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Abstract

In this paper, a robust braking controller is proposed for motorcycles. Its aim is to control both longitudinal

slips of the vehicle to optimal ones using a sliding mode controller. The robustness of this controller is proved with

respect to change of road adherence, load transfer, tires characteristics and lateral movements. The optimal target

slip is computed thanks to an algorithm inspired from the Maximum Power PointTracking (MPPT) methods. The

objective of this algorithm is to seek the appropriate longitudinal braking forces and to avoid rear wheel’s loss of

contact. Simulations on a multibody simulator are given to enhance the performances of the controller in different

scenarios.

Index Terms

Motorcycles, longitudinal slip controller , sliding mode controller , MPPT

I. I NTRODUCTION

Riders of motorcycles are considered among the most vulnerable drivers. In France, riders of powered two-

wheeled vehicles are present in only1.9% of the road traffic but at the same time, they are involved in24% of

fatal accidents. In this context, it is essential to developappropriate safety systems for motorcycles. This includes

preventive safety systems such as airbags, active safety systems like braking and traction control assist [1] and

observers for motorcycle’s dynamics [2]. The hard braking is an important issue and is often blamed as a source

of accidents for motorcycles. The problem of braking is evenmore dangerous when road adherence becomes

insufficient.

For wheel slip control, several commercial devices alreadyexist such as anti-lock braking systems (ABS) for

standard cars [3]. Wheel slip control have been developed thanks to technological advancement in hydraulic braking

actuators which allow a continuous modulation of the braking torque. In this context, many approaches have been

proposed to control wheel slip: a sliding mode controller in[4], a fuzzy controller in [5] and LQR scheduling

gain controllers in [6], [7]. However, all these works do nottake into account uncertainties in the tire-road friction

forces, variations in road adherence and/or lateral dynamics.

To overcome to this problem, robust controllers seem to be good solutions. In [8], a nonlinear output controller

is proposed but its main drawback is the generation of a limitcycle for some set-points longitudinal slips. In [9], a
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nonlinear cascaded feedback and feedforward algorithm is presented. However, the vehicle was considered braking

on a straight line and the vertical forces are considered constant. In [10], authors use a second order sliding mode

controller for the traction control for motorcycles. However, they do not study the robustness to lateral solicitations

and the controller’s gains depend on several unknown bounded functions which depend on the engine torque.

Moreover, in the above papers, the optimal target slip is considered known and constant which is not really true

because it varies with respect to pneumatic parameters and road characteristics. This remains an open problem, but

few papers have presented some ideas [11]. This problem is even more difficult in the case of motorcycle where

load transfer and risk of tire’s loss of contact should be considered more seriously. In [12], a solution was presented

to prevent tire’s loss of contact. An algorithm was used to switch between a slip controller and a load controller.

However, the optimal slip for the controller was consideredconstant and known. Another solution was proposed

in [13] to take into account lateral dynamics but with the assumption of knowledge of current road condition, and

the optimization is done off-line.

The contributions of this paper are:

• The control of front and rear longitudinal slips using sliding mode techniques. The proposed controller is

robust to load transfer, tire characteristics and lateral dynamics. Moreover, the tire force model is no more

needed. The controller can be applied for the control of front or rear wheels separately and can also be applied

for the control of both wheels.

• An on-line algorithm is given to find the best longitudinal slip that maximizes the longitudinal braking forces

and avoid rear wheel’s loss of contact. In this work, longitudinal acceleration is used by the algorithm and

front and rear slips are controlled to the same target slip. However, if longitudinal forces are measured or

estimated [14], the algorithm may be modified in order to control each slip to its optimal value. For brevity,

only the first case is considered in this paper.

II. PROBLEM FORMULATION

throughout the paper, The important variables to be used aredefined in the Table I. For brevity, the indexi for a

variablezi refers to both front (i = f ) and rear (i = r) wheels’ variables. For example:zi = h(xi, yi) means that

:







zf = h(xf , yf )

zr = h(xr, yr)
The main contribution of this work is the algorithm to find thelongitudinal slip guaranteeing maximum desired

deceleration. First the influence of longitudinal slip on the longitudinal forces is examined on figure 1.

