpose of this Appendix is to complement the

description of the data base as employed in the flight

dynamics simulation model of the YEZ-2A airship, and

whose main features are presented in Chapter 2. The

order of the material here presented follows the same

sequence of Chapter 2 topics for easier reference.

Al.2 YEZ-2A General Data

* % ¥ ¥ ¥

Total envelope volume = 70870.2 m3

Reference area = 1712.5 m2 i.e., Volumez/3
Hull length = 129.5 m (= Reference length)
Maximum hull diameter = 32.0 m

Turboprop engine thrust line distance from the hull

centre line c, = 20.1 m (See Fig. 4.5)

Diesel engines thrust point horizontal distance from
the OYZ plane dX = 3.5 m (See Fig.4.5)

Diesel engines horizontal thrust line distance from the
0XZ plane dy = 7.87 m (See Fig. 4.5)
Diesel engines thrust point vertical distance from the
OXY plane dz = 21.0 m (See Fig. 4.5)

Centre of Volume distance from the airship bow, along
the hull centre line = 60.2 m

Distance between the aerodynamic centre of the tail
fins and the CV = 41.4 m (i.e., tail moment
arm)

Lamb’s inertia coefficients for movement along 0X, OY
and rotation about OY (See Section 4.3.4) were
estimated, for the YEZ-2A case, as respectively

k1 = 0.085
k2 = 0.865
k/ = 0.61

Diesel engine propeller efficiency (Equation 4.25 of
Section 4.7) L - 0.6
Turboprop engine propeller efficiency (Equation 4.25 of
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Section 4.7) N = 0.6
* Coordinates of the forward ballonet CG with respect to
the body axes system (See Fig. 4.2):

FBx = 34.96 m (along OX)
FBy = 0.0 m (along 0Y)
FB = 7.07 m (along 0Z)

z
* Coordinates of the aft ballonet CG with respect to the

body axes system (See Fig. 4.2):

ABX = =-34.96 m (along 0OX)
ABy = 0.0 m (along 0Y)
AB = 6.31 m (along 0Z)

z
* Coordinates of the starboard pannier ballonet CG with

respect to the body axes system (See Fig. 4.2):

PBSx = 0.06 m (along OX)
PBSy = 13.21 m (along 0Y)
PBS == 1.52 m (along 02Z)

z
* Coordinates of the port pannier ballonet CG with

respect to the body axes system (See Fig. 4.2):

PBPx = 0.06 m (along OX)
PBPy = -13.21 m (along 0OY)
PBP = 1.52 m (along 02)

Z

Al.3 Test Rigs

The following pages present a picture of the test
rigs used to obtain the aerodynamic data base in the form
of Tasks 1, 2, 3 and 4. The Task 1A rig was essentially
the same as that of Task 2 and therefore is not presented
here.
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Al.4 Task 2 Data Base
The YEZ-2A aerodynamic data base obtained as a

result of carrying out Task 2 1is presented in the
following pages in the form of graphs for easier
inspection. The non-dimensional coefficients of forces

and moments follow the standard convention for airships,

i.e.,
o= D

* Drag Coefficient: CD = 5

0.5 x pxU” xS
* Side Force Coefficient: Cy = X 5

0.5 x p x U° x 8
* Lift Coefficient: CL = L 5

0.5 x px U xS
* Rolling Moment Coefficient c, = 1 >

* Pitching Moment Coefficient Ch = L 5

0.5 x px U xV
* Yawing Moment Coefficient C, = L >

0.5 x pxU” xV
where,
D = Drag force (N) 1 = Rolling moment (N.m)
Y = Side force (N) m = Pitching moment (N.m)
L = Lift force (N) n = Yawing moment (N.m)
p = Air density (Kg/m3) U = Air speed in wind

tunnel test section

(m/s)
V = Airship model volume (m3) S = V2/3 (m2)

In the following graphs, the above coefficients are
given as a function of the standard 1longitudinal
incidence «a. In each graph the value of the airship
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model lateral incidence is also specified. This is given
in terms of the model angle of yaw ¥ in the tunnel test
section, where (from Ref. 50, page 16)

B = -y (Al.1)

As far as the aerodynamics of the airship are
concerned, it is of course the sideslip angle B that
matters and, in the YEZ-2A flight dynamics simulation
program, the change of sign given by Equation (Al.1) was
incorporated in the algorithm.

Each graph also specifies the control surface
(ruddervator) deflection test case. The model was tested
so that all ruddervators would be up or down, i.e., a so
called ‘elevator’  case, all ruddervators would be
deflected to the starboard or port sides, i.e., a
‘rudder’ case, or, finally, all surfaces would be
deflected to give the model a positive roll rate p about
the OX axis, i.e., an ’aileron’ case.

The test Reynolds number based on the airship model
length that was achieved in the 8ft X 6ft wind tunnel was
of the order of 6 x 106. The results presented in graph
format in the following pages were imported directly into
the YEZ-2A simulation program and they constituted the
source of static force and moment coefficients for the
simulation model aerodynamic data base.
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Al.5 Task 3 Results
The following Table Al.5.1 presents the results of

the dynamic wind tunnel tests carried out as part of Task
3. The damping or rotary aerodynamic stability
derivatives are stated in terms of the standard

non-dimensional coefficients mq, m,, n and n,, where

r
M
m = d
q 0.5 x p x U2 X S x b2
m = N
w 0.5 x p x U2 X S xb
Ny
n =
r 0.5 X p x 02 X S x b2
Ny
Ny = 2
0.5 x pxU xS xb
M, = 8M/aq M, = 6M/36w N_ = &N/or N, = an/av
p = Air density (Kg/m~)
U = Air speed in wind tunnel test section (m/s)
S = Airship model volume raised to the power 2/3
b = Airship model length (m)

It is important to notice that the results quoted
for the other airships in Table Al.5.1 were, as far as
could be determined, stated in terms of the same
coefficients and non-dimensionalization factors as given
above.

There are also three columns of results. This is
because there were two attempts at carrying out the Task
3 tests. In the first one, only the free oscillation
method yielded reasonable results, whereas in the second
attempt the free and the forced oscillation methods
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yielded acceptable results (See Ref. 38). For the YEZ-2A
flight dynamics simulation, the results of the first free
oscillation test were employed.

Al.6 YEZ-2A Mass and Inertia Tables
The following Tables Al.6.1-3 present the masses and

inertias for three conditions, i.e.,

Case 1: ISA, sea level, neutral buoyancy
Case 2: ISA, sea level, 2268 Kg light
Case 3: ISA, sea level, 7118 Kg heavy

The data presented in the three Tables was supplied
by the Weights Department of Airship Industries based on
the current best estimates for the various YEZ-2A
constituent elements. The last row of each table
contains the data relevant to the flight dynamics
simulation: Total airship mass, CG position (with
reference to the the gas envelope bow) and moments and
product of inertia with reference to the CG.

The CG position of the air ballonets was also
determined from the X, Y and Z columns of each table, at
the row corresponding to each of the four ballonets.
This information was required in the initial trimming
procedure of the simulation (See Section 4.9).



-256-

‘T 4SVD ‘*e°T ‘uorlipuod Aouefonq [eI(nOuU ‘ToAeT
vos ‘ygI @Yyl I0J seIQIOUT pu® SseW yZ-7ZYA OYJ

