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Motorcycle Speed Profile in Cornering Situation

H. Slimi, H. Arioui, L. Nouveliere and S. Mammar

Abstract—In this paper, we present a new method for the
computation of the maximal authorized motorcycle speed in
curves. The three main factors which are the vehicle, the driver
and the infrastructure are taken into account.

The vehicle dynamics are represented by a four degrees of
freedom model which includes the vehicle’s longitudinal slip
and sideslip angle. The driver behavior model considers the
ability in deceleration maneuvers according to the mobilized
friction. The infrastructure characteristics introduce a precise
handling of the road geometry and of the maximal available
friction.

I. INTRODUCTION

INCE 2002, the French government decided to make

the fight against the road accidents one of the large
programs of its actual period. In spite of encouraging results
obtained since the installation of speed control systems,
the motorcycle remains a particularly dangerous mode of
transport: the number of death is still very high, and if one
takes account of the number of traveled kilometers, the risk
of death for a motorcycle rider is 21 times higher than that
of other transportation modes.

Even if motorcycles are now experimenting several
electronic equipments such as front-rear coupled braking,
ABS and ESC systems on the top range models, accident
still occur because of inadequacy between the dynamics,
the driver inputs and infrastructure characteristics. In fact,
the driver could generally surprised by sudden change in
road curvature or banking angle his inputs could exhibit
overreaction. It is thus of primary importance to develop
preventive passive warning and active safety systems.

Under these facts, the aim of the national research
programs, such as SUMOTORI and E-MOTIVE is to
overcome partly these deficiencies. More precisely, their
objective relates to the three following aspects:

e To acquire knowledge on the behavior of the two
wheeled vehicles in accident situations.

« To prove the feasibility of an onboard system which will
be able to detect critical situations to overcome accident
if possible?

o To design a demonstrator of this onboard system in
order to warn the rider and/or to activate passive safety
systems.
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This paper is focussed on the development of a
computational method of the motorcycle maximal speed
authorized for driving an upcoming curve. The interaction
of the three actors which are the motorcycle, the driver and
the infrastructure are taken into account. The motorcycle
dynamics are represented by a model which includes
longitudinal load transfer. The driver behavior considers the
ability in deceleration while the infrastructure characteristics
introduce a precise handling of the road geometry
(curvature, slope and road bank angle) and the maximal
available friction.

The remainder of the paper is organized as follow: the
problem statement is provided in section 2. Existing speed
models in curves are reviewed in section 3 while the pro-
posed speed profile model is detailed in section 4. Simulation
results are provided is section 5. The conclusions in Section
6 wrap up the paper.

II. PROBLEM STATEMENT

The long-term objective of this study is to present
a proposal to assist drivers of two-wheeled vehicles by
warning them sufficiently in advance in order to anticipate
dangerous situations [1]. Recall that since 20 years about
1600 people are killed each year in motorcycle accident [2].
The proposed assistance architecture is depicted in figure.

The warning system is interacting with the triplet D-
V-1 (Driver-Vehicle-Infrastructure) via a human-machine
interface. In the triplet D-V-I, the driver influences the
dynamic’s motorcycle by his actions (Torque, roll and lean
angles), the road also affects the vehicle through tire/road
contact, and dictates the desired trajectory for a driver.

This present work is dedicated for the generation of a
maximal authorized speed profile , in cornering situation,
which will be used as adynamic threshold in a warning
system. In fact an alarm delivered when this limit is reached.

The warning system exploits the information provided by
different physical sensors to have knowledge on the changes
in the motorcycle dynamics and parameters. However, the
state and the parameters are usually not directly measurable:
sensors do not exist yet, or they are prohibitively expensive.
In this case observers are used [8]. However for the sake of
simplicity, in this paper the information will be considered
as available.
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III. EXISTING SPEED MODELS IN CURVES

The maximum safe-speed in a curve depends on the
road geometry, the surface conditions, the driver’s skills
(or tolerance for discomfort) and the rollover stability
of the vehicle. The geometric factors of a curve that are
always fixed are the radius of curvature, the slope and the
super-elevation or banking. The other road-dependent factor
is the maximum lateral friction factor that can be generated
by the road surface. The friction factor can vary from
vehicle to vehicle; it varies also with the temperature and
the wetness of the surface, the tires operating conditions
and the vehicle speed.