This figure is obtained for a straight-line braking scenarioand for a suitable road adherence. The longitudinal

forces and the wheel slip are negatives. Note that there exists a longitudinal slip ofλ ≈ −0.12 which gives the

maximum longitudinal force. So, to obtain the maximum deceleration, the longitudinal slip must be controlled to

this peakλ∗. However, this optimal target slip varies with respect to the vertical forces, the road adherence, the

tire characteristics and the lateral dynamics. Using the tire and the vehicle characteristics to find analytically this

optimal longitudinal slip seems to be impossible. This is why an innovative method is proposed in this paper to

find empirically this optimal slip.
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TABLE I

PARAMETERS’ DEFINITION

Parameters Definition

Bf , Br braking torques applied to the front and the rear wheel

vx , ax longitudinal velocity and acceleration

Fxf , Fxr front and rear longitudinal forces

Fzf , Fzr front and rear vertical forces

ωf , ωr front and rear wheel angular speeds

Rf , Rr front and rear tire radii

ify , iry front and rear rotational inertia of wheels

M = Mm +Mr sum of the motorcycle and rider masses

λf , λr front and rear longitudinal slips

β road adherence

αf , αr front and rear lateral slip angles
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Fig. 1. Plot of the longitudinal friction coefficient as function of the longitudinal wheel slip

Another critical phenomena can be observed for motorcycles, which makes the optimal braking more difficult

than four-wheeled vehicles. For example, for a given motorcycle on a dry asphalt, an adequate braking control law

is used to control the front longitudinal slip toλ∗ = −0.09. The results of simulation on theBikeSim simulator are

given in figure 2. Att = 3.5 s, it can be seen that because of the load transfer, the rear vertical force vanishes.

This will cause loss of rear tire’s contact to the ground and the forward flip over of the motorcycle, calledstoppie.

This phenomenon is even more important when the road adherence is suitable (dry surfaces) because it is easier to

reach large decelerations.

According to [15], the critical deceleration that must not be exceeded depends on the position of the center of

gravity of the motorcycle, its longitudinal velocity and its aerodynamics characteristics. It is given by the equation:

−ax
g

≤ lf
h

+
Cdv

2
x

Mg
(1)

whereCd is the drag aerodynamic coefficient and the others parameters are defined above.

Finally, it is concluded that longitudinal forces have a peak value with respect to the longitudinal slip which

guarantees the maximal deceleration. If the road adherenceis precarious, there is no risk to reach the critical flip
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Fig. 2. Braking maneuver at constant target slipλ∗

f
= −0.09. Top left: front slip. Top right: rear vertical force. Bottom left: pitch angle.

Bottom right: longitudinal velocity.

over deceleration limit and the optimal braking involves the control of the longitudinal slip to the optimal one. If

the road adherence is suitable (dry surfaces), the criticaldeceleration may easily be reached and it is useless and

even dangerous to try attempting the optimal longitudinal slip.

In this paper, the problem of optimal braking is discussed asfollows. In section III, a model for the motorcycle’s

tires and braking system is described. Section IV is devotedto the design of the controller and section V to the

algorithm used in the search of the optimal longitudinal slip. Section VI assesses the effectiveness of the proposed

controller and algorithm with different simulation scenarios on a multibody simulator (BikeSim).

III. M OTORCYCLE TIRES AND BRAKING SYSTEM MODELLING

In this section, the equations describing the tires and braking systems are given. Even simple, the proposed model

will take into account all the important aspects of the vehicle with respect to the longitudinal dynamics.

A. Wheels dynamics

For the wheels’ dynamics, the following assumptions are considered:

Assumption 1:

• a hydraulic braking actuator is considered, but the fluid dynamics are neglected. So, the relation between the

braking torque and the braking fluid pressure is linear. However, the braking actuator dynamics will be taken

into account in the validation phase ;

• the suspension dynamics are neglected.

One of the objectives of this work is to control front and rearlongitudinal slips of a motorcycle to a reference

one under braking. So, only the braking torques are considered as external moments for wheels’ dynamics. Thus,
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the wheels’ rotational model is given by the set of equations(2).


















Iyi
dωi

dt
= −RiFxi +Bi

Max = Fxf + Fxr − Cdv
2
x

λi = Riωi−vx

max{vx,Riωi}

(2)

Bi is the braking torque and is always negative. When braking,vx > Riωi and the longitudinal slip is governed

by: λi =
Riωi−vx

vx
.

