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Motorcycle Dynamic Model Synthesis for Two Wheeled Driving
Simulator

Salim Hima, Lamri Nehaoua, Nicolas Séguy and Hichem Arioui

Abstract— This paper presents the development of motor- Recently, some advanced models have been proposed
gy(él-e dlll_nakm(ijcs _”;]00'?'- 1|—he' g:onside(rjed vehicle C%mginsllsix in literature. R. S. Sharp has used Autosim software to
odies linked with simple joints and parametrised by ; ; ; - ;
degrees of freedom (DOF). The motorcycle model is to be pro:ﬂdz hjl_sz m:fctiel v&/:lthoutltanytdelsr?rlptlon on thg appllzdl
used as a component in driving simulator application. It seves method [12]. er, Lossa .er eta aYe proposed a m_o e
to investigate the influence of using a complete motorcycle based on Lagrange formalism and using natural coordinate
dynamics model in inertial cues realism. to describe the configuration of motorcycle bodies. This
The choice of the modeling method is based on the algorithmic method, for a complex systems with many DOFs, leads to a
Lagrange equation representation. This method makes the oy complicated model, and so difficult to implement [2].
implementation of the dynamic model very easy. In addition, Deriving ricorous motorcvele dvnamics. needs to use
the principal external forces affecting the motorcycle belavior g ng ; y y v
are considered (pneumatic forces, driver actions, brakes..etc). ~advanced mechanical techniques from multibody systems
At the end of this article, some simulation results are presated  theory. Using absolute coordinates presents advantages so
in the case of street line motion. that the motion of each body in the multibody system is

Index Terms— motorcycle driving simulator, motorcycle dy-  gagerined using similar sets of generalized coordinatas th
namics, Lagrangian algorithmic formulation. .

do not depend on the topological structure of the system

I. INTRODUCTION [2], [10]. The mass matrices of the bodies in the system

Nowadays, motion-based simulators are become an ijave similar form and dimension, such that the computer
portant tools for different objectives in vehicles areasesr Program with simple structure can be developed based on

allow studding drivers-vehicles interaction, trainingavite ~the augmented formulation. A library of standard joint con-

drivers and evaluation of a new assisted driving system fir@ints can also be developed and used as a module in
a safe environment. Initially, simulators are widely usedliS computer program. However, this technique leads to a
in aeronautic industry and in automobile industry after fof€latively complex numerical algorithm that must be used to

the objectives previously cited. Recently, few studies aref!Ve the resulting mixed system of differential and algébr

accorded to transfer such tools to two wheeled vehicle [3fauations DAE’s [10]. _ _
[5]. Other alternative approaches for formulating the equation

Two categories of simulators can be distinguished: a fixe@f motion of constrained mechanical systems are the re-
base and dynamic base simulators. The first type is basedsive methods wherein these equations are formulated in
solely on the visual and auditive cues while the second prée'ms of the joint degrees of freedom. This formulation tead
vides in addition, inertial cues for more realistic pergept (0 @ minimum set of differential equations from which the
One of the essential components of dynamic base simulat&i@nstraint equations are automatically eliminated. The nu
consists of vehicles dynamics model. In fact, motion bag@erical procedure used in solving these differential eiquat
does move in limited workspace with respect to signal§ much simpler than the procedure used in the solution of
received from a vehicle dynamics model to feel the inertid® mixed systems of DAE's resulting from the use of the
forces by the drivers, i.e. accelerations or decelerationdUgmented formulation. In this paper, we have adopt this las
Intuitively, the realism of the felt cues depends on the degr formulation. o .
of accuracy and the validity envelope of this model. In the This article is organized into four sections. In the second
literature, the most of proposed models are developed fé\ect!o_n, a brief overview _of our driving simulator platform
control purposes [11]. They are centered around a locl 9iving. The third section presents the dynamic model
motorcycle behaviors, and ignore some essential phenométgyelopment of the motorcycle. Finally, Simulations resul
such as gyroscopic effect on the steering handlebar or-pitci{ustration and conclusions are done.
ing motion due to the suspension systems. These restigction
reduce the domain of validity of these models.

