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Data-driven Modelling and Regulation of Aircraft
Brakes Degradation via Anti-skid Controllers

José Joaquin Mendoza Lopetegui, Gianluca Papa, Marco Morandini, and Mara Tanelli, Senior Member, IEEE

Abstract—In ground vehicles, braking actuator degradation
and tire consumption do not represent a significant maintenance
cost as the lifespan of both components, at least in common
situations, is rather long. In the aeronautical context, and for
aircraft in particular, instead, braking actuator degradation
and tire consumption significantly contribute to an aircraft
maintenance cost due to the frequency of their replacement. This
is mainly due to the fact that aircraft braking maneuvers last
significantly longer than those in the automotive context. So that
the anti-lock braking system is always active during the braking
maneuver, making its impact on the consumption of the two
components significant. This work proposes an innovative data-
driven model of brake and tire degradation, showing how they
are related to the anti-skid controller parameters. The analysis is
carried out in a Matlab/Simulink environment on a single wheel
rigid body model, validated experimentally, which includes all
the nonlinear effects peculiar of the aeronautic context. The
results show that by using an appropriate anti-skid control
approach, it is possible to directly regulate the consumption
of these components while at the same time guaranteeing the
required braking performance.

Index Terms—Aircraft, anti-skid control, wheel slip control,
braking actuator wear, tire wear.

I. INTRODUCTION

OLLOWING the development of braking actuators tech-

nology, which now allows for a continuous adjustment
of the braking torque, leading-edge anti-lock braking system
(ABS) control strategies in the automotive context can nowa-
days be formulated as a wheel slip tracking task, see [1]-[5],
with the control law being defined by solving a continuous
dynamic problem. These braking control strategies not only
can avoid wheel locking, which is the main purpose of an
ABS, but can also achieve high braking performance. The first
version of ABS algorithms were operated by switching logics
based on the alternation of three discrete set of control actions,
i.e., HOLD, DECREASE and INCREASE due to the limited
capabilities of the previous generation of braking actuators.
The transitions among these discrete states were piloted by
thresholds based on the controlled variable, which could be
either the wheel deceleration [6]-[9], or the wheel slip [10]-
[13]. These transitions were designed so as to ensure a stable
limit cycle around a fixed wheel slip value, selected a-priori
and kept constant for all surfaces, thus resulting in a significant
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sub-optimal performance. Wheel slip based approaches are
more robust and performing compared to deceleration based
ones. However, their use comes with the challenge of vehicle
longitudinal speed estimation, which is needed to compute
the slip value. Nowadays, standard vehicle speed estimation
approaches make use of the four wheel speed velocities and
longitudinal acceleration signals. In the literature these ap-
proaches span from fuzzy-logic [14], [15], to extended Kalman
Filter and sensor fusion [16], [17], non-linear observers [18]—
[20], recursive identification methods, [21] and ad-hoc signal
processing techniques, [11].

Safety and certification issues in the aeronautical field have
so far prevented the use of measurements not directly available
on the landing gear, which are limited to the wheel speeds
and braking pressure. Hence, current ABS approaches are still
mostly deceleration-based, and they aim at generating a stable
limit cycle on the wheel speeds. Recent works, see e.g., [22],
[23] proved that a wheel slip control approach, could provide
significant advantages, not only increasing performance and
reducing the time needed for design and tuning, but also
allowing a direct control of the tire usage. The longitudinal
speed estimation problem is particularly challenging in the
aeronautic context, because of the aforementioned limitation
in the available measurements. Recent results, see [24], [25],
have shown that the aircraft speed can be reliably obtained
without requiring changes in the current landing gear layout,
paving the way for the employment of wheel slip based anti-
skid control strategies also in the aeronautic field.

An important difference between the automotive and aero-
nautical contexts is in the frequency and duration of the
anti-skid control action. In the automotive field, the ABS is
rarely activated, and only for relatively short time intervals,
up to few seconds. On the contrary, in the aeronautic field,
the ABS is usually used in every braking maneuver, both in
Landing (LND) and Rejected Take Off (RTO). These actions
last from the beginning of the braking maneuver until the
aircraft is in standstill, with an average time duration ten
times higher than that in the automotive case. Because of the
duration of the braking maneuver, the anti-skid controller has
to cope with significantly time varying working conditions.
These involve a large longitudinal speed decrease, a large
load variation due to the ever-changing aerodynamic forces
and also changes of the braking actuator performance, induced
by the overheating of the actuator components, see [26]-[28].
The duration of the braking maneuver significantly impacts
the braking actuator and tire consumption, the combination
of which accounts for most of the landing gear maintenance
costs because the total mechanical energy of the aircraft is



mostly dissipated by these two main components. Focusing
on the tire, it is well known from the literature, see [29], [30],
that the wear phenomenon is caused by the sliding motion
between the wheel and runway surfaces, which is necessary
to generate the longitudinal contact force that is required to
decelerate the aircraft, with the total mass of tire consumed
being proportional to the sliding distance. For the braking
actuator instead, the wear phenomenon is related to the braking
pad consumption. This, in turn, is caused by the sliding motion
between the braking pads and wheel disc surfaces, and for this
reason it is proportional to the applied pressure per unit of
surface and to the sliding distance [31]. The sliding between
the wheel and road surface, as well as the one between the
braking pads and wheel disc, are not independent, but instead
they are coupled and connected via the applied pressure, which
is regulated by the anti-skid controller [22], [23]. The pressure
profile commanded by the anti-skid controller for a given
aircraft braking maneuver determines the distribution of the
energy dissipated between the two components and hence
their relative consumption. Therefore, the performance of the
braking control algorithm can be directly linked to the braking
actuator and tire energy consumption.

