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Abstract

In order to analyse and identify flight dynamics of the Space Shuttle and of transport airplanes, diverse math-
ematical tools are applied. The first item deals with rate limiting which is a major source of pilot induced
oscillations. The analysis of such occurrences (so-called category II PIO) will exploit the describing function
method mainly which permits to examine command channel configurations with nonlinearities. In particular,
flying qualities cliffs may happen which will be diagnosed and characterized. Another topic is the identification
of flight phases which covers two aspects that are the determination of unknown values for a certain model via
algorithms of identification, optimization and the classification of flight phases with neural networks.
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General Introduction
Flight dynamics meets some issues which requires specific work to be treated with practical, theo-
retical and numerical considerations. Here two themes are our subjects of interests. The first one
tries to understand the pilot induced oscillations of the Space Shuttle and the second one seeks at
identifying the flight dynamics of transport airplanes. Both studies find their origin in contrete flight
cases but are treated with the mathematical methodologies if nonlinear analysis and identification. At
the end, valuable informations are furnished to the engineers and people who tries to have concrete
figures about these issues.

1. Nonlinear analysis of the pilot induced oscillations of the Space Shuttle
Pilot induced oscillations due to actuator rate saturation affected diverse types of aircraft [1, 2]. Well
know examples are the problems met during the developments of some fighters such as YF-16, YF-
18, YF-22, Gripen or some experimental aircrafts like the X-15. But every piloted aircraft may be
subject to these nefast couplings [3, 4, 5] . Nowadays strategies were developed in order to diagnose
problematic configurations and to cope with such catastrophic behaviours or to alleviate them at least
by modifying the flight control system. In particular, rate limiting was responsible for pilot induced
oscillations of the Space Shuttle [6, 7] during the flight tests campaign in a landing phase of the flight
FF-5. The nonlinear analysis of this issue will be accomplished here using the continuation of limit
cycles on the one side and describing function method on the other side. The jumps corresponding
to flying qualities cliffs are put in evidence mainly by observing the evolution of the limit cycle ampli-
tudes when a control parameter changes, for example the pulsation of the forcing input oscillations
or a characteristic design parameter (like overall time delay). The necessary computations are per-
formed by making direct time simulations (figure 2), by proceeding to continuation of limit cycles but
also by solving the harmonic balance equation (which involves the describing function N(A,ω) of the
nonlinearity such as equation 4). Besides it is also possible to determine the dangerous configu-
rations depending for example on the overall time delay or to alleviate the nefast effects thanks to
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modifications in the command channel like an adapted stick command shaping function in the feed-
forward or a well-chosen feedback loop. From the theoretical viewpoint, diagrams of bifurcations (loci
of equilibria) and locus of bifurcations points are traced to summarize the results observed in multiple
time simulations. From the practical viewpoint, advices for pilots and engineers are explicited.

1.1 Equivalent rate limiting and describing function method
For a nonlinear element, the classical linear represention with a (linear time-invariant) transfer func-
tion which depends only on pulsation is replaced by an amplitude dependent gain, the so-called
describing function N (A,ω). An underlying assumption for this quasi-linearization is that studying the
first low-frequency harmonic is sufficient to determine the characteristics of the system such as the
existence of periodical orbit, its amplitude, pulsation, etc. Indeed, it is supposed that the first har-
monic concentrates all the energy, information and that the other subharmonics are negligible (filter
hypothesis stating that the linear element satisfies the low-pass filter condition and that the higher
harmonics are filtered out). DFM works reasonably well for this type of applications but there remain
some restrictions or caveats when employing this method of which we need to be aware.

In order to examine a command channel with a a rate limiter, this last one can be taken as is but can
also be replaced by an equivalent scheme [2, 1] with a saturation and an integrator (and an actuator
bandwidth ωa) like in figure 1.

Figure 1 – Equivalent rate limiter.

As far as the DFM of a rate limiter is concerned, there exist several mathematical results which can
be exploited in order to analyze the system more easily [8, 1, 2].

The effect of saturation begins to be effective for a rate limit R at an onset frequency/pulsation ωonset

verifying [8]
R = Arle ωonset = ustick input Frle

stick input ( jωonset) ωonset (1)

where Frle
stick input ( jω) is the transfer function corresponding to rate limiter entry (rle) over stick input.

