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Tire-wear control in aircraft via active braking
L. D’Avico1, M. Tanelli1,2, S.M. Savaresi1

Abstract—In ground vehicles, tire consumption is in general
mainly due to the mileage covered, and in fact the life span
of tires, at least in common situations, is rather long. In the
aeronautical context, and for aircraft in particular, instead, tire
consumption plays a crucial role in determining the maintenance
costs. This is due to the fact that, in aircraft braking, nearly all
maneuvers activate the anti-skid controller, which remains in use
for long time intervals. In ground vehicles, instead ABS systems
are usually active for short time intervals which cover a part
of the braking maneuvers only. Thus, tire consumption in the
automotive context is usually studied under constant speed as-
sumptions. In this work, we formulate a tire consumption model
that encompasses explicitly the wheel acceleration/deceleration
dynamics, and we show that tire wear can be directly related to
the anti-skid controller parameters. Based on this, a sensitivity
analysis of tire-consumption versus braking performance is
carried out, showing that, using an appropriate anti-skid control
approach, one may directly formulate the braking problem as
a tire consumption regulation one, being sure that the resulting
braking performance will have an a priori guaranteed outcome.
The tire wear model is also validated in an experimental setting.

Index Terms—Tire-wear; aircraft; anti-skid; braking control;
landing gear.

I. INTRODUCTION

Historically, anti-skid controllers have been first developed
for aircraft braking systems. However, to the best of the
authors’ knowledge, a very limited scientific literature is
available on this topic. In the current industrial practice, anti-
skid systems are mainly provided by braking systems suppliers
as black-boxes that come with the actuation system, and which
only need connection with the wheel speed sensor. They are
installed in the landing gear, and each landing gear has a
dedicated anti-skid system which might in some cases share
limited information with the other local anti-skids (for example
to gather the values of all the braked-wheel speeds), but it does
not in general communicate with other parts of the aircraft, [1].
The automotive field, at first, inherited the anti-skid technology
from the aeronautic world, but later developed refined and
advanced techniques for active braking control, using for this
purpose a rich set of sensors that allow one to reconstruct the
whole vehicle dynamics, see e.g., [2].

Another relevant difference between the two contexts is that,
in aircraft, the anti-skid is in general activated on all braking
maneuvers, both in the case of landing and rejected take offs,
i.e., those cases in which the aircraft, at the end of the strong
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Fig. 1. Landing manoeuvre with deceleration-based anti skid controller and
related tire wear contributions.

acceleration preceding the take-off, has to unexpectedly to
reject it and come to a halt. Moreover, once activated, the
braking controller remains active for the most part of the
braking maneuver, until the aircraft reaches a nearly standstill
condition. This means that the wheel skid induced by the
controller has a long time over which it acts continuously on
the wheels, consequently inducing a significant consumption
of the tires. In turn, this makes the cost of changing tires that
reach their end of life one of the most relevant in aircraft
maintenance.

To fix the scope of the considered problem, let us refer to
Figure 1, which shows on the top the different phases of an
aircraft landing, and, on the bottom, a possible corresponding
time history of speed and skid, assuming that an anti-skid con-
troller is in place. Of course, being interested in investigating
the impact of the anti-skid control on tire wear, one wants first
to ascertain that the amount of energy that is actually involved
in the controlled braking phase is indeed much larger than
that spent in the touch-down time interval. The right part of
Figure 1 shows that the energy share of the two phases is of
approximately 10% for the touch down (when the still wheels
are abruptly put in contact with the ground and experience a
very strong skid once they feel the very large forward speed
induced by the aircraft inertia at the beginning of the wheel-
on-ground phase) and 90% for the braking phase itself. This
allows us to claim that, in case we can relate the anti-skid
tuning with the resulting tire-wear, then we have a means of
significantly varying the tire consumption by acting on the
controller itself. Of course, to be of interest, such a reduction
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Fig. 2. Schematic view of an aircraft landing gear dynamic model.

in consumption must not result in an overly degradation of the
braking performance.

This work focuses on such an analysis, providing a dynamic
model of the tire consumption mechanism that can be used
during braking, and then studies the interplay between anti-
skid control and tire wear. Specifically, two different control
algorithms are considered. One is in line with the current
industrial practice, being designed using only the measurement
provided by the wheel speed sensor, and yielding a final cyclic
skid behavior such as that shown in the bottom part of Figure
1, see e.g., [3]. The second one is a more advanced anti-skid
control approach, which uses a measure or an estimation of the
aircraft velocity and designs a genuine skid regulation system,
see e.g., [4]. Our analysis will show that the main driver
in moving from the traditional to the new design approach
is to be found in the much increased capability in acting
on the tire wear phenomenon. The obtained results lead to
the idea that tire consumption can actually be controlled via
anti-skid control design, which is demonstrated in this paper.
This concept, and its further elaboration, have been recently
protected with a patent application, [5].