Most of the attempts that have been made in order to
characterize the brake consumption dynamics focus on the
local description of wear mechanisms in braking systems [26],
[32], [33], often generating Finite Element (FE) models aiming
to identify surface wear characteristics. However, the resultant
models are difficult to use in practical situations for anti-lock
braking system design, as the relationship with the anti-skid
system is not clear, especially for aeronautical applications.
Instead, we propose the usage of a data-driven model to cap-
ture the brake consumption dynamics, which can be directly
obtained from tests carried out during conventional anti-skid
system prototyping, and which captures the inherent stochastic
nature of the phenomenon. A more in-depth discussion of the
approach is provided in Section IV.

This paper shows how to effectively model the braking
consumption dynamics and how the parameter selection for
an anti-skid wheel slip-based controller can impact the relative
energy absorption of the tire and braking actuator components.
The analysis is carried out in a Matlab/Simulink environment,
where a single wheel rigid body model for an aircraft is
implemented, including non linear effects due to vertical load
variation, and a high fidelity model for the braking actuator
which accurately models the wear dynamic of the component
over its lifespan, validated on experimental data collected in
real flywheel tests. To prove the effectiveness of the overall
approach, a set of different maneuvers has been defined,
comprising multiple aircraft operating conditions in terms
of mass, road friction and initial velocities. Further, closed
loop experiments with a wheel slip based controller were
performed, with varying reference value )\, evaluating tire
and braking actuator energy consumption over the different
maneuvers for each controller configuration. The results show
that, by properly selecting the reference wheel slip value,
it is possible to control the tire and braking actuator usage
while maximizing the anti-skid controller performance over
the defined set of maneuvers.
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(@)
Fig. 1. Schematic representation of the experimental test rig and its main
components highlighted in numbers: 1) Flywheel 2) Landing gear 3) Brake

pad and disk 4) Moving sledge 5) Loading device 6) Computer-based anti-
skid controller.

To the author’s best knowledge, this is the first attempt
to characterize the braking actuators and their degradation,
dynamically starting from ABS sensors, and to propose a
control strategy to actively regulate it while safely braking.

The structure of the paper is as follows: Section II in-
troduces the single landing gear experimental test rig, its
main components, and the experimental procedure for the
realization of a braking maneuver. Then, Section III introduces
the mathematical model of the landing gear dynamics and that
of the braking actuator, which together define the simulation
framework used to replicate the dynamics of the experimental
hardware. Section IV presents the data-driven modelling of
the braking actuator degradation, including both its dynamic
characteristics as well as its quasi-static decay, showing the
consistency with experimental data. Section V illustrates the
defined wheel slip anti-skid control, its tuning procedure
and its performance on a single maneuver. Finally, Section
VI presents the sensitivity analysis over a wide range of
maneuvers in different operating conditions, highlighting the
impact of the selected wheel slip reference value A on the
tire and braking actuator energy consumption, showing how
these quantities can be directly controlled by the proposed
framework.

II. EXPERIMENTAL SETUP AND SIMULATION SETTING

The design and preliminary testing phases of an anti-
skid controller in the aeronautic context is usually carried
out using hardware in the loop test rigs. The one used in
this work focuses on the Main Landing Gear, and consists
of six main components: the flywheel simulating the road
surface; a moving sledge; a loading device used to simulate the
touchdown with a prescribed vertical load acting on the tire;
the real Main Landing Gear assembly that includes the wheel
and its structural mechanical elements; the braking actuator;
and an anti-skid controller operated by a dedicated computer.
The schematic representation of the test rig along with its main
components is provided in Fig. 1. An experimental braking
maneuver performed using this test rig can be decomposed into
three consecutive phases. During the first phase, the flywheel
is not in contact with the landing gear, and its velocity is
increased up to a prescribed reference value, which depends
on the selected mass condition. The second phase simulates
the touch down phenomenon, by pushing the sliding edge with
the loading device, so that the landing gear wheel is put in
contact with the flywheel with a prescribed load value that



MENDOZA LOPETEGUI et al.: DATA-DRIVEN MODELLING AND REGULATION OF AIRCRAFT BRAKES DEGRADATION VIA ANTI-SKID CONTROLLERS 3

is a function of the simulated longitudinal speed. Similarly
to the real scenario, the braking maneuver is started after a
time interval necessary to stabilize the wheel speed oscillations
induced by the touch down event. During the third and final
deceleration phase, the vertical load is changed dynamically
to simulate the lift variation, and consequently the wheel
radius reduction due to the application of the vertical load.
The braking pressure is applied to the landing gear with the
real actuator, i.e. a proportional pressure valve controlled in
current, which allows for continuous pressure modulation. The
experimental test rig can be used in both open and closed
loop configurations of the aircraft, with the only difference
between the two being the shape of the current profile which
is either specified automatically by the anti-skid controller
or manually by the driver/pilot. The main purpose of the
introduced experimental set up is the implementation and
testing of advanced anti-skid control strategies, see [34] for
further details.