= TI°9°1v 4 T4V L

10430V S~-|0STOYYY $9SONT 6V |SHPTLNSS | LBLOLKTY |Cv O1- 10°0 6€°09 919898 aviol
004300°0 {00°0 00°0 00°0 00°0 00°0 00°0 00°'0 00°0
00+300°0 (00°0 00°0 00°0 00°0 00°0 00°0 00°0 00°0
00+4300°0 {00°0 00°'0 000 00°0 00°0 00°0 00°0 00°0
00+300°0 (00°0 00°0 00°'0 00°0 00°0 00°0 000 00°0
$0+36E°Z-|0 ELOLNT T9LT92 LvZO® Ts8°1- tZ°€i- 0T '09 ST'E192 A¥0d 'MIINNVL ‘HIV
SO*36E°T-{0 TLeLhT 19LT02 Lbz09 1S 1~ 1T°EY oz ‘09 ST°E19L 0615 ‘YIINNVY 'BlY
e0+3v1’E-{0 aL9%00 ¥SI6ST ¥GI6ST §€°9- 00°0 01°S6 rveLees 43INGIIVE 14V 'YIV
S0*3SE"6-1{0 gLYvOY ¥SI16ST ¥S16ST o-L- 000 0€°ST FroLees 13INOYIVE GRmg ¥V
004300°0 (0 992L09LT |99TLO9TT |Q0SS6HT 00°0 00°0 9T'09 6STTTNY MALT3IM
L0+310°S-190+3995°V{L0+3691°Z|L0+3L65°C|90430SE"9|¢S ¥~ 10°0 ev-09 05 "€169S ‘AC0°L IVA0L-8NS
00+300°0 {0 0 Q 0 00°0 00°0 00°0 00’0
00+300°0 {0 0 0 0 00°0 00°0 00°0 00°0
00+300°0 {0 0 0 0 00°0 00°0 000 00°0
004300°0 {0 0 0 0 00°0 0p°0 00°0 00°0
00+300°0 {0 0 0 0 00°0 00°0 00°Q 00°0
9043Zk 6-{VETNT 121284 6061ET 1{-311 3 L AN B 00°0 65°6S €9 1CI8 Qv0IAvd
L0%390°v-{90¢30TS° 1{L043101°T|L0+3155°C[90¢30C0°9|€L CI- 50 "0 £9°09 Ly 19L6n LHII3N ALdW3d ‘Iv101-9NS
00+300°0 {0 /] 0 [] 00°0 00°0 00°0 00°0
00+4300°0 |0 0 0 0 Q0°0 00°0 00°0 00°0
o0+300°0 |0 0 0 0 Q0°'0 00°0 00°0 00°0
00+300°0 |0 0 0 0 00°0 00°0 000 00°0
004300°0 {0 [} 0 Q 00°0 00°0 000 Q00
00+300°0 |0 [] [} 0 00°0 00°0 00°0 00°0
00+300°0 |0 0 0 0 Q0o 00°0 000 00°0
00+300°0 |0 0 [ 0 00°0 00°0 000 000
00+300°0 |0 0 ] o 000 00°0 00-0 00°0
00+300°0 |0 0 o 0 00°0 00°'0 00°0 00°0
00+4300°0 |0 0 0 ] 00°'0 00°0 00°0 00°0
00+4300°0 |0 [+] 0 [} 00°0 00°0 000 00°0
00+300°0 |0 [} ] [} 00°0 00°0 00°0 00°0
¥0*389°E-|0 (XA X 1A 600ty 9861 69t~ 00°0 19°87, 68°C6 1INK-¥VY3II AWYITIRNY
604321°1-10 690S1 124, 1%4 LSE Sv T~ 00°0 (I3 XY 68°6v TINKM=-1VI 18133
v0+3v9°2-|0 0 0 0 69 t1- 00°0 [ARRAS 139817 TINU=SITLYWNING
00+300°0 |0 0 0 0 00°0 00°0 6€°9S 05°€C9 TINH-NAVR+SANINNNLSNI
€04369°6-)0 (143 00€! oLt LiT°0~ 00°'0 LARSE! so-tzg 1INK-SI0YLNOD LHI( 3
$0+389°Z-10 L¥160Y 24423 E1EON 6S° €= 00°0 Qz°LS €108 IINH-4N0ND IW¥NSS ING
00+300°0 |0 8S9EBT L1 14 14 TortTh 00°0 00°0 96°601 Ty " 806T ASN3dSNS 1 S/D°'SKiy vy
L0+3S8°€-|0 (9915v1 88859518 $9961L7 6C 6T~ 0°0 Ly°98S Te LIGEE |vi0L-ALdWI VIOANOI
SO0*389°2Z-|0 LE6690T1 [LBVLO0IT |ESLIES regsvy-o- |o SO°ES TYCIONY | IVI0L ‘34013ANI
{ AN xl (4 Al X1 1 A SSvyw NOIAJINISIO
S3I¥L3IW NI "9 JO °D 290 ® SS.NAVIM: 68-AVU-EO .
9% NI SEVM .emem r.09 = L3INOVWVY: r 3ASYD 37404 SESATVNY
TYM 9N NI SVIAWINI :JLON WO t 3GNLTLIV: 03-v-v 3INIWISIY SISATVNY
0 s -/4 vS1 : ug0-4dSYN 4730084

dSYN ¥04 SISATVNY ViL¥3n]|




-257-

*Z3 ASVD ‘‘e°t1
oS

uAO¢uNN nvnvovﬂmm_

"ocvuoo 0 :00°0
£00+300°0 :00°0
100+300°0 :00°0
£00+200°0 000

tS0+36E°2-10
1G0+36E°T-:0
$904+3¥1°E-:0
1C0+3CE"6-10
"cc’uoo.. :0

.no’uon vl.co.wnNn._

t00+300°0 :0
£00+300°0 :0
1004300°0 0
t00+300°0 :0
£00+300°0 <0

904320 L~ 19E9

‘uoT3TpUOd sseulyITT 3Y 8922
"VSI @y} J0J S®IILUT pue SsBW YZ-7dK OUL

e i R P LR P LN Y

t19C66E060 t0LL78ZGS

100°0
t00°0
t00°0
t00°0
C1L8L0T
TTLBLYT
18L9F0Y
18L9v0%
193TL0921

$L0438p1°2
fewm: com=a
0

t0

t0

t0

0

t7991¢L

[ PR = mces e femmt cmmm e

ﬁno’uoo ¥-190+3015°11£0+3101°2

.oo¢Loo 0 :0
t00+3200°0 :0
100+4300°0 :0
2004300°0 :0
t00+300°0 :0
:00+4300°0 :0
$004200°0 0
t00+300°0 :0
100+300°0 :0
t00+300°0 0
£00+300°0 :0
t00+300°0 :0
¢€00+200°0 :0
t$0+337°C-~20
SP04371°1-:0
2v0+393°2-1:0
t00+300°0 10
tEQ+345°6-10
tC04+388°7-10
t00+300°0 0
$L04+363°€-10
t¢50+389°2-:0

t S3YL3IW NI
i)

"0 40 2
NI SSVNW

0

<0

0

t0

10

0

0

t0

0

0

<0

0

t0
tEThSE
167061
:0

t0
t0ET?
LP1601
t959€E8T
£LI91CH1T
CLELSLYFOT

‘19A9T

- %'9°1lVv 4 T4V 1L

19958

| R - -
:00°0
100°0
$00°0
t00°0

1T E19Z
1CZ° €192
LA B4 4
11174228
6L TTIYI

t01°Se9¥s
[ PR,
100°0
t00°0
100°0
t00°0
t00°0
tE9°€98C

[ S

y* —ancv

1Ty 9062
Ty LIGEE
1Z9°E1011

t  S§SVM

68-NVr-Z1
€ 3sv)
v-8-v

1ZE9LBZTL 122701~  110°0 1Ly 09
L et R R B il Tt LI LT gty S e ————
:00°0 t00°0 :00°0 t00°0 t00°0
t00°D t00°0 t00°0 t00°0 t00°0
1000 0070 0070 100°0 :100°0
t00°0 t00°0 t00°0 noc.o t00°0
119,282 1L¥Z09 1Z8° 1= 1IZ°E1- t0Z°09
1194782 $LYZ09 78" 1~ -N El 10Z2°09
t#C16E2 (2 29 ¥-144 t1E° 9~ 000 t01°Ch
tbC1482 tyCI4C2 L0 ¢~ 100°0 t0€°¢Z
$997.09Z1 t90SS4KT  :00°0 100°0 t92°09
[ L b e ettt Rt Trr —-——
$L043068°7:90+300Z°9:6Ep1- t10°0 t09°09
R il P S Bl i
t0 t0 t00°0 t00°0 t00°0
:0 10 :00°0 100°0 100°0
:0 t0 :00°0 t00°0 100°0
"o t0 :00°0 100°0 t00°0
t0 100°0 100°0 ¢00°0
.nanro- t06PES 188 61~ t00°0 tSE° 09
———mm—em L L T R Ty DU
.Na’a_nn.u_co’uonc 91EL EI-  t10°0 1€9°09
L R it e e R R L LT T
:0 : t00°0 t00°0 t00°0
t0 t0 :t00°0 100°0 t00°0
:0 10 :00°0 100°0 1000
t0 to t00°0 t00°0 t00°0
t0 10 :00°0 t00°0 t00°0
:0 t0 :00°0 100°0 t00°0
:0 0 :00°0 t00°0 :00°0
:0 H t00°0 t00°0 100°0
:0 t0 :00°0 100°0 :00°0
:0 t0 t00°0 t00°0 t00°0
<0 t0 t00°0 t100°0 t00°0
:0 t :100°0 t00°0 :00°0
:0 0 :00°0 100°0 100°0
t60p1d L9261 t6?°gl - t00°0 179°8Z
t(TOET tLCEL Sy Z- 100°0 thb6° 16
:0 0 t63° 11~ 100°0 1Z1°z¢
<0 t0 t00°0 100°0 t6E°9¢
t00E/ 10411 ¢LZ° 0~ t00°0 tiv 11t
18TTNL tEIEOY 16C°EL - 100°0 10248
:369¢E8T tZO¥TZy t00°0 t00°0 t96° 601
t89359ST 1899647 t6E b1~ tZ0°0 tLy° 88
tLBE/00T1 tEGLIERT  ¢v¥EEP°0- 0 1S0° €S
{ Al g X1 t 13 ' A ¢ X
aNe9zz = §6,1H01 ¢
%09 = 13INOIIVE:
WO = 30NLT1L1WV:e
0 = -/4+ V81 ¢

