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Summary

The concep*: of ratural stability reduction cons-
titutes a potential source of appreciable performan-
ce improvement for a transport aircrafti. This
possibility will be briefly discussed iy the first
part of this paper.

However, its achievement is subject to various
limitetions, which will be dealt with one by one :

- problems of integrating the stability augmertation
devices in the flight control sysiem

- problers of locsting the main landing gear

- problem of control surface effectiveness limitse-
tion.

The benefits which can be expected from this
concept and the problems to be surmounted in order
to take full advantage of it depend cn the type of
aircraft to which one wishes to apply it.

Thanks to the financial aid of the Direction
Générale de L'Aviation Civile and the techknical aid
of the Service Technique de 1'Aéronautique and
Centre d'Essais en Vol, we have been able to comuen-
ce *this study on an AIRRUS categery aircraft but,
ahove all, on the CONCORDE supersonic transport
aircraft on which this concept was successfully tes-
ted in flight from Merch 164k to May 2nd 1978.

1

1. _Integration of the control surfaces
in the economic analysin cf the aircrafi

Orientation of aireraft design to allow favourable
integration.

The weight and drag analyses participate conside-~
rably in the ecoromic analysis of a civil transport
aircraft.

The surfaces required for controlling an aircraft
(tail plane, elevons, etc.) appreciably weigh down
these weight and drag analyses at the present time
(figure 1§.

The size of these surfaces and the quality of
the aerodynamic forces which they generate (1ift
and drag) essentially depend on the respective posi-
tions of the centre of gravity and aerodynaumic
centre «f the aircrafi.

For a gubsgonic transport aircraft equipped with
a tailplane (figure 2) the economic analysis depends
on the size of this tailplane and the positior of
the wing in relation to the fuselage : a tailplare
participates more or less satisfactorily in the
aerodynamic aralysis according to the position of
the wing and the care taken in minimizing the aero-
dynamic interactioms.

In the present state of the art, the economic
analysis {represented here by fuel consumption)
appears as shown on figure 3. In these ccnditicrns,
the favourable tendency would be to move *he wing
further forwards ard reduce the size of the tail-
plane.

For & superscnic transper® aircraft, which has no
horizental tailplane (figure 4) the control surfaces
are essentially the elevons on the trailing edge of
the wing.

Tr this case, it is not so much the size of these
surfaces which is impertant but their participation
in the quality of the aerodynamic airflow of the
wing area where they are installed : the L/D ratio
obtained is essentially connected with elevon deflec-
tion. :

At supersonic speed, a deflection of about zero
provides the best L/D ratio, whereas pitckh down
deflections are very favourable at subsonic speed
(figure 5).

These pitch down deflections are compatible only
with an aerodynamic centre ferward of ihe centre of
gravity, unless use is made of devices wkich create
a pitch up without affecting stability (slotted
moustaches, for irstance).

This configuration can be obtained by mcving the
wing or loading fuel in the rear of the fuselage.

For subsonic and supersonic transport aircraft
there therefcre exists a common point in the search
for an optimum design for performance : mcving the
centre of graviiy rearwards. This movement involves
limite which we shall now examine.
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Limitation of rearward mcvemernti
gravity.

cf the centre of

There are three different types of limitations :

- the first of these limitations is due to handling
difficulties : the aircraft becomes unstable when
its centre of gravity is moved aft.Stability
augmentation systems become necessary. These sys-
tems ralse problems for designing the flight
controls, which will be dealt with in tle second
rart of this paper.

- the second is also due to the stability of the
aircrsft during roll on the landing gear. The
third part of this paper will evoke the problems
of landing gear design and location.

- the last limitation is a result of control sur-
face effectiveness which is limited by their
maximal operating incidences. The fourth part of
this peaper will present schemes to improve this
effectivenesc,

At the end of the first part of the paper, we
shall localize these limitations in relation to the
cthers in order to judge the particular points on
whick efforts srtould be exerted.

- Subscnic transport aircraft are designed i
such a way that the aerodynamic centre is always
behind the centre of gravity, at & minimum distance
which depends or the general configuration.

This minimum -dis‘ance is obtained for aircraft
loading conditions corresponding to the maximum
operational aft C.G. location, and the maximum
forwvard position of the aerodynamic centre encoun-
tered in flight. Figure 6 shows the possihilities
offered as far as fuel sav1ng is concerned if this
distance is reduced.

- In order to keep an adequate load on the nose
gear during the various rolling phases at take-off
and landing, the ground reaction application poirts
cn the main gear must be located to the rear of the
aircraft centre of gravity.

It is generally recognized that a load of about
4% of the total weight is required to ensure ade-
quate adhesion of the nose wheel for steering the
aircraft.

For current subsonic aircraft, if the main larding
gear is rept in the usual position in the wing, *this
constraint leads to the limitation illustrated by
figure 7.

