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Motorcycle Lateral Dynamic Estimation and Lateral Tire-Road Forces
Reconstruction Using Sliding Mode Observer

H. Slimi, H. Arioui and S. Mammar

Abstract— Extensive researches have shown that most of ordinary vehicles for both economic and technical reasons.

road _acc_idents OCC_UI’ as a result of driver e_rrors. A C|QS9 Thisjustifies the interest of using the virtual sensor aapm
examination of accident data reveals that losing the vehicle also called software sensors.

control is responsible for a huge proportion of car accidents. . .
This observation is even more valid on motorcycle, recall that, The vehicle motion is governed generally by forces gendrate

last decade about 1600 french people are killed each year [7]. PY tires-road contact. Knowing these efforts helps to mtedi
Preventing such kind of accidents using vehicle control sys- the motorcycle trajectory and / or unbalancing case. Thus, i
tems, requires certain input data concerning vehicle dynamic curve situation, sideslip angles are established thenirée t

parameters and vehicle road interaction. Unfortunately, some - 5re prodyct (subjected to) lateral forces fulfill the desire
parameters like tire-road forces and lateral speed, which have trajectory

a major impact on vehicle dynamics, are difficult to measure. . . .
Therefore, this data must be estimated. Due to the system A characteristic curve of the transversal behavior of a tire

nonlinearities and unmodeled dynamics, an observer based on is shown in Figure 1. We can distinguish three regions:
sliding technique is proposed in this paper. ~ linear with a proportionality coefficient C, transient and
The estimation process method use the motorcycle dynamic gavration or sliding region. In normal driving conditions

response’s and standard sensors cheap and easily-available. hen the tire is lightly loaded (Ii S Il sidesl
Observer performances are tested and compared to the motor- when the tire is lightly loaded (linear regime: small sides

cycle model responses in different simulation conditions, various and camber angles), the vehicle responds in a predictable
initial conditions and measurement noise. The effectiveness manner to driver commands. Contrariwise, when the vehicle

of the present approach is make out through the simulation s subjected to high lateral forces, efforts are saturataté
results and show its practical potential as a low-cost solution e yehjcle reached its stability/equilibrium limit (thergrol
for calculating lateral-tire forces and motorcycle lateral speed .
in a accuarate way. loss can be produced at any time). Thus, accurate data on
these efforts and the side slip angle, leading to a better
Index Terms— Sliding mode observer, motorcycle dynamics, evaluation of the road friction, the possible trajectorads

tire-road contact, virtual sensors. the vehicle and enable the development of a diagnostic tool
capable to predict risks of accidents involving dangerous
I. INTRODUCTION maneuvers.

EVERAL studies show that major road accidents areThe state of the art on observation techniques is rich.

due to human error while driving. Most drivers have

little knowledge about the dynamic behavior, for this, dhy 00— ——— —
assistance systems are essential key to better control thei wb o TT——
vehicle. In this context, several active safety systems SDA |unest

1 exist, such as ABS, ESP? control type trajectory or ESC

4 for motorcycles.

A better understanding of the vehicle dynamic variables,
improves the effectiveness of driving assistance systems.
Longitudinal velocity, acceleration, roll angle, yaw veity,
steering angle for a two-wheeled vehicle or the suspension
deflections are easily measured using low cost sensors ac-
tually installed on a wide range of newer vehicles. Con-
trariwise, other parameters are relevant for improvingetri
safety and maneuverability, namely tire-road contactdsrc
and lateral velocity (or sideslip angle) are measured wétly v
expensive sensors, which are unlikely to occur in future on
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Fig. 1. Lateral force characteristics
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road contact. Indeed, Several studies have been conductedy,). The following measurements are needed:
estimate this last component, the side slip angle/rate laad t

road friction. For example, in [2], the authors estimate the , yaw rate , roll rate ¢, longitudinal a, and lateralay
dynamic parameters, using a complex model of 9 degrees accelerations measured by an inertial sensor ;

of freedom (DoF). Further reaserchers consider first the , steering angled measured by an optical sensor
longitudinal and lateral speed, then they deduce the latera, rotational velocity ¢ and «w) for each tire given by
forces and sideslip angle. In [4] and [5], the sideslip eaton ABS.