P TvHTON NI SVILININI
t

WOO-dSVYN

' aviol

t

t

t

¢ 1Y0d ‘Y3INNVd ‘¥IV

¢ Ga1S "Y3IINNVd ‘¥IV

: 13NDTVE L4V ‘¥IV

t 13N0TVE GMd *¥IV

t WNII3H
“H°0*L ‘IV1I0L-8NS

aveAvd
IHDI3M ALdU3 .4<hc» ans

£ 1TINH-YVID AYVITIXNV
t1INH-IVIIY¥LD3N3
$IINH-BD 1 LYWNING
tTINH-NAVN+SININNYISNI
C1INH-BT0YINDD LHDIS
11INH-JNOYD IYNSSINJ
¢tNSN3d8NS B3 S§/D°'SNIJ TiIvy
£IVI0L-ALdW3 VI0ANOD
tIV10L *3d40713AN3

t zc—»m—wumwa
t 31va
t 37111 SISATYNY
t 3DON3Y3434 SISATIYNY
t 123roud

dSYN ¥0J SISAIVNV VIIN3NI

R ORI CRNS IR IS ES IR TES R IR I S INNIESCITETIEIISEIsmEEs=El

N
H
.
H
H
t
t
H
.
1



-258-

‘¢ gSYD ‘‘e°T ‘uorqTpuco sseutAeey Iy GIIL ‘TOAST
®os ‘yg] Oy} JOJ S®IQIOUT pu® sseWw yZ-7Z4A OYl

- €°9°1VY I THAV L

za= 2423 1IM2 1T 2T (IR IR LM S C-EESCSIESEECIEINESISISASEESCEERITESIINEST lll'.ll'.ll'llI'h.l.'..II..llll.'l'.....l.l.lll.'Iu
$L0+382°9-146161181 (9ELICI6Y :SLLOETI9S tHITEOIETD cT1° T~ 110°0 181°09 IPESLES T WVi0L ¢
fmmmmme = EI T e fmem mmmemfmemcmmmemmm— ——— L T T btk
$100+300°0 :00°0 100°0 :00°0 t00°0 100°0 t100°0 t00°0 t100°0 : 1
100+¢300°0 :00°0 t00°0 100°0 100°0 100°0 100°0 t00°0 100°0 t $
$100+300°0 :00°0 10070 100°0 100°0 t00°0 100°0 100°0 £00°0 t t
t00+300°0 :00°0 100°0 100°0 100°0 t00°0 100°0 t00°0 t00°0 t g
tC0+34E°T~10 CTLOLVT 119478 1LyZ09 1Z8° 1~ L & A > £ $0Z°09 tCZEI9Z ‘YIV
tC0+36E°T-:0 LILBLYT 1194782 tLyZ09 TS 1~ tIZ ET 10Z°09 tCZ°EI9Z ¢ ‘YIV ¢
t90+3¥1°€E-:0 t8L9Y0Y 2297134 tyC168T s1€° 9~ 100°0 101°66 £11°4228 ¢ 13NOIVE L3V ‘¥IV ¢
¢€Q0+3SE"6-10 tBL9VOV t¥C1682 (1735114 L0 L~ 100°0 10€°82 tF1°LZIS ¢ 13N0TVE M4 ‘YIY ¢
t00+300°0 :0 199220921 t99Z.09Z1 t90886¥1 :00°0 t00°0 19209 168°2ZZ¥1 ¢ HNIT3H ¢
o = == cm= s mfee—r e ——— T e bttt ettt L bl B Dttt bl Rt R et it Dbl |
€L0+318°C-190+3€E9  10£0¢3L61°Z¢L0+368Z9°2190+3€09°9¢80°C1~ £10°0 191°09 t01°IEOPY ¢ ‘vioLr-ans ¢
[ [ e it P B R R e Tl Bl B et |
100+4200°0 0 t0 :0 10 t00°0 t00°0 100°0 t00°0 H t
:00+300°0 :0 10 10 t0 t00°0 100°0 t00°0 t00°0 ' ¢
t004200°0 O 0 10 0 100°0 100°0 100°0 100°0 J t
100+300°0 :0 : 10 t0 100°0 100°0 t00°0 t00°0 t J
100+300°0 :0 t0 t0 ¢0 10070 100°0 10070 100°0 t t
1L0+39L°1-1EOQLET 10Z6121 tE19%ZE sLELLOY tIv i~ 100°0 tL9°8S IE9°6¥TET ¢ av0IAvVd ¢
R el it e T L ] et et T R B ek |
$£0+390°¥-190+3018°11£0+3T91°Z1L0+3166°Zt90¢30E0"9¢EL EI- £10°0 1€9°09 tL¥°18L8Y ¢ IHOI3N ALdWI *IV1I0L-8NS ¢
fme mcms me e e mtmem fmm s — e g e = “femr o mc e fmme. - cemfe: mrmemmmfrmmmememc (s mcmemca = a mme e e e—m e ———a o]
:1004300°0 0 t0 t0 t0 t00°0 t00°0 100°0 100°0 t t
t00+300°0 :0 0 :0 t0 t00°0 t00°0 100°0 100°0 t t
$00+4200°0 0 t0 :0 t0 ¢00°0 100°0 100°0 100°0 t %
t004300°0 :0 t0 10 t0 t100°0 100°0 t00°0 100°0 t s
100430070 ¢0 0 t0 0 €00°0 100°0 100°0 100°0 ¢ t
t00+4300°0 :0 10 10 10 100°0 t00°0 t00°0 100°0 1 ¢
100+300°0 :0 0 0 [{] 100°0 100°0 100°0 t00°0 t t
t00+300°0 :0 0 <0 10 100°0 100°0 t00°0 100°0 t t
100+300°0 :0 <0 t0 0 t00°0 100°0 100°0 100°0 ¢ J
100420070 :0 t0 : t0 100°0 100°0 t00°0 100°0 ¢ J
t00+200°0 t0 t0 t0 ‘0 100°0 t100°0 ¢00°0 t00°0 8 8
€00+300°0 0 0 t0 ‘0 «00°0 t00°0 t00°0 100°0 ' L
100+300°0 0 10 10 10 100°0 100°0 t00°0 100°0 ¢ ¢
t90+339°€-10 IETPLE 1600 1Y 9061 169 €T~ 100°0 tT9°9T 168°€E6 tIINH-YVID A¥VITIXNY '
t90+321°1-10 169081 1LZ0ET 1LSET 133 2 A t00°0 1¥6° 16 168° 60 £ IINH-VII¥LI3N3 t
ty0+3$9°2-10 0 10 10 t68° 11~ 100°0 1Z1°2Z8 tSE°Zy 11INH-8I T LVHN3ING !
£00+4300°0 :0 0 t0 10 t00°0 100°0 t6€° 98 10C° €9 ¢ 1INH-NAVN+SINIHNYISNI s
tF0+365°6-10 t0EL? $00€L t0L11 1LZ°0~ t00°0 (RS AN RA :80°2Z¢€ £1INH-ST0¥INDD LHIOINS t
$50¢386°2-:0 $Ly1601 182ZvL tEIEO0Y 166 €T~ t00°0 10Z°4S SE1°0LE t1INH-4N0YD 3¥NESIYJ s
t00+200°0 0 t8LEBZ t8L9ERZ 1Z0¥IZy t00°0 100°0 196°601 tZ¥°806Z (NSN34SNS % 8/J°SNIJ IVl ¢
$L0¢388°E-:0 ¢L991SHT  BOIBEYST 1L996L2 16E° 41~ 1Z20°0 tLy°8S 1T LIGEE ¢WVI0L-ALdW3 VIOANOD s
t90+389°2-10 SLELLYI0] :LB¥Y.0011 (ESLIEFT ¥H8CH°0- 0 180°€S 1Z9°EI10TT ¢IVIOL *340T3AN3 t
e e s e e —————————————————— o vt e St om0 5 i
¢ IXu t I 1 11 ' Al ¢ X1 t 1 1 A t X ¢ 8SVYHW t NOILdIYD83Q ¢
........... e e e e e e e e e e ——— o o m §
¢ S3YL3W NI "0 40 °D INBITL = §S,NAV3H: 68-NVP-Z11 31va
¢ ON NI 8SYW ~  —=~=- 209 = 13NOTIVEe 9 38V) ] 37411 BISATYNY

t ZvW 9N NI SVILY¥INI t310N uo = JANLILWVe v-v-v T 3ON3Y¥343Y BISATYNY

' [} = -/¢ VBI WO0-dSYN ¢

dSYN_¥03_SISA]

-
-
huuacxg.
-
YNY_VILY¥3NI ¢



-259-

Al.7 Propulsion

The following Figure Al.7.1 depicts the Power versus
RPM curve for the Diesel engines to be used in the
YEZ-2A. It was supplied by Airship Industries based on
the currently available engine manufacturer data (CRM of
Italy). For the flight dynamics simulation, this curve
was transformed into an ACSL TABLE, from which the
available engine power was determined once an RPM value
was specified (See Section 4.7).

For the ’‘sprint’ turboprop engine, a flat figure of
1700 bhp was assumed. This corresponds to the maximum
continuous power allowed for the General Electric CT7-7
engine to be used in the YEZ-2A. This figure was taken
directly from the manufacturer’s manual (Ref. 51).