- At low flight speeds, the control surfaces lose
some of their effectiveness : the required effective-
ness is achieved by small or large deflections de-
pending on the size cof these surfaces. There are
limitations on these deflections (tailplare stall,
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loss of control surface effectiveness at large de-
flections).

For a subsonic transport aircraft, the maximum
negative incidences of the airstream on the tail-
plane are obtained for centres of gravity forward
of the aerodynamic centre : the tailplane surface
areas required thus decrease as the wing is moved
forwards.

The meximunw pcsitive incidences are obtained for
aft centres of gravity : in this case, the tailpla-
ne surface area must be increased when the wing is
moved forwards.

Teking these considerations into account, figure
7 shows the tailplane surface areas necessary to
comply with the manceuvrability and trim require-
ments.

- All these limitations appear in a different
form for & supersonic transport aircraft. Figure 8
showe that highly negative C.G. margins must be
sought for in order to obtain an appreciable L/D
ratio gain. This figure shows the centre of gravity
envelope already covered in flight in Spring 1978
with new experimental fly-by-wire controls, and
the objective for the second generation supersonic
aircraft.

- This objective cannot be achieved at present
on CONCORDE owing to the pitch down effectiveness
limitation of the elevons. The moment generated no
longer increases beyond deflections of about 20°.
Considering the large rearward movement of the
C.G. beyond *the aserodynamic centre, which can be
envisaged to optimize performance, the requirements
concerning pitch down manoeuvrabilitu rapidly
become restrictive.

At its present operational limits, the aircraft
has & slight natural instability at low speeds,
which is corrected by artificial devices : such a
configuration indeed allows the best compromise
tetween handling requirements and performance
requirements, cconsidering the fact that we are
obliged to considsr that loss of the artificial
devices mentioned above is not extremely improbable.

- The landing gear location limitations have a
lesser effect on supersonic transport aircraft
owing to the large size of their delta wing at the
fuselage root.

At the end of this first part, it appears that
a performance improvement could be achieved for
transport aircraft by moving the centre of gravity

.aft.

Por a supersonic aircraft, this movement soon
requires a flight control design adopted to the
necessity of having extremely reliable control aid
systems.

Moving the centre of gravity of a subsonic air-
craft rearwards soon raises problems of main lan-
ding gear location.

Finally, whether the aircraft is supersoric or



subsonic, it is important for the control &urfaces
to remain effective at large deflections at low
flight speeds.

NOTE : We have only considered here the effects of
reduced stability on the required control surface
sizes or deflections in pitch.

The sizes of the fin and rudder are essenitially
dependent on power plant design.

A redvction in transverse stability if it were
compatible with the requirements mentioned alove,
would also allow a reduction in fin and rudder size.

II. Problems raised by flight control

designs integrating the stability augmentation
systemg required for handling

First of all, we should note that the problems
evoked below &re often of the same nature as those
raised by the use of conventional aircraft auto-
pilots for all weatlier landings. The differences
will then be due to the bad natural handling quali-
ties of the aircraft involved and the duration of
the critical flight phases.

The problems will be due to performance and
safety requireme: ‘s, and the difficulties will
increase as the natural stability of the aircraft
decreases.

As far as performance is concerned, difficulties
cften appear at the actuators which transmit the
stabiligation commands tc ibe control suxfaces.
Trhese actuators must have a low hysteresis and a
high pase band. Indeed, the aircraft-stabilizer~
control surface loop can reveal relatively high
frequency oscillatory medes if the actuator puse
~ band is inadequate. For instance, the loop reveals

a 1 c.p.s. mode on the CONCORDE aircraft, which is
a designing case for the actuators (cf. fig. 9).

It could be necessary to eliminate the conventio-
nal servo-actuators (driving a linkage which in turn
controls power servo—controls) by directly introdu-
cing the stabilization orders in electric form into
the power servo-controls ; even then, the required
rass band could lead to inadequate stability of the
servo-controls which would then have to be equipped
with corrector networks.

Figure 1Cshows & diagram of the hydro-mechanical
stabilization network fitted to the CONCORDE power
servo-controls.fuch a system allows the stabiliza-
tion, without permanent leskage, of a large pass
band servo~control the slide valve of which has no
overlap.

It should also be noted that elimiration of the
servo-actuators appreciably complicates power servo-
control design when these servo-controls receive
both mechanical and electrical commards.

It is a well known fact that the flexibility of
the aircraft can be an imporitant obstacle for desi-
gning a large gain "rigid aircraft" stabilizer, on
one hand because it excites flexible modes and on
the other because of detection of structural modes

468

whiéh we ;re not always lucky enough to be able to
damp like the 2 c¢.p.s. mode on figure 9.

