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1. Introduction

For millions of years nature has devel-
oped flying by the pliable wings of the
saurians, birds, and insects. Evidently the
highly flexible wing is advantageous to
living beings: it is at the same time an effi-
cient wing and propulsion element, it has
a variable geometry, which adapts itself
the best way to the existing flight condi-
tion, and when there is no need for flying,
it may be packed into a small bundle, car-
ried on the back of the animal. No won-
der that human beings tried to imitate the
animals’ flight equipment for centuries—
without success. The breakthrough in hu-
man flight came only when the rigid wing
was found. But thé price for “rigid flying”
is high. A lot of machinery, instruction,
auxiliary equipment and money is
needed, before a rigid flying machine can
take off from some limited places on the
earth.

In 1948 Francis Rogallo tried once more
the simple way. He put two dinghy sails
together, in order to form a symmetrical
tailless wing, the ”Rogallo Wing”, which
became airborne by foot launch and was
controlled by weight shift. This reinvention
of the hang-glider allowed one to take
off from any hill with a wing that cost
nearly nothing and could be packed
away into the baggage boot, when not
needed. Thousands of human beings
aimed to "fly like a bird” with the hang-
glider in the seventies—and hundreds had
to pay it with their lives, as so many pio-
neers in former days, who had tried to
emulate the birds’ flight with ultra-flexible
wings.

Windtunnel tests performed in Switzer-
land with original sized Rogallo Wings (1)
revealed some instabilities at low angles
of attack and highly nonlinear aerody-
namic coefficients (Fig. I, Fig. 2). But the
problem was the question: What do
those coefficients mean for the pilot¢ An
unstable wing means not necessarily an
unstable flight, when there exists a low
center of gravity as the parawings show,
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and the center of gravity of hang-glider is
remarkably low beneath the wings. The
Neutral point theory” could not give an
answer because of that and because of
the highly nonlinear aerodynamic coeffi-
cients of a flexible wing in the critical
angle of attack range. The procedure, to
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Fig. I: Comparison of the lift coefficient of a
flexible aircraft with a rigid aircraft.
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Fig. 2: Comparison of the moment coefficient
o?a flexible aircraft with a rigid aircraft.

Fig. 3: The author with his Rogallo Wing in 1975.

derive the static stability from the slope of
the curve, Moment Coefficient ¢, versus
angle of attack o did not help much more,
because c,, has to be referred to the cen-
ter of gravity of the whole system (glider
+ pilot); and where is the center of gravi-
ty of a weight shift controlled aircraft?
How should a bunch of ¢,—o curves en-
lighten the evidently existing irreversible
dives?

Many questions remained because the
conventional flight mechanics procedures
were not relevant to the highly flexible
aircraft. The author, himself a Rogallo
Wing pilot since 197 4 (Fig 3), found the so-
lution by introducing the ”weight shift di-
agram” (2}, (3), the findings of which have
been recently extended by the author to
the “stick displacement diagram” for the
aerodynamically controlled ultra-flexible
aircraft (e.g. ultra-lights), which suffer
from similiar problems in their flight me-
chanics as the hang-gliders.

It has to be mentioned, that La Burthe in
France copied or reinvented the weight
shift diagram one year later, when ONE-
RA tested in the big windtunnel of Meu-
don 10 hang-gliders (4).

Before analyzing the displacement dia-
grams and their applications, the defor-
mation capabilities of the flexible aircraft
will be dassified and discussed.
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Fig. 4: Pseudoelastic deformation of an ultralight caused by slack connection wires.

Above: physical, beneath: symbolic.

2.The Ultra-Flexible Aircraft’s
Deformation Capabilities

2.1. General

All wings undergo various deformations
during flight. Those may be nonstationary
(e.g. wing flutter) or stationary (e.g. eleva-
tor deflection), they may be self-acting
le.g. after a gust) or voluntary (e.g. by
stick movement). The deformations may
attain a confusing variety with the highly
flexible wings. Therefore a classification
of typical deformations is necessary for
the understanding of the following sec-
tions.