Al.8 The Atmospheric Model

In order to determine the value of the air density p

at each time step of the flight dynamics simulation, a
model of the atmosphere based on the formulation of the
International Standard Atmosphere (ISA) was implemented
in a FORTRAN subroutine. For the determination of p, the
value of the temperature in the standard ISA condition
was first calculated from

T, = T, +A. Hp (A1.8.1)
where,

To = Standard temperature at sea level = 288.15 K

A = ISA temperature gradient = -0.0065 K/m

Hp = Airship pressure height (m)

After that, the next step was the determination of p
in the standard ISA condition, i.e.,
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Figure A1,7,1 - Power available versus engine speed curve for
the CRM Diesel engine to be used in the YEZ-2A

airship.
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T
_ s
Ps = Py [ T ] (Al1.8.2)
where,

Acceleration due to gravity = 9.80665 m/s2
Gas constant for air = 287.05287 N.m/Kg.K

90

Ra

I

Finally the value of the air density p in a possible
off-ISA condition was determined from

Ps
Py = (A1.8.3)
- AT
1 + T
\ e J
where,

AT = Temperature difference between the off-standard
atmospheric condition and the ISA condition (K)

In the simulation program the values of AT and the
initial height for the flight could be specified by the

user.
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A P P E ND I X - 2

Computer Simulation : Additional Algorithms

and Procedures
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A2.1 Introduction

The purpose of this Appendix is to present further

information on some of the topics outlined in the
description of the computer simulation (Chapter 4). Each
of the following sections deals with a specific item and
usually there is no connection between them. An attempt
has therefore been made to make each section as self
contained as possible.

A2.2 The Quaternion Method
The standard four parameter or ’‘quaternion’ method

was implemented in the computer simulation in order to
determine, at each time step, the attitude geometry of
the airship, as well as to permit the transformation of
velocities between body and Earth (inertial) axes.

The purpose of the method is to obtain the Direction
Cosine Matrix (DCM), which can then be used directly in
the velocities transformation operation (See Section
4.2). Also, some of the elements of the DCM can be used
to determine the vehicle’s Euler angles, ¢, 6 and ¥ which
in turn describe its roll, pitch and yaw attitudes
respectively (See Section 4.2).

The fundamental Quaternion equation (Ref. 42) is.
e, and e

o’ 1’ 2 3
to the airship rates of roll, pitch and yaw, i.e., p, g

that which relates the four parameters e e

and r respectively, in the following way:

% 81 T8 T8, p

e e. -e e q

Il - - ¢ 3 "2 (A2.2.1)
e2 e3 eo -el r

By & €1 &

Equation (A2.2.1) was implemented in the Dynamic /
Derivative region of the simulation program. By using
the same INTEG function of ACSL as used for the other
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state variables of the simulation, this equation was
integrated to obtain the values of the four e-parameters.

The actual mechanization of the quaternion method
algorithm started by setting the initial value of the
e-parameters in the Initial region of the program. This
was given by:

e, = cos Y cos 6 cos ¢ + sin Yy sin 8 sin ¢ (A2.2.2)
2 2 2 2 2 2

e, = cos Yy cos 6 sin ¢ - sin Yy sin @8 cos ¢ (A2.2.3)
2 2 2 2 2 2

e, = cos Y sin 6 cos ¢ + sin Yy cos 6 sin ¢ (A2.2.4)
2 2 2 2 2 2

e, = sin Yy cos 8 cos ¢ - cos Yy sin & sin ¢ (A2.2.5)
2 2 2 2 2 2

where, in these equations, the values of ¢, 6 and y are
the initial values of the Euler angles, also specified in
the Initial region of the simulation program, and which
establish the airship attitude at the beginning of each
simulation run.

The next step of the quaternion method called for
the integration of Equation (A2.2.1) in the Dynamic /
Derivative region of the program, as already mentioned.
Once the new e-parameter values were obtained, the DCM
could be determined from the relation

ban = [ay,] -

[ e02+e12-e22-e32 z(elez-eoe3] z{eoe2+e1e3] |
= 2[e0e3+e1e2] eoz-e12+e22-e32 2[e2e3—eoe1]

! 2{e1e3—e0e2] 2[e0e1+e2e3] eoz-elz-e22+e32 ]

(A2.2.6)

Once the DCM was obtained in the ACSL coded form of
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Equation (A2.2.6), the values of the Euler angles at the
same time step of the simulation were obtained by
implementing Equations (4.3-5) of Section 4.2.

The main advantage in using the quaternion method is
the avoidance of the discontinuities in the trigonometric
functions, e.g. tan 90°, which would otherwise happen if
the traditional equations of ¢, & and y as functions of
P, 4 and r were employed. It is also quite suitable to
be implemented in a digital type of flight simulation as
in the present case.

A2.3 From Wind Tunnel Axes to Body Axes

In the Aerodynamics section of the YEZ-2A flight
dynamics simulation, the aerodynamic forces and moments
acting on the vehicle due to its flight speed and
longitudinal and lateral incidences (x and B
respectively) were obtained by entering the TABLEs of
non-dimensional coefficients as already explained in
Section 4.5. The coefficients that were thus obtained
from the TABLEs were effectively those resulting from the
carrying out of Task 2.

This means that they are referred to the stationary
wind tunnel axes system and need to be converted to the
airship body axes system (Section 3.2.1). This axes
transformation was implemented in the Aerodynamics
section of the simulation by initially assuming that the
wind tunnel axes are identical with inertial axes. Then,
from Reference 47, the required transformation can be
achieved by a rotation of a about the wind tunnel OY axis
followed by a rotation of -B about the new 0Z axis. No
rotation about 0OX is required since the YEZ-2A model was
never tested at a bank angle different from zero (Fig.
A2.3.1).

In the simulation, this solution was implemented by
considering that if the transformation matrix of axes
rotation about the wind tunnel OY is given by
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cos « 0 -sin «
Sa = 0 1 0
sin « 0 cos « Body from Wind Tunnel

and the transformation matrix of the rotation about the
new OZ axes is given by

cos (-B) sin(-B)
T = -sin(-B) cos (-B)

-B
0 0 1 Body from Wind
Tunnel

then the complete transformation required is obtained by

multiplying Sa by T-B’ i.e.,
cosa.cosB -cosa.sinp -sina

SaT-B = sinp cosB 0] (A2.3.1)
sina.cosp -sina.sing cosa

In the simulation, after the six force and moment
coefficients were obtained from the TABLEs, the
equivalent body axes coefficients were obtained by
carrying out the transformation

Cx ~%p
cy = 5,T, | o . (A2.3.2)
-c

CZ Body Axes L [Wind Tunnel Axes

for the case of the forces along 0X, OY and 0Z, and the

transformation
¢ S
Cm = SaT-B Cm (A2.3.3)
Cn Body Axes Cn Wind Tunnel Axes

in the case of the moments about 0X, OY and 0Z.
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Equations (A2.3.2-3) were implemented in the
Aerodynamics section of the simulation, in each of the
code segments devoted to calculating the coefficients for
the ’no ruddervator deflection’ sector, the ‘elevator’
type of deflection sector and the ‘rudder’ type of
deflection sector (See Section 4.5.3). 1In the ‘aileron’
type of deflection code sector, a slightly different kind
of solution had to be adopted.

A2.4 The Solution to the Aileron Case
In the Aerodynamics section of the YEZ-2A simulation

program, the calculation of the three force and three
moment non-dimensional coefficients due to any amount of
‘aileron’ type of ruddervator deflection (See Section
4.5.3) had to follow a slightly different approach than
that used in the ’no deflection’, ’elevator’ and ’‘rudder’
case sections (See previous Section). The reason for
that lied in the fact that effectively only one set of
results were obtained, in the course of the Task 2 tests,
with the four ruddervators deflected in an ’‘aileron’ type
of configuration, which was a £ = 25° case at B = 0 (See
Section Al.4 of Appendix-1).

The solution to this slight 1limitation in the
aerodynamic data base was found in Reference 47. By
studying the section on artillery shell body axes system
it was decided that the aileron TABLEs would be
constructed with two input variables only, i.e., L and
g€, unlike the other TABLEs which had three input
variables, i.e., a, B and 0 (no deflection) or n
(elevator) or { (rudder). By neglecting the effects of
the YEZ-2A airship model gondola, the total incidence Qs
where,

., = tan _1[ ve + wl ] (A2.4.1)

was used instead of separate longitudinal (a) and lateral
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An axes systen X2, Yz’ 2

addition to the established system of body axes (X, Y,

(B) incidences (Fig. A2.4.1).
VA ] was then conceived, in

Z), where OX,, coincides in direction with the flight

velocity vector V 0Z, 1is perpendicular to it but

Total’ 2

parallel to the Lift force line, and oY, is perpendicular
to both of them. The relationship between the forces and
moments measured by the wind tunnel axes (with the Task 2
data processing sign corrections already incorporated -
See Ref. 37) and those that would result from the [Xz,

Yz' Zz] axes system can be expressed as

X, -Drag
= Side Force and
| 22 |Forces | L TR Wind Tunnel
[ X, i [ Rolling Moment
Y, - Pitching Moment (A2.4.2)
i 5 JMoments i fawing Homent Wind Tunnel

In order to transform from the [XZ’ Yz, Z2 axes to
body axes two operations are required: A rotation
through an angle %m of X2 and Z2 about Yz,
rotation through an angle & of Y2 and Z1 about X.

