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Two Wheeled Vehicle Dynamics Synthesisfor
Real-Time Applications
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* Informatics, Integrative Biology and Complex Systems CRRE 3190, 40
Rue de Pelvoux, 91020 Evry Cedex, France.
e-mail: {Salim.Hima, Hichem.Arioui}@ibisc.univ-evry.f

Abstract: In this paper, we present a modeling technique for derivivey otorcycles equation of
motion. The proposed technique is based on the recursiveddetauler approach and adapted to tree
structure with floating base multibody systems. The derivedel presents a low number of arithmetic
operations, and hence, suitable for implementation intwawheeled vehicles real-time applications
such as driving simulators. The synthesized model takesrisideration the main wrenches that affect
the behavior of motorcycle such as: pneumatic, aerodynasuigpensions, contact constraints and
control inputs.

Keywords: Motorcycle driving simulator, motorcycle dyn@as) Recursive Newton-Euler algorithm.

1. INTRODUCTION In the framework of the SIMACOM project, a new motorcycle
motion-base simulator has been designed, see Nehaoud [2007
N the two last decades, the safety of ground vehicles hd§e proposed design is customized to reproduce the relevant
I known a significant progress. Due to the reduction of theotorcycle situations in real driving. In this paper, we are
electronics and the informatics equipments, severalligésit interested to derive the motorcycle behavioral model withna
systems have been developed to optimize the performanceasithmetic operation in order to reduce the computatiortim
the ground vehicles. In general, the development of SUCH SV, jiserature, several model are proposed in the scope dfaon
tems is based on the_vehlcle be_haworal model that allows t %rposes. These models are partial and focused on a local
developmentand testing them without need for real pro®Ryp o ayiors and neglect some element such as suspensiomor roa

In suctp_appllc?thntsbreal-Umg contstra;mth|s nt%t crudrli;jyyé irregularity. However, driving simulator need for a broadael
ever, this constraint become important when the applinalio j, orger to cover a very large spectrum of rider’s actions.
centered around a human operator such as driving simulators
In f drivi imul h initiall di Multibody mechanics offers a convenient framework to deriv
t.” ?Clté tnvtmg simulators .lavte 'n't'ﬁ y protﬁose ;n aeal- 5 motorcycle behavioral model. In Cossalter [2002] authors
IC Tield 1o train a novice pilots, enhance € periormance iy, e aqopted Lagrange formalism to derive their motorcycle
experimental ones and also testing a new systems and desi ion model. A direct application of this approach, leaals t

in a safe environment and without need of a real aircraft. Fey, - iractive performances in term of number of operations a
yeﬁ_rsl Iat(fe_r,léhls :jechnololgy has beﬁn elx:jends_d Ito f]f.’ulzjwueekmplementation facilities. An algorithmic formulationtetna-
vehicles field and recently to two wheeled vehicles field. 6 of this formalism, that presents the advantage to bityeas
The idea behind this technology is to immerse the rider in debugged and easy to implement, has been presented in Hima
virtual traffic environment by properly exciting his pertiep  [2007].

organs with a convenient cues. In literature, we d'St'”gu'SEproiting the recursive scheme in computing some kinemati

two tlype of _?_Livir}g simulators: a filxed ba%e aﬂd mgtiO” .br‘;iS&uantities, very efficient algorithms have been proposed to
simulators. The former can merely provide the rider With &,y the inverse dynamics of open chain multibody systems,
visual and auditive cues, while the second add an appreprial,q Featherstone [2000], Khalil [1987], Hollerbach [198,

ics using the articulated body algorithm (ABA), Feathensto
One of the central components of driving simulator is a veh{2000]. This algorithm is known to be fast, accurate andlstab
cle’s behavioral model. When the driver acts on the vehiclghalil [1999].

control inputs, these actions are sensed and transmittéx to ; ; ; ;
) ' X In thi r, we extend ABA algorithm rive a f ir
vehicle behavioral model bloc. This bloc computes the sta this paper, we extend algorithm to derive a fast direct

: X X . {Rodel of motorcycles suitable for real-time applicatiootsas
and accelerations of the vehicle and transmit them to @iffer ., \yheeled interactive simulator. In the second secticthisf
simulator components (visual, auditive, and motion-base)

order o update their states, It is important from percergimint paper, a brief presentation of our simulator is given. Thelth
; L X . X ion i V resentth rivation f
of view to reduce the delay time between driver actions m:staSECt on s devoted to present the derivation steps of mpttc

dth dating the whole simulati X forward dynamics. In the fourth section, simulation resust
and the updating the whole simulation component stateaniist jy,,sirated. Finally, conclusion remarks and future woeke

outlined.