2.2 The Self-Acting Aircraft
Deformations

2.2.1 Pseudo-Aeroelasticity

The deformation of the conventional "ri-
gid aircraft” is mostly of an elastic na-
ture; the word for it is " aeroelasticity” .
But before entering aeroelastic deforma-
tions the highly flexible wing suffers a so-
called " pseudo-elastic deformation”. Let
us consider an aircraft which has loose-
ness in its connecting elements, e.g. slack
connection wires (Fig. 4). The aircraft's de-
formation does not depend on velocity,
as it would for aeroelastic deformations,
but only on the angle of attack. So the
conventional aeroscience knows only the
word " aeroelasticity” for self-acting de-
formations; the kind of deformation here
described will be called ”pseudo-aero-
elasticity”.

The deformation of a Rogallo Wing's sail
is of the same nature. At high angles of at-
tack the sail is blown up and behaves like
a rigid wing (Fig. 1, 2). But at low angles of
attack the sail starts to luff and undergoes
deformations, like those sketched in Fig. 5
to 7. Those pseudo-aeroelastic deforma-
tions were the reason for many hang-
glider accidents in the past. The pseudo-
aeroelastic Rogallo Wing may be mod-

elled as symbolized in Fig. 8. In general’

the pseudo-aeroelastic effect is limited to
a distinct angle of attack range. The limi-
tation occurs, when e.g. a slack wire is
stretched, or when the sail is blown up.

It has to be noted, that the term ” pseudo-
aeroelasticity” by definition means de-
formation of an aircraft, which depends
only on angle of attack, not on velocity.

HE. 5: The blown up Rogallo Wing behaves
like a rigid wing.

Fig. 6: The luffing sail at low angles of attack
suffers under nose-heaviness because of
pseudo-aeroelastic deformation.

Fig. 7: The negatively blown up Rogallo Wing
behaves like a rigid wing (severe nose-heavi-
ness).
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Fig. 8: Modelled pseudo-aeroelasticity of the
Rogallo Wing, valid for positive angles of
attack.

2.2.2 Aeroelasticity

Extended scientific work has been devot-
ed all over the world to the aeroelasticity
of conventional aeroplanes. Aeroelastic-
ity, which deals with the elastic (Hooke's
law) deformations of the aircraft, caused
by the force of the air, is also valid for all
ultra-flexible aircraft. The difference from
the “rigid wings” lies in the fact that the
aeroelastic deformations may be so high
and important for the aerodynamics, that

they can no longer be characterized as

"linear”. The typical aeroelastic defor-
mation of a tailless wing is sketched in Fig.
9, the symbolized wing in Fig. 10. Aero-
elasticity may be the cause of various
problems in the flight mechanics.

It has to be noted, that the term " aero-
elasticity” by definition means deforma-
tion of an elastic nature, which depends
on angle of attack and velocity.

Fig. 9: Aeroelastic deformation of a tailless
wing (severe stability problems)
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Fig. 10: Symbolized aeroelasticity of fig. 9.

2.2.3 Aeroelastic Buckling

Slender struts of an ultraflexible aircraft
may buckle and lead to a sudden change
in the flight stability. Fig. 11 may give an
impression about the flight mechanics
problems that will occur, when a strut for
the elevator control buckles.

It has to be noted, that the term ”aero-
elastic buckling”, by definition, means
deformations that start abruptly at a cer-
tain combination of angle of attack and
velocity.

buckled strut

Fig. 11: Aeroelastic buckling of a control strut
with ceasing contrél efficiency.
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2.3 The Voluntary Aircraft’s Defor-
mations for Control Purposes

2.3.1 Aerodynamic Control

It is a well-known procedure, to deform
the aircraft by pilot's force, in order to get
longitudinal or lateral control. The deflec-
tion of flaps by a control stick is mostly
used. There arise problems, when the
control efficiency is nullified or even re-
versed because of partial flow separa-
tion or secondary deformations like the
"Flettner effect” (Fig. 12).
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Fig. 12: Reversed control efficiency because of
secondary deformations. (Flettner Effect)

2.3.2 Weight Shift Control

Changing the sweep back of the wings as
the birds and some modern aeroplanes
do, may be also regarded as changing
the center of gravity with respect to the
wings, which gives a possibility for longi-
tudinal control. Hang-gliders ”deform”
their center of gravity by changing the
position of the pilot's body with respect to
the wings, in order to control the flight
system. Problems arise, when the control
force becomes too high, or when the con-
trol efficiency is nullified or reversed. (Fig.
13).
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Fig. 13: Ceasing control efficiency in the dive of
a hang-glider.