Let us consider the following state vector:




x1i

x2i



 =





λ

Ri
dωi

dt
− ax



 (3)

with ax = dvx

dt
. The following state space representation is obtained:







dx1i

dt
= x2i−x1iax

vx

dx2i

dt
= −R2

i

Iyi

dFxi

dt
+ Ri

Iyi

dBi

dt
− dax

dt

(4)

From the above model, longitudinal velocity, longitudinalacceleration and its derivative may be seen as external

varying parameters. In this model, the equation relating tothe coupling between the acceleration and the tyre force

is not visible, but this choice of model does not imply that the coupling between acceleration and forces is neglected.

Remark 1: The paper focuses on the control of longitudinal front and rear slips under the assumption that the

longitudinal velocity is available (measured or estimated). If only one wheel is used for braking, the vehicle speed

may be estimated from the other wheel as it is done for traction [16]. However, if braking is done on the two

wheels, speed estimation for motorcycles remains an open problem. Some recent works focus on the estimation of

vehicles’ speed like [17]. Throughout the paper, longitudinal velocity is assumed available.

B. Tire dynamics

Before detailing the tires’ dynamics, let us make some assumptions:

Assumption 2:

• The road adherence is considered piecewise constant.

• The drag, lift and pitch aerodynamic forces are neglected.

• The time-derivative of the longitudinal acceleration is supposed known. Note that if the longitudinal acceleration

is measured, it is easy to estimate its derivative even if thelongitudinal acceleration is noised thanks to new

differentiation methods such as the super-twisting algorithm [18].

• The motorcycle can be subject to a lateral motion but the velocity of the lateral slip angle must be bounded

(i.e. the lateral slip angle must be of classC1).

The longitudinal tire forces are often considered proportional to the vertical forces [19]. Then, the longitudinal

forces are modeled as follow:

Fxi = Fziµi(λi, αi, β) (5)
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whereβ is the adherence of the road. The functionµi(λi, αi, β) is called longitudinal friction coefficient. It depends

on longitudinal slipλi, lateral slipαi and road adherenceβ. Several mathematical formulas exist describing the

longitudinal friction coefficient [19].

Form the assumption 2, the time derivative of the longitudinal forces is given by the following:






dFxi

dt
= ∂Fxi

∂λi

dλi

dt
+ ∂Fxi

∂αi

dαi

dt
+ ∂Fxi

∂Fzi

dFzi

dt

= Fziµ
′
i(λi, αi, β) + µi(λi, αi, β)

dFzi

dt

(6)

where:

µ′
i(λi, αi, β) =

∂µi(λi, αi, β)

∂λi

(

x2i − x1iax
vx

)

+
∂µi(λi, αi, β)

∂αi

dαi

dt

Thanks to the assumption 2, the vertical forces are expressed by the following expressions [19]:







Fzf = M(lrg−hax)
lf+lr

Fzr =
M(lfg+hax)

lf+lr

(7)

wherelf and lr are the distances between the motorcycle’s center of mass and front and rear wheels respectively

andh is the height of the center of mass relative to the ground. Then:

dFzi

dt
= (−1)j

Mh

lf + lr

dax
dt

(8)

wherej = 1 if i = f and j = 2 if i = r.

C. New time-scale model

From equations (6) and (8), the second equation of the state space representation (4) is rewritten as:

dx2i

dt
= −ci(Fzi)µ

′
i(λi, αi, β) +

Ri

Iyi

dBi

dt
− dax

dt

(

(−1)j
R2

i

Iyi
µi(λi, αi, β)

Mh

lf + lr
+ 1

)

(9)

with: ci(Fzi) =
R2

i

Iyi
Fzi. By consideringUi =

Rivx

Iyi

dBi
dt

, it follows:

dx2i

dt
= −ci(Fzi)µ

′
i(λi, αi, β) +

Ui

vx
− ∆i

vx
(10)

where:∆i = vx
dax

dt

(

(−1)j
R2

i

Iyi
µi(λi, αi, β)

Mh
lf+lr

+ 1
)

.