In this work, we implement a combination of a model-based
simulation environment and a data-driven model that is able to
replicate the dynamics of the described experimental hardware.
In Section III, the description of the model-based simulation
environment is presented, together with validation results using
experimental data collected from closed loop tests carried out
on the rig. In Section IV, the data-driven model of the braking
actuator degradation is presented, which enables to augment
the model-based simulation from Section III.

III. LANDING GEAR MODELLING

Several models exist in the literature that are capable of cap-
turing different aspects of landing gear dynamics. An overview
of different approaches can be consulted in [35] and references
therein, which remark the suitability of multibody simulation
environments for aeronautic applications due to the complexity
level often encountered. The landing gear may be represented
in its entirety, or its parts may be considered separately,
depending on the aircraft topology. Specific models have been
devised to study certain phenomena in particular operating
conditions, such as gear-walk [36], shimmy [37], or response
to component failure [38]. For the application at hand, the
chosen modelling framework needs to be instrumental for anti-
skid control system design, be able to replicate the dynamics
of the experimental test rig described in Section II, and be
as simple as possible to clearly link the braking actuator
degradation to the anti-skid design parameters. Given the pre-
vious considerations, the simulation environment used within
this work of research consists of a rigid body representation
of the experimental test rig described in Section II, which
corresponds to a single-wheel model of the Main Landing
Gear (MLG). This choice is consistent with an aircraft with
tricycle landing gear configuration with an MLG equipped
with anti-skid capabilities. The model considers vertical load
variation, radius variation, friction curve characteristic shape,
and actuator static behavior identified from experimental tests
performed with the test rig.

Fig. 2. Conceptual representation of an aircraft landing gear single-wheel
model and its main variables.

A. Landing gear dynamic model

Fig. 2 provides a graphical representation of the longitudinal
and wheel rotational dynamics implemented via the experi-
mental test rig. With reference to Fig. 2, the landing gear
dynamic model is given by the following set of equations:

Male = —F (1a)
wdy =1k, =T, (1b)
where
F,=F.u(\), F. =F.(v,), r=r(F.), Ty = ko P

with F, and F’, being the longitudinal and vertical force acting
on the wheel, while 73 and P, representing the braking torque,
and pressure. The first equation (1a) describes the longitudinal
aircraft dynamics and includes the inertial term m, v, and the
tire contact force F}, positive during braking and computed
as the product between the vertical load F (v, ), function of
the longitudinal velocity v,, so that:

1
F.(v,) = mag — ipngCl 2)

with m, being the total mass of the aircraft acting on the
wheel, and %pvi SC; the lifting component of the aerodynamic
force, and the friction coefficient y(\), which is a function of
the longitudinal wheel slip A defined as:
Vg — W

A= 3)

Vq
where v, is the aircraft velocity and r is the wheel radius,
function of the vertical load F,. As for the friction model,
within this simulation environment the Burckhardt model was
selected, see [11]. Based on this model, the longitudinal
friction coefficient () has the following form:

1(A) =c1(1—e ) — e\ 4)

where the value of the adimensional parameters c;, co and
c3 can be properly selected to describe different friction
conditions. Within this simulation environment, the value of
the three coefficients has been identified from experimental
tests on the rig for the dry case scenario, and then modified by
defining 8 different combinations, spanning from dry asphalt
to ice friction conditions, see Fig. 3.
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Fig. 3. Burckhardt friction model as a function of the wheel slip. The eight
represented curves allow to alternate between wet/slippery surfaces (bottom
curves) and dry/high-grip surfaces (top curves).

B. Braking actuator modelling

Equation (1b) describes the wheel rotational dynamics,
where T; represents the braking torque, computed as the
product between the braking pressure P, and a converting
factor k, function of the braking actuator characteristics, the
expression of which is given by:

ky = MbAprNsReff )

with p;, being the braking friction coefficient, A, the piston
surface area, IV, the number of pistons, [Ny the number of
contact surfaces of the disc brake and R, s the effective radius
of the contact point of the sliding surfaces. The model for
the proportional valve consists of both static and dynamic
components, the characteristics of which have been identified
experimentally on the hardware in the loop set up described
in Section II. The static current/pressure relationship has been
identified via quasi-static tests, i.e. slow current ramps fed
as input to the actuator, and modelled in the simulation
environment as a static map. The dynamic component instead
has been defined from frequency sweep and step current input
tests and by fitting a second order parametric transfer function.
The overall actuator dynamics can be described as:

(1+K22€+) ©)

O w2
Wn, wh

A(S) = kb

with A(s) being the transfer function between the current, and
obtained torque, k; is the conversion coefficient as in Equation
(5), T is the actuator delay due to the fluid transfer, £ is the
damping coefficient, w, is the natural frequency and K, is the
varying actuator gain described by the aforementioned static
map. For further details, the reader may refer to [34]. With
reference to Fig. 2 and Equations (1a) and (1b) the physical
meaning of the geometric and inertial parameters are provided
in Table L.