When fully saturated, the describing function of the rate limiter is [1]:
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It is also possible instead of rate limiting to employ the equivalent scheme with a position saturation
whose describing function is real [9] (with the saturation value R):
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The mathematical exploitation of the aforementioned theory is quite straight forward and permits to
predict with a good numerical precision the set of critical parameters and the impact of nonlinear
effects amongst others.

2



PIO (SPACE SHUTTLE) AND IDENTIFICATION (TRANSPORT AIRPLANES)

1.2 Nominal configuration
First the nominal configuration is studied with the original data of [6, 7] for the Space Shuttle’s control
system. Various ways exist to perform an analysis of such an aircraft pilot system including a nonlin-
ear element such as a rate limiter. Founding works [10], reviews [3] or original illustrations [11] are all
of great value in order to accomplish the nonlinear analysis and to understand the pros and cons of
each approach.
Here a configuration with direct inputs of the open-loop command channel is chosen as analysis
frame. With forced oscillations as stick inputs, the variation of their pulsation permits to show jumps
in amplitude but also hysteresis phenomenon since the critical value is not the same with increasing
and decreasing pulsations. All these features are illustrated in figure 2.

Figure 2 – Time simulations with increasing (left) and decreasing (right) pulsation of stick input
forced oscillations. Jump (and hysteresis) phenomena.

Once a global behaviour and catastrophic issues are observed, it is necessary to determine more
precisely these different features. In order to better predict the critical values and the evolutions of
pulsation ω, amplitude A and dephasing (phase angle φ ) of the limit cycles, it is possible to solve an
harmonic balance equation like 4 here.

Ae jφ =
Filter( jω)

−1+N(A,ω)Actuator( jω)(Air f rame( jω)FeedbackLag( jω)Filter( jω)+PositiveFeedbackLag( jω))
×

Feed f orward( jω)Input (4)

It involves the transfer fonctions of all the elements of the command channel for the linear part and
the describing function N (A,ω) of the rate limited element for the nonlinear part and takes into ac-
count the relation between them in the Space Shuttle’s pitch rate control system. Sometimes the rate
limited element is replaced by an equivalent scheme including a saturation. From the mathematical
point of view, it is an implicit equation with 3 variables (A,φ and ω) and 2 equations (real and imagi-
nary parts of the harmonic balance equation). The numerical computation of the solution is based on
a so-called (pseudoarclength) continuation algorithm. Several implementations or conceptions of the
algorithm and its associated theory exist [12, 13, 14]. In particular, there are the core of toolboxes
devoted to the analysis of dynamical systems which rely on them to compute the curve of equilibria.
The other capabilities consist in the detection and specific management of the bifurcations in order
to initialize the computation of other branches or to calculate the Lyapounov coefficient (subcritical /
supercritical bifurcation) but also in the offered possibility of time integration or in the specific handling
of periodical orbits.

The values for which the fold bifurcations of limit cycles occur correspond exactly to the turning points
of the curve. Actually there are two stable branches of limit cycles, one of low amplitudes and one of
high amplitudes but also one unstable branch of intermediate amplitudes. Moreover the underlying
behaviour is put in evidence by means of this graph. Indeed the bifurcations correspond to flying
qualities cliffs and imply a sudden jump of oscillation amplitudes after a little variation of pulsation of
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the stick input oscillations. Indeed the Space Shuttle cannot follow the unstable branch and must sta-
bilize itself on another stable branch of periodic orbits. The hazardous nature of this situation comes
from the surprise effect which can render it difficult to manage for the pilot. Another tricky aspect is
the presence of an hysteresis that is to say once jumped on the branch of higher amplitudes, a far
lower pulsation is necessary so as to return to the branch of low amplitudes. This fact adds further
difficulties since it is completely unintuitive without a priori knowledge and effective decisions must
be taken relatively quickly and accurately since it was in an landing phase (near the ground).