The system (4) will be rewriten in a time scale as follows:s(t) =
∫ t

0
dτ

vx(τ)
which implies that:dt = vxds. If

one considers:̇χ = dχ
ds

, then: χ̇ = dχ
dt

dt
ds

= dχ
dt
vx. The system (4) combined to the equation (10) gives:







ẋ1i = x2i − x1iax

ẋ2i = −ci(Fzi)µ
′
i(λi, αi, β) + Ui −∆i

(11)

This model takes into account the most important features ofthe longitudinal tires’ dynamics: nonlinear longitu-

dinal forces, load transfer, lateral slip angle and variation of the road adherence. The following section is devoted

to the control of this system. In what follows,dχ
dt

will refer to the time-derivative ofχ andχ̇ = dχ
ds

to the derivative

in the new time-scale.
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IV. CONTROLLER DESIGN

The present work aims to control motorcycle’s longitudinalslip to a target one. This objective will be reached

using a sliding mode controller. The synthesis methodologyis almost the same if front or rear wheel braking is

considered. In what follows, the braking is considered doneon both wheels Firstly, a discussion about the choice

of the sliding surface is given. Once done, a control law is proposed to control the state vector towards this sliding

surface.

A. Sliding surface

Let us assume that the reference front and rear longitudinalslips are:x∗
1f and x∗

1r. These reference slips are

considered at least piece-wise constant. The following sliding surface is chosen:

Si = ki(x1i − x∗
1i) + (x2i − x∗

2i) (12)

On the sliding surface, the system will be reduced to:

x2i = x∗
2i − ki(x1i − x∗

1i) (13)

and:

ẋ1i = x∗
2i − x1iax − ki(x1i − x∗

1i) (14)

If x∗
2i = axx

∗
1i, the sliding surface becomes:

Si = ki(x1i − x∗
1i) + (x2i − axx

∗
1i) (15)

and the reduced system becomes:

ẋ1i = −(ki + ax)(x1i − x∗
1i) (16)

On the sliding surface with the reduced system, the longitudinal slip x1i converges to the reference onex∗
1i. The

speed convergence ofx1i to x∗
1i depends on the constant gainki, the accelerationax and the longitudinal velocity

vx (because the system is expressed in a new time-scale). Indeed, to ensure a fast convergence ofx1i to x∗
1i on the

sliding surface regardless of the longitudinal velocity and acceleration, the gainki must be sufficiently large.

B. Attractiveness of the sliding surface and control law

Now, the objective is to control the sliding surfaceSi to zero in a finite time by means of the controlUi. From

equations (11), (12) and (15),ẋ1i can be rewritten as follows:

ẋ1i = −(ki + ax)(x1i − x∗
1i) + Si (17)

Under the assumption that the longitudinal target slip is piece-wise constant, the dynamic of the sliding surface is

given according the equations (11) and (17) by:

Ṡi = ki [−(ki + ax)(x1i − x∗
1i) + Si] + Ui − ȧxx

∗
1i +∆′

i (18)
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where:∆′
i = −∆i − ci(Fzi)µ

′
i(λi). Let us consider the following Lyapunov function:

Vi =
1

2
S2
i (19)

In order to achieve finite-time convergence of the system (18), the following condition should be satisfied:

dVi

dt
≤ −ηV

1
2 , η > 0 (20)

which is equivalent to:

V̇i ≤ −η′V
1
2 , η′ = ηvx (21)

The time-derivative ofVi in the new time-scale is computed as follows:

V̇i = Si (ki [−(ki + ax)(x1i − x∗
1i) + Si] + Ui − ȧxx

∗
1i +∆′

i) (22)

If the following control law is considered:

Ui = −ki [−(ki + ax)(x1i − x∗
1i) + Si] + ȧxx

∗
1i + vi (23)

wherevi is the forcing term and the other elements are the equivalentcontrol law. The forcing termvi will be

designed in order to counter the uncertain term∆′
i.

From the equality (22) and the above control law, one obtains:

V̇i = Si (∆
′
i + vi) (24)

Now, let us try to find an upper bound to|∆′
i|.

• First of all, sincevx is always positive and|µi| is always bounded byµi,max, one obtains:

|∆i| = vx

(

R2
i

iyi

Mh

lf + lr
µi,max + 1

) ∣

∣

∣

∣

dax
dt

∣

∣

∣

∣

(25)

• Fzi is always bounded and one obtains:|ci(Fzi)| ≤ R2
i

iyi
Mg.

• Sinceµi(λi, αi, β) is Lipschitz with respect toλi andαi (see [19], [15]),
∣

∣

∣

∂µi(λi,αi,β)
∂λi

∣

∣

∣ can be bounded by

µ′
1i,max and

∣

∣

∣

∂µi(λi,αi,β)
∂αi

∣

∣

∣ by µ′
2i,max.