If we call V' = vV v? + w?> then the first stated

axes transformation operation will yield

followed by a

]

X1 cos «o 0 -sin «

T T 2
Y1 = 0 1 0 Y2 (A2.4.3)
Z1 sin aT 0 cos aT Z2

and the second operation will finally give
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X 1 0 0 X
%* * 1

Y = 0 w/V vV ¥y (A2.4.4)
%* %*

z 0 -v/V  w/V Z,

In the program implementation, Equations (A2.4.2-4)
were all combined to give the final wind tunnel to body
axes transformations

*
0 VA

. U/ Vpotal Total ~Drag
e * .
Y = v/VTotal w/V uv/V VTotal Side Force
4 * .
Z Foiies w/VTotal -v/V uw/V VTotal -Lift
Body Axes
_ . .
X u/VTotal 0 '/ /VTotal Rolling M.
& * : .
Y = v/VTotal w/V uv/V VTotal Pitching M.
* * ;
Z Mo?ints w/VTotal -v/V uw/V VTotal Yawing M.
Body Axes
(A2.4.5)

where the substitutions

cos aT = u/VTotal

sin %p = V*/VTotal
were implemented.

In this way, the forces and moments in body axes
were obtained in the ’‘aileron’ sector of the Aerodynamics
program section. For the construction of the axes
transformation matrix only the set of body axes velocity
components were required, as was the case in the other
three sectors (’‘elevator’, ‘rudder’ and ’‘no deflection’)
as explained in the previous item.

A2.5 The Solution to the B < 0 Problenm
Due to the YEZ-2A airship inherent symmetry about
its vertical plane (0XZ), the scope of the Task 2 wind
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tunnel test programme included only zero and positive
values of lateral incidences (See Appendix-1). The
Aerodynamics section of the simulation program had
therefore to incorporate some additional features in
order to deal with this problem, which affected the
’elevator’, ‘rudder’ and ’‘no deflection’ code sections.
The ‘aileron’ section was formulated in a slightly
different way (See previous item) and was not affected.
The heart of the problem laid in the fact that the
aerodynamic forces and moments TABLEs of non-dimensional
coefficients had only zero or positive values of the
lateral incidence B as an input (independent) variable.
Clearly, if the flight condition implied only B = 0
values, no further corrective action on the TABLE

-generated values of C C C C Cm and Cn would be

D’ Ty’ “L’' "1’

required.

The first step in the solution algorithm was
therefore a check on the sign of B. This was implemented
in the ’‘elevator’, ‘rudder’ and ’‘no surface deflection’
code sectors. If at each time step of the simulation run
the condition B =z 0 were satisfied, program execution
continued normally.

If however a B < 0 condition was detected, the
solution had to follow the following steps:

i. Reverse the sign of B in order to be able to
enter the coefficient TABLEs.

ii. In the ’‘rudder’ code sector, reverse also the
sign of {, in case there is any amount of
rudder deflection in the total tail
configuration deflection. This step is
required as a direct consequence of the
previous one, in order to construct the
aerodynamic ’‘mirror’ image of the airship in
the now B8 > 0 condition.
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iii. After the forces and moments coefficients have
been obtained from the TABLEs, reverse the

signs of the side force (C the rolling

),
Y
moment (Cl) and the yawing moment (Cn)

coefficients.

iv. In the ’‘rudder’ sector only, reverse again the
sign of {, restoring therefore its original
sign before carrying out operation iii above.

In the actual implementation of the algorithm just
outlined, a further refinement had to be incorporated.
As the force and moment coefficient data contained points
‘only for the B = 0 condition, and as the values of any of
the three coefficients that had to have their signs
reversed in the algorithm described (Cy, C, and Cn) are
unlikely to be zero when B = 0, strong non-linearities
would arise near the origin (when B has Jjust gone
slightly below zero) if the coefficient signs were simply
reversed.

The solution was to incorporate, in the same code
section that did the sign reversal, a summation of twice
the value of the coefficient in question at the B = 0
condition. This program section (item iii of the
algorithm description on this ©page) was therefore
expressed as

CY(B, A, ) = -CY(B, A, ) + 2 x CY(O’ A, a)
Cl(B’ A, a) = —cl(B, A, ) + 2 x Cl(o' A, a)
Cn(B, Af a) = -Cn(B, A, ) + 2 x Cn(o’ A, a)
where,

A is the control surface deflection (n in the
’elevator’ program code sector, { in the ’‘rudder’
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sector or zero in the ’no surface deflection’
sector)

The importance of these modifications was realized
when, in the earlier versions of the simulation program,
it had not been incorporated and spurious results were
generated, especially in the airship modes investigation
(See Appendix-3). The tailoring of the simulation
concept and coding to the peculiar characteristics of the
aerodynamic data base was, by consequence, a prominent
aspect of the construction and validation of the
simulation program.

A2.6 Tail Deflection Configuration Due to Pilot Demand

The standard YEZ-2A simulation program, as used in
the flight dynamics simulation, was conceived in a such a
way that it required the input, by the user, of the
amount of control surface deflection for each of the four
ruddervators (See Section 4.5.2).

However, a second version of the program was
developed in which the intention was to arrive at a total
tail deflection configuration based on the amounts of
‘elevator’ and ‘rudder’ deflection demanded by the
airship pilot, as airships, unlike conventional aircraft,
do not have pilot roll control demands. If the pilot
demand for ’‘elevator’ type of deflection is called N3en
and that for ’‘rudder’ is called cdem then the problem was
to find the four unknowns represented by the amount of

S S and 64

deflection of each ruddervator, i.e., & 51 84

(See Fig. 4.4).
At this stage, the problem can be regarded as having

1’

two equations, i.e.,

8, + 8, + 686, + 84

M3em (A2.6.1)

Cgem (A2.6.2)
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In order to find the solution in terms of the
ruddervator deflection angles, two more equations are
required. The choice was then made to impose the
conditions that would permit the solution of the problem:
First, that an aileron type of demand would always be
zero, as is usually the case in lighter-than-air flying
controls, and second that the deflection of the controls
must be done in such a way that the elevator type of
demand comes in first followed by the rudder type. These
concepts were implemented by means of the following
respective equations:

1 5 3 4 = gdem = 0 (A2.6.3)

5, +8, -8, -8, = 0 (A2.6.4)

Equations (A2.6.1-4) provided therefore the solution
to the total tail deflection configuration as a function
of pilot demand. It was implemented in one of the
simulation program versions, where the user just had to
input values for N3em and Cdem’ The ai values were then
determined by the algorithm that solved the four
equations given. As already pointed out in Chapter 4,
this is only one possible way of finding a solution,
amongst many that can and should be tried.
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A P P E N DI X - 3

Derivation of the YEZ-2A Modes of Motion
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A3.1 Introduction
The purpose of this Appendix is to present the

derivation of the YEZ-2A characteristic modes of motion.
The method adopted is that based on the wuse of
eigenvalues and eigenvectors (Refs. 52 and 53) since,
from a mathematical point of view, it is as rigorous as
any other method and it also facilitates the
visualization of the vehicle motion after a disturbance.

This type of solution to the problem was made
possible by the use of the ANALYZ package that is part of
ACSL. It is operated by instructing the ACSL system, at
the desired point of the state space, to ’‘freeze’ all the
state variables and then release the ones that are
‘relevant to the analysis being pursued. Next, a command
to produce the eigenvalues and the eigenvectors for that
condition will generate the output with the value of the
those parameters as well as the system Jacobian
(equivalent to an A-matrix of a linear system).

In the present investigation, the method described
was applied at the simulation time t = 0, just after
longitudinal trim had been achieved (See Section 4.9).
It was carried out for a number of flight speeds,
starting at the hover condition, where a ’‘speed’ of 0.01
m/s had to be specified in order to avoid division by
zero during program execution, and going up in steps to
30 m/s. This is estimated to cover most of the useful
range of flight speeds of the YEZ-2A.

The experiment was divided, for each flight speed
condition, into the longitudinal and the lateral cases.
In the former case the relevant (’released’) variables
were u, w, q and 6, whereas in the 1latter case the
variables in question were v, p, r and ¢. Although 6 and
¢ were not state variables as such, for the small
perturbation procedure involved in producing the system
Jacobian the following approximations were used:
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0 yea
2 T2
¢ .
2 - &
where,

e, are two of the quaternion method e-parameters
(See Section A2.2 of Appendix-2, Equations
A2.2.3 and A2.2.4)

The following section 1lists the eigenvalues and
eigenvectors found for the Case 1 situation, i.e.,
neutral buoyancy, ISA, sea level conditions.

A slight nuisance was found in the fact that the
ACSL manual (Ref. 54) does not specify the solution
algorithm used to obtain the eigenvectors. As there is
no unique set of eigenvectors that will satisfy an
eigenvalue problem, it was assumed, by looking at the
results, that the ACSL system normalized each eigenvector
set by selecting the associated state variable that
yields an eigenvector modulus of one (including the
complex eigenvectors) for that variable in that set. If
this assumption is true, then the amplitude units of each
eigenvector will be those of the state variable to which
it belongs divided by the units of the eigenvector used
for normalization in that set. As it turned out it
appears that in most cases the state variables selected
were either u or w, in the longitudinal case, and v in
the lateral case.

In any event, if it is eventually found out that
this assumption was wrong, it will not affect the mode
derivation method here employed, as in this type of
investigation it is the relative magnitude of the
eigenvectors in each set that really matters.

