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Abstract

This paper describes the application of identification mémphes in the design and optimization
of a vertical navigation (VNAV) autopilot for a light sportiation (LSA) high performance
aircraft (Flight Design CT 2K). The whole design has beeredat reduce global costs, weight
and complexity, on the control of the stabilator trim inst¢lan, as is more common, on the
direct control of the stabilator by means of a dedicatedssactuator. This solution, despite the
above mentioned advantages, is characterized by sonwtasipects due to the introduction of
additional delays in the control chain and also to potestétty problems that must be carefully
considered. The first design step has seen the constru¢tnazcurate model concerning the
aircraft response to the stabilator trim. This model hasl¢ained by means of identification
techniqgues applied to data sequences collected in spedgfitsfland has been validated by
means of simulations performed on data sets concerningreift flights. The model has then
been used to design and optimize a PID controller whose ipegioce has been tested first
in simulation contexts and subsequently, after its implateigon into the autopilot, in flight
conditions. This design approach has allowed, on the oné, lresensible reduction of inflight
tests and of trial and error procedures and, on the other, harabtain a good final autopilot
behavior confirmed by all inflight validation tests.
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1 Introduction

The fast evolution of microelectronics and, particu-
larly, of the new families of Micro Electro-Mechanical
Systems (MEMS) has opened advanced possibilitiesin
many transportation areas and particularly in automo-
tive and avionics. Another parallel evolution concerns
the decline, due to increasing costs and bureaucracy, of
General Aviation (GA) and the shift towards the cat-
egory of the so—called ultralight or microlight aircrafts
(ULM) i.e. two—seat aiplanes with a maximum take—off
weight of approximately 450 Kg. Also in the U.S.A.,
where general aviation mantains a very important role
with morethan 160.000 active registered GA piston air-
craft, more than 16.000 turboprop and turbojet, approx-
imately 7.000 rotorcrafts and 21.000 experimentals[1],
the increasing importance of lighter and less fuel con-
suming aircraft has been recognized by introducing the
Light Sport Aviation (LSA) category that, with a maxi-
mal take—off weight of 600 Kg, positionsitself between
ultralights and GA airplanes. It can also be noted that
some ULM and L SA aircraft are characterized by flight
envelopes and other features like efficiency and auton-
omy superior to those of a part of GA airplanes.

The rules applied to these new categories are less de-
manding than the GA ones; for instance, the instru-
ments and the engines are not conditioned by airworth-
ness certifications. This has allowed the development
and diffusion of advanced avionicsthat can take advan-
tage of the absence of certification costs and of the asso-
ciated limits. It is thus not uncommon to see ultralights
endowed with 1 or 2 axes autopilotsthat rely, for head-
ing evaluation, on inexpensive GPS units instead than
on VOR (VHF Ominidirectionl Range) or mechanical
gyros like in more traditional GA versions. Most au-
topilots are 1 axis units that operate as wing levelers
and ground track followers on the basis of the error ob-
tained from a GPS unit. Autopilotsthat allow mantain-
ing a selected dtitude and that can manage the transi-
tion between selected flight levels (Vertical Navigation
or VNAV) can be installed as stand—al one units or con-
stitute the second axis in 2 axes units; this function is
more requiring, for what concerns safety aspects, than
GPS navigation or wing leveling.

This paper describes some aspects of the design of a
VNAV autopilot for a LSA aircraft, performed on the
basis of adynamic model of the aircraft responseto ver-
tical trim variations obtained by means of identification
techniques[2]. Operating directly on the stabilator trim
tab instead than on the elevator or stabilator surfacesis
not a common practice in autopilot design because of
the additional delay inserted in the control chain and of
some possible safety hazards. Despite these drawbacks,
this solution has been adopted in this design to reduce
weight, costs and complexity at the price of amore dif-
ficult design procedure and of the adoption of redundant
hardware and software safety measures.

The content of the work is organized as follows. Sec-
tion 2 concerns the design considerations and the even-
tual data collection setup. Section 3 describes the iden-
tification procedure that has been followed to obtain a
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dynamic model of the aircraft response and its valida
tion. Section 4 deals with the design of the autopilot
controller and with the simulation and fly performance
that has been obtained. Some short concluding remarks
arefinaly givenin section 5.

2 Design considerations

The horizontal stability of an aircraft can be defined as
the tendency of an aircraft to return to its initial pitch
after the application of some disturbance onits pitch at-
titude. An aircraft consisting only in awing or in wing
and fuselage would be inherently horizontally unstable.
The horizontal stabilizer, also known as the horizontal
tail, is essentially a reduced surface wing whose (posi-
tive or negative) lift relies on a much longer arm, with
respect to the aircraft center of gravity, than the wing
lift. It is thus possible to balance the respective torques
and achieve pitch stability [3].

