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(57) Abstract: System (1) for an anti-skid braking control of a vehicle (3), comprising; - a braking system associated to at least one
wheel of the vehicle (3); - one or more sensors for detecting at least one magnitude (y) correlated to the braking of said wheel; - a

controller (2) configured to: - determine an output variable (1) based on at least one reference input magnitude (yref) and on said at least
one magnitude (y) correlated to the braking of the wheel; - supply to the braking system a signal for commanding the braking, indicative
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of the output variable (u); - a module (4) for determining said at least one reference magnitude (ymf) at the input of the controller (2)
O based on a magnitude indicative of a reference desired wear (Amref) of the vehicle (3) wheel.



WO 2019/239261 PCT/IB2019/054704

SYSTEM FOR THE COMBINED CONTROL OF BRAKING OF A VEHICLE,
PARTICULARLY OF AN AIRCRAFT, AND OF THE WEAR OF AT LEAST
ONE TYRE ASSOCIATED TO SAID VEHICLE

KKK X

DESCRIPTION

Technical field of the invention

The present invention refers to a system for the control of braking of a vehicle, particular-
ly, but not in a limiting way, for the anti-skid control of an aircraft. Moreover, the system is
configured to control the wear of at least one tyre associated to a wheel of said vehicle,
particularly to a carriage of said aircraft.

Prior art

By simply referring to an airplane having two rear carriages and a front carriage, when
this airplane is landing, usually at first the two rear carriages touch the ground then the front
carriage. During the first step, the airplane is slowed by the aerodynamic brake and possibly
by the thrust reversers. In the second step, the pilot then actuates the mechanical brakes
which act on the rear carriages.

The braking made by the rear brakes is commonly controlled by an anti-skid system
designed for reducing the skids of the wheels.

Typically, the anti-skid systems are based on an intermittent application of braking tor-
ques to the carriages. This approach for controlling the braking, in addition to the physical
arrangement of the carriages themselves (which by itself generates a phenomenon known as
“gear walk”), causes an oscillation of the carriage in the horizontal direction. Such situation is
shown in Figure 1, which illustrates a diagram of the time t of the aircraft speed (Vaica) and of
the carriage speed (vwnes) during the landing step. As it is shown, after an initial interval
wherein the mechanical brakes are not actuated and therefore there are no oscillations, the
carriage speed oscillates about an average decreasing value.

The mechanical braking causes the tyres to wear. It was found that the presence of an
anti-skid control system determines the most severe wear of aircraft carriage tyres during this
step. This problem is completely different from the wear of the tyres of road vehicles, e.g. cars,
which mainly wear when the vehicle advances straight or steers, etc., since these conditions
are more frequent than braking.

Summary of the invention

Therefore, an object of the present invention consists of making available a system for
the anti-skid control of braking of a wheel of a vehicle, particularly of an aircraft carriage, while
enabling to control the wear of the tyres.

This and other objects are met by a system for the anti-skid control of braking of a wheel
of a vehicle according to claim 1.
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Even though the anti-skid control system according to the invention is mainly suited to
aircraft carriages, it can find an application in a variety of vehicles. For example, the system
can find an application in heavy duty road vehicles, such as trucks which are particularly
subjected to a tyre wear when they brake.

The dependent claims define possible advantageous embodiments of the invention.

Brief description of the figures

The advantages of the invention are better understood and appreciated by some exem-
plifying non-limiting embodiments thereof described in the following with reference to the
attached figures, wherein:

Figure 1 is a diagram illustrating a possible trend of the speed of an aircraft and of the
speed of the aircraft carriage during a landing step in the presence of an anti-skid system
according to the prior art;

Figure 2 is a block diagram of a system for the anti-skid control of braking of a wheel of a
vehicle according to a possible embodiment of the invention;

Figure 3 is a block diagram of a system for the anti-skid control of braking of a wheel of a
vehicle according to a further possible embodiment of the invention;

Figure 4 is a diagram illustrating possible trends of the coefficient of friction p as a func-
tion of the skid A under different kinds of a roadway;

Figure 5 is a diagram illustrating a possible trend of the speed of an aircraft and of the
speed of the aircraft carriage during the landing step in the presence of an anti-skid system
according to the invention;

Figure 6 is a diagram illustrating a possible relationship between the wear of a tyre and
the required braking distance variation (all the conditions being the same) with different
reference skid values;

Figure 7 is a dynamic layout of an aircraft.