1.3 DFM and continuation for harmonic balance equation resolution
Since the source of pilot induced oscillations is a rate limited actuator, a nonlinear analysis is re-
quired. Indeed linear considerations cannot catch such behaviours. Several methods are available
so as to accomplish this and many workshops, projects were devoted to this objective [15, 16] se-
lecting the concrete frontier values employed for each type of flight task (and aircraft). The main
remarkable features for control systems with rate limiting are the presence of jumps, so-called flying
qualities cliffs which can be more or less nasty [8]. Moreover several kinds of bifurcations appear to
be responsible for that, mainly saddle-node (fold) bifurcation of limit cycles and Hopf bifurcation of
equilibria are observed [17, 18, 10].

In this particular study, the describing function method is employed so as to examine the evolution of
periodical orbits. Thus we try to find solutions to the harmonic balance equation thanks to a pseudo-
arclength continuation [13, 12]. This last one is an algorithm whose aim is to compute the solutions of
a system of implicit (nonlinear) equations. The associated functions must be sufficiently regular and
generally there is (only) one variable more than equations. Moreover, other neighbouring problems
can also be treated such as the computation of multiple solution branches, the determination of the
bifurcation nature, etc.

Concerning the specific problem of forcing oscillatory inputs of the Space Shuttle command channel
with a rate limiter, an harmonic balance equation 5 can be solved [19].

Ae jφ =
Filter( jω)

1−N(A,ω)Actuator( jω)Air f rame( jω)Feedback( jω)Filter( jω)
Feed f orward( jω)Input (5)

where A and φ are the amplitude and phase of the entry signal of the rate limiter whose describing
function is N(A,ω) and Input the amplitude of the stick inputs. The data are given in [6, 7] and the
pure time delay (of value T ) is approximated by a (classical) 3rd order Padé transfer function.

In fact, the equation 6 is really the one to solve (for easy and practical writting of the mathematical
relations of the closed-loop system, the "Filter" block can be moved in all the branches in front of the
"Sum" block in figure 3).

Figure 3 – Control system of the Space Shuttle’s pitch attitude with article notations.
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Ae jφ =
Filter( jω)

−1+N(A,ω)Actuator( jω)(Air f rame( jω)FeedbackLag( jω)Filter( jω)+PositiveFeedbackLag( jω))
×

Feed f orward( jω)Input (6)

By replacing the rate limiter with the equivalent scheme (figure 1), the harmonic balance equation
must be modified with the describing function of the saturation N(A) and the actuator bandwidth
ωa(= 20rad/s here) to obtain equation 7 (where A and φ are the amplitude and phase of the entry
signal of the saturation).

Ae jφ =
ωaFilter( jω)

−1+ ωa
jω N(A,ω)(Air f rame( jω)FeedbackLag( jω)Filter( jω)+PositiveFeedbackLag( jω))

×

Feed f orward( jω)Input (7)

The results (for the worst case) with a time delay T = 0.4 s and an input amplitude of 15◦ are shown
in figure 4. The amplitude is expressed in dB so as to have quite homogeneous values with the other
variable units (deg for the phase delay in the bode plots). Indeed the continuation algorithm may
encounter some numerical failures if the variables have too different absolute values and an habitual
scaling factor may not be sufficient because of the too big range of amplitude values.

Figure 4 – Amplitude A and phase φ at actuator entry in function of the pulsation ω of the pilot inputs
according to DFM. Diagnosis of jumps due to a rate limited actuator in the Space Shuttle’s

command channel.

Some fold bifurcations [20] of periodical orbits are diagnosed and are responsible for sudden jumps.
From the flight dynamics viewpoint, these last ones may take the pilot by surprise and lead to an
accident. Another issue is that once the branch with higher amplitudes is reached because of a little
change of input frequency, a huge decrease in the input frequency is necessary so as to jump back to
the branch with lower amplitudes. This hysteresis phenomenon may render the situation quite difficult
to tackle in-flight.
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Figure 5 – Time simulations at actuator entry for pilot inputs of amplitude 15◦ and of pulsation
ω = 1.2 rad/s (left) and ω = 1.3 rad/s (right). Stabilization to the branch of low amplitude or to the

one of high amplitude.