C. Simulation framework validation

The complete model that simulates the dynamic of the
experimental set up is implemented in Matlab/Simulink and
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TABLE I
PARAMETERS OF THE MODEL OF THE LANDING GEAR DYNAMICS
Symbol Meaning Unit
Jw wheel rotational inertia kg m?2
T nominal wheel radius m
Ma aircraft mass kg
p mass density of the fluid  kg/m?>
ky, pressure to torque gain m3
S reference surface m?
C; lifting coefficient -

Ty

LANDING GEAR

Load-Radius map

m r

F,

Velocity-Load map

Fz\i\ v,

I
—| Actuator model ref

Closed L
y Osex ~oop Slip Controller

Open Loop

Fig. 4. Schematic representation of the single-wheel landing gear simulator,
including the servo-hydraulic actuator model and nonlinear maps for the
computation of the wheel radius compression and vertical load.

its schematic representation presented in Fig. 4. The model
is initialized with a reference mass, friction condition and
longitudinal speed value, and receives as input the controlled
current I,.r, computed either in open or closed loop. The
defined simulation environment has been validated against the
experimental data collected on the test rig by feeding the
measured braking pressure in feed-forward, and comparing the
resulting wheel and longitudinal aircraft speed.

Specifically, Fig. 5 shows the comparison between the
aircraft speed obtained on the test rig v, (dark grey), retrieved
from a closed loop maneuver where the pressure profile is
defined by the anti-skid controller to track a reference wheel
slip value, against the one obtained from the simulation ¢,
(light grey), the speed estimation errors are also detailed. The
maneuver in question exhibits the characteristics that can be
found in a Rejected Take Off condition, in which the take off
is aborted while the aircraft is still in the acceleration phase
due to possible technical problems. Therefore, reduced speeds
with respect to a conventional landing can be expected. In
particular, the maneuver detailed in Fig. 5 has a starting speed
of around 60 [km/h]. As highlighted in the top plot in Fig.
5, the longitudinal aircraft and wheel speed profiles obtained
from the simulation precisely match the experimental ones.
This match can be further appreciated when comparing the
wheel slip profiles. In fact, considering the bottom plot in Fig.
5, it is possible to see that the wheel slip profile obtained from
the simulation replicates the experimental one in both transient
and static phase. The increase in the speed error prediction,
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Fig. 5. Closed loop validation test of the simulated model, (black: measured
data, grey: simulated data). Top plot and middle plot: Comparison between
the measured and simulated wheel speed, body speed and wheel slip. Bottom
plot: velocity estimation error. The vertical dotted line indicates the instant
when the controller engages.

as well as the more oscillatory nature of the experimental slip
values that can be observed towards the end of the braking
maneuver, can be attributed to the limitations of the employed
landing gear wheel and flywheel speed encoders in achieving
high quality measurements in the low speed regimes.

The result from the validation shows that the defined model
is capable of reproducing with high accuracy the experimen-
tal traces, confirming its possible employment as a reliable
simulation means, for the analysis of the interplay between
the actuator health condition and the anti-skid controller
performance.

IV. MODELLING OF THE BRAKE DEGRADATION

In the aeronautical context, and for aircraft in particular,
a significant part of the maintenance costs are shared by
braking actuator and tires components, which due to the long
duration of the braking maneuver, must be frequently replaced
to guarantee the required braking performance. The main cause
for the consumption and consequent change in performance of
both components is the sliding motion between the involved
surfaces: tire-road and braking pad-wheel disc, respectively.
This sliding motion is necessary during the braking maneuver
to transfer the required longitudinal force to the ground, which
decelerates the aircraft and dissipates its mechanical energy.
The performance variation in these two components must be
compensated by the anti-skid controller, which is required
to operate with elevated efficiency. Focusing on the brake,
performance variation corresponds to changes in the braking
friction coefficient value puy, see Equation (5), which acts as
a scaling factor in the pressure to torque conversion, and can
significantly vary during the actuator lifespan. This section
introduces the models that have been devised to track the
brake degradation, i.e. changes in the scaling factor p; which
will complete the simulation framework described in Section
(IIT), and will serve as a starting point for the result of the
sensitivity analysis presented in Section VI. The value of the

TABLE II
BRAKING MANEUVER DATA
CONFIG mass kg | init. speed m/s
Light landing 2800 49
Medium landing (a) 3150 52
Medium landing (b) 3300 53
Heavy landing 4450 61

friction coefficient p; is not constant in the brake life and
varies following two different dynamics. Specifically, it varies
dynamically during the single braking application, and quasi-
statically with respect to the actuator lifespan. Some authors
have attempted to model the friction coefficient variation
as a dynamical system dependent on internal variables of
the braking device. One of the best known models is the
Ostermeyer model, which characterizes this variation as an
equilibrium of flows of growing and destroying contact patches
[39]. Improvements upon this approach have been recently
presented in the ILVO model [40]. More commonly, the
variability of the braking coefficient is characterized for single
braking maneuvers through regression-based approaches on
experimental data, relying on variables such as the braking
speed [26], [27] or the applied pressure [28]. In this manner,
the dynamic variation of the braking coefficient during a brak-
ing maneuver is coupled with a quasi-static decay while the
disc material gets worn down. The most widely used modelling
approach to capture this last effect is due to Archard, where
the wear is described as proportional to the load and the sliding
distance [31]. Several works have subsequently appeared that
use Archard’s model or a slight variation of it, depending
on the application at hand [32], [33], [41]. In this work,
an innovative approach which takes into account also the
stochastic nature of the wear dynamic is proposed, with the
advantage that it can be directly extracted from conventional
tests carried out during anti-skid system design and testing.
In particular, this stochastic characteristic is introduced with a
four-component Gaussian Mixture Model, able to capture both
the trend and the stochastic nature of the observed available
data from an endurance campaign in an actuator operated from
brand new conditions up to failure.