In this paper, we offer, to the best of our knowledge, the
first detailed contribution to tire wear modelling for aircraft,
introducing a dynamic description of this phenomenon that
allows us to capture the importance of its close relationship
with anti-skid braking. This work leverages a first brief de-
scription of these results currently submitted to the 2019 ECC,
[6]. The conference version of the paper presents a limited part
of the material contained in this manuscript. In particular, the
major extension of the journal version is the presentation of the
experimental validation, paired with more detailed modelling
results.

The rest of the paper is structured as follows: Section II
presents the landing gear dynamics, while Section III outlines
the dynamic tire consumption model proposed in this work.
Further, Section IV briefly introduces the considered anti-skid
control algorithms and Section V performs the combined anal-
ysis of anti-skid control and tire consumption. Finally, Section
VI shows how one can directly control tire-consumption and
obtain a safe braking at the same time.

Fig. 3. Burckhardt model of the friction coefficient µ(λ )

II. BRAKING DYNAMICS MODEL

As a basis for anti-skid design in aircraft, let us consider
the dynamics of the landing gear, assuming that the mass
insisting on it is that of approximately half aircraft. Such
condensed modelling is motivated by the fact that industrial
anti-skid control systems are embedded in the single braking
system, each installed on a single landing gear, see e.g., [7],
[8]. Such model is the aeronautic counterpart of the so-called
single-corner model used for braking control of vehicles, [2].
To obtain a complete model of the landing gear for anti-skid
control problems, the wheel dynamics must be described; to
this end, the wheel slip ratio is defined as

λ =
vh−ωr

vh
, (1)

where vh is the wheel hub speed, r is the wheel radius and ω

is the angular wheel speed. The hub speed is defined as

vh = va− θ̇Lgw, (2)

where va is the aircraft longitudinal speed, θ̇ is gear walk
angular speed and Lgw is the length of the link between the
chassis and the wheel. The tire-runaway interaction is defined
by the longitudinal force Fx expressed as a function of both
vertical load and wheel slip in the form

Fx = Fzµ(λ ). (3)

In this formulation, µ(λ ) is the longitudinal friction coeffi-
cient, which is a function of the wheel slip and describes the
available friction depending on the runaway surface. Various
empirical analytical expressions of µ(λ ) were proposed in
the literature. A widely-used expression (see e.g., [2], [9])
which we borrow from the automotive context is the so-called
Burckhardt model

µ(λ ) = ϑ1(1− e−λϑ2)−λϑ3, (4)

where the description of the road surface is given by ϑi,
i = 1,2,3. Different values of these parameters allow to
model different tire-road friction conditions; the curve µ(λ )
in different conditions is displayed in Figure 3.

The main difference between the control-oriented descrip-
tion of the landing gear and the automotive single-corner
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model is the presence of the so-called gear walk phenomenon.
Such a phenomenon can be described as an oscillatory motion
of the landing gear in the longitudinal direction taking place
about a static vertical center line. This motion is due to the
interaction between tire and runaway modulated by the vertical
load which deflects the landing gear. Such an oscillation may
of course interact with the anti-skid closed-loop behavior, and
must be considered in the design of anti-skid systems for
aircraft, see e.g., [1], [8]. The control-oriented view of the
gear-walk phenomenon in a landing gear can be compactly
described as a rotational spring-damper, as shown in Figure 2.

In the modeling of the landing gear, a constant wheel radius
and static vertical load are considered. Both assumptions
come from the single-corner approach, the starting point for
this paper, which does not take into account the suspension
dynamics. In the automotive field, neglecting the suspension
dynamics during the braking control system design, results
in only a retuning of the controller parameters; this takes
into account the load transfer dynamics and it generally
produces different controller parameters for the front and rear
wheels. This approach relies upon the fact that wheel dynamics
are sufficiently faster than chassis and suspension excitation
frequencies. To our best knowledge, the combination of the
gear-walk, suspensions and longitudinal motion has not been
extensively studied in the aeronautic field from the anti-skid
design point of view yet. In principle, the gear-walk motion
can introduce a strong coupling between the longitudinal and
vertical dynamics.

The non-linear model of the aircraft landing gear, which
is schematically represented in Figure 2, can be compactly
described as

(ma +mw +mgw)v̇a− Jθ θ̈ =−Fx−Fdrag (5)

J
θ̈

θ̈ − Jθ v̇a + cθ θ̇ + kθ θ = LgwFx (6)
Jwω̇ = r Fx−Tb, (7)

where
Jθ =

(
Lgwmgw

2 +Lgwmw

)
, J

θ̈
=

(
Jgw+

L2
gwmgw

4 +L2
gwmw

)
and

Fdrag = αdv2
a is the drag force. The parameter αd is tuned

based on experimental data that are not reported here for sake
of brevity.

Finally, based on experimental data, see [10], the actuator
dynamics were modeled with the second order transfer func-
tion

A(s) =
ω2

n

s2 +2ξnωn s+ω2
n
, (8)

with ξn ≈ 0.7 and fn = ωn
2π
≈ 15Hz, which is used in the

simulation setting.