has_ been widely discussed. More. recently, in [6], the asthor The first block aims to provide the vehicle’s lateral forces
estimate the lateral force by train and not at each wheel,

Other studies, develop observers tire-road efforts th calculated by the Pacejka model and normal tire forces using

) -~ Lo I.CEW the speed and sideslip angles in tire-road contact. In this

use an information on the wheels torque requiring high-cost .

sensors and difficult implementation paper, we focuse only on the second block, whose main role
) ! . L is to estimate lateral tire forces and lateral speed. Thenskc

This paper is dedicated to the estimation of the motorcycl'b ock makes use of the data (inputs) provided by the first

gﬁtrzlr (f)cf)rc:aas\/i?t egi(r:: Xvﬂr;?gé\?er:dtézeegitg::igﬁlOrc(;?ag :]hglock for exemple the lateral forces given by Pacejka model.
gravity point. ' P One particularity of this estimation process is the use of

been developed only on the basis of available informatioglocks in series. By using cascaded observers, the observ-

giving by standard sensors. The second section of this .. . .

L . ) ility problems led by an inappropriate use of the complete
work presents the estimation process. Section 3 presents . . . ) L

. . . . modeling equations are avoided enabling the estimation
vehicle model and tire-road dynamics. After, we descnberocess to be carried out in a simple and practical wa

the observer and present the observability study in sectidn P P Y-
4. The fifth section provides various simulation results and 5

discussion of estimation results. Finally, we give coniclns Optical Sensor —

and perspectives.

Block 2

; Fzf, Fzr
ABS \\\é >%1} Fyf, F
Il. ESTIMATION PROCESSDESCRIPTION ey [on ) Hotoradle
. . ¢ our D-O-F
Inertial Unit |23 A
. . . .. . ay And Model
The estimation process is shown in its entirety by the block ; Normal L
diagram in figure 2, wherey and a, are respectively the v Forces
longitudinal and lateral accelerationg,is the yaw ratews >
and «w is the wheels velocityz andy are indices used to %
define respectively the forces axis projection (normal and Sliding Mode Observer
lateral). f andr are indices used respectively for front and

rear wheelsF is the force representing the tire-road contact

resolution and/ is the lateral speed at the center of gravity

(cog).

In the general case, the Pacejka model calculates forces m
due tire-road contact (in steady state without taking into

account the relaxation effect) based on dynamic states ofA Motorcycle is a complex system, analytical models that
the motorcycle model. This interconnection, between thee twdescribe it, can have a very important number of variables.
models, cause difficulties into the observability of the weho In this case, it is necessary to reduce the complexity td ligh
system due to the nonlinearity and especially the complesalculations and consider a real-time implementationhis t
formulation of the Pacejka model. On the other hand, thetudy, we use the lateral Motorcycle model and we adopt the
observation of input affine systems has been widely discusstllowing simplified assumptions:

in literature. These systems category are described by the, |ongotudinal dynamics is omitted,

Fig. 2. Process Estimation Diagram

. MoTORCYCLEROAD MODEL

following state space system: « longitudinal speed is considered as constant parameter.
X(t) = f(x(t)) +g(x(t)).u(t) 1) Vehicle Description and Lateral Model Equations:
{ y(t) = h(x(t), u(t)) (1) Important terms describing motorcycle dynamics are : ddter

yawing, rolling, and steering motions. By considering thes
While our interconnected system is governed by the followfour-degrees-of-freedoms, we can describe the fundamenta
ing state space system : characteristics of motorcycle dynamics. This study uses

our system is initially represented by the system Equatiomonlinear four degree-of-freedom model. Figure 3 illustsa

(2), however, for ease of synthesis observer, this systethe schematic diagram for the mathematical model. The
will be transformed into a linear parameter varying forndirection of theZ-axis in this model is chosen to be the
(LPV), details will be given in the following sections. The same as that of gravitational forc¥-axes andy-Axis of
estimation process consists of two blocks and its role is tine ground coordinate system lie in the road. The motorcycle
estimate normal and lateral forces at each tire/road levelodel consists of two major parts: the main frame, including
and then to evaluate the lateral friction coefficiepjs(and the rider body, and the front frame reprsenting the steering



system, [3], [8], [9], Equations (2) through (5) describeformula of Pacejka, adapted for motorcycle tires, is used fo
equations of motion: each tire in order to determine the lateral forces [12]:
« Lateral equilibrium equation:

Fi(ai, %) (: ) ) )
. . di(y)sin(ci-tan ~(bi(y)(1—&)a; + & -tan (b (y)ai))
My + azxcos(@) + Mxy = @ (6)
(Y +Yr) — Cyy? — Mgcos( @) sin(@) The coefficientdy;, ¢, di, & depend on the tire character-
« Roll motion equation: istics, on the road conditions and on the vehicle operaltiona
conditions.

3) Relaxation model: When vehicle sideslip changes, a
I»((b+lxztpcos((p)+a2y+ C4X P = 3 lateral tire force is created with a time lag. This transient
(b1g— NFy) sind + axgsin( @) ®3) behavior of tires can be formulated using a relaxation lengt
o; (i= f,r). The first order approximation for front and rear
tire is given by:

Vi = (2)(=Yi +Fyr)
e = (5)(=Yr +Fyr)
TheFR; is a function of the related slip angle, dynamic normal

loads and camber angles. These forces are calculated by the
Pacejka model.

« Yaw motion equation;

| 2COS(@) P + |y = @)
(LtYs —LyYr) cos(@) — Tcos(€)

« Steering fork motion equation:

)

15— c >'<¢+p XLlICOS((p)+K5 IV. M ODEL TRANSFORMATION

—Cs 2 =
(T)lg— NFf)sin(@+sin(g)sin(3)) —nY: +1 ) For the synthesis of the observer, the nonlinear model (2),
will be transformed into a linear varying time model (LPV).
After transformations, it takes the following form :

Ex(t) = AA(t)x(t) + BBu(t) (8)
The state vector comprises lateral speed at the (cog), roll
rate, yaw rate, front and rear lateral forces:
The input vectoru comprises the driver steering torque and
the lateral tire forces calculated with the magic formula
(Pacejka model) given by the first block (see section 2)
X= (wav(pvav(paé)' u= (TaFyfaFyr)

For more details refer to [10].

The matrixEE is full rank and its determinant is different
from zero (i.e EE~! exist). MatricesA = EE"1AA B =
EE~1BB are the state and input matrices (resp), below we
give all expressions of these matrices:

Fig. 3. Schematic Diagram of the Motorcycle M -& -a -a 0000
—a & -a —-a 0 0 0 O
2) Tire Road Interaction: The tire is one of the main —& a3 -—a0 —an 0 0 00
components of the vehicle. Indeed, it represents the aterf pp_ | ~38 —3% —du1 Qe 0000 (9)
of the aforementioned with the external environment which 0 0 0 0 1000
is the road. It transmits the guidance and braking/tractive 0 0 0 0 0100
efforts [9], [10], [11], [12]. The tire dynamic behavior is 0 0 0 0 0010
very complex and it is linear only under certain restricted 0 0 0 0 0001
conditions of drive. We can observe various phenomena like
skidding and blocking. diy dip O 0 0 0 1 1
Ongoing knowledge of this effort duiring the conducts is 0 dyy Oog dog Ohs dyg O 0
essential to design preventive security system. O dyoy O d3g digs dgg O 0
Here, we use the Pacejka model [12] to represent the efforts O dgp O d3gg dis dzgg O O
exerted on each tire. This model is based on the mathematica(A(t) = O dgp disz Ogg das dag ds7 O
representation of the tire dynamic behavior using analltic 0 0 1 0 0 0 0 0
functions having a particular structure. Lateral forcefr ot O 0 O 1 0 o0 o0 o
and rear tires are function of the sideslip angleat the d1 d7p O dy3 dg dis dog O
tire-road contact location and the camber anglédere, the dgg dgz O O dgs O O dgg

indexi stand forf (front) orr (rear). In this paper, the magic

~
=
(=]
~



bm(t) and bs(t), are assumed to be white, zero mean and

di1 = —2GWy, dio = —Mvy, O = apvy uncorrelated.