In the next section, the actual airship modes

applicable to each case have been named (in accordance
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with an early investigation based solely on the analysis
of the system Jacobian at various speeds for the
Skyship-600 airship, Ref. 55), although only in the
following Sections A3.3 and A3.4 are they actually
derived. Section A3.5 presents the results of a brief
investigation on non-neutral buoyancy effects and the
last Section A3.6 compares the results found in the
present investigation with those published elsewhere for
other airships.
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Eigenvalues and Eigenvectors

Table A3.2.1 - Longitudinal Eigenvectors, YEZ-2A

Speed = Hover,

Case 1

w = Frequency, { = Damping
M ODE Surge Heave Pendulum
Oscillation
EIGENVALUES |-7.64E-6 -7.59E-5 -2.21E-4 * 0.2931
(rad/s)
w (rad/s) 0.293
C 7.52E-4
EIGENVECTORS
u -1.0 8.20E-4 -0.00363 ¥ 0.9791
W -0.00460 1.0 -0.00440 ¥ 0.003801
q 7.62E-12 |-1.17E-9 3.75E-4 * 0.1021
e -4 .99E-7 7.74E-6 -0.174 + 5.08E-4i
Table A3.2.2 - Lateral Eigenvectors, YEZ-2A

Speed = Hover,

Case 1

w = Frequency, { = Damping
MODE Sideslip Yaw Roll Oscillation
Subsidence |Subsidence
EIGENVALUES |—6.40E-5 -4.70E-4 -6.40E-5 * 0.7271i
(rad/s)
w (rad/s) 0.727
C 8.81E-5
EIGENVECTORS
v 1.0 0.925 -0.00317 * 0.9771i
P 6.06E-10 1.87E-7 -5.80E-4 * 0.1751i
r -0.00557 -0.380 -5.05E-6 * 0.003041
¢ -4 .,74E-6 -1.99E-4 -0.120 F 4.10E-41i
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Table A3.2.3 - Longitudinal Eigenvectors, YEZ-2A

Speed = 5 m/s, Case 1

w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |[—-0.00565 -0.0392 -0.108 * 0.2641
(rad/s)
w (rad/s) 0.285
C 0.379
EIGENVECTORS
u 1.0 0.00518 0.222 ¥ 0.318i1
w 0.00462 1.0 -0.578 F 0.7141
q -1.58E-6 -3.23E-4 -0.0235 + 0.0325i1
(] 1.40E-4 0.00412 -0.0370 ¥ 0.05961

Table A3.2.4 - Lateral Eigenvectors, YEZ-2A

Speed = 5 m/s,

Case 1

w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |—-0.0315 -0.232 -0.0322 * 0.728i
(rad/s)
w (rad/s) 0.728
C 0.0443
EIGENVECTORS
v 1.0 -0.946 0.218 + 0.9531
P 1.46E-4 -0.0351 0.0454 + 0.1681
r -0.00557 0.312 -0.0161 + 0.002811i
¢ -0.00231 0.0758 0.114 ¥ 0.03261
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Table A3.2.5 - Longitudinal Eigenvectors, YEZ-2A

Speed = 7.5 m/s, Case 1
w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |[—-0.00847 -0.0643 -0.159 + 0.2221
(rad/s)
w (rad/s) 0.273
C 0.584
EIGENVECTORS
u 1.0 0.0116 0.199 + 0.1461
w 0.00422 1.0 0.861 F 0.4421
q -3.57E-6 -9.09E-4 -0.0199 ¥ 0.01541i
e 2.11E-4 0.00707 0.0442 ¥ 0.01311i
Table A3.2.6 - Lateral Eigenvectors, YEZ-2A
Speed = 7.5 m/s, Case 1
w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
’ Subsidence|Subsidence
EIGENVALUES |-0.0474 -0.345 -0.0493 * 0.728i
(rad/s)
w (rad/s) 0.730
C 0.0676
EIGENVECTORS
v 1.0 -0.962 -0.479 + 0.8521
P 3.29E-4 0.0586 -0.0764 * 0.1561
r -0.00557 -0.251 -0.00344 7 5.65E-61
¢ -0.00347 -0.0848 0.110 + 0.04501
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Table A3.2.7 - Longitudinal Eigenvectors, YEZ-2A

Speed = 10 m/s,

Case 1

Speed = 10 m/s,

Case 1

w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |-0.0113 -0.110 -0.200 * 0.1341i
(rad/s)
w (rad/s) 0.240
C 0.832
EIGENVECTORS
u -1.0 0.0317 0.144 + 0.02101
w -0.00366 1.0 -0.591 + 0.7931
q 6.42E-6 -0.0286 0.0144 F 0.001661
(] -2.84E-4 0.0130 -0.0229 +* 0.01951i
Table A3.2.8 - Lateral Eigenvectors, YEZ-2A

w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |—-0.0632 -0.457 -0.0674 * 0.7281i
(rad/s)
w (rad/s) 0.732
C 0.0921
EIGENVECTORS
v -1.0 -0.972 0.412 ¥ 0.8871
P -5.87E-4 -0.0723 0.0605 ¥ 0.1621
r 0.00557 0.204 0.00360 * 7.03E-41i
¢ 0.00465 0.0834 -0.114 F 0.03101




-284-

Table A3.2.9 - Longitudinal Eigenvectors, YEZ-2A

Speed = 15 m/s, Case 1

w = Frequency, { = Damping
MODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |[-0.0169 -0.584 -0.0906 * 0.09041i
(rad/s)
w (rad/s) 0.128
C 0.708
EIGENVECTORS
u 1.0 -0.242 -0.0346 * 0.03731
w 0.00198 -0.970 -0.653 ¥ 0.7551
q -1.49E-5 0.0244 0.00291 ¥ 0.003981
e 4,.38E-4 -0.0209 -0.0190 * 0.00299i

Table A3.2.10 - Lateral Eigenvectors, YEZ-2A

Speed = 15 m/s,

Case 1

w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |—-0.0953 -0.677 -0.106 + 0.7271
(rad/s)
w (rad/s) 0.735
C 0.144
EIGENVECTORS
v -1.0 -0.982 0.852 + 0.4801
P -0.00134 -0.0971 0.159 * 0.06581
r 0.00557 0.147 -0.00263 * 0.003181
¢ 0.00704 0.0717 0.0288 % 0.1131
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Table A3.2.11 - Longitudinal Eigenvectors, YEZ-2A

Speed = 20 m/s, Case 1
w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |—-0.0226 -0.863 -0.0789 *+ 0.0927i
(rad/s)
w (rad/s) 0.122
'q 0.648
EIGENVECTORS
u -1.0 0.271 0.0458 * 0.0160i1
w 5.46E-4 0.962 -0.147 + 0.9881
q 2.77E-5 -0.0275 -0.00406 * 0.002211i
e -6.10E-4 0.0159 0.0177 + 0.006831i

Table A3.2.12

- Lateral Eigenvectors, YEZ-2A

Speed = 20 m/s, Case 1
w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |-0.128 -0.893 -0.147 + 0.7221
(rad/s)
w (rad/s) 0.737
< 0.199
EIGENVECTORS
v -1.0 -0.985 -0.704 + 0.6801
P -0.00243 -0.107 -0.101 * 0.1361
r 0.00557 0.117 -0.00127 ¥ 0.004361
¢ 0.00951 0.0601 0.104 + 0.04911i




-286-

Table A3.2.13 - Longitudinal Eigenvectors, YEZ-2A

Speed = 25 m/s, Case 1
w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |-0.0282 -1.12 -0.0775 0.09091
(rad/s)
w (rad/s) 0.119
C 0.649
EIGENVECTORS
u 1.0 -0.283 0.0423 + 0.01841
w -0.00412 -0.959 -0.884 + 0.4641
q -4 .55E-5 0.0287 -0.00441 ¥ 9.58E-41i
e 8.06E-4 -0.0128 0.00892 + 0.01661

Table A3.2.14

- Lateral Eigenvectors, YEZ-2A
Speed = 25 m/s,

Case 1

w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |-0.161 -1.108 -0.188 + 0.7121
(rad/s)
w (rad/s) 0.736
C 0.256
EIGENVECTORS
v -1.0 -0.987 -0.0645 +* 0.9771i
P -0.00390 -0.113 0.0235 + 0.1661
r 0.00558 0.101 -0.00348 ¥ 0.003451
(0} 0.0121 0.0508 0.105 F 0.0442i1
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Table A3.2.15 - Longitudinal Eigenvectors, YEZ-2A
Speed = 30 m/s,

Case 1

w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |-0.0339 -1.368 -0.0802 * 0.08711
(rad/s)
w (rad/s) 0.118
C 0.677
EIGENVECTORS
u -1.0 -0.290 0.0342 F 0.03271
w 0.00914 -0.957 -0.0301 * 0.998i
q 7.08E-5 0.0294 -0.00243 * 0.003731
e -0.00104 -0.0107 0.0185 ¥ 0.003121i

Table A3.2.16

- Lateral Eigenvectors, YEZ-2A

Speed = 30 m/s, Case 1

w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |[-0.196 =1.132 -0.230 + 0.6971
(rad/s)
w (rad/s) 0.734
C 0.313
EIGENVECTORS
v -1.0 -0.988 -0.875 F 0.4411
P -0.00582 -0.115 -0.161 F 0.03491
r 0.00558 0.0906 0.00509 ¥ 0.001101i
(0} 0.0149 0.0436 0.0117 + 0.1111
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A3.3 Derivation of the Longitudinal Modes

The eigenvalue and eigenvector tables of the
previous section have shown that as far as the
longitudinal stability of the YEZ-2A airship is concerned
there are basically three modes of motion. Following a
longitudinal type of disturbance, two of the modes are of
the subsidence type, represented by the negative real
eigenvalues, whereas the third mode is of the oscillatory
type, represented by the complex eigenvalue.