Neglecting any other parameter than the road curvature
p, the maximum speed at which a vehicle can be kept on
the road while moving at a constant speed on a circular

section is given by:
Vimax = | S EL )
P

Where, g is the acceleration due to gravity and Ly, is the
maximum available side friction.

The friction coefficient ;, depends on the tire-road
contact characteristics.

The determination of the safe-speed in a curve is generally
based on the information on lateral acceleration.

This speed limit expresses in particular, the maximum
road curvature according to acceptable maximum lateral
acceleration which is between 0.2¢ and 0.3g according to
safety and comfort margins, [3].

The National Highway Traffic Safety Administration
(NHTSA), in [3], recommends for the design and
development of Curve Warning Systems that the maximum
safe speed at the apex of an approaching curve is determined

by the following equation:

Vinax =
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In the NHTSA model includes the road super-elevation
angle ¢, which compensates in part the lateral acceleration.
The description of the road is thus more precise compared
to the first one.

Furthermore, by taking into account the super-elevation
¢r, thr slope ¢, and driver behavior one can give a more
precise model. Indeed, in previous work [1], a new formula
was presented (equation 3) for the calculation of the
maximum authorized speed v, in a curve. This speed takes
into account the road geometry and driver behavior:
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where ¢, is the road slope, ¢, the super-elevation,

Atar * Mmax (1€SP. Ajong - Umax) Tepresents the side friction

(resp. longitudinal friction) mobilized by the driver, & is the

height of the vehicle centre of gravity and [; (resp. [,) is

the distance between the centre of gravity and the front axe
(resp. rear axe) .

In this model, the vehicle dynamics are not entirely taken
into account.

In the following an enhancement of this model is consid-
ered.

IV. NEW APPROACH FOR SPEED GENERATION

In [1], we give a new method for the computation of
the maximum authorized roll angle of a motorcycle driving
in a curve. This proposed approach takes into account the
driver and the geometry of the road. However, the vehicle
dynamics are not entirely taken into account. The dynamic
model enhancements are:

« A two bodies motorcycle model which takes into ac-
count at the same time the forces at each of the
tire/road contact points and the load transfer due to the
longitudinal accelerations.

o Lateral and longitudinal mobilized frictions on each
wheel are computed. The highest safe speed is defined
considering the maximum friction. As we consider a
four degrees of freedom model, its speed is computed
by resolving the maximum of the two tires mobilized
frictions.

o The driver deceleration profile.



A. Motorcycle Model

The tire is an important part of the motorcycle which
is difficult to model. The road-tire contact role is the
transmission of the guidance forces. A simplified dynamic
model of a motorcycle with two bodies that is sufficiently
precise to approximate lateral dynamics in the curves is
choses. Longitudinal dynamics (Wheel-slip) are also added
to this model [4], [7], [9], [12] and [13].

The model has two joined rigid bodies and is inspired
from those presented in [6] and [5].
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Fig. 2. Schematic diagram of the Motorcycle

The longitudinal dynamics are given by:

M(&—3r) = (Mg j+Myh) ¢ = (My-e-cos(e)) - &2
_Faemlang -M-g- Sii’l((Pr) 'Sin((pp) =XFi
“)
Where Y F,; represents the longitudinal forces acting
on the tires and which is according to the longitudinal
slip, Fyerolong is the aerodynamic force in the longitudinal
direction.

Zin: xf+Fxr:2Kpi'Ai (5)

where i = 1,2, K),; is the longitudinal stiffness coefficient
of the front and rear tire, A; is the longitudinal slip of the
front and rear tire.