doz = agVy, 024 = agVx, dg2 = (%)Lr The state vectox(t) will be estimated by applying the

dog = —LrCOS(@), dzp = agoVx, dza = 13V slidind mode observer, for which we give the general form

O35 = a15VxCOS(p), dgg = —(;—j), Og1 = —(%frl) as shown in figure.4 is the observer gain. It is calculated
c

Oz = 814C08(0), a7 = —, d71 = —(Ufffl)

da2 = a17Vx, daz = —a13Vy, daa = —Kj ! £ = A().x(0) + Bau(t) y

dss = a14c08(@), d7s = (5*)Cr2 : :

dge = a18€0s(9), dos = —(LYs — LYy )sin(@)L s cos(@) ; X ) -
dyy = —(%I)Lf, drg = (%l) X =A@).X()+ Bu()+ H sign(y — C X)
d7e = (¢ )(sin(€)Cr2 +Crycos(€)) |_> P

d77=—(55), dg2 = (5)Cr2 *=(

Fig. 4. Diagram of Sliding Mode Observer

T _
BB'=(0 0010000 (11) so that the eigenvalues of the matti(t) — HC) are negative
real parts, that is to say that the observer is stable and that
Now, the new system becomes: the dynamics of the observer is sufficiently fast to that ef th
_ system.
X(t) = A(t)x(t) + Bu(t) (12)  The purpose of an observer is to converge the estimated state
a) Remark 1 :: The motorcycle is modeled using a ;8 T%)true value of the state in established regim (i.€>im
lateral model with constant longitudinal speed, but in reality L ) - - . .
) . . . It has come back to find a positive definite gain matrix,
this last is considered as variable parameter. To ensure the
: X here calledH.
robustness of the observer with respect to this parameter, we H in our case is synthesized using the pole placement
conducted several tests at variable speed (see section of the technigue Y 9 P P
simulation results). 4) Observability: Observability is a measure of how
V. OBSERVERDESIGN well the internal states of a system can be inferred from

i ) _ .. knowledge of its inputs and external outputs. This property
We develop in this section an observer based sliding ,fen presented as a rank condition on the observability
mode technique to estimate the lateral dynamic of thg iy Using the linear state space withe varying time

motorcycle. This method estimation is designed using Armulation (LPV) of the system represented in 6), the
dynamic model of the vehicle and based on all meas“reébservability definition is local.

yaw rate, roll rate, roll and yaw angles.
The sliding mode observer, has the distinction of being Analysis of observability of the system has been shown
robust compared to modeling errors, parameter unce&aintithat the system is observable except when:

and external disturbances [13]. This section presents a

description of the observer dedicated to the observation® steering torque are null
method. « vehicle is at restvy = 0).

We recall above the linear stochastic —state-space 1N€ determinant of the observability mat®= [C,CA|

representation of the system described before by: is nonzero except in previous particular cases.
For these situations, we assume that lateral forces and

{ X(t) = A(t)X(t) + Bu(t) + bm(t) (13) lateral speed are null, which approximately corresponds to
y(t) = Cx(t) + bg(t) the real cases.

i o 5) Estimation method: The aim of an observer or a virtual
Observation matrix is chosen as follows: sensor is to estimate a particular unmeasurable variatne fr
available measurements and a system model in a closed
loop observation scheme. A simple example of an open loop
observer is the model given by relations (2) through (4). Be-
cause of the system-model mismatch (unmodelled dynamics,
parameter variations, ... ) and the presence of unknown and
The measure vectoy(t) comprises yaw rate, roll rate and unmeasurable disturbances, the calculation obtainedtfiem

010 0
00100000
C=l0001000 0 (14)
000007100

steering rate: open loop observer would deviate from the actual values
. over time. In order to reduce the estimation error, at least
y=({,0,9,0) = (Y1,Y2,¥3,Y4) some of the measured outputs are compared to the same

X= (W, P, 9,0,9,8,Ys,Y;)=(X1, X2, X3, X4, X5, X6, X5, X6,X7,Xg) Variables estimated by the observer. The difference is feed
The process and measurement noise vectors, respectivieck into the observer after being multiplied by a gain matri