* This work was supported by the French National Research &ggsiNR)
in the Framework of SIMCOM project.



2. SIMACOM PROJECT PRESENTATION filter in order to transform it into motions compatible with
motion-base workspace limitations.

The primary goal of SIMACOM project is to propose a low
cost replicable motorcycle simulator. It's dedicated tividg
schools for training a novice riders and perform the exper
enced riders aptitudes face to life-threatening situationa
safe environment. Mainly, the proposed simulator architec
is designed around five subsystems: a visual subsystens-acc
tic subsystem, motion-base platform, motorcycle model ar
haptic subsystems, see Fig 1. The visual subsystem all@vs
immersion of the rider in a virtual traffic environment, mged
by ARCHISIM software, and provides him with velocity cue.

Rear sliding system

Motion Base Platforme Front presmatic
actuators

; Motion Algorithm
(WashoutFilter})

Haptic feedback
systems
i Fig. 2. Motion-base platform prototype
Virtual trafic
—> “::E‘,’,':;:“,{“ - When riding a motorcycle, the ground-tire interaction &sc
g and the gyroscopic precession force of the front wheel are
z transmitted to handlebar and so felt by the rider. Furtheemo
g tension forces exerted on the rider arms in acceleration and
deceleration phases, caused by the rider bust inclinasien,
Motorcyclestate Trotorcvcle dvmam present. In order to reproduce these forces and make the sim-
et ulator more efficient, two haptic feedback subsystems aee in

grated to our simulator (Fig 3). The first subsystem consists

DC motor connected to the steering axis by way of pulley-belt
system. It permits the application of a torque on the stgerin
Fig. 1. SIMACOM project simulator architecture axis to give the rider sensation of the tire-ground and gyro-
scopic forces. This torque is computed from the motorcycle

In Panerai [2001] the authors have stated that, an acous#i¢namics model. Moreover, the second subsystem consists of
cues deprivation leads to a systematic increase tendency@fmechanism that endow the handlebar with a longitudinal
the speed by drivers. To prevent this problem, and makiriggnslation motion controlled by a brushless actuator,Fige

the simulation more realistic, an acoustic subsystem isepla 3. In fact, in acceleration phase, the handlebar transfates

to reproduce sounds resulting from the juxtaposition of ynarfrom the rider and hence, pulls the rider arms to createidius
sources where the main ones come from the engine and tirééthe bust inclination away from the handlebar. Otherwiise,

In addition, inertial cues are generated by stimulatingritier ~ deceleration phase, handlebar translates toward the aiir
vestibular organ by moving him with a proper motions. Fog0, push the rider arms to create illusion of the bust inttma

this aim, a motion-base platform, which consists of a redbward handlebar.

motorcycle structure hanged on a parallel robot, is designe

to reproduce the main motorcycle situations such as bending

in braking situation, leaning in cornering situation ansbahe

rear tire skidding situation. That’s why, two prismatic wator

are placed in the front and connected to saddle body by way

of spherical joints. So, the pitch and roll of the motionas

are directly controlled by changing the legs lengths using t

DC motors. In addition, illusion of rear tire skidding is ated eatons
by placing a sliding system at the rear of the motion-base to

perform a horizontal displacement, see Fig 2.

Handlebar

Pulley / belt
system
Brushless
actuator

Changes in previous described subsystems states, are made i
response to the rider actions captured by placing a sensors
in the motorcycle control organs (throttle angle, brakimgl a

Movable

clutch leavers). Once rider’s action are sensed, they atdece steering acs

motorcycle dynamics model to compute motorcycle’s motion

(configuration, velocities and accelerations). Theseringe  Fig. 3. Haptic feedback systems in the handlebar

tions are then provided to visual and acoustic subsystem to

update the virtual environment and the adequate soundseln or further description of this simulator and kinematiadstof
same time, motion informations are also provided to washotlie motion-base, readers can consult Nehaoua [2007].