III. TIRE WEAR MODELLING

The tire wear phenomenon is due to several mechanisms
ranging from mechanical delamination to rubber oxidation
[11], [12]. It is strongly non-linear, and it is influenced by
numerous variables, such as contact geometry, the presence
of contaminants between contact surfaces, tire temperature
and pressure, to name the most important. Furthermore, see
also [13], [14], the most relevant dynamic factors are the
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Fig. 4. Tire-wear power as a function of the wheel slip for different values
of the longitudinal speed (a); Tire mass-loss as a function of the tire-wear
power (b).

longitudinal vehicle speed, the longitudinal slip and the tire
side-slip angle, i.e., the angle between the tire longitudinal axis
and the direction of the tire longitudinal speed. As in this work
the focus is on longitudinal braking maneuvers, such as those
performed during landings and rejected take-offs (RTOs), in
what follows the tire side-slip angle can be considered null,
as tire longitudinal axis and tire speed are aligned.

A suitable analytical tire wear model can be now derived:
from a physical viewpoint, tire wear is generated by the
difference between the longitudinal frictional power Fxv and
the braking power Tbω; this second term can be obtained from
the rotational wheel dynamics in (7). Tire wear power (TW )
is then defined as follows:

TW = Fx(vh−ωr)+ Jω ω|ω̇|= Fxvhλ + Jω ω|ω̇|. (9)

Note that the second term represents the wear contributions
due to the typical wheel speed oscillations induced by the
ABS control algorithm, see [3], [15], and it is typically
disregarded in the automotive literature, [14]. This is consistent
with the fact that, in the automotive context, the ABS is
very rarely activated and the main reason behind tire wear
is the consumption over a considerable amount of travelled
distance, with negligible contributions coming from the wheel
deceleration. On the other hand, in the aeronautical world,
tire wear is mostly related to the braking manoeuvres in
a landing/RTO during which ABS is always activated: by
means of the second term in (9), significant wheel speed
oscillations introduced by the anti-skid itself can be included
in the analysis of the tire wear phenomenon.

In Figure 4a, a steady-state sensitivity analysis of (9) is
shown. By inspecting the left figure, one has confirmation
of the physical interpretation of the tire wear phenomenon
described above: as wheel slip and longitudinal speed increase,
a larger tire wear power is generated, thus increasing the
overall tire consumption.
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Fig. 5. Tire Wear: tire contact area.
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Furthermore, according to [11], [13], the mass loss per unit
contact area can be computed as

∆m = f1P f2 [mg/mm2] (10)

∆M = ∆m l2 ∆S, [mg] (11)

where P = TW/acont and acont is the contact area between tire
and road, see Figure 5. From (10), the total mass loss during
the braking manoeuvre can be computed as in (11) where l2
is the tire width and ∆S is the stopping distance. In Figure 4b,
the results obtained using Equation (10) are reported.

IV. STRUCTURE OF THE ANTI-SKID CONTROLLERS

In order to study the interplay between tire wear and
anti-skid control, we now introduce the two braking control
approaches that will be used in the following analysis. Specifi-
cally, the model of a deceleration-based controller that induces
a limit-cycle behaviour on the wheel skid is first introduced,
followed by another approach that directly controls the wheel
skid.

A. Traditional anti-skid control approach

In order to formally describe the working principles of
a commercial aeronautical anti-skid that are based upon the
wheel speed measurement only, a deceleration-based control
algorithm must be employed. For the design of such an algo-
rithm we leveraged on the work first presented in [15], where
a threshold-based control algorithm was proposed, based on
the wheel acceleration, that allows achieving a stable limit
cycle on the wheel slip, which in principle should position
itself around the optimal value of the wheel slip for the given
friction condition, which of course is assumed to be unknown.
Such an algorithm is referred to as 5phase-ABS, and its finite
state machine representation is shown in Figure 6.

As can be seen, the algorithm, based on thresholds on the
wheel acceleration awh, computed by appropriately differenti-
ating the measured wheel speed, imposes a value to the time
derivative of the braking torque Ṫ re f

b , which can be either zero,
or positive or negative. According to its value, the torque in the
given phase of the algorithm will be held constant, increased,
or decreased, respectively. The alternation of such actions in
the five different phases allows obtaining a limit cycle of the
wheel slip which, with the given basic version of the algorithm,
is proved to enjoy stability properties. When such an algorithm
is to be implemented in a real system, where actuator dynamics
and measurement noises must be taken into account, the basic
version must be modified as depicted in Figure 7, in order to
preserve the desired features.

ei5− phase

states

GAIN
SCHEDULING

Iref∫∫
İref

EQUATION

ȧrefwh

EQUATION

arefwh
− +

e
BP

FILTER

ei
awh

ω

ABS

Fig. 7. Complete architecture of the 5-phase anti-skid controller

Specifically, to experimentally validate the presented control
logic, we had to adopt some of the robustification approaches
already present in the automotive literature and to add new
ones for the specific application considered herein. We mainly
refer to the work presented in [16], where several extensions
of the basic algorithm are described to cope with a realistic
experimental setting. In this work, we applied the closed-loop
acceleration control method, the addition of which to the ba-
sic 5-phase algorithm allows us to avoid that the acceleration
moves too far away from the thresholds during online func-
tioning, as this, coupled with the actuator and other possibly
unmodelled dynamics, might destroy the limit cycle and lead
to an unstable closed-loop behaviour.