H, and so we have a closed loop observer. The observerfigure.6 and figure7. shows the estimation results for the
was implemented in a first-order Euler approximation. Atateral velocity, the steering rate of the direction, thentr
each iteration, the state vector is first calculated acogrdi side force and rear side force. These obtained curves, &s wel
to the evolution equation and then corrected online with thas estimation errors presented in figure.8 and figure.9yallo
measurement errors. The gain is calculated using the glidiconcluding that these variables are perfectly estimated.

mode method which is a set of mathematical equations aréd Robust f the ob ingt initial diti
is widely used in literature due to its rubustesse. - RODUSINESS of the observer against 1nitial conditions

6) Smulation Results: In this section, we present some Assuming that the initial conditions of the observer vari-
results of estimating process. ables are not zero, repeating the same scenario as befere, th

We also analyze on the considered scenario, the performarftgures.10 and 11, show the simulation results of different

of estimations compared to speed variation and initial corstate in this case. It may be noted that the estimate state is
ditions. correct and joined the model after a short transition period

The results of motorcycle states estimation and the recofiue to the initial conditions.

struction of the lateral dynamics are presented. The sigeri
torque ) applied to the forward direction is shown in
figure.5, it represents a double lane change (chicane). In
this section simulation, the road is in good adhesion (the
coefficients of adhesionu are assumed to be constant
and fixed at about .@). Recall that, the speed of vehicle
is constant and is set aroundr25.

The vehicle is initially considered in a straight line. At
timet = 5s, the vehicle covers a portion of negative clothoid,
it moves later on a portion of an arc at t = 14s, before
resuming a clothoid opposite curvature tat 16s which
brings on a straight line dt= 25s. At t = 35s the vehicle
takes the opposite path, finishing at 60s. The road is
assumed flat (no elevation or slope). The scenario chosen is
a double lane change on a flat road.

Driver Torque

» Fig. 6.
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Fig. 5. Driver Steering Torque

A. Observer parameters

The sample time of variables (inputs and measured
outputs) is fixed at @83 (120 Hz). The errors of the Fig
sensors are set according to the variation range of measuggy

data:

V/0oy =001, /0,=0.01, /0, = 0.01, /o5 = 0.001.

The observability of the system is checked for anyion
non-zero longitudinal speed.

7.
mation
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C. Robustness of the observer against forward speed varia-

As stated in previous sections, the forward velocity in the

model is considered as fixed parameter, it is not quite true,
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Simulations test demonstrates the potential of the estima-
tion process, showing that it may be possible to replace
xpensive sensors by software observers that can work in
3al -time while the vehicle is in motion.

This is one of the important results of our work. Another

portant result concerns the estimation of individua¢tat
orces acting on each tire of the motorcycle, that is an
evolution with respect to the current literature concegnin
the vehicle dynamic community. Future studies will improve
vehicle/road model in order to widen validity domains for
the observer. Subsequent, vehicle/road models will tale in

This paper has presented a new method for estimatingcount longitudinal and vertical dynamics. Moreover, it
lateral tire forces and lateral speed, that is to say two Qfij|| pe of paramount importance to study the effect of the

the most important parameters affecting motorcycle stbil coypling longitudinal/lateral dynamics on lateral sidects
and the risk of loss control. The developed observer igenavior.

derived from a four D-O-F motorcycle model and is based
on sliding mode observer technique. Tire-road interacigon REFERENCES
represented by the Pacejka model. Moreover, the robustneﬁ . o . )

f th b ith respect to variations of the forward 1] F. Aparicio et al, “Discussion of a new adaptive speedtamrsystem
0 €o ser_Ver wi DS p - variatl W incorporating the geometric characteristics of the road” JnVehicle
speed and different initial conditions has been shown. Autonomous Systems, vol.3, No.1, pp.47-64, 2005.

since this last is a varying parameter.

For the same simulation conditions, the figures.12 and 1
show the new estimate of states at different forward spee
(18,20,22,24,25m/s), and errors caused by reconstrucuon
remain relatively low, again we can conclude on a goo
estimate and therefore the robustness of the observersagain
this parameter.