In figure 5, the time simulations realized for different input pulsations (ω = 1.2 rad/s and ω = 1.3 rad/s)
are converging towards the limit cycle of low amplitude or high amplitude. If this jump occurs, the pilot
may be astonished. But the time simulations show that once a second limit cycle exists, the switch to
the high amplitudes can happen anytime. This may create a dangerous situation and a linear analysis
is far from predicting such an unpleasant occurrence.

2. Feedback loop for PIO alleviation
When trying to cope with PIO problems due to rate limiting, the most direct way consists in adapting
the sensitivity of the stick and thus to adapt the shaping function. A first proposal is made at the
end of the technical memorandum [6] and another one is exposed in the other technical report of the
same author. Moreover, it is also possible to add a feedback block so as to re-use the PID tuning
know how. Some classical techniques will next be employed so as to design several types of feed-
back loops. Their effectiveness may be evaluated thanks to time simulations with specific inputs. But
continuation methods will be preferred in this study. Amongst others, the corrections of the nominal
configurations are based on PID and back-calculation. Many works were devoted to conceive Phase
Compensated Rate Limiters (PCRL) [21], etc. There are mainly linear but can possibly contain non-
linear elements in it such as nonlinear gains, dead zone, saturations, rate limiter, etc. Sometimes it is
the feel system which is conceived with a nonlinear sensitivity to manage the issue. This possibility
will also be evoked and examined.

2.1 PID feedback
For example, when adding a PID block before the lead-lag filter, we may hope to change sufficiently
the dynamics by a fine tuning so as to modify the reaction to strong solicitations in the stick. In the
next configuration a PID under the form PID(s) = kp +

ki
s + kd

s
Tf s+1 is selected. A comparison is made

between the nominal configuration and the one with this modification for forced oscillations of ampli-
tude 5deg as input (and a time delay of 0.5s) and is illustrated in the figures 6.

2.2 Feedback of the input/output difference (back-calculation)
A direct anti-windup strategy consists in measuring the difference of the input and the output of the
rate-limited element, than to filter the signal with a low-pass filter and to apply the little correction at
the entry like described in the modified command channel (figure 7). The effects can be direct and
are illustrated in the time simulations figure 8.
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Figure 6 – Influence of a PID in a command channel without (left) or with it (right). Presence or
absence of jumps for the Space Shuttle’s command channel with forced inputs as shown by the

diagrams presenting amplitude A (of the periodical orbit) in function of pulsation ω.

The harmonic balance equation 5 can be adapted to incorporate a feedback loop which takes into
account the difference between input and output of saturated element.

Figure 7 – Low-pass filter correction applied to a command channel and taking into account the
diffence between the input and the output of the rate-limited actuator.

Figure 8 – Influence of a low-pass filter correction. Time simulations for an input of amplitude 15◦

and pulsation ω = 2 rad/s. Disappearance of jumps with the feedback correction (left) in comparison
with the original command channel (right).

By adapting equation 5 so as to employ the describing function method and a continuation algorithm,
it is possible to determine the (first harmonic) characteristics of the periodical orbits at the entry of
the actuator saturation in function of the input pulsation for this specific case with a sole feedback loop.
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With the low-pass filter FilterAW (s) = 8
s+1 in the feedback loop (back-calculation) of the attitude control

system as shown in figure 7, harmonic balance equation becomes

Ae jφ = −Feed f orward( jω)Be f ore( jω)
1+FilterAW ( jω) ωaInput+

ωa

(
1
jω

−1+FilterAW ( jω)+PositiveFeedbackLag( jω)
1+FilterAW ( jω) + Air f rame( jω)Feedback( jω)Be f ore( jω)

1+FilterAW ( jω)

)
Ae jφ N(A,ω)

Figure 9 – Diagrams presenting amplitude A and phase φ (towards forced oscillations inputs) of the
periodical orbit at actuator entry in function of pulsation ω for the pitch attitude control system with a

low-pass filter correction according to DFM.

This last simple anti-windup technique has bad reputation for the high frequencies and is thus often
extended with a bypass [22]. But here it seems to offer sufficient effects to tackle this issue.

In the bifurcation diagram (figure 9), the bifurcation points have disappeared (in comparison with the
nominal configuration). This indicates that this feedback loop is sufficient enough to cope with the
flying qualities cliffs. There remains just a huge increase in amplitude (or decrease in phase) which
may still cause some disturbances for the pilot, but it must be manageable.