The overall control scheme depicted in Figure 7 is now
described in detail. The wheel acceleration awh is computed
by numerical differentiation of the wheel speed ω represented
in the frequency domain by the band-pass filter (see BP filter
block). The reference braking torque is then computed based
on the tracking error of the wheel acceleration, i.e.,

Ṫ re f
b = K(awh−are f

wh ), (12)
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where K is a suitable tuning control parameter and are f
wh is

the set-point wheel acceleration obtained by integrating the
following reference signal

ȧre f
wh =

{
−sign(e)

√
2up|e| i f

√
2up|e|< vp

−sign(e)vp i f
√

2up|e| ≥ vp,
(13)

where vp and up are constant tuning parameters and e= are f
wh −

ei, with ei being the threshold on the acceleration set in phase
i of the algorithm, see again Figure 6. The main idea is to
define a suitable rate of change of are f

wh to take into account the
physical limitations and the delay introduced by the actuator
dynamics.

Besides such internal loop, we introduced a novel sched-
uled variation of the thresholds values ei. This is needed to
manage the very wide range of speed that is experienced in
aircraft braking, which starts from approximately 200km/h and
proceeds with a single, long braking manoeuvre, which does
not end till the vehicle is at standstill or at very low speed.
Specifically, the adaptation is obtained letting

gei =





gei,0 i f ω > ω0
gei, j i f ωn < ω ≤ ω0 j ∈ [1,n]
gei,n i f ω ≤ ωn

(14)

gei, j =
gei, j−gei, j−1

ω j−ω j−1
(ω−ω j−1)+gei, j−1 j ∈ [1,n]

(15)
ei = gei ēi, (16)

where a proportional scheduling of the threshold values ei as
a function of the measured wheel speed ω is expressed. The
main idea is to smoothly reduce the nominal values of the
acceleration thresholds ēi proportionally to the variation of
the aircraft speed in order to decrease the amplitude of the
acceleration oscillations as speed decreases. Specifically, the
whole wheel speed range was subdivided into n sectors whose
extremal values of the j-th sector are defined by [ω j−1,ω j]. It
is worth recalling that, see for example [17], all active braking
systems become unreliable at low speed, both for the wheel
slip dynamics getting infinitely fast as the speed goes to zero,
and to the increasing degradation of the wheel speed measure-
ment. To deal with these issues, alternative open-loop schemes
are used for taking vehicles from low speed values to standstill.

A typical closed-loop behaviour of such controller is de-
picted in the left plot of Figure 1, which shows that the wheel
slip indeed evolves on a limit-cycle, and that such a cycle is
almost centered around the (unknown) optimal value of the
slip for the given road condition, dry road in the case show in
the figure. By computing the average wheel slip achieved in
the braking maneuver, indicated with λmean, in the case shown
in Figure 1 we obtained λmean = 0.19. Note that λmean will be
the variable of interest to define the tire-wear associated to the
braking maneuver.

B. Slip control

As for the design of the proposed slip controller, the adopted
control scheme is reported in Figure 8. To better understand

v, ωLANDING-
GEAR

TEST RIG

controller
Pb

Anti− skid

λ
Hydraulic
Actuator

Iref

[SLIP ]−
λref

Fig. 8. Structure of the wheel slip controller

Fig. 9. Pictorial representation of the wheel slip control algorithm in the λ ,η
domain.

the design rationale behind the wheel slip controller, let us
first define the normalized wheel deceleration as

η =− ω̇r
g
, (17)

where ω̇ is the wheel deceleration and g is the gravitational ac-
celeration. Such a variable allows one to compare directly the
wheel deceleration to that of the body of the aircraft expressed
in g. In a linearized context, it is possible to pictorially de-
scribe the slip control principle in the (λ ,η) domain using the
representation shown in Figure 9. This figure shows, for each
considered road condition, the (η ,λ ) equilibrium manifolds
obtained from the linearized equations of the single corner
model. The vertical solid line defines the set-point value of
the wheel slip to be tracked by the slip control system. As
can be seen, a single closed-loop equilibrium point exists for
each road surface and for each choice of the set-point value,
and a good performance trade-off can be obtained with a fixed
choice of such a set-point value on all friction conditions.

The tuning of the controller parameters was been carried out
based on the linearization of the presented non-linear model
around a suitable equilibrium point (see Appendix VIII for the
complete formulation of the linearized system): a low speed
value has been chosen to stabilise the system where it is more
challenging due to its faster dynamics. Then, classical loop-
shaping techniques were applied, designing an LTI controller
with phase margin ϕm ≈ 50◦ and a closed-loop bandwidth of
approximately 12 Hz. As previously discussed, in such for-
mulation, the gear-walk dynamics is considered in the landing
gear modelling and, thus, it is also taken into account during
controller tuning. The gear-walk dynamics introduces a reso-
nance in the frequency response at approximately 8 Hz, within
the typical anti-skid controller bandwidth and, thus, it could
negatively affect the closed-loop performance.
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Fig. 11. Closed-loop behaviour of the slip control system on dry road. Top
plot: time histories of aircraft and wheel speed; bottom plot: time histories of
the wheel slip.