• Moreover, from the assumption 2,
∣

∣

dαi

dt

∣

∣ can be bounded byα′
i,max which leads to:

|ci(Fzi)µ
′
i(λi, αi, β)| ≤

R2
i

iyi
Mg

(

µ′
1i,max |x2i − x1iax|+ µ′

1i,maxα
′
i,max

)

(26)

Consequently:

|∆′
i| ≤ vx

(

R2
i

iyi

Mh

lf + lr
µi,max + 1

) ∣

∣

∣

∣

dax
dt

∣

∣

∣

∣

+
R2

i

iyi
Mg

(

µ′
1i,max |x2i − x1iax|+ µ′

1i,maxα
′
i,max

)

= ‖∆′
i‖∞ (27)

Thus, if vi is given by:

vi = −(‖∆′
i‖∞ + σi)sign(Si) (28)
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with σi > 0 andsign(Si) =







1 if Si ≥ 0

−1 if Si < 0
, it follows:

V̇i ≤ −σi |Si|

≤ −
√
2σiV

1
2
i (29)

then, the control lawUi that bringsSi to zero in finite time is:

Ui = −ki [−(ki + ax)(x1i − x∗
1i) + Si] + ȧxx

∗
1i − (‖∆′

i‖∞ + σi)sign(Si) (30)

The constant gainsσi are set to adjust the finite time convergence of the sliding surfacesSi to zero. This gain

must be carefully chosen. If it is chosen high enough, the controller will be robust to uncertainties∆′
i ; however,

it can be conservative and induce a large control authority.So, a trade-off can be observed in the choice of the

controller’s gain in order to be robust and to avoid large control authority.

The finite time convergencetr of the sliding surface is obtained as follows: suppose that braking starts att = t0

and betweent0 andt1 > t0, x∗
1i is constant, the longitudinal velocity fort ∈ [t0, t1] should be less thanvx0 = vx(t0)

(because the vehicle is in a braking). Then, from the inequality (29), one obtains:

dVi(t)

dt
≤ −

√
2σi

vx(t)
V

1
2
i (t)

≤ −
√
2σi

vx0
V

1
2
i (t) (31)

By integrating (31) over the time intervalt0 ≤ τ ≤ t with (t ≤ t1):

V
1
2
i (t) ≤ −

√
2σi

2vx0
t+ V

1
2
i (t0) (32)

Consequently,Vi(t) reaches zero in finite-time that is bounded by [20]:

tr ≤
√
2vx0
σi

V
1
2
i (t0)

=
vx0 |Si(t0)|

σi

(33)

Becausex∗
1i is piece-wise constant (and not always constant), after each change ofx∗

1i at instanttch, the sliding

surface moves away zero and the new finite-time for the sliding surface to reach once again zero is:

tr − tch ≤ vx(tch) |Si(tch)|
σi

(34)

From the last equation, it can be seen that the finite-time forthe sliding surface to converge to zero depends

on the velocity of the vehicle. This should be taken into account to better choose the gainσi. Finally, the braking

torque to apply, in standard time scaling, in order to control the longitudinal slip is given by:

Bi =

∫ t

0

Iyi
Rivx(τ)

Ui(τ)dτ (35)

The proposed braking controller has been proved to be robustto longitudinal and vertical forces, road adherence

and lateral slip angle.
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V. SEEKING OF THE OPTIMAL LONGITUDINAL SLIP

It has been said before that the longitudinal slip giving themaximal longitudinal force is very hard to find

analytically. However, one can see that there exists a unique optimal longitudinal slip. So, a new method is proposed

here to find this optimal slip empirically.

A. Algorithm Perturb & Observe (MPPT)

The proposed algorithm is inspired from the Maximum Power Point Tracking (MPPT) methods used in the

photovoltaic panels [21]. Among MPPT algorithms, the Perturb and Observe (P&O) method is the most common

for simplicity, ease of implementation, and good performance [21]. The principle of the Perturb & Observe algorithm

is the following.If the operating longitudinal slip is perturbed in a given direction and the longitudinal force for the

corresponding wheel increases (dFxi

dλi
> 0), this means that the operating slip has moved towards the optimal one

(see figure 1) and, therefore, the longitudinal slip must be further perturbed in the same direction. Otherwise, if the

longitudinal force decreases (dFxi

dλi
< 0), the operating slip has moved away from the optimal one and,therefore,

the direction of the slip perturbation must be reversed.