V1. CONCLUSIONS ANDFUTURE WORKS



Lateral Speed [mis]
°

(Speed Variation)

(Speed Variation)

&
S

vV =25

— v =18
x \
- V=2 A
—— -V, =24 \ q
f

Yaw Rate [Degls]

|
Wb
1S

0 20 40

Time(s]

(Speed Variation)

b
o]

20 40
Timels]

(Speed Variation)

vV =18
x

30 \ A
) - - V=2 oA
2 —— -V =24
x
10 \ -
x

Roll Rate [Deg/s]
°
\.

Steering Rate [Deg/s]

Time [s]

Fig. 12. Laterel Speed, Yaw Rate, Roll Rate and Steering Retienation
at variable speeds

Fig. 13.

(Speed Variation) (Speed Variation)

Roll Angle [Deg]
Steering Angle [Deg]

Time[s]

(Speed Variation)

(Speed Variation)

v, =18
300 300 B
_ _ \ V=2
z Z
z 200 Z 20 \ v
8 $ [
5 100 5 w00 // \ V=25
£l R WP
2 2
3 100 3 -100 4
§ 200 & 00
£ &
-300 -300 !
-400 -400
0 20 40 60

Timels]

Roll Angle, Steering Angle, Front Side and Rear Stdeces

Estimation at variable speeds

(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]

L. R. Ray, “Nonlinear tire force estimation and road figct identifi-
cation : simulation and experiments” Automatica, vol. 33, @, dp.
1819-1833, 1997.

H. Slimi, H. Arioui, L. Nouveliere and S. Mammar, “Advanced
Motorcycle-Infrastructure-Driver Roll Angle Profile fordss Control
Prevention”, 12th International IEEE Conference on ligelht Trans-
portation Systems., St. Louis, Missouri, U.S.A., Octobet, 2009

J. Stphant, A. Charara and D. Meizel, “Virtual sensomlamtion to
vehicle sideslip angle and transversal forces” |IEEE Tretisas on
Industrial Electronics, vol. 51, no. 2, April 2004.

U. Kiencke and L. Nielsen, “Automotive control systems’prisiger,
2000.

G. Baffet A. Charara, D. Lechner and D. Thomas, “Experiraént
evaluation of observers for tire-road forces, sidesliplaramnd wheel
cornering stiffness” VSD, vol. 45, pp.191-216, june 2008.

B. Amans, M. Moutreuil, “RIDER : Recherche sur les acciten
impliquant un deux roues moto&s Reaserch Report of RIDER
Project, Mars 2005.

D. J. N. Limebeer and R. S. Sharp, “Bicycles, motorcyclesl an
models”, IEEE Control Systems magazine, vol. 26, no. 5, pp.34-6
2006.

R. S. Sharp and D. J. N. Limebeer, “A motorcycle model for gitgth

[10]

[11]

[12]

(23]

and control analysis”, Multibody System Dynamics, vol. 6, Bppp.
123-142, 2001.

V. Cossalter and R. Lot, “A motorcycle multi-body model fozal
time simulations based on the natural coordinates appro&gificle
System Dynamics, vol. 37, no. 6, pp. 423-447, 2002.

H. Slimi, H. Arioui, L. Nouveliere and S. Mammar, “Preverdi
Safety: Warning System for Control Loss of Two-Wheeled Vigst
Informatics, Integrative Biology and Complex Systems, Zarkisisia
on 23-25 March 2009.

Hans B. Pacejka, “Tyre and Vehicle Dynamics”, p 511- 5@2e]ft
University of Technology, 2002.

J. P. Barbot, T. Boukhobza, M. Djemai, “Triangular InpgDbserver
Form and Sliding Mode Observer”, In In IEEE Conf. On Decision
and Control, pages 14891491, 1996.

APPENDIX
o W, o Roll, yaw and direction angles
M, M¢, M, Total, front and rear masses
@, @ Slope and road bank angles
T,n, & Steering torque, Trail, Caster angle
i, k, h, L, Ly, e dimensional parameters (Figure 2)