II. SIMACOM SIMULATOR DESCRIPTION

The driving simulator architecture, in SIMACOM project,
This work was supported by the National research agency (ANR g mainly conceived to feed the most important cues for
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the motion-base with a feasible and perceptual satisfactoorder to reproduce the effect of ground tire interactiorcésr

reference trajectories, see Fig 1. and gyroscopic forces acting on the steering column, see Fig
3. Besides, rider’s actions are captured by placing differe
""‘;‘I‘;tfr‘(;?nafe sensors on the motorcycle control organs (steering torque,

throttle, brakes, clutch leavers and gearbox selector). Fo
further technical details on the design and kinematic aigly
of motion base, the reader can consult this reference [8].
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Fig. 1. Driving Simulator control architecture

Movable
steering axis

Motion-base, see Fig 2, is essentially designed to repro-
duce the significant inertial effects during riding simidat

The mechanical design process was constrained by proposin%N _ ) ] _
a low cost platform with a suitable inertial cues felling. YWhen the rider act on the inputs organs, his actions are

To achieve this objective, three degrees of freedom aff@nSmitted to the motorcycle dynamic model module to
privileged in this former simulator prototype. It's estited UPdate the motorcycle state, see Fig 1. This allow to refresh
that the roll, the pitch and the yaw motions are sufficient® Visual and auditive perceptual cues and splay the motion
to make the rider in the most important scenarios such 2&S€ platform with reference signals. Due to its workspace
acceleration, deceleration and cornering. The mobilighif  lImitations, these signals can'nt be directly executabje b
platform has been calculated and shown to be equa toth® motion base platform. An appropriate adaptation is
directly controlled by3 linear DC drives [8] . needed and can be.made by way of motion pIanm_ng module

known bywashout filter In fact, Inputs of washout filter are
motorcycle accelerations, velocities and orientationisilev
the outputs are the configuration commands to the motion
base controllers [7].

At this stage of the development, we focus our effort
to synthesize a dynamic model capturing the motorcycle
behavior under the rider and environment interactions. The
remainder of this paper will be devote to this aim.

Fig. 3. Haptic feedback systems

IIl. M OTORCYCLEDYNAMICS

Motorcycle dynamics module constitutes an interface be-
tween real and virtual worlds. It serves to update the visual
subsystem by calculating the motorcycle configuration @ th
virtual environment and also indirectly control the motion
base platform.

Fig. 2. Motion-base platform

A. Motorcycle configuration variables

Moreover, to increase the perception illusion, handlebar From a mechanical point of view, two wheels vehicles are
was endowed with double haptic feedback systems. The hanultibody systems linked between them with a simple joints.
dlebar can move longitudinally with respect to a motorcyclén our case, we have considered 6 bodies: two tires, swinging
saddle by means of a brushless servomotor. This movemenin, rear body (including the engine and the rider), upper
aims to apply forces on the rider's arms, to reproduc&ont body and bottom front body. To derive the equations
partially the arms tension forces. In practice, these f®rceof motion of the motorcycle, we have applied the theory of
are caused by the inertial effect due to the inclination ofnultibody systems.
rider’s bust in the acceleration variation phases. In aaluit The configuration of the two wheeled vehicles, as depicted
the steering angle of the handlebar has been motorized imFig 4, is defined with respect to an inertial reference fsam



It was parametrized by: the positidn, y, z) of contact point where P’ is a constant vector/; is the matrix of inertia of
between the rear tire and the road with respect to referentee body; expressed in thg*” body frame and given by:
frame, the yaw and roll angles of the rear wheéehand ¢, S

the swinging arm anglé,, the rear (main) body angte the ety tTEs 1, I mizd
front suspension elongatiah and the rear and front wheels b = 1, Lio—lhy 12 1 iyl
angle of rotatiord,. andd;. . - ,;ﬁﬂgy,,gz

Jopd J a7 J 3J
m’ iy, m’yz, m’ z;, m

@

J 5
m’ z;,

If is the inertia tensor elements of the bogdin its local
coordinates framem; is its mass andxzi,y’,24)7 is a
constant vector corresponding to the coordinates of itsecen
of gravity expressed in its local coordinates frame.

C. External forces

In this section, we summarize the principal forces and
moments affecting the motorcycle behavior.

Fig. 4. Configuration variables definition

When these generalized coordinates are specified, the
position and orientation of any motorcycle element can be
defined accurately at any given time with respect to the
inertial coordinate system.

