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Motorcycle Riding Simulator: How to Estimate

Robustly the Rider’s Action?

Lamri Nehaoua, Hichem Arioui and Said Mammar

Abstract

This paper deals with a motorcycle riding simulator and edsees two key issues: 1) reconstruction
of rider's action, considered as the main input to the sitmasystem and 2) design an appropriate
force feedback, on the handlebar, emulating a tire-roadactn

To answer the first challenge, a Walcott-Zak based slidinglenobserver is designed for the rider
torque estimation. The reconstructed torque is used asairecantrol of the virtual motorcycle dynamic
model, in order to actuate the simulator’s platform. Thesitg system is modeled as a haptic display
subjected to a couple of action-reaction torques: ridertaeeroad dynamics.

Besides, a torque feedback is implemented to compensatladkeof the real tire-road contact.
The control approach is based on a robust tracking problemreference steering angle by usikg,

optimization technique.

I. INTRODUCTION

Motorcycle riders are considered as the most vulnerablerekgt road users. Indeed, the
incidence of motorcycle fatalities is still increasingrithg last decades. In spite of the preventive
measurements, as well as, recently repressive instatafradar enforcement of speed limit) and
laws, the number of motorcyclists killed did not drop whereansiderable progresses in term
of security (passive and active one) system were observethéoothers car categories.

Passive and active security systems, such as ABS, ESP, safiétyand airbags, represent a
major advance in term of driver safety. Most new cars are wedowith these safety systems

that begin to emerge on two-wheeled vehicles. If it is cléat these security systems have a
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proven efficiency, no information or studies exist abouirtheal exploitation by the road users
(riders and drivers). Consequently, the well control of stesice systems necessarily passes by
users’ knowledge and training. Moreover, number of acd&lén a direct consequence of the
lack of knowledge about risks incurred in some riding sitwa. Thus, it appears leading to
develop a training/simulation tool.

Nowadays, driving simulators seem to be a perfect tool tevansrucial challenges such as:
training of new drivers, risk awareness, road safety, ebeifTuse becomes fundamental thanks
to the possibility of carrying out representative expeniseunder reconfigurable conditions
and scenarios (weather, infrastructure: urban/highwiay) Blevertheless, designing a simulator
requires to make compromises between the quality of theodeiged motions and the overall
cost of the mechatronics architecture. If designing a \‘elsanulator is a very active research
field since several years [1], [2], [3], the simulation of m@ilycle riding remains stammering
with few prototypes in the world [4], [5], [6]. The questioffi the immersion (the quality of the
reproduced motions) is even more complex for a two-wheeégdcle as well as of the balance
(lean motion).

Generally, a driving simulator is built-up around two mamngonents: a mechanical archi-
tecture and simulation software. This later consists oésswcomputer units including the visual
and the traffic environment generator, the control of meaduplatform and the virtual vehicle
represented by its dynamic model. The vehicle dynamic matelvs the computation of the
vehicle states according to the simulator’s user actiongpttate the visual environment and to
actuate the mechanical platform. Consequently, the velipgtamic model is one of the most
important components of a driving simulator.

To simulate a dynamic model, the vehicle steering angle mnoconly used in automotive
analysis and control. This fact makes possible to simulageviehicle dynamics without any
knowledge of the driver torque applied on the steering-wHedeed, the driver’s torque and the
corresponding steering angle can be modeled by a minimaeptransfer function even by a
simple proportional factor [7] because of the vehicle cisaasd the steering system dynamics are
completely decoupled. However, this assumption cannotdmsdtribed for two-wheeled vehicles
for many reasons such: counter-steer phenomena, dirécbétween steering system and the
front wheel and the effect of the roll motion. Hence, the mofole is primarily controlled

by the applied rider’s steering torque. Consequently, ifthrgue sensor is not available (cost
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reason), an estimation procedure must be carried out toxsgamt this input. To the author’s
knowledge, contributions of this work have never been astdre before.

The problem of designing observers for linear systems witknown inputs has been ex-
tensively studied in the literature [8], [9]. Among themethliding mode observers have been
used for their robustness, insensitivity to the matchednank inputs and finite/exact time
convergence [10]. To construct such observer, two necessat sufficient conditions should
be satisfied: 1) the plant model must be a minimal phase syateh?) the so-called observer
matching condition must be satisfied. However, the secondition is not guaranteed for a large
range of mechanical systems. In this way, a great effortvested to deal with the observer
matching condition limitation and sliding mode observeavéhbeen extended to a large wide
of physical systems [11]. In [12], additional output sigha@re generated from the measured
outputs by using sliding mode differentiator, and the rsglaugmented system satisfies well
the observer matching condition.