The Perturb & Observe algorithm allows to find the longitudinal slip corresponding to the peak of the friction

curve. However, if the road adherence is favorable, before the optimal longitudinal slip is reached, one can attempt

the critical deceleration that causes the forward flip over of the motorcycle (figure 2). In this case, the previous

algorithm must be turned off before reaching this critical deceleration.

Remark 2: Note that this algorithm requires knowledge of the longitudinal forces which is not obvious (see [14]).

To overcome to this problem, two options are proposed:

• Consider only the front braking (which is sufficient in favorable road adherence). In this case and if the

drag aerodynamic forces are neglected, the front longitudinal force can be approximated from the longitudinal

acceleration by :Max = Fxf .

• If one wants to use both front and rear braking, the tires are considered having approximately the same optimal

target slip. Both front and rear slips will be controlled to the same target slip. Moreover, the longitudinal

acceleration is also used to approximate the sum of the longitudinal forces as follows:Max = Fxf + Fxr.

In this work, both front and rear braking are used. So, the second option is considered. The algorithm is resumed

in the next section.

B. Advanced algorithm for optimal longitudinal slip seeking

The proposed algorithm is based on the following principles:

• The algorithm is triggered only when the rider requests a significant braking torque estimated as a hard braking.

This can be detected by comparing the braking fluid pressure (Pbf andPbr) to a maximal imposed one (P ∗).

Moreover, to avoid chattering phenomenon when comparing the braking fluid pressures to the maximal one,

a hysteresis functionf1(Pbi) is used (see the following figure and the flowchart in figure 3).
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• If the algorithm is triggered and if the longitudinal deceleration of the motorcycle is less than the critical

deceleration (−ax < −a∗x), the P&O algorithm is started to find the optimal longitudinal slip corresponding

to the peak of the friction curve.

• If the longitudinal deceleration is greater than or equal tothe critical one, the P&O algorithm must be disabled

and another algorithm is started in order to move away from the peak of the friction curve. In this case, the

algorithm will perform the inverse task of the previous P&O algorithm.

• Ideally, this switching occurs when the longitudinal deceleration is equal to the critical one; in practice, the

critical deceleration−a∗x is replaced with−a∗x−δax
. This is important to guarantee a minimum amount of the

vertical force on the rear wheel. Moreover, a hysteresis function f2(ax) is also used here for the comparison

(δ1 = 1m/s2 and δ2 = 2m/s2) to avoid multiple switching between the two subprograms cited above (see

the following figure and the flowchart in figure 3).

• The algorithm must be executed at a frequency relatively lower than the frequency of the controller, in order

to satisfy the condition ofλ∗ piece-wise constant, and also to allow the convergence of the longitudinal slip

to the reference one before the next call of the optimizer algorithm.

Start

Readax(k) , Pbi(k)

Computef1(Pbf (k)), f1(Pbr(k))

f1(Pbf (k)) = 1

or

f1(Pbr(k)) = 1

Computef2(ax(k))

f2(ax(k)) = 1

call subprogram 1 call subprogram 2

yes

no

no yes

λ∗

Pbi(N/mm2)

f1(Pbi)

P∗

1

−ax(m/s2)

f2(ax)

|
−a∗

x

1

Fig. 3. Architecture of the whole program for the optimal braking

The architecture of the proposed algorithm is given in the figure 3. Because the longitudinal acceleration is used

in this algorithm instead of the longitudinal forces, it is obvious that with the proposed algorithm, it is not possible

to find the optimal front and rear longitudinal slips separately. So, only the longitudinal front slip will be used in

the computation of the optimal slip. The choice of the front longitudinal slip is due to the fact that the front slip

is more important in the braking phase (because of the load transfer).

The subprogram 1 is excuted in the case when the longitudinaldeceleration is less than the critical one. In this

case, the objective is to find the longitudinal slip which gives the maximum longitudinal force. Thus, the P&O
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algorithm is called (figure 4 with the above red dashed rectangle). The subprogram 2 is called when there is a risk

to reach the critical deceleration. In this case, the calledsubprogram will have the task to move the longitudinal

slip away the maximum longitudinal force point and will perform the inverse task of the subprogram 1. This is

explained in the figure 4 with the bottom red dashed rectangle.