Independently of performance requirements we al-
so attempt teo harmorize the cockpit controls. When
we wish to make maximum use of the possibilities of
electronics, we design flight controls without a
mechanical linkage drive from the cockpit. It is
then easy to imagine (and even to producs -¢f. Fig.
II) miniaturized pitch and roll controls instead of
the conventional control columns on civil aircraft,
and experience seems to show that these new controls
will contribute to impreving handling. The yaw
controls (and brake controls) then have to be defi-
ned in harmony with the previous controls.

As far as safely is concerned, a distinction
must be made betweerr the appearance of undesirable
control commerids and the loss of the system.

It is often easier to protect the aircraft from
undesirable high amplitude commands which develop
quickly than to prcotect it from slow drifts or
gain variations leading to instabilities. The
cxistence of constant and even, if possible, natu-
ral, authority limits {(such as maximum servo-control
rate) is very reassuring when these limits alone
ensure safety. Unfortunately, this is rarely the
case and laborious fallure analyses can thus prove
necessary.

The consequences of total loss of the stabiliza-
tion system are very directly dependent on the
natural aircraft siability. When the aircraft remains
controllable in emergency mode without ariificial
stabilization, the safety problems will be relative-
ly simple to solve. For instance, we could consider
it acceptable for one flight in a hundred ilcusard
to te performed without artificial stabilization.
The redundancy of the system could be defined on
the basis of this objective and cn the requirement
that take-off be authorized with a single failure,
at least for a limited number of Ilights. It will
of course be necessary to look for the common
causes of loss of the redundent channels making up
the system, and the aggravating causes (fzilures
affecting other aircraft systems, for instance).
This process is not always very easy, and for the
CONCORDE programm, we have thus had to computer
process all the significant failure combinations
of the aircraft to make sure than none had been
forgotten.

The aircraft now being designed as advarnced pro-
jects cannot be controlled without artificial
gtetilization. It js thus more difficult to analyse
the system, because this analysis must not omit
any common causes, and phenomena which occur less
than once in ten million flight hours carnot be
neglected. This is why the effects of lightning
strikes and static discharge rust be studied.

To simplify these analysis problems, we someti-
mes envisage dissimilar redundancy systems (n iden-
tical channels plus p channels dirferert from the
first) (cf. Fig. 12). It is not obvious that this
dissimilarity alone solves many preblems. Indeed,
the authority of these systems which are essential
for cortrolling the aircraft will probably be such
that an erroneous command could be catasirorhigue.
In additior to this, it is probable that the air-
craft will usually be controlled witl only one
type of active stabilization channel with overall
monitoring (such as excessive acceleration detec—



tion...). The "common cause" protlem will therefore
Lave to be solved for identical channels* In addi-

tion, it is more or less certain that these channels

will use digital computers which introduce their own
specific problem, namely, programming. It seems that
it will be very difficult to show that this program-
ming contains no errors, and a solution can be
envisaged in double programming and the use of a
channel which is more or less dissimilar from the
first ir the event of disagreement between the
results ¢f the two programming operations. It should
be noted that monitoring requirements could be the
determining factor for fixing the maximum computa-
tion durations. It should alsc be noted that the

use of digital computers reduces accuracy problems
without removing them completely insofar as sensors
remalr. relatively inaccurate and consolidation point
or vote techniques will ccntirue to be used for a
long time.

To summarize, we can say that the safety prcblems
have ssgentially twoe origins :

- the relatively low reliability of electrical
equipment compared with mechanical equipment, whence
a high level cf redundancy ard & farily high comple-
xity of the system and its failure analysis.

- the iradequate present knowledge of the sensi-
tivity of these same items of equipnent to static
discharge and lightning trike phenomena.

The aircraft performance improvements provided
by the reduction of natural stability musi obviously
not be compensated by an excessive increase in
flight control mairtenance costs. This means in
rarticular that the system must allow the failed
components to be identified easily. All these com-
ponents, without exception, must be able to be
replaced without adjustmer? on the aircraft. It
should also be noted that the problems raised oty
the present hydraulic fluids used cn subsonic civil
transport aircraft (erosion of slide valves causing
large internal leakage) would bte amplified by the
use of the servovalves required for electric con-
trols. In fact, meintenance costs should not be an
obstacle to the production of flight controls for
an aircraf! will reduced stability, in particular
because of the use of the self-ncnitored digital
computers integrating functions which were disper-
sed, up to rew, in different items of equipment.

III. _Main landing gear design
and locatior problems.

As seer in the fiyst part of this paper, the
ground roll stability condition {defined by a mini-
mum load on the nose wheel of about 4 % of the
aircraft weight) requires keeping a reasonable
distance between the aircraft C.G. (G) and the
point of application of the ground reaction forces
on the main landing gears (R%.

If the wing is moved forward in relation to the
fuselage (and therefore in relation to the centre
of gravity) and assuming that the traditional loca-
tion of the main landing gear is connec*ted to this
wing, there is a problem for providirg this minimum

load.