B. Motorcycle dynamics synthesis

The equations of motion of the motorcycle are derived

from Lagrange’s equation formalism: Fig. 5. Motorcycle suspension system configuration

0 (0L oc 1 1) Suspension forcesin order to absorb the shocks
ot \dq¢ /) 0q Qs (1) caused by the road irregularities and bumps, the motorcycle

where £ is the total energy of the bodies constituting thdS €duipped with a rear and front suspension systems. In this
motorcycle.q; is theit” generalized coordinate an@; are PaPer a linearly dependence of the forces generated by the

the generalized forces and moments vector correspondingXgSPensions on the elongations and their rates of change is

¢;. A forward application of this principle leads to a veryconsidered:

complex equations of motion and consequently difficult to Fi = K; (Li — Lio) + CiL; ()
manipulate them. To overcome this problem, an algorithmi%vherei — {rs, fs} designates the rear or front suspension
formulation of Lagrange’s equation leading to the direc ’ '

dynamic model and based on homogeneous matrix reprsi® is its free load elongation; is the suspension stiffness
sentation is adopted and can given by [4]: and C; is the damper coefficient. So, the suspension length

can be expressed as:

n . T
Z |:t’r‘ <6Hj Jj aHj ) Gk Li = \/(P'Lu - P'LZ)T (Piu - Pil) (6)
e 9q; 7 Oqx
J oH,; ~0°H] OH; ; @ ; o
+> ( 5 J o ) drdr — mjg* 5 Iip | =Q, where P, and P;, denote respectively the position of the
=1 & deoa @ upper and lower extremities of suspensioiience, the rate

: th - < o .
ir; is the center of mass position of thé" body in its ~°f change ofi™ suspension length is given by:

local coordinate framem; is the mass of thg'" body. g fie L (pi _p )T (P — Py)) @)
is the gravity vectortr is the trace operator of a matrix
defined agr(A) = >°i", a;;. H; is the homogeneous matrix |4 is easy to express,, and P, in terms of partial

representing the position and the orientation of the bodyerivatives of the conf'é;uration matrix of thé" body, at
j with respect to the inertial frame. Hence, the geometrigrhich they are attached:

relation between the globdP and local P/ coordinates of Py = H, P
the point belongs to the bodyis given by: ( i on )
J .

P=H;P' ®3) 2 g, i

n=1

_ o ®)

m



where m = {i,,i;} and P/ is a constant vector of
local coordinates of the poin®,, expressed in local frame. ®
Relation (8) shows thatP,, can be obtained by using »
guantities previously computed in equation (2).

2) Tire/road contact wrench:Behavior of the ground
vehicles depends significantly on the nature of the interact
between the tire and the road. Indeed, in the last two decades
and due to the importance of this phenomena in the security
of ground vehicles, several efforts are done to establish
mathematical models characterizing the friction forced an
moments of the contact tire/road. The well known and widely ~ Fig 8. Aligning moment vss for § = 0°, —2°, —5°, —10°
used one is Pacejka Magic formula. This model captures
in steady-state motion, the tire/road forces and moments, i 3) Aerodynamic wrench:When the motorcycle moves,
algebraic equations form, with respect to load and kinematits interaction with the air generates an aerodynamic force
quantities, longitudinal slip: and lateral slip3. The steady- and moments. The most important components are the drag
state behavior restriction still valid in the scope thate thand the lift applied at the center of pressure, often located
effect of the tire dynamics is generally small compared t@bove the motorcycle center of gravity. The consequence of
the effect of the complete motorcycle dynamics. this deportation is the presence of an aerodynamic pitching