3. MOTORCYCLE MODELLING in Fig 5. LetV; = (o], w])T be the twist vector oB; wherev; is
) . . . . itslinear velocity andv; is its angular velocityk; is thei joint
Motc_)rcycle direct dynamics can be derived using mechan‘lcs Qxis. Fe = (P, MeTYT is the external wrench acting @, L;
multibody systems theory. Mainly, the motorcycle is CongIbs y,o 1 oition vector ofi+1)" joint origin with respect ta” joint
by the saddle body, the f_ront upper part (handlebar and Upp@ﬁgin, S, is the position vector of th8; center of gravity with
part of the front suspension), the front lower part of thefro o ghe et 1 thet" joint origin, 'R;_; the transformation matrix
suspension, the swinging arm andflnallythefrpntand rm.tl_ from Bi_, to B;, F; = (F' MTST is the link wrench vector
All these parts are connecteq between them with a simplésjoin ansmitted td; from Bl;l,lﬂ’ii alndJi are, respectively, the mass
Lhed Hgndleb_ar ?nd Eh% s_vylr]{glnghar;n ?rle attachetd_ t?. skadd fid the inertia tensor of the body, g; is i*" joint variable and;
ody Dy a Simplé rotoid jonts. 1he font lower part IS iK€, q yna ctyator force/torque acting on the jairih the sequel

to the front upper part by prismatic joint. In addition, thear ¢ s naner the expressidX; means that the vecto; is
suspension is connected to saddle with a rotoid joint froma Ongojected intd the frame assoéiatecBl;o J

side and to the swinging arm with a rotoid joint also from th
other side. This creates a closed kinematic loop, and sds led_et o; be a binary variable defining the joint type and given by:
to a modelling difficulties. Finally, rear and front wheele a

respectively connected to the other tips of swinging arm and S _ )

front lower part as illustrated in Fig 4. o = {1 if joint i is a prismatic 0

The motion of the motorcycle is referenced to an inertiakfea 0 ifjointiisarevolute

Ro(Oo, x0, Yo, z0). Moreover, to each bodp; an orthonormed . . . ]
frame is r]i/gidly attached. In order to completely define th&©t Ti-1 b€ a6 x 6 matrix defined as:
configuration of the motorcycle, a set of 11 DOFs have been

considered. A full characterization of motorcycle’s sttaa . iR —R._f.
can be done by the position and orientation of the saddle T :( =1 e "1)
(x,y,z,¢,0,1), the steering angle or handlebar orientatidn, 033 Ri-1

the elongation of the front suspensidn the rotation angle of
the swinging arm with respect to the saddlg,(elongation of
the rear suspension), and finally, the rotation angles ot

2

where™ is the skew-symmetric matrix operator for a vector
v = (x,y,2)" defined by:

-1

3.1 Direct Dynamics

and rear tiresfy ando,. 0 -z y
v=vx=|z 0 —x 3)
< " -y x 0
By: ¥ xyzsow) Saddl , N . .
Front  ~ 4 ' g LetJ; be the global inertia matrix d; given by:
upper body =S /"f* ,' / Bs:
) ~ = e # swingingarm
A Bg: ) _miQ.
B k . Rear\fvheel ’J- — mlI,?LX?’ m; Sl (4)
Front = = o ! m.ls. J
lower body t 1 '
B,: . . . .
romtwhed ~ and finally leta; = [o;/k! &,/k']".
| »
Yo
Fy
Fig. 4. Motorcycle configuration parametrization M;—y MEy - Fiss
-

, e

y Mw 13

> M sl B }éu:.l
Application of the classical formalisms from mechanics of R ; ~ T

multiboby systems can leads to an inefficient dynamic models ~ »

in term of the number of arithmetic operations. However, re- C L= % \

cursive techniques present another alternative to reciaeelyg X )

the computational burden and that should allow a real-time

computation of the direct dynamics of the motorcycle. In Kha

[1999] and Hollerbach [1980], Recursive Newton-Euler AlgoFig. 5. Open chain multibody system

rithm, RENA, have been shown to be the fast one. Originally,

this technique is developed to solve the inverse dynamiceiod

of the open chain manipulator with a fixed base for controfhe ABA is based on three steps. In the first step (forward
purposes. By projecting the dynamics of each body in its atecursion), velocities, Coriolis, centrifuge and extérfoaces
tached frame, the acceleration of the joint variable caralsdye are updated for each body. The second step (backward recur-
derived without need to compute the total inertia matrixha&f t sion), the total forces and inertia matrices felt by eachtjare
whole system and invert it. In addition, this technique, edm computed. in final step (forward recursion), the joints #ree
Articulated Body Algorithm (ABA), is more numerically stieb  tions and dynamic torsors are computed for each body. §ettin
then inertia matrix inversion method, see Khalil [1999]. wp = a@p = 0andVy = (—g,01x3)", whereg is the gravity

To illustrate the ABA, consider the multibody system sketth vector. So, the ABA is given by:




First Recursion
fori=1—ndo

ZV1 1= sz 11 1V1 1 +QI az
lRl 1(i wWj— 1)(( Wi— 1)(1 1L1 1))
yi= +20i(w1>1 X i i);
0i (ia)ifl X q'iiki)
. . la)i X la)i X m/S,-
Pi=E - iwi(x (7 i) )]
end