A. Dynamic variation

A typical approach used to capture the nonlinearity of
the considered actuator is to propose a proxy variable that
correlates with the variation in pup, see [26], [27]. In this
work, we must make use of a variable that is available in the
ABS system, and we thus propose to use the braking speed to
capture the nonlinearity of interest. The characterization of the
relationship of the dynamic friction coefficient against speed
was carried out in four different speed regimes, consistent
with standardized braking maneuvers for the application at
hand, with different aircraft mass. The characteristics of the
considered landing maneuvers are presented in Table II.

The measured evolution of the friction coefficient with re-
spect to the longitudinal aircraft speed followed three different
trends, each of which is presented in Table II and in Fig.
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Fig. 6. Dynamic evolution of the friction coefficient during a standard
maneuver. Top plot: Light Landing maneuver. Middle plot: Medium Landing
maneuvers. Bottom plot: Heavy Landing maneuver. The experimental data
is overlaid with the fitted curves used in the simulator for implementing the
friction coefficient dynamics.

6. As can be observed, the load and brake-on speed value
of the landing maneuver has a significant influence on the
dynamics of the braking coefficient. In spite of this, the
evolution trends could be clearly fitted for the standardized
set of maneuvers defined, and the estimated regression curves
used within the simulation environment to model the dynamic
variation component of the braking friction .

B. Quasi-static variation

In order to further characterize the brake wear dynam-
ics, experimental data coming from an endurance campaign
performed on the braking actuator was used, employing the
experimental test rig described in Section II, and represented
in Fig. 1. The experimental setup requires the presence of the
braking actuator being characterized, as well as a simple anti-
skid controller able to follow a prescribed deceleration profile.
The experimental data used in this research work consists of
a set of 500 consecutive braking maneuvers, performed in
the same inertial, speed, and friction configuration, see Table
III. The maneuvers are carried out in closed-loop, with the
braking actuator being requested to provide a pressure profile
that allows it to track a prescribed wheel deceleration value.
With this experimental set up, the wheel and flywheel speeds
are measured using magnetic encoders, while a pressure sensor
provides the measure of the braking pressure applied to the
disk. Finally, the vertical load and the longitudinal force and
torque are measured by load cells.

The expression of the braking friction coefficient pu; has
been retrieved by inverting equation (5), and its value was
computed as

Tb,avg . 1
AprNsReff

Iy = (7N

Pb,(wg

with T}, 4,y and P, ,,, Tepresenting the measured average
value of the pressure and torque signal for each braking
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TABLE III
ENDURANCE TEST DATA, REPORTED WITH STANDARD DEVIATION

Variable | Value Std. dev. Unit

Torque 630.37 + 4.65 Nm

Load 23532.78 | £ 19890 | N

Speed 54.86 + 0.18 m/s

Duration | 16.92 + 0.19 S

Length 464.22 + 5.46 m

maneuver, respectively. By doing so a single value of puy is
calculated for each maneuver, and its trend mapped onto the
whole endurance campaign using a suitable proxy variable.
In this work, we propose to employ the cumulative energy
consumed by the braking system in the 500 maneuvers. During
a braking maneuver, in fact, the work W required to reduce
the aircraft from an initial velocity v; # 0 and a rotational
wheel speed wy # 0 to vo # 0 and wy # 0 is given by
1

1
W = im(v%—vg)—i—gJ(w% —w%) (8)

Further, for a generic aircraft braking maneuver, the work
W can be split into three main components

W= /tz (F (OB (t) + To(t)w(t) + v(t)Fa(t)>dt )

where F, is the tire-runway longitudinal force, A\ is the
wheel slip, T} is the braking torque and F, is the drag force
experienced by the aircraft. The first component represents the
energy dissipated by the tire, the second one corresponds to
the energy dissipated by the braking system, while the third
one is the energy loss due to drag, which was not included
in our experimental set up. Clearly, the component of interest
for describing the brake degradation is the energy dissipated
by the braking system, the value of which depends on the
braking torque 7; and on the wheel speed w signals, see
equation (9), both measured with the employed experimental
set up. Fig. 7 shows the braking coefficient fi; calculated for
each maneuver, plotted against the cumulative braking energy
dissipated by the braking system for the whole endurance
campaign. As expected, the obtained measurements show an
overall decreasing tendency of the braking friction coefficient
Ly with respect to the dissipated braking energy for each sub-
sequent maneuver. The decreasing trend exhibits a nonlinear
characteristic, with a fast initial degradation regime followed
by a slow decreasing deterioration zone until the worn out
condition is reached. Even though the general trend of the
decay is clear and repeatable, there is also a certain variability,
which can be explained due to local temperature gradients on
the actuator and its own nonlinear behavior, which exhibits
hysteresis between successive braking experiments.

