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Abstract :  We consider the problem of the control of the flight path of a landing aircraft. This
nonlinear control problem is analyzed from a practical point of view, the limitations of its present
solution are discussed as well as the usefulness of introduction of fuzzy concepts.

1. Introduction

In this communication we consider the ptoblem of
the control of the flight path of a landing aircraft.
This nonlinear control problem is analyzed from a
practical point of view, the limitations of its present
solution are discussed as well as the usefulness of in-
troduction of fuzzy concepts. Then a new control
law design approach based on the combined appli-
cation of fuzzy logic and nonlinear methods (model
inversion and sliding mode techniques) is proposed
to improve the efficiency of the existing autornatic
landing systems. The proposed solution is evalu-
ated by numerical simulation.

2. The Problem Considered

In this cominunication we consider the problem of
the design of autoland systems for civil transporta-
tion aircraft. One of the main goals of flight con-
trol technology has been to design all-weather au-
tomatic landing systems (CAT U1l in the ICAO ter-
minology). The achievement of this goal has turned
possible the landing of aircraft without visual refer-
ence to the runway. This is obtained by an airborne
system which receives from a ground based Instru-
ment Landing System(ILS) radio-electric informa-
tion about lateral{Localizer) and vertical(Glide) de-
viations from a nominal glide path centered on the
runway and of moderate rate of descent{2.5% to
3.5%). This information is then processed by the
airborne autoland system which guides the aircraft
along the glide path and close to the ground causes
its flare out and touch down at an acceptable rate of
descent with the right attitude (main landing gears
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first). This type of system, experimented first dur-
ing the sixties, has been now used for decades and
has been continuously improved over the years while
other sgiutions such as the two-segment approach
system and the micro landing system (MLS), have
been abandonned. However important difficulties
remain and explain why some landings are quite
rough, unconfortable for the passengers and dam-
aging for the structure of the aircraft: The radio-
electric glide path is not linear and presents imper-
fections related to the configuration of the ground

-and to the presence of moving vehicules such as

taxiing aircraft and airport service vehicules. At
ground level the wind, which is always during the
different phases of 2 flight an important element
to be taken in consideration (by the navigation and
flight management system), becomes a crucial flight
parameter: The detection of important variations of
wind speed or wind direction (the “wind-shears”)
which perturb its aerodynamic field and modify its
drag and lift forces right close to the ground. The
adequate execution of the flare phase depends on
the pre-setting of gains for the control law which
depend on the mass centering and inertia of the air-
craft which are not exactly known. Modern turbo-
fans present rather long time constants {2 or 3 sec-
onds) and are unable to produce rapid reactions to
these varying situations.

3. Classical Solution Approaches

It is well known that the flight dynamies of an
aircraft are non-linear, however, the classical ap-
proach to design flight control laws has been [1]
to linearize and decouple the equations of motion




to apply first linear feedback control theory and
later linear state space methods. This approach
is effective when the aircraft is operating around
a slow varying equilibrium situation and when the
required actions are small deviations of control sur-
faces or of the setting of the engines. However since
a commercial aircraft has to climb to cruise leve],
to change repeatedly its heading and to descend
for landing, manoeuvers and transients are com-
mon situations while important parameters such as
mass and wind direction are imperfectly known. Se,
a lot of eflort has been dedicated to overcome the
limitations of this approach through the introduc-
tion, in general on an empirical ground, of correc-
tions and limitations which denature the original
control laws while concurrent objectives have been
achieved with more or less success. More recently,
noniinear control techniques have been considered
for flight control: Meyer et al.[2] made use of non-
linear transformations to achieve exact linearization
of the flight dynamics, Lane and Stengel[3] have
designed an inverse control law for decoupling in-
put/output channels, Hedrick and Gopalswamy [4]
introduced sliding methods for nonlinear flight con-
trol while Larkin [5] was the first to propose the ap-
plication of fuzzy logic to the design of flight con-
- trol laws. Each of these approaches present some
advantages and some limitations: In general the
methods based on inverse dynamics present various
problems such as stability of the inner dynamics,
speed saturation of the actuators, effect of mod-
elling errors and of external perturbations although
they can provide, in nominal conditions, perfect de-
coupling and desired output dynamics (for instance
for an automatic fiight path following mode). Slid-
ing methods present a solution for modelling errors
and robustness but they introduce a chattering ef-
fect on inputs which is not acceptable for flight con-
trol applications since structural modes can be ac-
tivated while control actuators can be submitted to
stressing conditions. Also, a direct design of a fuzzy
flight control leads to the generation of a large set
of rules whose use does not guarantee stability or
the absence of a marked oscillatory behaviour.