Second recursion
"B ="Pn
="l
fori=n—1do

i_lﬁ:—l :Hﬁi—l - iTiT—l [_iﬁ;

iJ:iai {iaiT (ijziyi + iﬁ:) + Ti}

+iIxy ¢
3y iqTiTrig;
1 1

ljjiaiiaITIJ;]

za’TiJ:iai

i-lps -1y il i _
Jia="dia+'T;, [Ji
end

Third recursion
fori=1—ndo
1V1 1= ZTI 11 1V71 1
i = ;! [al 3 (Vi + ) + i+ al ]
) iR o ;
'F; = |:i1V[li] ='Ki'Vi + '
iVZ- = iVi,l + iai'q’ + i7/1'
end

Algorithm 1. Recursive Newton-Euler algorithm for direct dynamics

Removing the rear suspension and replace it with two forces

of saddle body with respect to its framk]; is the inertia
matrix of the saddle body expressed in its frar@eand G
are, respectively, the Centrifuge/Coriolis and weightefees.
F,s is rear suspension force acting on the sadileis the
transformation matrix fornB; frame to inertial frameR, and
can be given by:

CyCo —SyCo + CySeS¢  SySe + CyChSe
R =|syco CyCy + SpSeSy —CySe + SoSyCe (6)
—Se CoS¢ CoCy
wherec, = cos(x) ands, = sin(x).

3.2 External forces

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

Suspension forces In order to absorb the shocks caused by the
road irregularities and bumps, the motorcycle is equippitia w

a rear and front suspension systems. In this paper a linearly
dependence of the forces generated by the suspensions on the
elongations and their rates of change is considered:

F; = K; (L; — Lio) + GiL; (7)
wherei € {rs, fs} designates the rear or front suspensiog,
is its free load elongatiork;; is the suspension stiffness a@d
is the damper coefficient. According to Fig 6, the suspension
length can be expressed as:

L = \/(2Pf5u - ZPfSI)T (2Pfsu - ZPfSI)

Lys = \/(1Prs“ - 1P751)T (1Prs“ - 1Prs,)
whereP;, andP;, denote respectively the position of the upper
and lower extremities of suspensiotlence, the rate of change
of suspensions lengths are given by:

(8)

acting on the saddle and swinging arm at rear suspension Lfs Li( pfsu _prsl)T (ZPfs“ _2Pfsl)

fixation points, the motorcycle can be considered as a tree fs (9)
structure system with floating base. Hence, algorithm 1 is i l(l' 1p ) (1P _1p )

used to compute the accelerations of relative configuration " Ly Prs, = Prq o "

(6,L,06y¢,065,0,), and forces acting on their corresponding ar-

ticulations for the open chain@®,, B3, By) and (Bs, Bg). The

Hence, the suspense wrenches are given by:

floating base (saddle) accelerations are often obtaineaivy c . T T 4T
sidering 6 virtual bodies linked between them by a single sad <1Prsu - 1Prsl) ) <1Prsu - 1Prsl)
dle’s degree of freedoms. This leads to consider a seriahcha 'Frs, = R Py, X fﬂs
with 6 bodies, and hence, apply RENA algorithm again. In our " "
approach, and to reduce the number of arithmetic operations (s 5 T 5 5 T 4T
we have isolated the saddle body only, and replace the front, ( Py, = Prsu) 5 ( Py, - Prsu)
and the rear chains by their transmitted dynamical wrenches *rs: = Lys Fys,"Pro, X Lys s
(F,,Fs) at the2™ and5™ joints origins. In this case, we can
consider the saddle as a spatial rigid body subjected toreaite (o ) T ) ) T T
forces. So, the saddle’s accelerations are then given by: p ( Pgs, = Pfs/) E 2p (2Pss, — 2Py .
fSu Lfs fS/ fsu Lfs fS
Wy =107 (€, V1) + G + 1Bz + s + ') (P~ ) (PP T
. fsr ™ Ffsu for ™ L fsu
T] = R1V1 3Ff51 = —l Lfs FfSI 3Pf51 X —I Lfs Ffs
wheren = (x,y,z,¢,0,1) is the configuration vector of the (10)

saddle.'V; is the vector of the linear and angular velocities



whereV is the motorcycle velocity ant, is the air velocitys
is the frontal motorcycle area exposed to the air flow.