In order for a simulator to capture such an effect, prob-
abilistic modeling tools provide a suitable balance between
the fitting accuracy, and the preservation of the variability
inherent in such a complex phenomenon as braking pad sliding
contacts. In particular, Gaussian Mixture Models (GMM) have
the capability of modelling complex multimodal probability
distributions while maintaining a simple analytical description.
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Fig. 7. Evolution of the mean braking friction coefficient against the
cumulative energy dissipated by the braking pads of the test rig landing gear
while performing the endurance tests of identical 500 braking maneuvers.

GMMs are a popular approach in prognosis and have been
used with success in applications such as fault diagnosis and
performance degradation assessment of bearings by capturing
the healthy data distribution [42], construction of degradation
indices in aviation piston pumps [43] and condition monitoring
of machine tool wear [44]. A similar approach will be followed
in this work to characterize the probability distribution of the
observed endurance tests. A GMM describes a probability
distribution as a weighted sum of M mixture components,
each of them being a normal probability distribution with a
certain weight w; € (0,1). The probability density p(x|¢) of
the GMM will read

(i) = S S,
T = wW;

g P v (2m)kdet(o;)

M

i=1

where o; is the covariance matrix of the ¢-th component, p;
is the mean vector of the i-th component, x is the vector
of regressors and ¢ = [u1,01,..., par, onr) is the vector of
parameters. Due to the physical considerations related to the
endurance tests, the vector of regressors was chosen to be
composed by the cumulative energy absorbed by the disc brake
ce, and by the mean disc brake friction coefficient i across
a braking maneuver, i.e.,
i
r=|_"_
b

In this manner, each Gaussian component was described by a
2-dimensional normal distribution. A possibility to obtain a set
of parameters ¢* that describe adequately the n observations
is to maximize the log-likelihood function

12)

log(L(x|6)) = log ( [ p(a'])) (13)
i=1

The common technique used to solve iteratively the problem

is to use the Expectation-Maximization (EM) algorithm [45],

which alternates between an Expectation step (E) in which the

expectation of the log-likelihood function is computed with the

e Component 1
Component 2 -
Component 3
Component 4

I
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Fig. 8. Contour plot of the obtained GMM probability density function after
the learning process. The data is overlaid and distinctly colored to show the
membership of each data point on the most likely Gaussian component out
of the four.

current parameter estimates, and a Maximization step (M) in
which the parameters are adjusted to maximize the previously
computed expectation. By doing so, the EM algorithm will find
local optima of the log-likelihood function. Hence, iterating
the algorithm using a rich set of initial conditions contributes
in obtaining a descriptive ¢*. In order to use the EM algorithm
with the measured braking actuator data to identify the set
of parameters ¢ required by the GMM in Equation (10),
the amount of Gaussian mixture components )M must be
fixed. There are several ways to choose this parameter. In this
work, the Bayesian Information Criterion (BIC) was used to
discriminate between model classes of different complexity,
by penalizing the amount of estimated parameters contained
in each model [46]. Different model classes were generated
by varying parameter M between 1 to 15, and for each model
class the parameter set ¢ was identified using the measured
data together with the EM algorithm. The parameter search
for ¢ was initialized from 100 random initial values, keeping
the set ¢* that maximized the log-likelihood function from
Equation (13) for each of the 15 model classes explored. After
the procedure, the minimum BIC was attained at a value of
M = 4, which allowed to select its corresponding parameter
set ¢* as the output of the optimization routine. The contour
plot of the learned probability density function against the data
can be appreciated in Fig. 8.

The identified data-driven distribution is useful to emulate
the real-world evolution of the degradation of the braking
actuator, thus completing the capabilities of the validated rigid
body model presented in Section IIl. For every simulated
maneuver, the value of the cumulative energy c. is recorded,
and the next landing maneuver will experience a mean friction
coefficient of 1, that will depend on the identified distribution.
A simple procedure to numerically extract this value is to find
the closest Gaussian component j in the energy axis and resort
to the conditional probability density

. g o 9, o
P(fizlce = a) NN(W + 20 pi(a— i), (1= p*)(of) ) (14)
Oc

e

where p’ is the correlation coefficient of the j-th component,
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Fig. 9. Comparison between the simulation output and the recorded data
points of the evolution of the mean braking friction coefficient against the
cumulative energy dissipated by the braking pads. The simulator was fed the
same braking torque as in the endurance tests.

ag the standard deviation of the j-th component of the braking
friction, Uge the standard deviation of the j-th component
of the cumulative braking energy, 77z’ the mean of the j-th
component of the braking friction and fi;,’ the mean of the
j-th component of the cumulative braking energy. Once the
conditional probability density is obtained, a random value
My is drawn and the mean braking friction coefficient for the
next landing maneuver can be identified. An example of the
results obtained with this procedure can be appreciated in
Fig. 9, in which the 500 landing maneuvers were replicated
in the simulator by feeding the braking torque measured in
the endurance tests, while the mean friction coefficient 1 is
computed with the simulator. The dynamic evolution of 1 was
described by a suitably biased version of the Light Landing
curve, adapted to match the extracted mean. A remarkable
match is appreciated between the trend of recorded observa-
tions and the simulated ones, demonstrating the capabilities
of the augmented simulator in capturing the braking actuator
degradation phenomenon by using the cumulative absorbed
braking energy.