2.4 The Voluntary Aircraft’s Defor-
mations for Propulsion Purposes

It is a well-known fadt, that the animals
attain a high efficient flight propulsion by
iteratively deforming their wings, the
nwing strokes”. Even if that kind of pro-
pulsion has never been successfully ap-
plied for human beings, the author ex-
pects that the further development of

highly flexible wings will lead to a success
also in that field.

Instead of oscillating the existing wing,
the technology has realized flight propul-
sion by the addition of a further wing,
which is continuously turned, the ”pro-
peller”.

Both the wing stroke and the propeller

propulsion bring additional deformations’

and forces into the aircraft, which may be
of grave consequence for its flight me-
chanics.

2.5 Combined Deformations

All the above-described deformations
may occur simultaneously; they are fur-
thermore modified by the pilot's weight,
because a heavy pilot causes a different
deformation distribution within the highly
flexible aircraft, from a light one. Fig. 14is
a photo of an aeroelastic and pseudo-
aeroelastic deformed Rogallo Wing; Fig.
15 shows the corresponding symbolized
model.

Fig. 14: Rogallo wing with superimposed
aeroelastic and preudo-aeroelastic deforma-
tion.
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Fig. 15: Model of the superimposed aeroela-
stic and pseudo-aeroelastic deformations.

3.The Displacement Diagrams
and Their Application
3.1General

The superimposed deformation capabili-
ties, as described in section 2, may have
consequences in flight mechanics that
could neither be understood nor quantifi-
ed in the past. It is the author’s intention to
demonstrate, in the following sections,
that the displacement diagrams enable
one to quantify and understand the inte-
gral stability and control consequences of
any deformation.

It has to be noted, that the author treats
control by weight shift and by aerody-
namic means, the same way in the dis-
placement diagrams. Therefore the fol-
lowing derivations are always valid for
both control methods, if not otherwise
mentioned. In order just to illustrate the
principles, in the following sections only
longitudinal problems will be regarded.

3.2 What is a Displacement
Diagram?

The problems described in section 2 de-
mand consideration of the deformation
problems and the control problems as a
whole. Because the control action is char-
acterized by a displacement of the con-
trols (stick or weight), and because any
aircraft's deformation has its required
control displacements, in order to pro-
duce momentum equilibrium, one can
say, that both the control efficiency itself
and the deformations are reflected in the
required displacement. In order to get a
diagram: "Displacement versus any-
thing”, it is wise to take as the ”any-
thing” a variable, which characterizes in
a distinct way the whole flight envelope.
To take the velocity is not regarded as a
good way, because it is an ambiguous
parameter: The velocity polars revedl
that there may exist for different flight
states the same velocity. The only wanted
parameter is the unequivocal angle of at-
tack.

To summarize:

The displacement diagram is a plotted
curve in the coordinate system: Angle of
attack a versus displacement 3 of the con-
trol. Displacement hereby means the re-
quired control movement (stick or weight|
in order to obtain momentum equilibrium
for the corresponding angle of attack. The
question, in which dimensions o and 8
have to be taken, is a question of defini-
tion and of secondary interest.

A typical displacement diagram (here
weight shift) is plotted in Fig. 16.
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Fig. 16: A typical displacement diagram.

3.3 Stationary Displacement
Diagrams

As mentioned above, the deformation of
an ultra-flexible aircraft depends on ve-
locity, angle of attack and pilot's weight:
When the angle of attack is decreased:
the velocity has to be increased in the sta-
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tionary flight, until the force resulting from
the airflow corresponds to the total
weight. Consideration of those conditions
leads to a stationary displacement dia-
gram for a certain pilots’ weight. If differ-
ent pilots’ weights are considered, a se-
ries of stationary displacement curves will
result, as sketched in Fig. I7.