Detailed description of the invention

With reference to the attached Figure 2, it shows a block diagram of a system for the
anti-skid control of braking of a wheel of a vehicle, generally indicated by reference 1.

The system 1 comprises an actual controller 2 which receives at the input an input mag-
nitude and outputs a control variable u. This latter corresponds to a signal for commanding the
braking of a vehicle 2, particularly an aircraft, and is supplied to a braking system of the same.
According to a possible embodiment, the controller 2 performs a closed-loop control of
braking. Consequently, the magnitude at the input of controller 2 can be represented by the
error between a reference magnitude y™® and the effective value of the same magnitude y
detected on the aircraft 3. For this matter, this latter will be provided with suitable sensors for
directly or indirectly detecting such effective magnitude y. Generally, the magnitude y will be a
magnitude correlated to the braking, as it will be more specifically described in the following.
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According to the invention, the system 1 comprises in addition a module 4 for determin-
ing the reference magnitude y™ at the input of controller 2. This latter is determined by a
magnitude indicative of a reference desired wear Am™ of the tyre of the wheel, which is
supplied to the inlet of the module 4. The reference desired wear Am™ can be determined by a
user on the site, for example by the aircraft pilot via a suitable command device, and/or
remotely, for example by a remote command unit. In this case, the system 1 can comprise or
can be connected to a data transmission module, for example of the aircraft itself.

Possible embodiments of the controller 2 and module 4 will be now specifically de-
scribed.

With reference to the embodiment in Figure 3, the control magnitude y can be the skid A
of the wheel, particularly of the aircraft carriage, subjected to a braking action. Generally, the
skid of a wheel can be defined by the following formula (1):

wherein:

- v is the longitudinal speed of the wheel subjected to braking. Such magnitude can be
measured in different ways: for example, by an inertial platform placed on the carriage whose
wheel is subjected to the braking control action. Alternatively, this variable can be indirectly
obtained from aircraft speed measures, obtainable for example by an angular speed sensor
applied to a non-braking wheel (which in an aircraft is the front carriage, for example), or by
sensors already present in the aircraft, such as a GPS sensor or by means of Pitot tubes of
the same;

- w is the angular speed of the wheel of which a skid estimate is required. For example,
such magnitude can be measured by an angular speed sensor, for example an encoder,
applied to the carriage of the aircraft;

- ris the radius of the considered wheel.

Based on the formula (1), if the wheel is completely locked in the braking step, the skid A
will be equal to 1, in other words is equal to 100%.

The relationship between the longitudinal friction force Fx of the wheel and the skid A can
be described by the following formulas (2), (3):

P

L= Ealdy ()

o Y A %
pldy =8{1-e"}j-18;, (3
wherein:

- Fx is the longitudinal friction force;
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- Fy is the vertical buckling force of the wheel;

- N is the skid defined by formula (1);

- W is the coefficient of friction;

- 8., 9., 2, are coefficients predefined as a function of the tyre and roadway type, of the
weather conditions, etc., experimentally defined, which correlate the coefficient of friction y to
the skid A based on the Burckhardt model, expressed by formula (3). Figure 4 shows possible
trends of the coefficient of friction y as a function of the skid A for a variety of roadways
(asphalt, dry; cobblestone, dry; asphalt wet; snow).