Start

Readax(k) , λf (k)

∆ax = ax(k) − ax(k − 1)

∆λf = λf (k) − λf (k − 1)

∆ax = 0

∆ax > 0

∆λf > 0∆λf > 0

λref = λref − ∆λλref = λref + ∆λλref = λref − ∆λ

ax(k − 1) = ax(k)
λi(k − 1) = λi(k)

Subprogramm 1

no

yes

yesno

yesnoyesno

λref = λref + ∆λλref = λref − ∆λλref = λref + ∆λSubprogramm 2

Fig. 4. Flowchart of the subprograms 1 and 2

Remark 3: The algorithm is not designed for the case when no wheel slip peak is present in the friction curve.

In this case, the algorithm is supposed to converge towards the maximum target slip near -1, which corresponds to

wheel lock. In this case, the algorithm may be saturated in order to avoid wheel lock.

VI. RESULTS OF SIMULATION

To test the performances of the proposed controller, simulations are carried out on a motorcycle simulator

(Mechanical Simulation CorpBikeSim) based on the AutoSim symbolic multi-body software [22], which takes into

account all the motorcycle dynamics and the road-tires interaction forces [19]. Several scenarios are simulated to

check the performances of the proposed controller. All the simulations are carried out with a sampling frequency

of 2 kHz, which is available on motorcycle ECUs, except the optimizer algorithm which is executed at a lower

frequency 5 Hz. Moreover, in order to test the controller in the presence of measurement noise,ax and ωi are

assumed to be affected by a centered and random noise with magnitude 8% of the maximal values of the measured

variables. For the longitudinal velocity, a more importanterror signal is considered to take into account noises and

estimation uncertainties. It is assumed to be affected by a centered and random noise with magnitude6m.s−1.

In addition, braking fluid dynamics and actuator dynamics are taken into account in the simulations. Whole

braking actuator is considered as a first order system with a time constanttc = 0.061s. The following parameters

are considered for the controller:αf = αr = 103, σf = 2.103 et σr = 103. For the algorithm, the following
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parameters are considered:P ∗ = 4 MPa and∆λ = 0.004. For the time derivative ofax, the super twisting

algorithm is used [18].

A. Dry asphalt and straight line

First of all, a straight line and constant adherences aboutβ = 0.85 is considered. In this case, the road adherence

is suitable and the load transfer may be important. Results of simulation of this scenario are depicted on figure 5.

In this scenario, the road adherence is favorable and it is easy to attempt the critical deceleration. This is why the

subprogram 2 is often sought. From figure 5, the rear verticalforce is positive when braking and a safety margin

is always ensured to guarantee a minimum amount of the vertical force on the rear wheel. From simulation results,

the braking torque to apply is reasonable and the chatteringis not present thanks to the integral action in (35) and

also to the fluid dynamics.
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Fig. 5. β = 0.85. (Top left) longitudinal front and rear slips and referenceslip. (Top right) Mode of control: subprogram 1 or 2. (Bottomleft)

Vertical rear force. (Bottom right) Braking torques.

B. Wet asphalt and straight line

Now, a wet asphalt and a road adherence ofβ = 0.5 are considered in a straight line. The associated results with

the proposed controller are given in figure 6. Since the road adherence is low, it is difficult to attempt the critical

deceleration. In this case, only the first subprogram will besought. This can be seen from figure 6. The proposed

algorithm converge to a reference longitudinal slip of about −0.06 corresponding to the maximum longitudinal force

slip point. Is this longitudinal slip the optimal one? Usingthe braking control law (35) and considering the target

longitudinal slip constant, the fastest braking is obtained for λ∗ = −0.064 with a braking distance of172.40m. The
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braking distance when the optimizer algorithm is operatingis 172.49m. This confirms that the proposed algorithm

has find approximately the optimal target slip.
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Fig. 6. β = 0.5. (Top left) longitudinal front and rear slips and referenceslip. (Top right) Mode of control: subprogram 1 or 2. (Bottomleft)

Vertical rear force. (Bottom right) Braking torques.