At take-off, the load on the nose gear is redu-
ced considerably by the pitch-up due %o engine
+hrust when the engines are housed in underwing
pods on a subsonic aircrafi.

A take-off procedure involving theigradual
application of full engine thrust after trake
release allows the minimum distance G R - to be
reduced. At full thrust, this mirimum distance
represents 24 % of the aerodynamic mean chord. It
ig only 15 % for a procedure using only 40 % of
this thrust (Fig. 13). :

It is in these conditions that the limitations
of Figure 14 have been drawn. We can see that this
situation constitutes a serious handicap for attemp-
ting to improve aircraft performance. We shall now
describe a type »f scheme which allows point R to
be moved back whilst keeping the main gear pick-up
bay in the wing.

As it is out of the question to provide a fai-
ring to enable the gears to be retracted invo the
engine pods or under *‘he wing, the wheels will be
housed ir the fuselage. The gear bay will be lcca-
ted immediately to the rear of the wing box. It
will extend rearwards as little as possible as the
cargo compartment is located immediately behind it.
As the gear bay is used %o house cquipment, this
equipment could possibly be installed at the front
of the bay in order to have the wheels as far back
as possible. If we want the ground impact peint to

. be further aft, the rotation which extends the gear

must take place around a sloping axis in relation to
the aircraft plane of symme*ry (cf. Fig. 15). For
examrle, if the gear is 4 metres high, a 10° slope
of the axis will move the contact point about 70 cm
aft, that is about 10 points of the reference chord
for an A.300.B type aircraft. But the vertical forces
then have to be transmitted correctly : the hinge
axis bearings will usually be naturally located
forward »f the ground contact point and the loads’
or: the bearings will thus be increased. The gear
itself will be offset.

Such a scheme seems to widen the wing movement
possibilities and thus increase the associated
gains (rig. 14). But the effects on weight and
rroduction costs must not be neglected.

IV. Problems raised by pitch controi

at high incidence and schemes envisaged

The respective positions of the limitations due
to landing gear location and control surface effec-
tiveness shcw that an appreciable performance im—
provement can be achieved for & subsonic aircraft
by movirg the control surface effectiveness limit
(Fig. 16), that is, moving the limitations associa-
ted with the high operating incidences of these
surfaces further away. - '

The maximum incidences on the tailplane are
negative in a conventional design (stable aireraft,
adjustable Lorizontal tailplane) ;. -they are reached

during a manoeuvre in landing configuration at ma-

ximum forward C.G. around a trim speed appreqiably
similar to the recommended landing speed (decelera—
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tion ‘to stélling s?eed then recovery, acceleration
till the maximum speed authorized for that configu-
ration).

It appears that a variable camber horizcntal
tailplane with the same surface area controlled
directly by the pilot (PHD) would not be subjected
to such high incidences during the manoceuvres des-
cribed above.

Such a scheme would enable the control surface
effectiveness limit to be moved back as shown in
Pigure 16.

When the centre of gravity is moved a long way
aft, so that it moves behind the aerodynamic centre,
a new limitation connected witlL tlie control surface
pitct-down effectiveness appears, as stated above.

This limita*ion is particularly restrictive for
a _supersonic aircraft, the pitch control surfaces
of which are elevons : it cannot be moved back far
enough if conventional elevons are used.

The following two schemes increase the effecti-
veness of the surfaces located at the trailing
edge of a supersonic wing, but they could be trans-
posed if required to the pitch controls of a very
unstable subsonic aircraft.

- The first scheme ccnsists of adapting a tab
on each elevon : this gllows us to expect ar impro-
vement in effectiveness of about 50 % (see Fig. 17)

- the second consists of providing the elevons
with a slot in the leading edge : this dces not
change the effectiveness at small or moderate de-
flections, but provides an appreciable improvement
at large deflections (Fig. 18)

- Other sclutions to the problems raised can also
be envisaged ("canard surfaces"f or ihstance).

Conclusion

The attempis to improve transport aircraft per-—
formance by reducing stability reveal a certain
numkber of problems essentially connected with the
design of :

-~ flight controls
- main landing gear

~ control surfaces.

The evolution in the field of flight controls
leading to a progressive use of fly-by-wire controls
facilitates resolution of the {irst type of diffi-
culty encountered : this has already been demons-
trated in flight on the CONCORLCE supersonic
transport aircraft during the spring 1978 campaign.

For a subsonic aircraft, however, we consider
it reascnable, in -the first stage, to keep a cer-
tain number of mechanical controls as an-emergeficy
facility.

Furthermore, the technological progress made in
the field of fly-by-wire controls must be accompa-
nied by parallel efforts in the field of aerodyna-
mic and structural design in order to obtain maxi-
munm benefit from the reduced stability concept.
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