Consequently, the controller 2 can be configured to perform a closed-loop control on the
skid, by comparing a predefined reference skid A" with the measured effective skid A of the
wheel. The control variable calculated by the controller is preferably the braking torque Ty, to
be applied to the wheel on which the anti-skid control is performed, or a magnitude correlated
to it. For example, such magnitude can include the pressure of a working fluid, typically oil, of
the braking system, which is transformed into a braking pressure of the brake. The attached
appendix 1 of the present description illustrates a possible mathematical model describing the
dynamics of an aircraft whose rear carriage is subjected to an anti-skid control. Such model
can be the basis for calculating the braking torque T, determined by the controller 2.

Figure 5 shows the trends of the speeds Vaicat, Vwnee Of the aircrafts and wheel respec-
tively, calculated by the formula vunee = w-r, during the time t of the braking step following the
landing, obtained by the anti-skid control of the controller 2 configured according to the above
described embodiment. As it can be understood, at the beginning of the braking step, the
wheel speed tends to be less than the aircraft speed (this means that there is a high skid). As
the braking action continues, due to the controller operation, the two values tend to be equal to
each other. The wheel speed in this case is not oscillating.

Given the relationship between the skid and the friction force and consequently the wear
of the tyre of the carriage, which is skidding, acting on the reference skid A" at the input of the
controller 2, enables to control the wear. Therefore, advantageously, the module 4 is
configured to modify the reference skid value A based on a reference desired wear Am™',
according to modes described in the following.

Neglecting the lateral forces acting on the carriage, the power W of the friction forces,
responsible of the tyre wear, can be modelled by the following formula (4):

P e 5 £ R ¥ Yoy
W= n vy, —wrd H eimt (4)

wherein:

- Fx is the longitudinal friction force acting on the wheel;

- vn is the longitudinal speed of the wheel subjected to the braking action;
- w is the angular speed of the same wheel;
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- ris the radius of the same wheel;

- Jy is the moment of inertia of the wheel,

- & IS the angular acceleration of the same wheel, obtainable for example by deriving the
angular speed w.

The mass variation, caused by the wear, of the tyre can be estimated by the following
relationship (5):

wherein:

- Am is the mass variation;

- P is the power of the friction forces W, calculated by the formula (4), per contact sur-
face unit A; between the tyre and the roadway:

P =W/A (6)

- f1 and f» are wear coefficients correlated to the specific compound of the tyre.

From above, it follows that reducing the skid A decreases the power of the friction forces
and therefore also the mass variation Am of the tyre. Of course, generally, if somebody wants
to curb the wear of the tyre (and consequently the skid), the braking distance is increased.

Surprisingly, the Applicant has discovered that, even in presence of a substantial reduc-
tion of the skid, provided that this latter falls inside a determined range of values, only very
small variations of the braking distance are determined, while the tyre wear shows a
substantial decrease. Figure 6 shows a diagram obtained by the mathematical model shown in
the appendix 1, illustrating the relationship between the wear Am and the required braking
distance variation As (all border conditions being equal) for different reference skid values A™'.
As it can be understood, in a first segment, with a substantial reduction of the reference skid
Nef there is a substantial wear reduction Am with a little increase of the required braking
distance As. Consequently, it is possible to substantially curb the wear without excessively
impairing the distance required for completing the braking in the landing step. Of course, it is
possible to obtain a continuous curve by interpolating the single experimental points.

Advantageously, a static map (of a type shown in Figure 6) stored in the module 4,
correlates the desired mass variation Am™ to the reference skid A'®. Therefore, it is possible to
select the desired wear by modifying the magnitude at the input of the controller 2, in this case
the reference skid A, with a consequent change of the braking distance required by the
aircraft.

According to a possible embodiment, a plurality of static maps can be stored in the
module 4, for taking account of different roadways and/or different atmospheric conditions. For
example, the static maps of a plurality of airports in a variety of atmospheric conditions could
be stored. Based on the airport and on the actual weather conditions, one can set the desired
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map and the target wear of the tyre of the carriage, also for example based on the length of
the runway.

As said before, it is observed that in the controller 2 the reference variable y™ is not
required to be the skid but can be a one or more different magnitudes correlated to the braking
(the angular deceleration, for example). In this case, the static map correlates such magnitude
to the mass variation Am.