4. The Proposed Solution Approach

The system under study presents three entries (flap
deflection, elevator deflection and throttle setting)
and three types of outputs {trajectory variables,
speed and attitude angles). If we consider that
the independent variable is the distance-to-go to the
nominal touch down point on the runway, instead of
time, the trajectory variables reduce to the height
of the aircraflt above the runway. With respect to
attitude angles, if during the glide phase the angle
of attack must remain limited to safe values, during
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the flare maneuvre the pitch angle becomes the vari-
able of interest. So the system can be considered as
square in any phase of the landing operation. In this
study we consider that the setting of the throttle is
fixed, so that two control channels are considered:
aireraft height control from flap deflection and at-
titude control from elevator deflection. Using the
distance-to-go, x, as the independant variable, the
longitudinal equations of motion of the aircraft in
still air are:

dh '

= tan(7) (1)
dg¢ g .
dz ~ V cos(7y) (2)
dg _  M{V.5, )

dz V cos(7y) (3)
da _ [g=L{V.é:,8;) + mgcos(7)] @
dr mV? cos(y)

where h is the aircraft height, v is the path angle,
V is the speed, f is the pitch angle, ¢ is the pitch
rate, o is angle of attack {&¢ = 8 — %), 6. is the
elevatqr deflection and é; the flap deflection, M is
the reduced pitch moment and L is the aerodynamic
lift while m is the mass of the aircraft. From the
above equations we can write:

d*h o L — mg cos .
Sa o= (ttan()pE e (7(;’} ()
d?g M
dz? ~ V2 cos?(7)
q L — mgcos(7)
t oy el (6)

V mV2cos?(y)

So if the aircraft height follows a reference trajec-
tory he(z) with second order dynamics wp, zx
(wr = natural undamped frequency ,z; = damping
ratio }. L must be such that:

(1 + tan(7)?) L — mg cos(y)

he = .
wi mV? cos(y)
+222 tan(y) + A M
wh

In the same way we get for the pitch angle:
' 1, M
E( V2 cos?(v)
g L - mgcos(y)
V mV?eosi(v)

ptl q
——— 8
2;»3 V cos(v) +o (®)

g, =

tan(y))

Since  the system (7-8) is  inversible
((1+ tan(7))?/(wiwimV* cos¥(7)) # 0) it is always
possible to find input linearizing complexes L _and
M or equivalently §, and &;. Let A(z) and &z)
be the resuiting nominal height and pitch trajecto-
ries. Suppose now that mass, centering and inertia




are missestimated and that wind and ground effects
are no more negligeable. We can write the output
accelerations under the form:

2

T = o) + F() + (9(2) + La(2))(T + A)

or
2 D=
%;g - gfg- + Af(z) + Dglz)a + (9(z) + Dg(z))Au

withz' = (h,8,9,¢) y =(h,8) v =(6.,6,) so

2
‘i{—ﬁi’ = p(z) + y¥le)Au
with
o(z) = Af(z) + Ag(z)T

¥(z) = g(z) + Lg(2)

and
Ay = y(z) - H(=z)
Let:
7= rdAy + Ay
dz

Height and pitch will be in a first order sliding mo-
tion if: o = 0 with ¢ € 2 and r € §+2.

Au should be chosen such that:

o < —Ao with A > 0 to get a sliding motion.

In this case, Au should be such as:

Au = Ky~ 'sgn(o)

where K is taken such as:

T(K = Smaz} 2 DYmaz

and A = T(I\: - ¢ma:) ~ AYmax

However, important difficulties arise: ¢ and ¢ are
- not exaltly known and the sign function must be
tackled with care since it can induce unacceptable
chattering effects. Also, the choice of T is not inde-
pendant of the tracking ertor and of its tendency.
So here we propose to use a fuzzy sets representa-
tion for the uncertainties about the system dynam-
ics and fuzzy rules to chose the parameters of the
considered corrective control (Awn).

A fuzzy supervisor provides a safe estimate of max-
imurm values for ¢ according to fuzzy sets associ-
ated with variations of the parameters (mass (Am),
ground speed (AV') and wind speed (Aw)) and with
sensitivity functions f; = 5,,‘ where p, is the ¢ in-
fluencing parameter.

Note that if the sliding motion is effective since
time iy, AYmar is equal to | Ay{te) |- The required
time constant for the sliding mode control must be
chosen in accordance with the nominal position and
speed tracking ervots §— y and §— yr.

Most often, the sign function is replaced by a satu-
ration function such as:
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Figure {: Fuzzy sliding mode control structure

sat z=z/B ifl|z|< B

satz=+41 ifz>B satz=-]ifz<-B
and B should be chosen in accordance with r to
avoid limit oscillations around the reference values.
So a set of fuzzy rules can be established to chose
T and B through scaling, fuzzification and defuzzi-
ficdtion techniques. So, we get the sliding mode
control structure of Figure 1. Figures 2 and 3 show
simulation results obtained using the full flight dy-
namics of a general aviation aircraft (TB20). Spe-
clalized knowledge has been extracted using the
ICARE software which allows for varying situations
the computation of flight qualities and the testing
of different control schemes. The proposed con-
trol approach appears to be robust with respect to
parameter uncertainties and external perturbations

{wind).

5. Conclusion

In this communication the problem of path
control for a landing aircraft has been considered.
The proposed approach is based on advanced tech-
niques from non-linear control theory and makes
use for its effective implementation of the power
of fuzzy logic to tackle with uncertain knowledge
about the behavior of non-linear systems.
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Figure 3: Evolution of pitch angle during landing
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