The elevator isamobile part of the horizontal stabilizer.
It can be deflected up or down to produce a changein
the lift produced by the horizonta tail; such a deflec-
tion forces the nose to pitch upward or downward and
is used to control the aircraft. The stabilizer/elevator
combination can be substituted by a single larger con-
trol surface called stabilator. A stabilator can allow the
pilot to generate greater pitching moment with the same
amount of effort resulting in an improved maneuver-
ability but alsoin agreater risk of astall; for thisreason
stabilators normally contain an anti-servo tab that de-
flects in the same direction of the stabilator, making it
more difficult to move suddenly.

In order to keep a plane in a steady, level orientation,
the elevator usualy has to be deflected by some small
amount and it would be very tiring for a pilot to phys-
ically hold the control stick in position to keep the ele-
vator at that deflection angle for an entire flight. The
elevator (or the stabilator) is thus fitted with a small
“tab” that creates that deflection automatically. The
trim tab can also be seen as a “mini-elevator” whose
deflection up or down, increases or decreases the down-
force created by the elevator and forces the elevator to
a certain position. The pilot can set the deflection of
the trim tab which will cause the elevator to remain at
the deflection required to keep the desired pitch attitude
(or, more properly, angle of attack) and consequently,
according with the actual propeller thrust, the desired
cruise speed.

Any variation of the trim tab position will lead to a dif-
ferent deflection of the elevator and to adifferent angle
of attack and pitch that will be associated to a differ-
ent wing lift and overal aircraft drag; the final result,
in absence of thrust variations, will be an increase of
speed and altitude loss or a decrease of speed and alti-
tude gain. We can thus modify the vertical speed of an
aircraft without modifying the propeller thrust either by
acting directly on the elevator (by means of the stick) or
on the trim tab; this second option requires less energy
(thetrim surfaceis remarkably smaller than the elevator
or stabilator ones) but concerns a more complex kine-
matic chain and longer delays.
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Moreover, afault in the trim control chain could, in ab-
sence of proper safety measures, require the application
to the stick of forces beyond the pilot’s capabilities to
mantain aproper pitch attitude. The design lines chosen
to carry out the project have been the following:

1) Acquisition of a substantial amount of data concern-
ing the response of the aircraft, during standard flight
conditionsto persistently exciting input signals applied
to the trim control. The input has been generated by
means of a microcontroller and measured by means of
a potentiometer connected to the trim cable in order to
reduce as much as possibl e the errors due to mechanical
hysteresis. The output (aircraft atitude) has been mea-
sured by means of a Freescale MPX4115 transducer.
The sampling time has been taken equal to 0.4 s as a
compromise between the use of areduced order model
and the model capability to describe the actual delay in
the control action.

2) ldentification and validation of a dynamic model of
the process.

3) Design of a PID controller for the implementation
of the altitude transition and altitude hold functions and
calibration of its parameters by means of simulations.

4) Implementation of the algorithm and of safe control
range limitations in the controller. Implementation of
suitable hardware limitations on the trim excursion on
the aircraft.

5) Flight test of the autopilot performance in presence
of various turbulence levels.

3 Model identification

Thefirst family of modelsthat has been tested concerns
simple ARX ones, i.e. equation error models of thetype

y(t) = Z i y(t —1i) + Zﬂi u(t —i)+e(t) (1)

where n denotes the model order (memory of the pro-
cess) and e(t) denotes a white process uncorrelated
with the input sequence u(t). On the basis of perfor-
mance comparisons and of a priori knowledge about
the process and of the sampling time that had been se-
lected (T" = 0.4s) it was decided to use models with
order n = 10. Figure 1 shows the input sequence (el-
evator trim) used to perform the identification of the
model. The corresponding output sequence (aircraft
atitude) and the model prediction (dotted line) are re-
ported in Figure 2; they are very close and look like a
single pattern. A plot of the prediction error (innova-
tions) is reported in Figure 3.  Despite the excellent
behavior of the obtained model, also other classes of
models, like NARX, have been tested. These nonlinear
models consider aso terms of thetype y(t —i)y(t — j),
u(t—i)u(t—7) andu(t —)y(t — j) i.e. have agenerd
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Zaiy(t*i)JFZﬂiU(t*i)
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n n
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y(t) =
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+ Y Gyt =iyt —j) +e(t) (2
i=1 j=1

where the total number of terms actually inserted in the
model is limited by a preassigned complexity and the
terms to be inserted are discriminated against the ex-

cluded ones by asuitable cost function usually given by

the sum of the squares of prediction errors. The perfor-
mance improvement has been marginal and the greater

complexity has not been considered, in this case, asbal-

anced by theincreasein performance. Thisdoesnotim-

ply, of course, that NARX models cannot play a signif-

icant role in modeling aircraft dynamics as shown, for

instance, in [4] where the considered models describe
the aircraft behavior also in take—off and landing situa-

tionsthat are of no interest in the context considered in

this paper (during take—off and landing autopilots must

be disengaged).