Possibly, the controller 2 can be based on other control algorithms, such as for example
the Pasillas-Lepine algorithm. According to this algorithm, thresholds of the wheel acceleration
determining transitions in different (five) states of a finite state machine, are set, each are
characterized by a specific braking action. The skid due to this effect performs cycles about an
optimal value of a friction curve between wheel and road. In order to use this algorithm, it is for
example required to provide the rear carriages with an angular speed sensor enabling also to
calculate the angular acceleration. Oppositely, a sensor for measuring the longitudinal speed
of the carriages is not required.

If the controller 2 uses this algorithm, a static map can for example be stored in the
module 4 for correlating the above cited limit deceleration thresholds to the mass variation Am.
In this case, just a single sensor for measuring the angular speed of the carriage will be
sufficient, while a second sensor for measuring or indirectly determining the aircraft speed will
not be required.

According to a further variant, the feedback magnitude y™' can be the deceleration of the
vehicle wheel instead of the skid A.

According to a further variant, the feedback magnitude y™' can be the wear of the wheel
itself, in other words the reference mass variation Am™' can be directly used as a reference
magnitude in the controller 2. In this case, the module 4 is actually a unitary transfer function,
in other words the input corresponds to the output.

Moreover, it is observed that in the present description and in the attached claims, the
elements indicated with terms such as “module” and “controller” can be implemented by
hardware devices (for example control units, processors of calculators, or similar), or by
software or by a combination of hardware and software.

To the described embodiments of the system for an anti-skid braking control of a wheel,
particularly of a carriage of an aircraft, a person skilled in the art in order to meet contingent
specific needs, could introduce many additions, modifications or substitutions of elements with
other operatively equivalent ones, without falling out of the scope of the attached claims.
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APPENDIX 1: dynamic model of the aircraft
Figure 7 shows an oscillating mass diagram representing the behavior of an airplane

during a landing step. According to the used model, the rear carriage, besides vertically
oscillating, flexes due to its configuration.

The equations describing the systems are the following:

1) Equilibrium of the longitudinal forces (along the direction x)

3) Equilibrium of the moments around the pitch axis
}-pi.tc'h‘f‘w =-4L f:r‘m*st*i?rm}s + ft}{i?gx( - ﬁzf) + & & {_8gw - 85\} + {,;f, FaEe

4) Equilibrium of the moments at the rear carriages

= P . R v i L _ )
f@? Sgw = ‘*"S‘f-i\&-p - ggwf + KE?-i\ap - ggwf ¥ f‘kig

5) Equilibrium of the vertical forces at the front carriage

Murl — R o B — 2, — CuplZyy — 4,0+ sfﬁ),.—ﬁf; s
6) Equilibrium of the vertical forces at the rear carriages