Since all the eigenvalues have a negative real part,
it can be concluded that they are all stable modes,
although only marginally so in the hover condition and at
the slow end of the flight speed range. In fact, it is
perhaps safer to assume that the real part of the hover
‘eigenvalues are effectively zero, as the figures shown in
Table A3.2.1 were obtained by specifying a flight speed
of 0.01 m/s in order to avoid division by zero. The plot
of the eigenvalues in the complex plane for the various
values of flight speed is presented in Chapter 5.

The derivation of the longitudinal modes was carried
out by simply analyzing the relative magnitudes (and
phase relations in the case of complex quantities) of the
eigenvectors associated with each eigenvalue. Three
values of flight speed were selected, in support of the
mode demonstrations presented in Chapter 5:

The first hover eigenvalue (s1 = -7.6 X 10"6

) is a
negligibly small negative real number and has, associated
with it, only two eigenvectors with significant magnitude
values: The first is that associated with the u-velocity
change, which has reached the top absolute value of one,
and the second 1is the w-velocity change, with a
relatively small value (only 0.5% of the u-velocity). It
can therefore be concluded that this mode of motion
affects primarily the u-velocity component, i.e., the
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longitudinal disturbance will result in the final steady
state u-velocity being a finite value that will be
reached in approximately exponential fashion. This mode
is therefore called the u-velocity ’‘surge’ mode or simply
’surge’.

The second eigenvalue (s, = -7.6 x 107°) is again a
negligibly small negative real number and has associated
with it only one eigenvector with a significant magnitude
value. Since that eigenvector is the one corresponding
to the w-velocity, it means that the 1longitudinal
disturbance will result in a vertical displacement of the
airship, when both the new steady state vertical velocity
as well as the new height will be finite values, that
will be reached in approximately exponential fashion.
‘This mode is therefore called the ’‘heave’ mode.

The 1last 1longitudinal eigenvalue is a complex
number, which means that it is an oscillatory mode of
motion, with an angular frequency w of approximately 0.3
rad/s and very little damping indeed. 1In order to try to
visualize this type of motion the associated eigenvectors
have been plotted in the complex plane (Fig. A3.3.1). 1If
the eigenvectors are then allowed to rotate at the
frequency w so as to produce results in the amplitude
versus time plane (Ref. 56), it can be concluded that the
resulting vehicle motion will be composed mainly of
oscillations in the u-velocity (about the average value
of 0.01 m/s), accompanied by oscillations in pitch rate
(d) and pitch angle (8). The phase shift between u and q
is approximately of 180°, but what is perhaps even more
important, the phase shift between g and 6 is of the
order of 90°, which configures a ‘pendulum’ type of
oscillation. The type of motion predicted by this
analysis is therefore an oscillation in pitch, following
a longitudinal disturbance, with negligible height
changes, and therefore it has been named the pendulum
mode. Unfortunately, in the hover condition there does
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not seem to be much damping available to reduce the
amplitude of this motion, at least in the open 1loop
vehicle condition.

* Flight Speed = 5 m/s

Table A3.2.3 shows that the increase in speed from
the hover condition to 5 m/s generated some slight
changes in the YEZ-2A modes. The magnitudes of the
eigenvectors associated with the first eigenvalue (s1 =
-0.00565), a negative real number, imply that this is a
marginally stable mode with the u-velocity eigenvector
being the significant response parameter in this case.
It has therefore all the characteristics of the hover
surge mode already described.

The second eigenvalue (s2 = =0.039) should also
imply a marginally stable mode. An analysis of the
magnitudes of the eigenvectors associated with it shows
that a small longitudinal disturbance will be followed by
a slow change of the vertical velocity (and the
longitudinal incidence a for that matter) until a final
steady state value is reached in approximately
exponential fashion. However, in comparison with what
happened in the hover condition, in this case there will
be also some exponential variation in the pitch angle, as
shown by the magnitude of the 6 eigenvector (which
becomes even more significant as the speed goes up) and
therefore this mode has been named the ’pitch subsidence’
mode.

The third eigenvalue 1is, as before, a complex
number. The w value has gone down just a little bit,
whereas the damping () has improved considerably. The
plot of the associated eigenvectors in the complex plane
(Fig. A3.3.2) shows that although a pendulum type of
oscillation is still present (q lags behind 6 by just
under 90°), a heave oscillation coupled with it is now to
be expected. In addition, the heave oscillation is in
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phase with the pitch angle oscillation, which means that
the changes in longitudinal incidence (a) happen more or
less at the same time as the changes in vehicle attitudé
(6), a coincidence that makes sense at the slow end of
the flight speed range.

* Flight Speed = 25 _m/s

Table A3.2.13 shows some changes in the modes of
motion of the YEZ-2A more or less in the directions
already detected in the previous case when compared to
the hover condition. The first eigenvalue (sl = =-0.028)
implies a slightly more stable mode than before, where
the most significant eigenvector is still that associated
with the u-velocity. Therefore, much in the same fashion
‘as in the hover condition, this is termed the surge mode.

The second eigenvalue (sz = =1.12) shows a dramatic
improvement in stability over the previous case. An
inspection of its associated eigenvectors shows that the
nature of the mode has changed only slightly in the sense
that now a small longitudinal disturbance will result in
the expected heave subsidence (or, -equivalently, a
longitudinal incidence a exponential convergence to a
final steady state value) accompanied by relatively fast
(since the eigenvalue 1is larger now), approximately
exponential, convergence to the final steady state values
of u-velocity, pitch rate g and pitch angle 6. The
g-associated eigenvector value has grown considerably
over the previous case, substantiating the prediction
that the final 1longitudinal attitude 6 will be reached
much sooner than before.

Finally, the complex eigenvalue predicts an
oscillatory mode that has some marked changes over the
previous cases. The plot of the eigenvectors in the
complex plane (Fig. A3.3.3) shows that in spite of some
form of pendulum oscillation being still present (the

phase difference between g and 6 has now grown over 90°),
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the greatest emphasis is now on the heave / longitudinal
incidence a type of oscillation. On the other hand the
mode as a whole is now considerably slower (w is now less
than half the previous value) and heavily damped. In
summary, a small longitudinal disturbance at U0 = 25 m/s
is 1likely to cause just a small vertical oscillatory
displacement, accompanied by even smaller oscillations in
pitch, and the whole motion is likely to die out in a
very short time indeed. At this fast end of the speed
range the mode denomination of pendulum oscillation is

clearly a misnomer.

A3.4 Derivation of the Lateral Modes

The eigenvalue and eigenvector tables of Section
‘A3.2 show that the lateral modes of motion of the YEZ-2A
are constituted by two subsidence and one oscillatory

mode, very much in 1line with what happened in the
longitudinal case. Again all the eigenvalues have a
negative real part and therefore they should be all
stable modes, although as before, the stability in the
hover condition can be assumed to be neutral in view of
the forward speed of 0.01 m/s that had to be specified in
this case. - The plot of the lateral eigenvalues in the
complex plane for the range of flight speeds is presented
in Chapter 5. '

The derivation of the lateral modes was carried out
much in the same way as for the longitudinal case, i.e.,
by simply analyzing the relative magnitudes (and phase
relations when appropriate) of the eigenvectors
associated with each eigenvalue. Two values of flight
speed were selected, in support of the mode
demonstrations presented in Chapter 5:

The first hover eigenvalue (s1 = =-6.4 X ].0"5

) from
Table A3.2.2 1is a negative real number and has,
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associated with it, only two eigenvectors with
significant values: The first is that associated with
the proper lateral disturbance, i.e., the v-velocity,
which has reached the top normalized value of one, and
the second is that associated with the yaw rate r, which
is effectively very small indeed. It can therefore be
concluded that following a small lateral type of
perturbation, a very small yaw rate will contribute to a
new sideslip angle which will be reached in approximately
exponential fashion. This mode was therefore called
’sideslip subsidence’.

The second eigenvalue (52 = -4.7 X 10_7) has,
associated with it, only two eigenvectors with
significant magnitude values: v and r, i.e., the same
vectors of the previous mode, although now r |is
relatively much more important now. As this mode appears
to be at least one order of magnitude faster than the
previous one it was denominated ‘yaw subsidence’.

The third and last hover eigenvalue is a complex
number with negligible negative real part. The
significant eigenvectors in this case are those
associated with the roll rate p and the roll angle ¢.
When they are plotted in the complex plane (Fig. A3.4.1)
it can be seen that p is in phase with the lateral
disturbance represented by the sideslip velocity v (or
equivalently the lateral incidence B) and has a 90° phase
shift when compared to the bank angle ¢. It can
therefore be concluded that, following a small lateral
perturbation, the airship will develop an oscillatory
motion about the OX body axis, with an angular frequency
of about 0.7 rad/s and very little damping. For these
reasons this mode was called ’‘roll oscillation’.