To appreciate the effects of the gear-walk phenomenon, the
frequency responses associated with the transfer function from
braking torque to wheel slip Gλ (s) were computed for different
speed values. Specifically, Figure 10 shows the comparison of
the two frequency responses with and without the gear-walk
dynamics, considering different and constant values of aircraft
speed.

A typical closed-loop behaviour of the slip controller on dry
road is shown in Figure 11 proving that the wheel slip indeed
evolves toward the desired set-point value, λre f = 0.17 in the
case depicted in the figure.

The following section will relate the tire consumption with
the wheel slip set-point value, assuming that the latter will
be reached and maintained during the maneuver thanks to the
action of the slip controller.

Remark
In the ground-vehicles braking control literature, continuous
control algorithms which are based also on deceleration
measurements have been proposed, see, for example
the so-called Mixed Slip-Deceleration Control, [2], [18],
which mixes, in an LTI setting, wheel slip and linear
wheel deceleration to build a new control variable, or
the approach presented in [19]. For sure, continuous and
hybrid/switching braking controllers have different pros and
cons, as highlighted for example in [20], which considered
different control algorithms and analyzed their performance
using the stopping distance as main metric. In this work,
we selected the two aforementioned controllers taking one
from each of the two families, in the spirit of comparing a
control approach that is mainstream in anti-skid for aircraft
(the 5-phase one) to a slip-based one, currently not in use
in the field, to demonstrate that moving towards a slip-based
approach could open new possibilities in tire consumption
control. Once this novel approach is accepted, and we hope
this work will help to achieve this, then indeed many other
control approaches can be tested to see which handles the
trade-off optimally under different perspectives.

V. TIRE-WEAR ANALYSIS: SENSITIVITY TO ANTI-SKID
BRAKING

Based upon the modelling of the tire wear phenomenon
described in Section III, it is now possible to evaluate and
compare the tire mass-loss obtained with both the anti-skid
control logics described in Section IV. To concisely describe
the performance of the closed-loop system, the stopping dis-
tance ∆S is considered as a relevant and easily definable cost
function.

v, ω
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Pb

y

HYDRAULIC
ACTUATOR
MODEL

Iref

−
yref TIRE

WEAR
MODEL

∆m
Fx,

ANTI
SKID

Fig. 12. Tire Wear: schematic view of the sensitivity analysis to anti-skid
control with computation of the tire consumption in terms of mass-loss ∆m.

For this analysis, the scheme depicted in Figure 12 is
adopted, where the tire wear model has been obtained based
upon the results of Section III. The aircraft and actuator
dynamics are those described in Section II; a generic anti-
skid block is reported in order to be representative of both
control strategies analysed in Section IV.

To explore the trade-off between performance, expressed in
terms of stopping distance ∆S, and tire mass-loss ∆m, different
values of the wheel slip set-point have been considered for the
slip control algorithm. Specifically, braking maneuvers have
been carried out for values of λ re f ranging from 0.01 to 0.17:
the lowest to analyse the effect of almost no slip from the tire
wear point of view; the largest corresponding to the peak of
the friction curve implemented in the aircraft simulator, and
used to analyse the effect on tire wear of a control logic aiming
to exploit all the available tire-road grip.

The overall results are reported in Figure 13, where Figure
13a refers to the normalised mass loss ∆m of equation (10)
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while 13b refers to the mass loss ∆M of equation (11).
The horizontal axis represents the stopping distance ∆S. Note
that the difference in these two figures is only in a scale
factor given by the overall covered area during the braking
manoeuvre (l2∆S).

From these figures, three main results can be withdrawn:
first of all, the most severe tire wear has been obtained using
the 5phase-ABS. Second, a strong correlation between tire
wear and the reference value of the wheel slip λ re f is observed
using the pure slip controller. Consistently with the physical
interpretation of this phenomenon, the nearer the reference slip
value λ re f to the one corresponding to the peak of the friction
curve, the higher the tire wear level and the lower the stopping
distance. This trend is graphically indicated with arrows in the
direction of increasing λ re f .

Consider that such an effect cannot be obtained with the 5-
phase control system, as its paradigm is that of not specifying
a wheel slip set-point, but to automatically bring the wheel slip
of the closed-loop system to cycle around its optimal value,
i.e., that corresponding to the peak of the friction curve for
the current runaway condition.

Most interestingly, a strong and tangible difference be-
tween slip-based and acceleration-based control approaches
is revealed: looking at the results achieved with the 5-phase
algorithms, in fact, one may see that absolutely reasonable
and acceptable results are obtained as far as performance are
concerned, but little or no degrees of freedom are available to
act on tire consumption.