The interest of these nonlinear analysis tools are clearly shown, since they permit to know in advance
whether a configuration might be hazardous or not as regards PIO or PIO-like phenomena. Once the
methodology and the numerical tools are adapted and implemented, it is possible to compute system-
atically the different control systems, the limitations (numerical values or types of command channels)
being known in advance by experience.

After analysing the nominal configuration and putting in evidence all the characteristic features of this
configuration, the impact of some design parameters will be assessed next.

2.3 Design parameter
One design parameter is the overall time delay. Intuitively the higher this last one is, the more likely
nefast phenomena may happen. Contributions can come from almost every element since mechan-
ical pieces, analog-digital converter, computations, etc are all adding some delay. The practical
engineering question is to determine when it becomes too big and no more manageable. A mathe-
matical analysis is performed here which can help preparing future flight tests or simulator sessions
by indicating in advance the configurations which are problematic. Amongst others we try to assess
how the limit cycles are evolving with regards to this parameter by considering first the bifurcation
diagram (locus of equilibria) which allows to catch the behavioural specificities and then the locus of
the bifurcation points which permits to delimit the dangerous zone.

The overall delay has a huge impact on the global behaviour of the command channel. Combined
with the main effects of rate limiting, it favours the apparition of jumps, destabilizations. Therefore a
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question remains to assess when the degradation of the flying qualities is so nefast that the space
shuttle becomes uncontrollable (or very difficultly). The typical diagrams of bifurcation theory resume
well the different situations and furnishes the critical values associated to the behavioural changes.

The periodical orbits for a delay of T = 0.4s were already analysed in the previous sections. The
other configurations need also to be examined, especially with other delays, between 0s and 0.4s for
example.

The locus of bifurcation points (figure 10) delimits the zone of control parameters (input pulsation,
delay) for which multiple periodical orbits exist. Outside of this hatched region, there is just one single
stable periodical orbit (classical situation) whereas in this hatched zone, there are two stable limit
cycles and an unstable limit cycle. From the behavioural point of view, jumps may happen, implying
flying qualities cliffs. This represents the major risk which is diagnosed and requires some further
attention. We can see from which values such behavioural drops happen, particularly the critical
overall time delay T of the command channel.

Figure 10 – Locus of bifurcation points for a sinusoidal input of 5◦ amplitude. Cusp projected in the
plane (Delay T , Amplitude).

The associated surface of equilibria would look like a cusp in the space (Delay T , Pulsation, Am-
plitude) whose projection in the plane (Amplitude, Delay T ) is shown in figure 10. More generally
we can note that the higher the time delay is, the more likely nefast situations can happen (which
confirms a quite intuitive result). The precise delimitation of these nasty aircraft reactions is helpful
because it permits both to warn the pilot of forecoming problems and to make the engineer observe
the impact of modifications (of the command channel) on the overall flight dynamics.

The first topic dealt with the pilot induced oscillations of the Space Shuttle and its mathematical
analysis. The second one will look at identifying flight phases of transport airplanes.

3. Identification of the flight phases of transport airplanes
Another topic of this study deals with the identification of a flight model or of flight phases. Apart from
the mathematical structure of the model and the exploitation of an optimization algorithm [23], the
level of instrumentation and the measure availability of physical variables have an impact over the
methodology to choose. In order to exploit artificial intelligence, an initial work exploits data coming
from air traffic management (since there are freely available, the creation of a training database is
easy).

There are several steps in order to successfully identify an aircraft model. First the structure of the
model must be adequately chosen, then the types of inputs and their sequence must be relevant.
Finally the mathematical identification algorithm must be adequately parametrized. At the end, they
must furnish significant results.
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Here we present some results relative to the lateral flight dynamics. Actually we try to evaluate the
aerodynamic derivatives of the lateral flight dynamics. The classical inputs such as described in
[23, 24] are applied to aircraft models furnished by [25, 26, 27]. The inputs are pulse, (doublet,)
and the so-called 3−2−1−1 like indicated on the figure 11. Exploiting the data obtained thanks to
simulated flights, the different trials and their results are exposed in what follows.