In this paper, we discuss the possibility of using unknowpuinsliding mode observer for
the estimation of the rider’s torque applied on the simulatbandlebar. Since the system does
not satisfy the observer matching condition, additionaipats are generated using high order
sliding mode exact differentiator.

This paper is organized as follows: section Il is dedicaedhe simulator and the torque
feedback system description. Also, in this section thetifleation process of the steering system
used as the new interface between the rider and the virtuatleeis presented. Section llI
highlights the design procedure of the rider’s torque estiom. Section (V) deals with the

torque feedback control approach. Finally, results, amioh and appendixes complete the paper.

II. RIDING SIMULATOR AND TORQUE FEEDBACK SYSTEM
A. Motorcycle riding simulator

Within the framework of the French SIMACOM research projeg@d5-2009), a riding mo-
torcycle simulator is the result of a collaboration betwdka INRETS and IBISCG-UEVE®

laboratories in France.

!Institut National de la Recherche sur les Transports et leurs Securité
2L aboratoire d’Informatique, Biologie Intégrative et Systémes Congslex

S3Université d’Evry-Val d’Essonne
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Fig. 1. SIMACOM's Riding Simulator Platform (INRETS-UEVE)

Despite its simplicity, this simulator is intended to regwoe, as possible as, inertial effects
close to real riding cases. The SIMACOM simulator has beeeldped for two purposes (other
possible changes are expected):

« as a training tool for new riders with different scenariosrmal traffic environment, dan-
gerous riding situations (avoidance, emergency brakiagyiy failing or slipping situations,
etc.)

« to carry out riders behaviors studies in such situations.

First investigations have led to 5 degrees of freedom (Do&ghanical platform including a
double haptic feedback on the handlebar and three basiomsothich consist of pitch, roll
and yaw rotations.

Figure (1) presents a picture of the achieved riding sinould¥lore details concerning the

mechatronics aspects can be found in [13], [6].
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B. Two-wheeled vehicle dynamics

In order to actuate the simulator’s platform a vehicle dyitamodel must be introduced. This
model aims to predict the behavior of a virtual motorcycleaading to rider’s actions on the
platform.

Many works have been addressed the modeling of single tratkches. The first study,
reported by Whipple, goes back to 1899 and relates to the Ibisystability and balance [14].
In 1971, a reference study was undertaken by Sharp [15]alnexed the motorcycle’s stability
and its sensitivity to the variations of the geometrical @inels parameters. More recently, the
team of Cossalter at the University of Padova (ltaly) has beeested for a several years on
the development and the experimental validation of dynamidels intended for competition
motorbike. The FastBike project presents a nonlinear mddélkeatwo-wheeled vehicle described

as a set of 6 bodies, allowing the simulation of 11 DoF [16].

F,

Y.

f Yy Eyr

Fig. 2. Geometrical representation of the Sharp’s motorcycle model

In general, two dynamical characteristics are consideireghlane and out-of-plane modes.
In-plane mode includes longitudinal, vertical and pitchtimas whereas the out-of-plane mode
represents lateral, yaw, roll and steer motions.

In the present paper, the out-of-plane dynamics is destrilye Sharp’s 1971 model. The

motorcycle is represented as a set of two rigid bodies linkedugh a steering mechanism
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(Figure 2). The first body~; is the front solid composed by the front wheel, the fork arel th
handlebar display. The second ba@y is the rear solid including the rear wheel, the engine, the
tank and the seat. Here, the rider is supposed to be rigithglegd to the rear body frame and
his relative motion is not taken into account. Equations ofian are expressed by the following

state-space representation:

Ty = Ay + By, (1)

wherez, = [vy,q/},gb,c'i,gp,é, F,., F,]" is the state vector and. is the rider torque applied
on the handlebar. Matriced, and B, are variables and function of the longitudinal velocity
which is governed by :

17— .
— 7T | v, + Fug @)

Uy =
MmMe D

Remark 2.1:See the appendix for states and variables definitions.