In fact, by tuning the controller parameters, small modifi-
cations of the resulting limit cycle may be obtained, but these
in turn reflect in only very small variations of the average
value of the wheel slip obtained in closed-loop, and thus minor
modifications of the final tire mass-loss. Note also that such

modifications can be carried out having in mind not to alter
the closed-loop stability and robustness against, for example,
the unknown road conditions.

Looking at the slip control approach, instead, it is apparent
that a great flexibility in accommodating constraints that can
optimally mix performance and tire consumption is indeed
available. To better quantify this observation, the content of
Figure 13b was normalised and shown in Figure 14 1. The
main advantage of a slip control is apparent: tire wear is re-
duced of almost 50% with respect to the classical deceleration-
based (5phase-ABS) without compromising the braking per-
formance in terms of stopping distance. Furthermore, thanks
to the significant slope of the Pareto curve, slightly reducing
λ re f would allow to achieve a further tire wear reduction with
an almost negligible increase in the stopping distance.

Overall, these results show that a very promising way to be
able of directly and knowingly influencing the tire consump-
tion in aircraft is to design the anti-skid control system solving
a slip regulation problem. Of course, this implies that a new
measurement must be made available to obtain an estimate
of the aircraft speed. If connecting the main flight controller
with the braking system to directly send to it the aircraft
speed measurement given by the main inertial measurement
unit (IMU) may pose excessive safety constraints, a landing-
gear-based solution can be devised placing a local IMU on the
rigid part of the landing gear to get information for estimating
the aircraft speed, thus avoiding critical coupling among the
different subsystems.

VI. TIRE WEAR CONTROL

We now focus on the direct control of the tire wear
during the braking maneuver. In particular, starting from the
relationship between the wheel slip reference λ re f and the
Pareto curve in the plane ∆S-∆m analysed in Section V, we
leverage this information to select the most suitable reference
value λ re f that ensures the desired consumption level.

AIRCRAFT
MODEL

Pb λHYDRAULIC
ACTUATOR
MODEL

Iref
−

λref
∆mref

ANTI-
SKID

TIRE
WEAR
MAP

Fig. 15. Schematic view of the tire-wear control approach.

To this end, assuming for example that no too stringent
constraints on the stopping distance ∆S are in play (which may
come, for example, in cases of particularly short runaways),
one could decide to reduce the tire consumption while main-
taining sufficient braking performance. The control scheme in
Figure 15 shows how to automatically define the reference
value λ re f which results from the selection of a desired tire
wear level expressed as a mass-loss ∆mre f .

For this purpose, using the Burckhardt friction curves of
Figure 3, the tire wear map of both dry and wet asphalt is
obtained (the dry asphalt curve is the same as in Figure 13b).

1The normalization values have been chosen among the slip control results:
the horizontal axis has been normalized with respect to the highest stopping
distance value (corresponding to λ re f = 0.01); the vertical axis has been
normalized to the highest tire wear value (λ re f = 0.17).
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Fig. 16. Mass loss as a function of the stopping distance for varying slip reference value λ re f and varying road condition (dry and wet).

Notice that the same trend of the dry asphalt Pareto curve is
maintained also in the wet asphalt road condition. Note also
that, once the desired mass loss is fixed, the corresponding
reference value λ re f is very similar between dry and wet
asphalt road condition as reported in Table I.

∆m [mg] λ
dry
re f λ wet

re f ∆λre f

500 0.03 0.04 -0.01
1000 0.06 0.06 0
1500 0.08 0.08 0
2000 0.1 0.1 0
2500 0.1 0.12 -0.01
3000 0.13 0.14 -0.01
3500 0.14 0.15 -0.01
4000 0.15 0.17 -0.02
4500 0.17 - -

TABLE I
SENSITIVITY ANALYSIS AT FIXED ∆M

In order to better visualize the effect of a µ-jump on the
performance of tire wear control, Figures 17 and 18 show the
consequence of such an event during the braking manoeuvre.
In particular, before the beginning of the braking manoeuvre,
∆Mre f = 3000mg is selected on dry asphalt and the anti-
skid corresponding reference value is selected as λ re f =0.127).
When the aircraft speed reaches 100km/h the µ-jump event
occurs and a different behaviour can be observed: Figure
17 shows the adaptation of the slip reference value to the
corresponding one for wet asphalt, i.e., λ re f =0.137, while 18
shows that the initial reference value is maintained after the
change of road condition. As already noted from the numerical
values, a very small difference of λ re f is observed between
dry and wet asphalt which means that even if the µ-jump
event is not detected, and thus the set-point is not adjusted, the
performance are quite similar and ensure a satisfying behavior,
both in terms of final mass-loss of the tire and of the braking
performance.