Figure 11 – Inputs on aileron (left) and rudder (right) for the (simulated) flight tests.

For simplication reason, it would be desirable to obtain all the data with one single optimization. But
it must be admitted that these attempts were unsuccessfull. Even by taking care of exciting all the
possible modes by inputs on ailerons and rudder and by making diverse attempts with diverse options
of the identification toolbox, the results were not satisfactory. That’s why it is preferable to decompose
the motion on the axes of roll and yaw having an idea in advance of the associated time constant.

There remains the question of the representation employed that is to say a transfer function or a state
space model and of the algorithm. For the identidentification of several transfer functions at the same
moment, with the tfest function of the identification toolbox [28] of matlab, the main problem is that
the denominators of the transfer function are not the same for the different variables (over an identical
control). It is thus unexploitable, the eigenmodes characterization being one of the key aspects of the
identication process.

That’s why it seems more reasonable to identify a state space model with the ssest function of the
identification toolbox [28] of matlab. The Levenberg-Marquardt (LM) algorithm is selected with the
canonical form as option, which is a common choice but which seems to work quite effectively (com-
pared to attempts with other available search methods and options). Nevertheless full matrices of
state, control and observation have too many coefficients implying the identification/optimization al-
gorithm to fail. A rare success is furnished on the figure 12. Some constraints are added to nullify
some matrix coefficients or to force them to zero (or one).

Moreover a separation can be made between the roll and yaw axes on the one side and between the
short and slow motions on the other side. This decoupling already looks like a better approach, even
if it nullifies all the coupling matrices and fixes some negligible aerodynamic derivatives to zero right
from the beginning.

For the practical application, several flight cases were used. One is taken from a Douglas DC-8
aircraft (total weight of 190 000 lb and flying at Mach 0.44 at an altitude of 15000 f t) in the textbook
[25]. But another one could come from a Boeing 747 whose data are available amongst others in the
NASA report [27].

At the end, it is possible to reconstruct the lateral flight model with a reasonable error and with an
estimation of it. In this case, since we have a priori information of the model, it is possible to compare
the initial values to the results. But the criteria to assess whether an identification is successful or
not would also merit to be debated. Nevertheless we see that the options taken so as to make
the identification of the lateral dynamics seems to give adequate results with regards to the time
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Figure 12 – Identification after inputs on the roll control (left) and on the yaw control (right) with
(coupled) 4-state model.

Figure 13 – Identification after inputs on the roll control (left) and on the yaw control (right) with
decoupled 2-state models.

simulations associated to the initial and identified models in figure 13. Normally by applying such
inputs and by limiting the number of aerodynamic derivatives to determine, it seems possible to
converge to the correct values. The chosen state variables are X = (v,r, p,φ) (lateral component
of airspeed, yaw rate, roll rate, bank angle) and the controls are U = (δa,δn) (aileron, rudder). The
decoupling on the roll and yaw axes traduces itself by reducing the problem to the evaluation of space
representations with only 2-state vectors i.e. Xroll = (p,φ) and Xyaw = (v,r).
Moreover we can also worry about the robustness of the process towards noise. Indeed it is unavoid-
able to get noisy measurements, that’s why verifying if everything is not collapsing in this case is also
important.

With reasonable noise, it seems possible to apply the procedure of identification. The noise follows
a centered normal distribution. The level of error is obviously higher, but the obtained values remain
correct. In the figures 14 (inputs on the roll control) and 15 (inputs on the yaw control), the trajectories
with the identified and the initial models are compared (with or without noise).

Concerning a completely different subject which the identification of flight phases, an initial work is
done which can be helpful nevertheless. Indeed once it works, it can reduce significantly the time
lost by pilots and technicians in annotating and classifying segments of flights.

One of the major problems when exploiting artificial intelligence is often the creation of a reliable
training database. This obstacle is circumvented by choosing an application with freely available data
that is to say coming from air traffic control and the ADS-B messages sent by a mandatory transpon-
der. Moreover the training and prediction of a neural network permit to determine the type of phase
in which a transport airplane is evolving. For this last part, data corresponding to air traffic are taken
from flight tracker web site for example. After being pre-treated so as to be exploitable and eventually
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Figure 14 – Identification after inputs on the roll control with or without noise.