The lateral motion is described by four equations as
follows:
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where, Fyer014 1s the lateral aerodynamic force, Y Fy; is
the sum lateral forces exerted on each tire. These forces
can be considered as proportional to the tire slip angle and
camber angle. One can express the lateral forces on the two
tires as:

Fyp=—=Cri-ap+Cp2- 9y )
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Cy; and C,; are the lateral stiffness coefficients of the tire
respectively and the camber coefficients of the tire.

On the other hand, the slip angles of the front and rear
wheel are given by:

of = 7V‘V+l"'wn'5> —§-cos(e)
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Iy (resp. I,) represents the distance between the centre of
mass and the front axe (resp. rear axe).

©)

The camber angles of front and rear wheel are given by:

{ O = ¢+ 6 -sin(e) (10)

br=9¢
Finally, we can express the lateral forces on the two
wheels as follows:

Fyp=Cp (5c0s(8) - M) +Cpa (¢ + Ssin(e))
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Under dynamical conditions, load can transfer to the front
wheel when braking or to the rear wheel during acceleration.

When the vehicle is accelerating, normal forces on the
two tires can be adapted ed as follows:

Mq+M -
Fy= g(lz -g-cos(@,)-cos(¢r) —h-ax)
’ L+ (12)
M¢+M -
= 2L 1 g cos(9y) - cos(90) +h-a)
L+

where, h is the height of the center of mass, /1 (resp.
I) corresponding to the dimensions of vehicle configuration
(horizontal dimensions of the overall center of gravity rela-
tive to the center of the front wheel, rear respectively). F;¢
(resp. Fr) represents normal forces applied on the front tire
(rear tire).
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Fig. 3. Friction Ellipse [3]

B. Tire Road Friction

The tire is one of the main components of the vehicle.
Indeed, it represents the interface of the aforementioned
with the external environment which is the road. It transmits
the guidance and braking/traction efforts [3]. The tire
dynamic behavior is very complex and is linear only under
certain restricted conditions of driving. One observes various
phenomena like skidding and blocking.

The Coulomb friction model is used to obtain the
mobilized friction U,,,,. Thus the transversal force F; and
the normal force F;, = F;¢ + F,, are such that:

F
Mmob = Ft < Mmax (13)
n
where Upqy 1S the maximum available friction.
Since:
F? = Figy + Fiopg (14)

we have:
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Considering the following approximations of the yaw
rate, the lateral and the longitudinal accelerations:

Yiar :p'v,%
Yiong = % = Vx% (16)
Y=p-vx

Under the assumption of the low values of the angles
(superelevation and slope), and according to (5), (6) and (8)
the expressions of the lateral and longitudinal frictions on
each wheel are:
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The highest safe speed is defined considering the
maximum mobilized friction. As we consider a two-wheel
vehicle model, we have to find the maximum of the two
mobilized frictions, so:

Winax = max (\/‘ulzatf + 'ulzongf’ \/:ulzatr + :ulzongr) (20)

C. Driver Behavior

The driver is unceasingly obliged, according to the
information taken from the environment, to define a speed
and a position appropriate to the situation of control [3].
Here the ability of the driver in acceleration are taken
into account. The driver cannot mobilize the same level
of acceleration into longitudinal and lateral directions. For
this reason we have to distinguish between the maximum
friction in longitudinal and lateral modes:
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For comfort and safety reasons, and under good weather
conditions, a driver generally does not mobilize all the
available lateral and/or longitudinal friction; therefore we
represent the driver behavior with through two dimensionless
coefficients Aju, Ajong and a maximum friction g [3].

Wiatmax = llat “Mmax  and Wiongmax = llong * Mimax (22)

It is well known that driver behavior adapts according to
maximum available friction. We considered that the driver
behavior varies inversely proportional to maximum friction

»umax .