V. THE WHEEL SLIP-BASED ANTI-SKID CONTROLLER

In order to analyse how the braking actuator usage status
and the tire energy consumption can be directly related to the
anti-skid controller parameters, a wheel slip anti-lock braking
system was designed and an analysis was performed on how
the energy distribution for these two components depends on
the wheel slip set-point value ), selected for the controller
tracking performance. The slip controller was selected due
to the straightforward tuning procedure and the possibility
to extract a direct relationship between its parameters and
component wear, already proved in [22], [23]. A simplified
schematic representation of the controller is represented in
Fig. 10. In the control scheme represented in Fig. 10, the
controller receives as input the wheel slip error, computed
as the difference between the reference wheel slip value and
the measured one, that is A — )\, and provides as output the
current reference value, which is converted into the braking
torque T3 by the actuator, and applied on the landing gear.
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Fig. 10. Block diagram representation of the wheel slip controller.

Hydraulic Ty
Actuator

Iref Landing

Gear

Within this framework, the anti-lock braking system can be
formulated as a wheel slip tracking task, with the control law
being defined by solving a continuous dynamic problem, see
again [1], [3], [11]. With reference to the control scheme in
Fig. 10, the wheel slip controller is designed on the transfer
function L(s) given by L(s) = GA(s)- A(s), with A(s) being
the actuator transfer function described in Equation (6), and
G(s) the linearized transfer function between the braking
torque 73 and the wheel slip A computed at the equilibrium
point \. The wheel slip estimator dynamic will not be included
in the controller design, as the wheel slip will be assumed
to be measurable for the control problem at hand, being the
estimation problem outside the scope of the present work. The
analytical expression for the linearized torque to wheel slip
transfer function can be derived starting from the dynamical
model in equation (1b), and considering standard assumptions
from the automotive literature, i.e. slowly varying longitudinal
velocity v,, that is

- 1
Gr(s) = | — (1)
A(®) <Jva> <s+,ﬁ)au1(k)((1—A)+W)>

where 111()\) is defined as the slope of the y()\) curve at the
equilibrium point . The controller must be designed so as to
be robust with respect to different aircraft operating conditions.
Within this work of research we identified four possible mass
configurations of interest, and eight friction cases spanning
from dry asphalt to snow, and by combining them we defined a
matrix of 32 different operating conditions. The transfer func-
tion L(s) has been computed for each considered case, and its
spread can be appreciated in Fig. 11. A Proportional Integral
Derivative (PID) structure has been selected for the wheel slip
controller, and its parameters tuned so as to guarantee the
required performance: phase margin PM > 30 deg and gain
margin GM > 30 dB for the whole spectrum of loop transfer
functions.

Fig. 12 shows the velocity, pressure and wheel slip profiles
for a simulated heavy dry-landing braking maneuver, with
the scale omitted for confidentiality reasons. Comparing the
resulting wheel slip profile to that of the requested set-point
), it is clear that the defined wheel slip controller allows
an accurate tracking of the considered reference A over the
whole maneuver, with some oscillations possibly linked to the
activation phase.

VI. BRAKING ACTUATOR AND TIRE - WEAR ENERGY
SENSITIVITY ANALYSIS

The relation between the braking actuator and tire energy
consumption with the key design parameter of the defined
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Fig. 12. Closed loop behavior of the wheel slip control system on a Heavy
Landing maneuver. Top plot: Time histories of aircraft and wheel speeds.
Middle plot: Time histories of the reference and obtained wheel slip. Bottom
plot: Time histories of the pressure requested by the pilot and pressure actually
applied by the control system. The vertical dotted line indicates the instant
when the controller engages.

wheel slip based anti-skid controller has been studied from a
set of multiple closed loop maneuvers with varying reference
wheel slip value. The braking maneuvers are carried out in
a very wide array of working conditions using the simulation
environment described in Section III, coupled with the braking
actuator wear dynamic described in Section IV. First, a set of
32 possible scenarios comprising of different tire-road friction
conditions, and pairs of different aircraft masses and initial
speed values, were defined. The 32 different scenarios are
obtained by combining the 8 friction curves, see Fig. 3, with
the different 4 aircraft configurations reported in Table II.
Then, a set of 100 maneuvers were randomly chosen among
the pool of 32 scenarios. The anti-skid controller has been
evaluated on the set of 100 maneuvers with a fixed wheel slip

reference value in each of them. Different wheel slip reference
values have been tested ranging from A = 0.06 to A = 0.5 for a
total of 45, thus covering both the stable and unstable regimes
for all friction conditions, see again Fig. 3. The overall data
set consists of 45 sets of maneuvers, each of these containing
100 closed loop braking maneuvers performed with a single
wheel slip reference value, for a total of 4500 maneuvers. For
each tested reference wheel slip value, two relevant statistics,
directly connected to the anti-skid performance, are computed
over the set of 100 maneuvers: the braking distance, which
is the most widely used performance indicator for braking
controllers, and the capability of the braking control system to
exploit the available road-friction. For the latter, the following
cost function J,, is used

ten
b pB)S®)
K end

7 e (£)dS (1)

where ty,« and fe,q represent the start and the end of
the braking maneuver, respectively, fmax 1S the maximum
available friction characteristic of the runaway and dS(t) is
the infinitesimal space displacement. This cost function has
a direct physical meaning: ideally J, = 1 can be reached
if the maximum available friction is exploited during the
whole braking maneuver. High performing braking controllers
ensure that J,, is in the interval [0.85 — 1.00] in all the tested
conditions.