Figure 15 – Identification after inputs on the yaw control with or without noise.

annotated (and even other variables may be calculated), hyperparameters characterizing the neu-
ral network must be chosen adequately to construct a neural network (supervised or not). Once it
works, it can reduce significantly the time lost by pilots and technicians in annotating and classifying
segments of flights.

The Scikit-Learn (SkLearn) package of Python is employed for the neural network processing. A first
test uses the flight database freely at disposal
kilthub.cmu.edu/articles/dataset/TrajAir_A_General_Aviation_Trajectory_Dataset/14866251. We must
choose the number of hidden layers and of neurons, the learning rate. 80% of the available data are
exploited in order to train the neural network and the remaining 20% to evaluate its effectiveness in
the prediction. Concerning the fields present in the original database, the flight path or the climb rate
was added (by calculation) to the (ground) speed and the altitude. It is also possible to treat sole
flight point or to segment the flight with a regular duration (mean values over a flight segment). The
neural network can also be chosen as supervised or not supervised. In the first case, the items of
the database are annotated with labels indicating the type of cruise, whereas in the second case,
the neural network generates itself the different categories without a priori knowledge of the char-
acteristics of the different flight phases. For the supervised case, strategies must be developed to
give a correctly label to the different items. For example, we must choose to consider isolated data
at certain flight moment or segments of several seconds of flight but also if other information should
be added to the initial data furnished. Often there are only trajectory information such as (ground)
speed and altitude. In order to make the discrimination of the flight phases, it may be helpful to in-
clude the values of the flight-path angle or climb rate. At the end, the success rates are furnished
in the confusion matrices. For this simple application, only 3 phases are distinguished that are level
flight, climb and descent. The diverse classifiers at disposal in the Scikit-Learn package are exploited
like Support Vector Machine (SVM), Artificial Neural Networks (ANN), Gaussian Naive Bayes (GNB),
Decision Tree, Random Forest, etc.
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Table 1 – Confusion matrix for GNB

True diagnosis
Level flight Climb Descent

Test
Level flight 0.25 0 0
Climb 0 0.25 0
Descent 0 0.25 0.25

Table 2 – Confusion matrix for SVM

True diagnosis
Level flight Climb Descent

Test
Level flight 0.25 0 0
Climb 0 0.5 0
Descent 0 0 0.25

In the confusion matrices (tables 1 and 2) obtained when testing small samples of aircraft traffic
data with GNB or SVM, the results seem quite reasonable, since there are a limited number of false
evaluations. Thus after this premier attempt of AI exploitation for flight dynamics identification, we
can state that such a tool seems helpful and effective for the automatic classification of flight phases.
We could also exploit unsupervised machine learning with the mean shift method for example.

Conclusion
Several topics were tackled in this study and involved flight dynamics and applied mathematics. First
of all, the pilot induced oscillations of the Space Shuttle are examined by means of tools devoted
to the analysis of nonlinear phenomenon. Bifurcation theory, harmonic balance, describing function,
continuation algorithm are all exploited so as to diagnose the critical values and to extract the im-
portant features of the underlying dynamics. A parametric study (on the overall time delay) is also
accomplished aiming at circumscribing the dangerous region of parameters. Having an idea of the
critical value of a parameter before a global behaviour change appears is also an important clue
for the design and the comprehension of an aircraft command channel. Furthermore the nonlinear
analysis of modified control systems puts in evidence the eventual disappearance or attenuation of
undesirable effects. Secondly the lateral flight dynamics model of transport airplanes were identified
and methodological choices were highlighted. The options needed for the identification algorithm and
the decomposition of the initial issue in several subsystems by making decoupling assumptions is a
reasonable way to come to a successful identification of the global model. Thirdly neural networks
were employed in order to discriminate the different flight phases of airliners. For this application,
some tuning of the hyperparameters of neural network are made and information, supplementary
variables are added at the initial database provided by air traffic control. All in all mathematical tools
and practical flight dynamics considerations permit to obtain valuable information for the design and
exploitation of aircraft.
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