7) Equilibrium of the moments at the rear carriages

Jot = Bz, — Ty

The following Table 1 shows the meanings of each symbol used in the above given

formulas.
Table 1
Parameter Meaning Unit of
measure

R Wheel radius m
J Moment of inertia kgm"2

m Aircraft mass kg

mg Carriage mass (only the elements subjected to gear- kg

walk)
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Mur, Mut Wheel mass (r = rear, f = front) kg
Cr, Ct Damping coefficient of a carriage suspension (r = rear, Ns/m
f = front)
Cur, Cuf Damping coefficient of a wheel (r = rear, f = front) Ns/m
kr, ki Rigidity coefficient of a carriage suspension (r = rear, f N/m
= front)
Kur, Kut Rigidity coefficient of a wheel (r = rear, f = front) N/m
Ltront Distance between the front wheel carriage and aircraft m
centroid
Lrear Distance between the rear wheel carriage and aircraft m
centroid
Jpitch Moment of inertia of the aircraft from a pitch axis kgm"2
kg Gear-walk rigidity coefficient (longitudinal torsional ri- N
gidity of a carriage
€a Gear-walk damping coefficient (longitudinal torsional Ns
damping of a carriage)
Lg Carriage length (portion subjected to the gear-walk m
phenomenon)
Jg Moment of inertia of a carriage (portion subjected to kgm”2
the gear-walk phenomenon)
a Aerodynamic coefficient of friction N/(m/s)*2
B Lift coefficient N/(m/s)*2
B Length of the front suspension in a static condition m
A or Length of the rear suspension in a static condition m
Al rrgm Nominal radius of the front wheel in a static condition m
At Nominal radius of the rear wheel in a static condition m
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x Vertical longitudinal speed of the aircraft frame m/s
z Vertical displacement of the aircraft frame m
Z Vertical displacement speed of the aircraft frame m/s
&, Pitch angle of the aircraft frame rad
8, Pitch speed of the aircraft frame rad/s
o Gear-walk angle (rear carriage) rad
ggw Gear-walk angular speed (rear carriage) rad/s
Zup Displacement along the vertical axis of the point of m
contact between frame and front carriage
Zyg Speed along the vertical axis of the point of contact m/s
between frame and front carriage
poA Displacement along the vertical axis of the point of m
contact between frame and rear carriage
& Speed along the vertical axis of the point of contact m/s
between the frame and rear carriage
) Speed of wheel rad/s
T Braking torque applied to the wheel Nm
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CLAIMS

1. System (1) for an anti-skid braking control of a vehicle (3), comprising:

- a braking system associated to at least one wheel of the vehicle (3);

- one or more sensors for detecting at least one magnitude (y) correlated to the braking of
said wheel;

- a controller (2) configured to:

- determine an output variable (u) based on at least one reference input magni-
tude (y®") and on said at least one magnitude (y) correlated to the braking of the
wheel;

- supply to the braking system a signal for commanding the braking, indicative
of the output variable (u);

- a module (4) for determining said at least one reference magnitude (y™") entering the
controller (2) based on a magnitude indicative of a reference desired wear (Am™) of the vehicle
(3) wheel.

2. System (1) according to claim 1, wherein said controller (2) is configured for performing
a closed-loop control on said at least one magnitude (y) correlated to the braking of the wheel.

3. System (1) according to claim 1 or 2, wherein said at least one magnitude (y) correlated
to the braking of the wheel is the skid (A) of the wheel and said at least one reference magnitude
(y"®") is a reference skid (A™').

4. System (1) according to claim 1 or 2, wherein said at least one magnitude (y) correlated
to the braking of the wheel is the wear of the wheel and said at least one reference magnitude
(y®" is a reference wear of said wheel.

5. System (1) according to claim 1 or 2, wherein said at least one magnitude (y) correlated
to the braking of the wheel is the deceleration of the wheel and said at least one reference
magnitude (y'®") is a reference deceleration of said wheel.

6. System (1) according to any of the preceding claims, wherein said output variable (u)
from the controller (2) is the braking torque (Ty) of the braking system or a magnitude correlated
to it, such as the pressure in the braking system.

7. System (1) according to any of the preceding claims, wherein said one or more sensors
for detecting the at least one magnitude (y) correlated to the braking of the wheel compris-
es/comprise an angular speed sensor applied to said wheel and a sensor for directly or
indirectly determining the longitudinal speed of said wheel.

8. System (1) according to any of the preceding claims, wherein said module (4) for
determining said at least one reference magnitude (y") entering the controller (2) has stored
one or more predetermined static maps correlating the magnitude indicative of the desired
reference wear (Am™’) with a reference magnitude (y™') entering the controller (2).

9. System (1) according to the preceding claim, wherein said one or more predetermined
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static maps refer to different conditions of the roadway in one or more weather conditions.

10. System (1) according to any of the preceding claims, configured for the anti-skid
braking control of a carriage of an aircraft.

11. Vehicle comprising a system (1) for the anti-skid braking control of a wheel thereof
according to any of the preceding claims.

12. Vehicle according to any of the preceding claims, wherein said vehicle is an aircraft.
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