Fig. I7: Typical stationary displacement curves
o? an aeroelastic tailless aircraft.

3.4 Nonstationary Displacement
Diagrams

Windtunnel or vehicle tests (see next sec-
tion) are executed at constant velocities.
Therefore it is advantageous first to plot
displacement diagrams for constant ve-
locity. Then the parameter points for
equal air-force are picked out of these
curves, and connected, which will give the
stationary curves.

But the displacement curves for constant
velocity have also a different meaning.
When the aircraft suffers a sudden dis-
turbance, it has not the time to attain im-

Fig. 18: Series of stationary (-——-) and instation-
ary (- displacement curves for a high
aeroelastic wing. -
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Fig. 20: The displacement diagram as flight envelope.
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mediately the correct velocity. So for a
while the displacement curves for con-
stant velocity describe the situation, be-
cause the aircraft reacts at nearly con-
stant velocity. Therefore the curves for
constant velocity are a good image of the
dynamic behaviour of the flexible air-
craft. Along a curve ”constant velocity”,
different air-forces are passed. Those
forces are in the dynamic case a measure
of the existing g-load. Division of the air-
force by the total weight gives the load-
factorn.

In Fig. 18 a whole series of stationary and
nonstationary displacement curves is
sketched. For a completely rigid wing all
curves would fall together! (Reynolds ef-
fects neglected). If not otherwise men-
tioned, in the following sections only sta-
tionary curves are meant.

3.5 The Acquisition of the Weight
Shift Diagram

This displacement diagram is valid for the
weight shift-controlled aircraft. There are
known by test (windtunnel or vehicle, see
Fig. 19) or calculation or both: The aero-
dynamic coefficients ¢, ¢4, ¢, versus angle
of attack and velocity of the investigated
flying machine, center of gravity and
mass of aircraft and pilot and the kine-
matics of the allowed pilot's displacement

Fig. 19: One of the German aerodynamictest
vehicles (DHV).
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in order to control the aircraft by weight
shift. Then for all angles of attack a of in-
terest the necessary pilot's displacement
d for momentum equilibrium is calculated.
All points (a/8) are then plotted into the
a-d diagram and connected in the right
way. The resulting curves give the weight
shift diagram.

3.6 The Acquisition of the Stick
Displacement Diagram

This displacement diagram is valid for
stick-controlled aircraft. There is known
by test or calculation or both for several
different fixed stick positions: The aero-
dynamic coefficients ¢, ¢y, cversus angle
of attack and velocity. The moment coeffi-
cient ¢, has to be referred on the center of
gravity of the whole flight system, includ-
ing the pilot. Then the zero prints of the ¢,
curves are picked out: At those angles of
attack the just-tested stick position has a
momentum equilibrium, which means that
this angle of attack and that stick position
are an (a/3) point in the stick displace-
ment diagram. Several tested stick posi-
tions give several points, whose connec-
tion will form the stick displacement dia-
gram.

3.7 The Flight Envelope

The pilot in the air can only act on his air-
craft by the controls. The effect of the con-
trol movement on the (stationary) flyable
angle of attack range can be seen imme-
diately on the displacement diagram, it is
its definition. If the stop locations of the
controls are plotted into the diagram, the
complete stationary flight envelope is il-
lustrated, see Fig. 20.

Limitations of the flight envelope because
of instabilities or limited controllability
are dicussed later.

3.8 The Controllability
3.8.1The Control Efficiency
The slope da/dd of the displacement
curve is an immediate measure of the air-
craft's controllability. It says, how much
the control has to be displaced, in order
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Fig. 21: Control reversal at a canard, revealed by a horizontal tangent
in the displacement curve.



to obtain a certain change in the angle of
attack. The sign of the displacement is de-
fined, that reward movement of the stick
or of a weight has the positive sign. Thus
a right hand inclination of the displace-
ment curve means a normal control be-
haviour: Pulling on the stick means mov-
ing on the curve and the angle of attack
increases.