To quantify this result and verify its generality, Figure 19
reports the overall performance of the tire wear control scheme
shown in Figure 15 for different reference values ∆Mre f . In

Fig. 17. Tire Wear control with ∆Mre f = 3000mg with knowledge of the µ-
jump event Dry → Wet. From top to bottom: aircraft and wheel speed; wheel
slip; gear walk position; longitudinal force.

particular, the notation (k) indicates perfect knowledge of
the µ-jump event during the braking manoeuvre while (nk)
represents absence of knowledge of the the change of road
condition; the ideal case is represented by the bisector of the
first quadrant. As clear from this figure, a small tracking error
can be related to the absence of knowledge/detection of the
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Dry Wet Dry to Wet (k) Wet to Dry (k) Dry to Wet (nk) Wet to Dry (nk)

δe % 0 % 0 % 6.5 % 6.5 % 9 % 9 %
TABLE II

AVERAGE TRACKING ERROR IN TIRE-WEAR CONTROL WITH/WITHOUT KNOWLEDGE OF THE ROAD CONDITION.

Fig. 18. Tire Wear control with ∆Mre f = 3000mg without knowledge of the
µ-jump event Dry → Wet. From top to bottom: aircraft and wheel speed;
wheel slip; gear walk position; longitudinal force.

2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
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Mass loss  with respect to m
ref

 - tire wear control

dry
dry-->wet (k)
dry-->wet (nk)
wet-->dry (k)
wet-->dry (nk)
wet

Fig. 19. Tire Wear control performance.

µ-jump event.
In Table II, the percentage error

δe = 100×|∆mre f −∆m
∆mre f

| (18)

is reported. By inspecting it, one may see that a small advan-
tage (6.5% against 9%) can be obtained from exact knowledge
of the change in the road condition. However, even in the
ideal case of immediate detection of the µ-jump event it is
not possible to obtain a null tracking error due to the transient

time from the closed-loop equilibrium point associated to the
first road condition to that linked to the second one (see again
Figures 17 and 18).

Remark
It is worth noting that different road surfaces may somehow
vary the numerical figures that we have investigated for the
dry and wet road in this work. Anyway, we are confident that
the trade-off always arises, and that a good compromise can
be obtained on all types of roads. In this respect, consider
also that this work targets aeronautical runaways, which can
indeed have different grip levels, but in general share a rather
common granularity in the underlying road surface, while the
peculiarity of, for example, the cobblestone grip model with
respect to the other ones in the Automotive context (see Figure
(4)) lies in fact in the somehow disconnected road surface
induced by the pattern of cobblestone itself. Another remark is
that this optimization between tire usage and stopping distance
would, in a real implementation, always made de-selectable
by the pilot should any safety concern emerge, pushing back
the 100% attention of the controller to achieving a minimum
stopping distance, in order to cover the situations in which
the road model might be out of the considered bounds for any
possible reason.

VII. EXPERIMENTAL ANALYSIS

We now proceed to perform an experimental validation of
the tire wear modelling proposed in this work, together with
the impact that the choice and tuning of the braking controller
can have on this variable. To do this, we employ experimental
data measured on a flywheel-based test rig.

A. Description of the test rig

The experimental tests presented in this work were obtained
on the test rig shown in Figure 20. Specifically, the rig is
composed of: a flywheel, a landing gear, a moving sledge and
a loading device used to simulate the vertical load acting on
the tire.

To perform the tests, the flywheel is accelerated up to the
desired initial speed for the landing manoeuvre; the landing
gear is detached from the flywheel in this preliminary part.
Afterward, the landing gear’s sledge is moved forward to the
flywheel to put the wheel in contact with the flywheel and
to simulate the touch-down phase that takes place before the
landing manoeuvre. After a first speed transient necessary to
stabilize the wheel speed in proximity of the flywheel speed,
the braking manoeuvre is started by applying the desired
braking pressure profile. The loading device allows to simulate
the load variation due to the presence of the lift force at
different aircraft speed and the consequent compression of the
tire radius.
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Fig. 20. Experimental set-up overview: [top] schematics of the landing-gear
test rig; [bottom left] wheel encoder; [bottom right] brake pad and disk.

Hydraulic
Actuator

v, ω
PbIref LANDING-

GEAR
TEST RIG

Fx, Fz

Fig. 21. Test rig: schematic overview of the experimental set-up.

The wheel and flywheel speed 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 are measured by load cells. For
the actuation of the braking pressure, an hydraulic actuator
is used: a reference input current signal is imposed to obtain
the desired braking pressure. For a clearer overview of the
experimental set-up, in Figure 21 the test rig and the main
signals are represented as a block diagram.

Based on the data measured on this rig, a tuning of
the model parameters has been performed, along the lines
described in [10]. After that tuning, the two controllers were
tested and anti-skid braking maneuvers were carried out, thus
enabling the analysis of the tire wear phenomenon in an
experimental setting that is object of the next section.

B. Tire wear experimental evaluation

Based on the modelling of the tire wear phenomenon de-
scribed in Section III, and using the experimental data obtained
from the test rig, it is now possible to evaluate the variation
of the tire mass loss due to the different behaviour of the two
anti-skid controllers described in Section IV: 5phase-ABS and
slip control. In particular, from the output of the closed-loop
system, the mass loss ∆m was computed and expressed both as
a function of the braking distance and of the tire-wear power
computed from measured data.

To do this, the stopping distance was computed as

∆S =
∫ tEnd

tStart

vground dt, (19)

where tStart , tEnd are the first and last time instant of the
considered braking maneuver, respectively, and vground is given
by the flywheel speed measurement.