C. Steering system description and modeling

For this platform, the motorcycle front body dynamics, udihg the wheel and the fork
system, is substituted by a DC motor. The new resulting cardigon, handlebar and motor, is
considered as a new “connection” between the rider and tliu&” motorcycle (i.e. dynamic
model). Then, the DC motor ensures efforts feedback raguftom the road-tire interaction to
the rider. At the same time, this device performs a significate in estimating the action of

the rider.
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Simulator's
handlebar

Pulley - belt

DC
motor

Pulley - belt

Optical
encoder

Fig. 3. Steering system of the riding simulator

The implemented new display includes several parts (Figlrelescribed as:

« an original handlebar of a Yamaha 125%motorcycle.

. the handlebar is attached to the DC motor axis through a dquidley-belt to increase the
produced torque.

« an optical encoder for the measurement of the steer angie s€hsor is mounted in parallel
axes through a pulley-belt system with respect to the DC mstaft axis to improve the
resolution of the rotation measure.

Since the electrical dynamics of the DC motor is very fast garmg to the mechanical one,

it will be not considered below. Then, the equation desoghihe mechanical behavior of the

DC motor is given by:

Jmém + 6v,m9'm =Tm — Tem (3)
where, 6,, is the rotor axis rotationy,, is the delivered motor torque ang,, is the load
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torque. Moreover, the dynamics of the handlebar system eagxpressed by:

InOn 4 Bonbn + BsSign0y) = 7o + N Tom, 4)

Whered, is the handlebar steer angle andis the rider’s torque applied on the handlebar.

Knowing thatd,, = N 6, andr,, = k; i, it results that:

Jeqbn + Beqhh + BSIgN(04) = 7, + N ky i (5)
with:
Jog=Jn +N* J,
Beg = Bop + N? Bo,m

Equation (5) describes the dynamic behavior of the new natorcycle interface.,,, 5, .,
k, and N are known parameters.

Remark 2.2:When modeling a DC motor, the electrical dynamics is consiies follows:

di . ;
La—i-Rz:u—ke@h (6)

where L and R are the motor’s armature induction and resistaricds the motor’s voltage
constant. Nevertheless, since the motor's armature ifduct very low, the current dynamics
di/dt is neglected, and it is supposed that the motor is driven bycthrrent signat. So, the

transformation of current signal to an equivalent voltagmal is given by:
u= Ri+ kb, 7)

D. Parametric Identification

Identification of the simulator’'s handlebar parameterd iracial importance. In fact, misiden-
tification of inertial parameters leads to a lack in stateeokstion and control laws with
degraded performances. In this section, we aim to estirhatbdandlebar’s inertid;, and friction
parameters3, , and 3. In the considered identification process, the DC motor igedrby a

voltage signal in open-loop (without state feedback) amdritter torque is set to zera,£0). In
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this case, only the motor currehind position anglé, are measured while the angular velocity
6, is obtained by differentiation.
First, equation (5) must be rewritten in a linear form witBpect to parameters to be estimated

such as:

dp = Nkyi (8)

wherep = [Jo,, Beq, Bs)7 is the vector containing all parameters to be identified éne-
(61, 0, sign(),)].

Several methods were developed in the literature for tharpetric identification [17], [18].
We choose the adaptive gradient method because of its sitygh off-line or on-line imple-
mentation [19]. This method consists of optimizing a quédreost functionC; = 1(7,.; —7)%,

wherer,.; = Nk andT = ®p. Adaptation law is governed by:

p=—K&" (Nkyi — ®p) (9)

where K is the adaptation matrix coefficients adjusted to ensure repnvergence and also
tied to the different excitation trajectories (slow or mhpeference trajectories). Finally, the

different parameters are obtained by integratin@equation 9).
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Fig. 4. Applied control voltage (a chirp sine 0.1-4Hz)

Experimental identification is carried out in open-loopngsia voltage input signal of chirp
sine type with a frequency interval of [0.1Hz-2Hz] and aryale of 3 Volt. The angular position

is recovered by CAN bus at a sampling rate of 100Hz. Identifedmeters are summarized in

table I.
inertia J, | dry friction 85 | viscous frictions,
(kg.nm?) (N.m) (N.s/m)
0.0415 1.734 13.956
TABLE |

FRICTION AND INERTIAL ESTIMATED PARAMETERS

In figures (4) and (5), a validation of the handlebar’s modgérformed based on the identified

parameters (table I). A voltage signal inputs, type chineswith a frequency interval of [0.1Hz-
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4Hz] and a bipolar rectangular signal, are used to actuatédindlebar torque feedback system.
The resulting handlebar positi@h is then differentiated to g@rh, the motor current is measured

and with equation (7), the voltage signals reconstructed.