Contact constraints forces Keeping the tires in contact with

""‘\L the road imposes two constraints. In order to satisfy these
\‘ constraints we have placed two spring-dapper systems batwe
the road and the tires contact points. This formulation iseno

advantageous than using Lagrangian multipliers which need
include constraints stabilizers to prevent constraintergience
and also can capture carcasses elasticity features.

Input controls The last considered external forces acting on
. . the motorcycle behavior coming from the rider actions tigtou
Fig. 6. Suspension systems wrenches the engine torque, brakes torques and finally steering éorqu
We have modeled these actions by a pure torque and we don’t
integrate their dynamic models, which will be considered in

Tire/road contact wrench Behavior of the ground vehicles future works.

depends significantly on the nature of the interaction betwe
the tire and the road. Indeed, in the last two decades, and due 4. SIMULATION RESULTS
to the importance of this phenomena in the security of ground

vehicles, several efforts are done to establish matheadatign the lack of a wide controller to handle the whole motoreycl
models characterizing the friction forces and moments ef thehavior, we have synthesized a basic autopilot based on a
tire/road contact. The well known and widely used one is Pacgnear PID controller for motorcycle velocity regulatianstreet

jka Magic formula. This model captures in steady-state amti forward motion. In this simulation we have modeled the eagin
the tire/road forces and moments, in algebraic equatioms,fo py 3 first order filter to take into account the delay of the eagi
with respect to kinematic quantities, longitudinal skpand reaction. The delivered torque by the engine is then bounded
lateral slipg, and the load . The steady-state behavior restrictiofy the maximum allowable torque. The resultant torque is
still valid in the scope that, the effect of the tire dynam#ogen-  applied at the rear tire axis. To test the longitudinal bévav
erally small compared to the effect of the complete motdecycof the developed motorcycle, we have considered a scenario
dynamics. with three phases, acceleration phase ufp5a/s, a second

Initially, Pacejka model has been developed for four wheels 2acceleration phase up0m/s, and finally a deceleration phase
hicles. In this case, wheels stay approximately verticdlan- down to 20m/s, see Fig 7. In this figure, the steady error
sequently, the camber angle can be neglected. Other earigti between the desired and the motorcycle errors in the three
this model have been proposed and adapted to motorcyde tifRf1ases are different. It is most important when the motdecyc
by including the camber angle. In fact, this angle couldewhs  ravels with a high speed. The origin of this effect is retate
50° for racing motorcycles when cornering and hence, could'dp the aerodynamic drag force which is proportional to the
be ignored, Lot [2004]. square of the motorcycle_speed. In Fig 8, requgsted autopilo
Among a six components of the tire/road contact wrench, wefntrol torque and effective control torque delivered bg th
have considered the principal ones: longitudinal and #teréngine at the rear tire axis are sketched. The effect of the

forces and the aligning moment, Sharp [2004], Pacejka [Lo9£ngine delay and torque limitation can be observed on the
convergence time of the speed profile. Fig 9 illustrates the

effective motorcycle driving forces generated by the raat a

Aerodynamic wrench When a body moves in a fluid, th|sntge front tires pneumatic models.

leads to the apparition of aerodynamic forces and mome
proportional to the relative motion of the body with respiect

the fluid, applied to the center of pressure. The most impbrta 3
components are the drag and the lift. In our developed motc
cycle model we have consider these two forces. The drag for sof
opposes the motion of the motorcycle, and hence limit the-ma
imum achievable velocity and also acceleration perforraanc 5f
In otherwise, the lift force can have an undesirable effeats
the motorcycle performances. Indeed, it reduces the load 2or
the wheels and, thus, decreases the tire adherence. Inagenc 5
the drag and the lift forces are expressed in a linear form wit g
respect to the square of the motorcycle linear velocitytinada
to air: o
sl
Fp = 1C S|V 2 VAl + = = Desired velocity profile
D — E DpP “ a” (11) 0 : : Motorcycle's real velocity profil| |
Fi= 5CipSIVilP LI I e R

whereCp andC; are dimensionless aerodynamic coefficignt,
is the air densityV, = V — V,, is motorcycle relative velocity Fig. 7. Motorcycle velocity regulation
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5. CONCLUSION AND FUTURE WORKS

tative evaluation will be done by implementing the synthedi
model into our simulator.
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In this paper we have proposed a motorcycle dynamics model
with a low arithmetic operations number. This model is based
on a Newton-Euler recursive algorithm adapted to serialimut
body chain with floating base. A fast model is needed in some
application such as interactive driving simulators, touealthe
delay time between the rider action and the reaction of the
motion base platform in order to enhance the rider immersion
in the simulation environment.
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