3.8.2 Ceasing Control Efficiency

¥ do/dd becomes zero, there exists a hor-
izontal tangent in the displacement dia-
gram. The control efficiency has become
zero. This will be true for the flexibility
problems, sketched in Fig. Il and 12; the
problems will occur at higher velocities
and low angles of attack. But loss of con-
trol efficiency may also happen because
of aerodynamic reasons, as illustrated in
Fig. 21. This shows a possible displace-
ment diagram for a canard plane with the
elevator on the front wing. When the
highly loaded front wing is made to give
more and more lift because of increased
elevator deflection, then the front wing
may suffer a flow separation, and further
rearward stick movement will not bring
up the nose any more. It is suggested,
that this is the ”Quickie problem”, and
that its displacement diagram looks like
Fig. 21. This aircraft had severe flight me-
chanics problems when flying through
rain. Evidently its front wing suffered in
that case an early flow separation, which
leads to the problems described above.
Be it a flexibility problem or a flow sepa-
ration problem: Loss of control efficiency
reveals in the displacement diagram, that
there exist angle of attack ranges, which
can never be attained; the flight envelope
has to stop there!

3.8.3 Reversed Control Efficiency

After having passed a vertical tangent
with loss of efficiency, the control suffers
a reversal of the efficiency. This means for
example in the above canard case (Fig.
21), that more rearward stick movement
results in less angle of attack, as the left-
hand inclination of the displacement
curve revedls. It has to be noted, that the
displacement diagram reveals a reversal
of the control efficiency, when a horizon-
tal tangent appears, whereas the existing
stability is not changed.

3.9 The Stability

3.9.1 Stable Flight Condition

It can be shown by mathematical deriva-
tions, that the slope da/dd of the dis-
placement curve is a measure of the static
stability with controls fixed. This can also
be proven by the following considera-
tions, see Fig. 22:
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Fi?. 22: To explain, that right-hand inclination
of the displacement curve means stability

(see text).

Let us assume that the initial condition of
a stick-controlled aircraft is at point 1, and
the pilot will keep the controls fixed. Then
comes a sudden downgust, which brings
the angle of attack to the lower position

2. The displacement curve shows, that for
equilibrium the position of the stick has to
be reduced from position 2 to 2’. How-
ever, the pilot keeps the stick fixed at the
old position, which means that he pulls
more than the position 2 requires. There-
fore the reduced angle of attack will re-
turn to its old value 1. So we see that when
there exists a right-hand indlination of the
displacement curve, and the stick is fixed,
a recovery of the disturbed angle of at-
tack will occur. This is just static stability
with controls fixed, as we wanted to
prove.

3.9.2 Neutral Flight Condition

If da/dd becomes infinite, we have no
longer a right-hand inclination, but a ver-
fical tangent on the displacement curve.
This means that without any movement of
the controls there exists for a whole
range of angles of attack equilibrium,
and this is simply the definition of neutral
stability with controls fixed.

3.9.3 Instability

After having passed a vertical tangent,
the displacement curve becomes left
hand indined, which means instability
with controls fixed. This can be proven the
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Fig. 23: Passage from stable flight to unstable
flight, revealed by a vertical tangent of the
displacement curve. Extreme danger of for-
ward loop!

same way as in 3.9.1. Fig. 23 sketches the
displacement curve of an aircraft which
suffers a passage from stability to insta-
bility.

This displacement curve reveals reversal
of the flight stability, when a vertical tan-
gent appears, whereas the control effi-
ciency is not reversed.

Fig. 24 shows an ultralight with swepted
wing and canard elevator. This type suf-
fered structural damage after an unin-
tended forward loop, killing the pilot.
Subsequent investigation of the displace-
ment curves revealed the dangerous
flight region of the type. The ultralight is
above o = 15° very stable; control is
maintained even up to o = 22°.

Flg- 24: Test of anaulfralighf with fatal stability
behaviour.

But near o = 10° and maximum forward
stick position it has a vertical tangent,
which means that it becomes neutral and
around o = 0° it becomes very unstable
(left hand inclination). If the pilot flies fast
with the stick forward and with an angle
of attack of about 5° and if he meets a
downgust, the aircraft becomes suddenly
very unstable and noseheavy. Once an
angle of attack of —10° is passed which
might happen in less than one second,
avoidance of a sudden forward loop
("tuck”) is no longer possible. The dis-
placement diagram reveals that even
with the stick pulled back to its stop nose-
up moment is no longer obtainable.