C. Change of road adherence and straight line

In the following scenario, a change of road adherence occurswhen braking att = 5.4s. Before this time, the

road adherence was favorable (β = 1) and there was a risk of loss of contact of the rear wheel. Thisis why the

subprogram 2 is sought and longitudinal slips converge to around λ∗ = −0.04. From figure 7, the rear vertical

force is always greater than zero to avoid rear wheel’s loss of contact. Aftert = 5.4s, the road adherence changes

to β = 0.5. Because of this change, the acceleration changes suddenlyand in the same way the vertical forces.

Thus, aftert = 5.4s, only subprogram 1 will be sought. Moreover, form figure 7, the robustness of the proposed

controller to sudden changes in road adherence is also visible.

D. Change of road adherence and cornering

In the last case, a braking scenario is considered inside a curve with a change of road adherence att = 3.8s

(β = 1 −→
t=3.8s

0.5). The results of simulation are given in figure 8 for the longitudinal dynamics and in the figure 9

for the lateral dynamics. From figure 8, the same previous remarks may be stated. Moreover, the robustness of the

controller with respect to lateral movements is also shown.From the figure 9, the influence of the change in road

adherence is visible att = 3.8s and the influence of braking is also visible fromt = 5.2s.
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Fig. 7. β varies from1 to 0.5. (Top) longitudinal front and rear slips and reference slipfrom the algorithm. (Medium) Mode of control:

subprogram 1 or 2. (Bottom) Vertical rear force.
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Fig. 8. Braking in a curve with low adherence. (Top) longitudinal front and rear slips and reference slip from the algorithm. (Medium) Mode

of control: subprogram 1 or 2. (Bottom) Vertical rear force.
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E. Discussions about the obtained results

Finally, to better appreciate the performances of the proposed intelligent braking controller, the previous scenarios

of braking are considered and the braking distances will be compared. For each scenario, comparison is done between

the following cases:

• Using the braking control law (35) and the optimization flowchart in figure 3.

• Using the braking control law (35) and considering the target longitudinal slip constant (λ∗ = −0.02, −0.05,

−0.1, −0.2).

TABLE II

BRAKING DISTANCES

`
`

`
`
`
`

`
`
`

`
`
`

Braking distance(m)

λ∗

Our algorithm −0.02 −0.05 −0.1 −0.2

β = 0.85 130.44 215.60 129.14 Stoppie Stoppie

β = 0.5 172.49 238.27 174.36 176.93 196.35

β = 1 −→
t=3.8s

0.5 139.69 227.76 Stoppie Stoppie Stoppie

β = 0.5 and curve 45.80 64.64 46.38 47.06 Loss of control

The comparison is proposed in the table II. Using the slidingmode controller and considering the target slip

constant, optimal braking (corresponding to low braking distance) is obtained for some scenarios when the constant

target slip is aboutλ∗ ≈ −0.05. However, when the road adherence is acceptable, if the target slip is not well

chosen, the rear wheel may lose contact with the ground (because of the load transfer) and an overturn of the

motorcycle (stoppie) occurs. Moreover, in a curve, an inadequate choice of the target slip may cause skidding of

the motorcycle. In the other cases when there is no danger, ifthe target slip is not well chosen, the fastest possible

braking is not sure to be obtained.
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These remarks show that it is important to carefully choose the target slip which is often considered constant

and known in classical slip controllers [12], [9]. This challenge was overcome with the proposed intelligent braking

controller which automatically select the best target slipin order to avoid dangerous situations and provides

approximately the fastest possible braking. Furthermore,both sliding mode controller and intelligent algorithm

for the target slip seeking are robust to changes in road adherence.

VII. C ONCLUSION

As an alternative to conventional ABS systems, the proposedpaper presents an innovative method to handle hard

braking for motorcycles. First of all, a model for motorcycles tires and braking system was proposed and written

in a new-time scale. After, the innovative braking system isproposed in two parts. First, an inner-loop braking

controller is presented to track the longitudinal slip to a target one using a sliding mode controller. Second, an

outer-loop algorithm is discussed to seek the best target slip in order to avoid dangerous situations and provides

approximately the fastest possible braking. The performances of whole this innovative method are tested in the

BikeSim multi-body simulator.

The future research will be devoted to:

• Resolve some limitations of the proposed work like the use ofthe longitudinal velocity which is not always

measurable.

• Study in more details the influence of the lateral dynamics onthe braking action and the influence of the

braking on the lateral stability.

• The experimental validation of the control strategies.
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