Along = A}'long * Mmax — slip—long (23)
Alat = A}'lat * Mmax — Aslip—lat
with:
Allong = /ldryflang — /slip—long
24
{ Allal = /ldryflat - /lslipflal 24

where, A4, (resp. Agip,) represents the quantity of maxi-
mum friction that the driver can mobilize on a dry road (resp.
slipping road).

D. Generation of Speed Profile

By developing the equations (16) and (17), and after the
calculation of the safe speeds at each of the wheels:

A A3 1-A]

V] =

A
/T (25)
V) = A
with:
A =Cp- ¢

Ay =Cpi(b-yr—vy)
A3 =A(C—h-ay) - Wamax
Ay = A(C —h-ay)- Wiongmax
Then, the final safe speed V in a curve is obtained from:
V =min(V1,Va).

(26)

This model of safe speed in curve is function of intrinsic
parameters (mass, inertia), extrinsic parameters (road geom-
etry, available friction) and driver behavior (driver ability in
deceleration). It takes into account the load transfer and the
vehicle side slip, and longitudinal dynamics by considering
the longitudinal slip on each wheel.

Simulation Conditions
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Fig. 4. Steering torque, road bank and slope

V. SIMULATION RESULTS

In order to illustrate the effectiveness of the proposed
procedure, different simulation tests are conducted. Two
sets of simulation will be performed with and without road
bank angle.

Simulation condictions : steering torque, road banking
and slope angles, are represented in figure 4.

Limit Speed Profile without Banking
45 T T T T T

Proposed Model

Model (2)

40 = = = \odel (3) q
11 Model (1)

Limit Speed (m/sec)
w
o

251 % 1
. b e e ]
e L L It TR

20 q

15— i i i i i i i i i
10 15 20 25 30 35 40 45 50 55 60

Time (sec)

Fig. 5. Limit speed profile without banking

Figure 5 shows limit speed profile by respect to 4 models
represented respectively by equations 1, 2, 3, 25. In the
case where, the motorcycle operates on a flat road without
banking, the previous models differ, with more restrictions
to the proposed model which recommends for maximum



speed about (19 m/sec), to negotiate the turn safely.

With road banking angle, the simulation results show
(Figure 5) a clear difference on the limit speed profile for
the previous models. We can notice the increase of different
limits speed computed (Figure 6) on the portions of the
road with banking. This due to the road bank angle which
absorb a part of the lateral acceleration.
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Fig. 6. Limit speed profile with banking

VI. CONCLUSIONS AND FUTURE WORKS

In this paper, a new method for the calculation of the
highest safe speed for driving the upcoming curve was
proposed. This safe speed model takes into account the
infrastructure characteristics using an accurate description
of the road geometry (radius of curvature, slope and
superelevation), and the estimated maximal available
friction, the vehicle dynamics and driver behavior. Parameter
effects analysis has been performed. Simulation results show
clearly the effectiveness of this approach.

In the future, an instrumented scooter will be used to vali-
date the generated speed profiles, and to ajust optimal thresh-
olds for warning generation. Moreover, the involvement of
the vehicle dynamics can be wider, by using observers to
estimate the longitudinal slip and the vehicle side slip angles.
These aspects will be incorporated in prototype vehicle and
will be tested.
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APPENDIX
o, v, S Roll, yaw and direction angles
Ky, Fyr Lateral and longitudinal front forces
Fyr, By Lateral and longitudinal rear forces
Fy, Fy Front and rear vertical forces
X,y Longitudinal and lateral displacement
M, My, M, Total, front and rear masses
O, Or Slope and road bank angles
0 Curvature
a;, b;, ¢; Parameters
oy, O Front and rear sideslip angles
0, 6, Front and rear camber angles
T Rider applied steering torque
K Steering damper coefficient
n Trail
€ Caster angle
g Acceleration due to gravity

ja ka ha Lf9 Lr, e
A Ay

dimensional parameters (Figure 2)
Front and rear longitudinal slip