The nonstationary displacement curves at
low velocity have also vertical tangents
and instabilities.

This suggests, that the ultralight suffered
under a remarkable pseudo-aeroelastici-
ty. Indeed the ultralight suffered a failure
of a strut, which gave way at a wing twist
of about 10° before a limiting torsional
force started.

The control-force falls out when the dis-
placement curve is calculated; it gives in-
formation not only on the tolerable con-
trol forces but on the stick free stability al-
so. But this is outside the scope of this pa-
per and will not be discussed further.




3.10 Hysteresis Effects

The highly flexible aircraft with low cen-
ter of gravity may have the pecularity
that it becomes unstable at low angles
of attack but becomes stable again
when approaching zero lift. The stability
changes behave like a hysteresis effect,
which the displacement diagram re-
veals (Fig. 25). The pilot, who puts his
control position (or his body) to a region
alittle left from 1, meets a sudden nose-
heaviness and instability. Before
knowing what has happened, he will
find himself in a very stable dive in 2.
Coming back to normal flight again is
only possible, when the controls are
brought back to a position a little right
from 3, which is much beyond that ob-
taining the problem started at 1. Then
the flight will retumn to the stable phase
at 4. The endrding of the area 1-2-3-4
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Fig. 25: To explain the hysteresis effect in
dives (see text).

is a hysteresis effect, and one of the
reasons that entering a dive may be
much easier than coming out of it. In-
deed surviving luffing-dive pilots have
reported that the controllability in the
dive is nearly zero (very flat curve bet-
ween 2 and 3), and that they had to
bring their body very far back, in order
to get out of the dive, which happened
“with a bang” (unstable recovery bet-
ween 3 and 4).

3.1 Irreversibilities

The hysteresis effect above described
may be so extended in the displacement
direction, that the control limit is reached.
Fig. 26 shows, that once in the dive posi-
tion 2, a recovery is not possible; the dive
of the highly flexible aircraft has become
irreversible.
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Fig. 26: To explain an irreversible dive
(see text).

4. Outlook

Since 1975 the author has investigated
about 800 versions of all kinds of hang-
gliders and ultralights for the official certi-
fication in Germany. Only some spectacu-
lar cases have been presented in this pa-

per. The vast majority of the current

hang-gliders have passed vehicle testing
and have been analyzed by displace-
ment diagrams; it has been proven, in a

million flights, that the flexible aircraft has
remarkable safety

now obtained a
standard.

The very promising aim of the future are

not to beware of high flexibility, but to
take more advantage of it. A designed
flexibility helps for better control and per-
formance. What the rigid wing tries to ob-
tain by an expensive variable geometry,
the flexible wing achieves at no cost.
Therefore the author would not wonder,
if hang-gliders one day reach the glide
ratios of the sailplane—by the muscle-
powered wing stroke principle. Unlike
former days the necessary safety instru-
ments are available today.
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Summary

The conventional procedures for the
stability analysis of aeroplanes do
not suit the ultra-flexible aircraft
(hang-gliders, ultralights), because of
the non-linearity of their aerodynam-
ic coefficients, and/or because they
are controlled by weight shift, which
means that they have an always
changing centre of gravity. The solu-
tion brought the author's introduction
of the "weight shift diagram”, which
first permitted understanding the lim-
ited controllability and irreversibility
of the dives of the hang-gliders. If the
criteria of the weight shift diagram
are transferred to the ”stick displace-
ment diagram”, the stability behav-
iour of aerodynamically controlled ul-
traflexible aircraft also can be deter-
mined. The inclination of the curves is
a direct measure of the stability and
controllability. If there exist horizontal
tangents, they indicate a reversal of
the control efficiency; if there exist
vertical tangents, they indicate a re-
versal of the stability. It is possible, to
localize the reasons for the reversals,
and to find out, if they are of aerody-
namic nature (flow separation) or if
they result from a deformation in a
flexible structure.
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