The results of this analysis are reported in Figure 22, which
shows for each of the performed tests, the normalised mass
loss as a function of the stopping distance (left) and of the
normalised tire wear power (right), shown also in Figure 4b.
Focusing on the tire wear performance, Figure 22 confirms
that – as expected from the theoretical analysis – moving from
5phase-ABS to slip control, only small variations in the stop-
ping distance are observed. Namely, either an improvement of
6% or a nearly an equal value (−1%) is observed, according to
the employed reference slip value. It is thus possible to confirm
that almost the same braking performance can be achieved by
the two proposed anti-skid approaches. However, taking also
into account the effect of the anti-skid on the tire wear, the
experimental results of the slip control algorithm confirm that
a significant reduction in the mass loss of −47% and −26%,
respectively, can be achieved by varying the chosen set-point
value. It is also worth appreciating the consistency of the slip-
based control results obtained in the simulation environment
reported Figure 14 and the experimental analysis shown in
Figure 13. In both cases, the higher the reference wheel-slip
value, the greater the mass loss due to tire wear, and the lower
the stopping distance up to the point in which the Pareto curve
becomes almost vertical, i.e., approximately in correspondence
of the stopping distance achieved by the 5phase-ABS.
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Fig. 22. Experimental validation of the tire-wear analysis: tire mass loss as
a function of the braking distance (left), and tire mass loss as a function of
the tire-wear power (right).

Overall, this comparison proves that a re-design of anti-
skid controllers for aircraft would be both cost-effective and
environmentally friendly in terms of tire savings is possible
and rather seamless to obtain by moving to slip-control
schemes. Maintenance would be less frequent due to a lower
tire deterioration exposure, and storage could be optimized due
to a more deterministic and thus predictable behaviour of mass
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loss. Furthermore, slip-based approaches allow one to define
the slip reference value arbitrarily, so that a lower exploitation
of the available grip could be possible, i.e., imposing a
reference slip value that, with only a small increase in the
stopping distance, would achieve a larger reduction of the
tire wear. Moreover, the tuning of the presented slip-based
controllers is much easier than that of rule-based algorithms
such as the 5-phase one: this could bring further cost reduction
minimizing time spent for anti-skid tuning before release.

VIII. CONCLUDING REMARKS

This paper studied tire consumption in aircraft braking, pre-
senting a model that allows computing the mass-loss experi-
enced by a tire during anti-skid braking maneuvers. Moreover,
the dynamic interplay between closed-loop braking control
and tire consumption was evaluated, revealing an interested
opportunity to strongly reduce tire consumption at the price
of a small, and a priori predictable, increase in the braking
distance, using an anti-skid control approach designed as a slip
regulation problem. Based on this rationale, a tire-consumption
regulation loop was designed, showing that a combined man-
agement of tire-wear levels and braking performance can be
obtained rather straightforwardly. An experimental validation
of the approach was also offered, confirming the proposed
analysis and control approach.

APPENDIX

In this appendix, the linearized model of the landing gear
dynamics given in (6) is presented, based on which the transfer
functions from braking torque to wheel slip and wheel decel-
eration are computed. The state and input vectors are defined
as follows x =

[
ω va θ̇ θ

]T ; u =
[
Tb
]

; y =
[
ω
]
.

where: ω is the wheel speed, va is the longitudinal aircraft
speed, θ̇ ,θ are the gear-walk angular speed and position, Tb
is the braking torque.

The linearized matrices have the form

A =




a11 a12 a13 0
a21 a22 a23 a24
a31 a32 a33 a34
0 0 1 0




B =
[
−1/Jw 0 0 0

]T

C =
[
1 0 0 0

]T

where:
a11 = F̄zµ1µ1ω r/Jw;
a12 = F̄zµ1µ1vr/Jw;
a13 = F̄zµ1µ1θ̇

r/Jw;
a21 = c1F̄zµ1µ1ω ;
a22 = c1F̄zµ1µ1v +2α v̄ad1;
a23 = c1F̄zµ1µ1θ̇

+ c2;
a24 = c3;
a31 = c4F̄zµ1µ1θ̇

;
a32 = c4F̄zµ1µ1v +2α v̄ad2;
a33 = c4F̄zµ1µ1θ̇

+ c5;
a34 = c6;

denc = mtotJθ̈
− J2

θ
;

c1 = [LgwJθ − J
θ̈
]/denc;

c2 = [−cθ Jθ ]/denc;
c3 = [−kθ Jθ ]/denc;
c4 = [Lgwmtot − Jθ ]/denc;
c5 = [cθ mtot ]/denc;
c6 = [kθ mtot ]/denc;
µ1 = ∂ µ/∂λ |

λ̄
;

µ1v = ∂λ/∂va|ω̄,v̄a,
¯̇
θ

;
µ1ω = ∂λ/∂ω|v̄a,

¯̇
θ

;
µ1θ̇

= ∂λ/∂ θ̇ |
ω̄,v̄a,

¯̇
θ

;
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