Another family of linear modelsthat can give aremark-
able improvement over simple ARX onesis that of the
so—called “ARX+noise” modelswhere the observations
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Fig. 4 — Structure of ARX+noise models

of the input and output of an ARX process are assumed
as affected by unknown amounts of white additive noise
(see Figure 4). ARX+noise models cannot be identified
by means of usual least-squares algorithms; a possible
approach consistsin mapping their identificationinto an
Errors-In—Variablesidentification problem and in using
ElV identification algorithms as has been done in [5].
In this case ARX+noise models have led to results a-
most equal to those of standard ARX models because
avery limited amount of observation noise was present
on the data.

It was eventually decided to use the identified ARX
model [7, 8], whose parameters are;

ap = 12607 B =—0.1343
ap = —02801 B = 0.0192
az = 0.0984 B3 = —0.0901
ay = —0.0432 By = —0.0646
as = —0.0389 Bs = 0.0158
ag = —0.0102 Bs = —0.0099
a7 = 0.0081 B = 0.0570
ag = 0.0015 Bs = —0.0084
ag = —0.0065 Bo = 0.0065
ag = —0.0297 B = 0.0933

4  Model validation

The capability of the identified model to describe ad-
equately, at least in a predictive environment, the be-
havior of the considered dynamics has been tested by
means of avalidation based on the use of data collected
during a different flight.

The process input concerning this cross-validation is
reported in Figure 5. The comparison between the ob-
served data and the model prediction (dotted line) is re-
ported in Figure 6. Also in this case the patterns are
very close and can be hardly distinguished; aplot of the
prediction error isreported in Figure 7.

5 Controller design and flight tests

The PID controller to be implemented in the autopilot
has been designed starting from the traditional empiri-
cal rules[6] relying on simulations performed by means
of the identified model for the final calibration. The
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simulations have been performed by introducing both a
realistic amount of observation noise and disturbances
on the altitude of the simulated path of the aircraft. The
parameters eventually implemented were K,, = 0.1,
K; =0.08 and K; = 0.08.
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Fig. 8 — Aircraft atitude with and without autopilot
control

-150

Fig. 9 — The Flight Design CT 2K during the autopilot
tests

The performance of this controller can be observed in
Figure 8 that compares the aircraft atitude in presence
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of 100 ft simulated disturbances (dotted line) with the
remarkably lower variations observed when the autopi-
lot isinserted; note the residua disturbances due to ob-
servation noise. Thefinal validation of the autopilot has
been performed by installing on the same Flight Design
CT 2K aircraft (see Figure 9) previously used to collect
the data a prototype of the autopilot and by perform-
ing flight tests during which the whole aircraft behavior
was managed, with the obvious exclusion of take—off
and landing procedures, by the autopilot.
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ft). The control action is reported in Figure 14 that
shows how it remains always within the safety limits
implemented into the control algorithm (variations of
+16 with respect to theinitial value). The effects of the
control on the aircraft pitch, speed and vertical accel-
eration are reported in the Figures 11, 12 and 13 that
show quite acceptable values. Thisfirst flight has been
performed with the flaps set at —12° which correspond
to the high speed configuration of the CT; a second test
flight has been performed with the flaps set at 0°.
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Fig. 15— Aircraft atitude (second test flight)
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Fig. 14 — Control action (first test flight)

The altitude variations observed during the first test
flight can be observed in Figure 10 that showsvery lim-
ited excursions arount the selected altitude value (740
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Fig. 19 — Control action (second test flight)

The different attitude of the aircraft due to this different
setting of the flaps can be clearly observed by compar-
ing the pitch values reported in Figure 16 with those of
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Figure 11. The dltitude variations observed during the
second test flight are reported in Figure 15 and are of
the same order asthose of thefirst flight (the turbulence
conditions were, in fact, comparable). The amount of
control action (Figure 19) and the associate variations
of speed (Figure 17) and vertical acceleration (Figure
18) were, however, slightly lower.

6 Concluding remarks

This paper has described the design and implementa-
tion of the atitude hold section of aVVNAV autopilot de-
signed for a Light Sport Aviation aircraft. This design
acts directly on the stabilator trim instead than directly
on the stabilator and, consequently, does not require a
specific servoactuator. This solution saves weight and
complexity but requires a more careful design to take
into account the larger control delay and some pos-
sible safety considerations that impose a well defined
limit on the control action. The results obtained dur-
ing test flights performed in moderate turbulence con-
ditions can be considered as quite satisfactory.
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