0.5

control voltage u (Volt)

u reference
u simulated

0 5 10 15 20
time (sec)

Fig. 5. Validation with a bipolar rectangular control voltage

[11. SLIDING MODE OBSERVER DESIGN FOR THE RIDERS TORQUE ESTIMATION

In this section, we present the reconstruction of the redaction based on sliding mode
observer approach ([20]).

The state-space representation of the simulator's haadigstem is derived from equation
(5) and can be expressed by:

&= Ax + Bu+D(7,. + 7,) (10)
y=10,=Czx

where,z = [éh,eh]T is the state vectory = k; N7 is the control input,r. is the unknown
driver’s torque to be estimated angl= —Bssign(éh) is a known external bounded perturbation
induced by the dry friction of the handlebar axis. In equat{@0), D is of full column rank
andC is of full row rank. The unknown input,, is obviously bounded, hencgr.|| < p where
p > 0.

Application of the sliding mode observer [20] to the systetfl)(yields to:
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B = A&+ Bu+ Ly —§) — DE(j,y,n) (11)
with y = Cz is the estimated output and:
Fly—9)

1E(y —9)lly +e€
is a nonlinear injection term whekeis a small parameter used to reduce chatteringarsd

E(9,y,m) =1 (12)

a design parameter.

The termL(y — ¢) is used to improve the convergence of the observer. Theeexistof the
observer gainC is ensured by the observability/detectability (of, C) where £ is defined such
that the matrix(.4 — £C) is Hurwitz and has a prescribed eigenvalues in the opermé&ftplane.
In this case, for any® symmetric definite positive, there is a unique solutiBnsymmetric

definite positive, such that:

(A—LCO)'P+PA-LC)+Q=0 (13)

and P satisfies, for some matri¥, the following condition:

PD =C"F" (14)

The previous observer is insensitive to the external peation if and only if the well-known
matching condition raniD) = rank(CD) is satisfied. However, for system (10), it is easy to
check that rankD) # rank(CD), which means that the observer matching condition is ndét ful
filed. Nevertheless, according to [12], the sliding modeeobsr method can be extended for
systems where the matching condition is not satisfied by rgéng additional output signals.
For the present system, this means that we need the infamafi the motor’'s position rate

(Figure 6). Consequently, the sliding mode observer (11¢4dafined as following:

i’ = Ali‘ -+ Bu + »C(ya - Zja) - DE(Q(I’ Yas /’7) (15)

where y, = [0),,0,]" and §, = C,#. The generated additional outpd is obtained by

differentiating the measured position using a robust styisting exact differentiator [21].
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Tr

Simulator's|
1 —J Handlebar Robust exac
differentiator

~

Sliding modg—— 0,
observer

l

Fig. 6. Diagram of the unknown input sliding mode observer

As reported by Walcott and Zak, the error’'s dynamics of theeober is asymptotically stable
for n > p. This means that after a finite time convergence of the diffeator, we have, = C,x.

Thus, the observer’s error can be defined by:

é=(A-LC,)e+ D1+ DE(Ya, Ya, M) (16)

and after a finite time, the state estimation eror x — & converge to the sliding surface
{S : FC,e = 0}. According to equations 14 and 15, the unknown input is extuh by:

D"PD {Tr + E(gavyaa 77)} =0—7 = _E@aa ymn) (17)

Remark 3.1:The main advantage of Walcott-Zak observer is its simpliot use and well
suited implementation especially for low order systems.

Remark 3.2:The main disadvantage of Walcott-Zak observer is the difficaf finding a
solution P which satisfies simultaneously equations (13) and (14).aFaw order system, the
problem of finding the matri? can be done by hand calculation. Otherwise, a method prdpose
in [22] can be applied.

Remark 3.3:The driver's torque is, by definition, a bounded input. Henes consider a
torque’s peak value about XOm. Furthermore, a smooth approximation of gigrby tank.)

is assumed [23].
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IV. TORQUE FEEDBACK CONTROL

The tire-road interaction and the gyroscopic effect geleeidorque along the steering system.
So, when driving a real motorcycle, a rider action is appbedhe vehicle handlebar to counter
the generated torque and hence drive the motorcycle towarjailibrium trajectory.

On a riding simulator, the lack of tire-road interaction aggroscopic effect makes the
simulation of a given maneuver impossible. The visual emriment information alone is not
sufficient for a simulator’s user to drive a virtual motortgjcso, it is essential to implement a

torque feedback (figure 7).