The results from the sensitivity analysis are compactly
reported in Fig. 13, which shows the mean of the two
considered performance indexes, i.e. J,, and braking distance
d, against the average value of the consumed energy over
each set of 100 maneuvers, for different wheel slip reference
values \. The following conclusions can be derived from Fig.
13. In the first place, note that the trends in the two cost
functions for both the braking actuator and tire, exhibit the
same behavior. For low wheel-slip reference values, which
corresponds to slowly decelerating maneuvers, the braking

(16)



10

g 1t 0.24 0.06

k]

= Q

.5 Y ()

ag 0.9k %W %

< Q

: . o

S 08F (\‘_/ o

E 0.5 o

0.24
07 L L L L L L . 006
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
Mean Braking Pad Wear Energy GJ

5 4L 006 0.24

k]

k| W

© @) By 0.5

g osl OC%\) 0

< Q

E © X

L o
% oe o \//’ 0.5
~ ; 0.24
07 006 . L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Mean Tire Wear Energy GJ

Fig. 13. Results of the sensitivity analysis of mean performance index

Jy, and required braking distance to anti-skid control slip reference. Top:
Performance quantities as a function of the dissipated braking pad energy.
Bottom: Performance quantities as a function of the dissipated tire wear
energy. The arrow points towards an increasing value of the slip reference,
between 0.06 and 0.5 units.

distance d increases while J,, decreases. The opposite trend is
observed for high wheel-slip reference values, with the only
difference being the steepness of the trend: much higher for
low slip values. This feature can be explained by considering
the employed friction curve p(A), which shows the same
trend when moving leftwards by decreasing A, or rightwards
by increasing A starting from its peak value. Secondly, it is
observed from the two graphs that, regardless of the wheel
slip reference value ), the mean energy consumed by the
braking system is much higher than that consumed by the tire.
Furthermore, the two cost functions exhibit a complementary
tendency with respect to the mean consumed energy for the
two components. In fact, the total mechanical energy of the
aircraft for the considered case is dissipated via these two
components. The more the energy consumed by the braking
actuator, the less that absorbed by the tire. With this braking
control strategy, the wheel slip reference value A determines
the energy distribution between these two components: high
reference values correlate to higher tire wheel consumption,
while low ones correspond to high braking pad consumption.
By considering the expression of the braking energy provided
in equation (9), if the wheel slip is equal to one (wheel locking
condition) for the whole braking maneuver, then the value
of w(t) is equal to zero, resulting in a null contribution of
the energy component associated to the braking actuator and
leaving all the energy dissipation to the tire.

This correlation is highlighted in Fig. 14, which compares
the energy consumed by the two components for different
wheel-slip values. The same trend repeats here, as in fact for
higher wheel slip reference values the energy consumption
shifts from the braking actuator to the tire. Combining Fig.
13 and Fig. 14 a trade-off for the consumption of the two
components can be found, and this corresponds to a wheel
slip reference value of A = 0.24. When selecting this value
for the wheel-slip reference, the anti-skid controller not only
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Fig. 14. Results of the sensitivity analysis of braking pad and tire wear
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guarantees limited consumption in both components but also
allows for performance maximization reaching an average
performance index value of J, = 0.97 for the whole data-
set of 100 maneuvers. These results show that by framing
the braking control problem as a wheel slip regulation one,
it is possible to have a direct control on braking actuator and
tire energy consumption, and on the mix between the two.
Also, by properly selecting the controller parameters, i.e. the
wheel slip reference value, maximum braking performance
can be reached while maintaining limited consumption for
both components. This result is significant, as it shows that
the braking problem can be formulated as the regulation of
brake and tire usage while ensuring safety and performance
in the braking maneuvers, offering the way to balance the
different goals and have an effective means for predictive
maintenance goals thanks to the possibility of monitoring the
brake degradation along the aircraft life and usage history.

VII. CONCLUDING REMARKS

This paper analysed the relation between the anti-skid
controller parameters and the braking actuator and tire energy
consumption. The analysis is carried out in a Matlab Simulink
simulation environment, where a rigid body model, validated
experimentally, for a single Main Landing Gear has been
implemented, coupling all the relevant dynamics and including
a detailed model for the braking actuator which considers the
wear dynamic of the component over its lifespan, as measured
from real experimental data. A wheel-slip based anti-skid
controller has been designed to investigate the relation between
the consumed energy in both components (tire and brake)
and the controller set-point value. In order to do this, an
initial set of 100 different maneuvers was defined, comprising
multiple aircraft operating conditions in terms of mass, road
friction and initial velocity. Then, closed-loop experiments
with varying reference wheel-slip values for a total of 4500
braking maneuvers were performed. The tire and braking
actuator consumed energy along with braking performance
statistics were extracted from this dataset and their values
compared. The results not only demonstrate the existence of
a direct relation between wheel slip reference value and the
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energy consumption for the two components, but they also
show that by properly selecting this value, limited tire and
braking actuator usage can be achieved while maximizing the
braking performance. These relevant results open the way to
combined control of braking maneuvers while regulating also
the wear of brakes and tires.
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