Initially, Pacejka model has been developed for foumoment. The drag force influences the maximum achievable
wheels vehicles. In this case, wheels steel approximatefglocity and also acceleration performance. The lift farae
vertical and hence, the camber angle can be neglected. Othave an undesirable effects on the motorcycle performances
varieties of this model have been proposed and adapted |ﬂ§jeed, it reduces the load on the WheelS, and thUS, desrease
motorcycle tires by including the camber angle. This angl#he tire adherence.
could achieves0° for racing motorcycles when cornering Mainly, the drag and the lift forces are expressed in a
and consequently, could’nt be ignored [6]. linear form with respect to the square of the motorcycledine
Among a six components of the tire/road contact wrench, wiglative velocity with respect to the air:
have considered the principal ones: longitudinal and dhter L
forces and the aligning moment [13], [9]. Figures 6, 7 and Fp = chpsvf
8 illustrate the shape of longitudinal and lateral forced an Py — ECLPSVQZ
aligning moment vs longitudinal slip, for different valuet 2
lateral slip angle, corresponding to experimental idestifi  \where (', and C; are dimensionless coefficient,is the
data of the 160/70 tire type found in [13]. air density,V, is motorcycle relative velocity and is the
frontal motorcycle area exposed to the air flow.

4) Contact constraints forceKeeping the tires in contact
with the road imposes two constraints. In order to satisfy
these constraints, we have placed two spring-dapper sgstem
between the road and the tires contact points. This formu-
lation can also capture tires carcasses elasticity fegtaie
sketched in Fig 9.
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This formulation is more advantageous than using La-

o grangian multipliers which need to include constraints sta
bilisers to prevent constraints divergence.

o : o : 5) Input controls: The last considered external forces

acting on the motorcycle behavior coming from the rider

Fig. 7. Lateral force vs; for 8 = 5°,0°, —5°, —10° actions through the engine torque, brakes torques andyfinall
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steering torque. We have modeled these actions by a pure
torque and we don't integrate their dynamic models, which
will be considered in future works.

IV. SIMULATION RESULTS

In the lake of presence of a motorcycle keeping up
controller, we have limited the test of the developed mo- os} : = .
torcycle model to longitudinal behavior. For this aim, two
test scenarios are considered, static and dynamic tests. Fig. 13. Front suspension elongation evolution in statit te

A. Static test

In this scenario, the motorcycle is at rest and a vertical
square form force of amplitudé¢ = 800V has been applied
on the saddle of the motorcycle, simulating a rideBokg
of weight as depicted in Fig 10. In this case, the rear and
front suspensions are contracted when the force is applied
and regain their initial elongations when the force is oedaift
as illustrated in Fig 11 and Fig 13. Moreover, the main body
pitch positively when the vertical force is applied, see Fg w =
This fact is a consequence of deportation of the application
point of the test force, behind the center of mass of the main Fig. 14. Rear contact constraint violation
body. Fig 14 and Fig 15 illustrate the amount of violation of
the rear and front contact constraints.

contact constraint violation (i)

Rear

e
Fig. 15. Front contact constraint violation
Fig. 10. Applied vertical square wave force

B. Dynamic test

In this scenario, the motorcycle is subject to traction éorc
of 500NV applied at the rear tire/road contact point. The shape
of this force simulates the accelerated and unaccelerated
phases as depicted in Fig 16. When the motorcycle accel-
erates, the inertia of the main body opposes to this motion
by a force in the opposite direction. Consequently, thetfron
suspension and also the rear suspension are contracted, and
hence, the main body relative angle decreases, see Fig 19,
Fig 17 and Fig 18. Fig 20 and Fig 21 depict, respectively,
the violation of the rear and front contact constraints.

Fig. 11. Swinging arm angle evolution in the static test

Frac ™)

) t(s)

Fig. 12. Main body angle evolution in static test Fig. 16. Traction force shape in dynamic test



Fig. 17.

o, (deg)

Fig. 18.

Fig. 19.

Main body angle evolution in dynamic test

Front suspension elongation evolution in dynarest t

Fig. 20. Rear contact constraint violation

Front contact constraint viloation (m)

Fig.
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21. Front contact constraint violation

V. CONCLUSION AND FUTURE WORKS

Based on Lagrange formulation, a motorcycle dynamic
model dedicated to the driving simulator application is
proposed. The development method is discussed and the ad-
vantages are outlined. In particular case, longitudingiono
the simulation results confirm well a real behavior of the mo-
torcycle model. As future works, a steering controller Wil
developed to test a very complex behavior of the synthesised
model such as cornering. In addition, Comparison with the
other approaches performances will be established. Beside
a more refined model will be proposed by considering the
tire/road contact point migration in the tire circumferenc
when cornering, motorcycle engine dynamics model, brakes
dynamics model, and finally, a quantitative evaluation will
be done for real-time applications.
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