* Flight Speed =_5_m/s

The results presented in Table A3.2.4 show some
noticeable stability improvements over the previous hover



-297-

Nd

g X b #

SiIXy |D3Yy

- o o > N o
L L A A A

s0%6 3 £
/pva LOZm

S PETTPYTPTTFEPETFETTE

UOID||I9SQ |10y ‘| 9SDY ‘49A0H = QN

VZ—Z73A ‘S40}08AUSDIT |DJ9}DT

I°v°¢V 490914

sixy Aiouibow




-298-

condition case. The first eigenvalue (s1 = =0.0315)
suggests a marginally stable mode and has, associated
with it, the same two significant eigenvectors as before:
The v-velocity and the yaw rate r. It can therefore be
concluded that this mode of motion remains essentially
the same as in the hover condition, i.e., it is a slow
acquisition of a new sideslip angle B following a
disturbance in sideslip. Hence the name ‘’sideslip
subsidence’, although it appears that now some very
slight banking motion will also develop, in the usual
approximate exponential fashion, in view of the magnitude
of the ¢-associated eigenvector.

The second eigenvalue (s = =0.232) 1is also a
negative real number and appears to be a much faster mode
than the first. The associated eigenvectors show that
most, if not all of them, have enough in terms of
magnitude to be able to contribute to the mode
characteristics, although the yaw rate r is the dominant
eigenvector. It can therefore be concluded that
following a small sideslip disturbance, the kind of
motion that will develop is constituted by a relatively
rapid exponential convergence to a new yaw rate r,
accompanied by a small banking motion about the 0OX body
axis. Hence the mode designation of ’‘yaw subsidence’.

The third eigenvalue is a complex number with
negative real part. The plot of 1its associated
eigenvectors (Fig. A3.4.2) show essentially the same
characteristics as in the hover condition, with the
difference that the amount of damping has now risen to a
0.04. It can
therefore be concluded that a lateral small perturbation

IR

nonetheless still small value of (

will result in the oscillatory type of motion already
described as roll oscillation with some small degree of
damping now being incorporated.
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* Flight Speed =_25_m/s

An inspection of the results presented in Table
A3.2.14 show that, in essence, the increase in forward
speed has not resulted in any change in the nature of the
YEZ-2A lateral modes of motion. The only differences

that are noticeable can be summarized as:

i. The subsidence modes have become much faster
now.

ii. The roll oscillation has still the same angular
frequency as before, although the damping has
increased substantially, in spite of being
still a rather small value, even if compared
just with the one obtained for the longitudinal
oscillatory mode.

A3.5 Non-neutral Buoyancy Effects

In the course of probing into the airship modes of
motion, a short investigation was carried out with model
parameters set for two non-neutral buoyancy cases, i.e.,
Cases 2 and 3 (See Section Al.6 of Appendix-1). The
former is a 2268 Kg of lightness condition, whereas the
latter refers to a 7118 Kg of heaviness condition, both
at sea level, ISA conditions.

The main problem found in trying to run the
simulation model with a non-neutral buoyancy condition
was associated with the fact that the airship had now to
be longitudinally trimmed, at run-time, manually in order
to prevent it from going into a descent path (heaviness
case) or into an ascending one (lightness case). This
took the form of trying out different power settings and
elevator angles, i.e., the ruddervators were deflected in
an elevator like fashion, in order to achieve straight
and level flight. After this had been accomplished, the
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simulation run was stopped and the ANALYZ package of ACSL
was applied in the way already described in Section A3.1.

The results thus achieved are presented in the
following Tables A3.5.1-4.
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Table A3.5.1 - Longitudinal Eigenvectors, YEZ-2A
Speed = 18 m/s, Case 2, Height = 110 m

- (] o~ ~ o o
Mprim = ¥ 20+ Oppjp %rrim ¥ 72-3
w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |[—-0.0285 =-0.745 -0.0739 * 0.09261
(rad/s)
w (rad/s) 0.118
0.624
EIGENVECTORS
u 1.0 -0.426 -0.179 ¥ 0.02111i
w 0.0921 -0.905 -0.422 + 0.8891
q 5.48E-4 0.0254 0.00281 * 0.003541
e =0.00952 -0.0169 -0.0189 *% 2.88E-5i
Table A3.5.2 - Lateral Eigenvectors, YEZ-2A
Speed = 18 m/s, Case 2, Height = 110 m
o ~ & — o
Mprim = % 207 Oppin ® Xppjp ® —9-5

w = Frequency, { = Damping

M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence

EIGENVALUES |-0.167 -0.798 -0.165 * 0.6411i
(rad/s)
w (rad/s) 0.662
0.250
EIGENVECTORS
v -1.0 -1.0 -0.194 ¥ 0.9701

P =-0.00744 -0.0710 -0.0973 ¥ 0.06911i
r 0.00263 0.0725 0.00164 ¥ 2.87E-41i
¢ 0.0227 0.0477 -0.0318 ¢
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Table A3.5.3 - Longitudinal Eigenvectors, YEZ-2A
Speed = 25 m/s, Case 2, Height = 12.5 m

—- o ~ & o o
Mprim = ¥ 126 v Oqpip ® %ppjp * ~2.3
w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |(—-0.0305 -1.084 -0.0785 *+ 0.07471
(rad/s)
w (rad/s) 0.108
e 0.724
EIGENVECTORS
u 1.0 -0.321 -0.0460 * 7.07E-41i
w 0.0374 =0.947 -0.777 F 0.6271
q 4.01E-5 0.0282 -0.00105 ¥ 0.003991
(] -6.03E-4 -0.0120 -0.00841 +* 0.01531i

Table A3.5.4 - Lateral Eigenvectors, YEZ-2A
Speed = 25 m/s, Case 2, Height = 12.5 m

_ ) o _ )
Mprim = + 1-6 ’eTrim = Cppip ¥ 2.3

w = Frequency, { = Damping

M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence

EIGENVALUES |—-0.168 -1.07 -0.198 * 0.6291i
(rad/s)
w (rad/s) 0.659
C 0.301
EIGENVECTORS
v -1.0 =-1.0 -0.619 + 0.7641

p -0.00608 =0.102 -0.0361 * 0.145i
r ' 0.00532 0.0841 -5.20E-4 ¥ 0.004571i
¢ 0.0169 0.0443 -0.104 0.006341i

+l
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Table A3.5.5 - Longitudinal Eigenvectors, YEZ-2A

Speed = 29 m/s, Case 3, Height = -9.0 m
= = o & L= .3°
Mrrim 2005, OTrim “Prim 4.3
w = Frequency, { = Damping
M ODE Surge Pitch Pendulum
Subsidence Oscillation
EIGENVALUES |—-0.0365 =1.25 -0.0585 +* 0.06511
(rad/s)
w (rad/s) 0.088
'q 0.669
EIGENVECTORS
u -0.99 0.225 0.304 ¥ 0.01411
w 0.167 0.974 0.0463 ¥ 0.9521
q 1.51E-5 -0.0304 -0.00146 ¥ 0.002461
e -1.76E-4 0.0103 0.0136 * 0.00269i

Table A3.5.6 - Lateral

Eigenvectors, YEZ-2A

Speed = 29 m/s, Case 3, Height = -9.0 m
= ° x N °
Mrrim * 0008 ’eTrim “Prim 43
w = Frequency, { = Damping
M ODE Sideslip Yaw Roll Oscillation
Subsidence|Subsidence
EIGENVALUES |-0.159 =-1.27 -0.207 * 0.617i
(rad/s)
w (rad/s) 0.650
C 0.312
EIGENVECTORS
v -1.0 -0.981 -0.934 F 0.2921
P -0.00680 =0.15] -0.145 ¥ 0.09701
r 0.00619 0.114 0.00612 ¥ 0.001781
¢ 0.0174 0.0489 -0.0301 * 0.1091i
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A comparison between the results presented in the
Tables of Section A3.2 and Tables A3.5.1-6 shows
essentially that:

i. The order of magnitude of the eigenvalues and
the nature of the YEZ-2A modes of motion, as
expressed by the associated eigenvectors,
remained substantially the same, both for the
’lightness’ Case 2 as for the ’heaviness’ case
3.

ii. Generally speaking, the effects associated with
a non-neutral buoyancy condition, where these
could be detected, appear to be linked with a
slight slowing down of the modes of motion,
coupled with a slight increase in the mode
damping. This latter effect is more noticeable
in the lateral cases.

In summary therefore it can be said that the nature
of the aerodynamic stability modes of motion of the
airship did not change due to a non-neutral buoyancy
condition. The slight changes detected were mostly of a
beneficial consequence to controllability, although the
vehicle attitudes required in order to achieve
longitudinal trim are 1likely to result in marked
increases in fuel consumption due to higher drag.

Finally, it must be remembered that these results
and conclusions were produced in the course of a short
investigative process and therefore were not aimed at
exhausting the subject. The number of possibilities of,
for instance, combining thrust setting with ruddervator
deflection angle in order to achieve the required
longitudinal trim condition is virtually 1limitless.
Changes in other flight governing parameters can and
should also be attempted.