Tr Simulator's| ¢,
Handlebar Sliding mode;
observer
O, i
Robust éh
controller
)

Motorcycle | 7-

dynamics

Fig. 7. Bloc diagram of the virtual motorcycle and the handlebar system

In this paper, the torque feedback is implemented as a rdbasting problem in order to
follow a reference steering angbegenerated by the motorcycle dynamic model. As shown in
the figure 7, when a driver torque is applied on the simulator's handlebar, it is immediately
reconstructed by the unknown input observer. Afterware, élstimated torqué, is used as
control input to the virtual motorcycle dynamic model. Thabust controller is designed to
bring the simulator's handlebar positidgty as closely as to its reference valdedespite the
driver action. Consequently, one can deduce that this dostteeme is equivalent to a rider’s
torque rejection and from the motorcycle equilibrium it d@deduced that the torque delivered
by the motor is the same as that generated by tire-road atitena gyroscopic effects and other

dynamic phenomenon.
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This control approach is more efficient since it avoids regiting the resulted torque (re-
quiring rate and acceleration information) and also avgjdalgebraic loops which may cause
instabilities. Furthermore, high performances (in termtraicking) are not required since the
objective is to restitute admissible torque and the ridgustd his trajectory, according to the
visual rendering, by applying more or less effort.

Reconsider the state-space representation of the simsl&i@ndlebar system described by

equation (10) as following:

= Ax + Bi + Dw

(18)
y=20,=Cx
wherew = 7, + 7,. In transfer function representation, the system outpugfivien by:
y =0 =Ghi + Guw (29)
Under parameter uncertainties, the previous output arettew as following:
Oh = Gpat + Gypaw (20)

where, G, A, G, A are the perturbed transfer functions. In the following, aedfgack loop-
shaping design procedure is adopted (Figure 8). In thisegha®, the parameter uncertainties
are represented as a perturbation on the normalized leffincepactor of the system model [24],

[25]. Consequently, the perturbed plai; A is given by:

Gh,A = (M — AM)fl(Nh =+ ANh) (21)
Guwna = (M —Ay)"'N,
where[M, N;] € H., are the left coprime factors),,, Ay, € Ho are unknown modeling

perturbations. By replacing (21) in (20), we obtain:
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v

Fig. 8. Closed-loop system for the normalized coprime factor model

in which ¢ = Ay, i+ Ap0;,. The aim here is to design a controlies K0, that stabilizes the
closed-loop system against the external perturbaticand unstructured parameter uncertainties

¢. This is achieved by minimizing{., norm of the transfefl}, ., r_, = such that:

|Tig i poar | <~ (23)
where Ty .0, IS given by:
I -1
Tiowiolea = | (I = GrK) [M*1 Gw] (24)

Finally, finding K which minimizes~ such that||Tjs.i-p|., < 7 is equivalent to the

problem of minimizing the four bloc%{,, one [26] given by:

1
Towpon = | | U=GK* |1 6 G, ] (25)

where, G, = W),G, W is the shaped version @f,. By using Hifoo toolbox [27], an optimal

‘H., reduced-order controller with performance lewél= 2.5587 is obtained as the following:

93555 — 613.7
K(s) —
(5) s+ 1445

(26)
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V. SIMULATION RESULTS AND EXPERIMENTAL TESTS

This part aims to point-out the effectiveness of the overathitecture of figure (7), including
Walcott-Zak unknown input observer, exact differentiadmd the robust torque feedback. We

discuss the reconstruction of the applied rider’s torqueilte and the disturbance rejection for
the steering angle tracking.

7|

1
Torque Ty Visual
0, | estimation Traffic
Simulator's Motorcyclé
Handleba 0, Model
Torque ) Trajectoryj
i estimatior planning

Fig. 9. Open-loop architecture of the riding simulator

A. Simulation results

We consider here a square torque signal as depicted in (fig)rerhis signal will be referred
as the reference steering torque.

rider’s torque (N.m)

L n L |
0 5 10 15 20
time (s)

Fig. 10. Applied Rider’s torque:.
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In the first simulation, the dry friction effect is neglectddoreover, the simulation is carried
out for the nominal system and for an uncertainty of<56n motor's parameters (inertia and
viscous damping). Figure (11) illustrates the refereneerstg torque versus the estimated one by
using the Walcott-Zak observer. One can conclude that teergbr ensures an exact convergence,
in a finite time, under noiseless signals existence for thainal system and an asymptotic
convergence for the perturbed plant.

15 T T T 4 .
m reference ' -
nominal 3k B H = nominal ||
10} B T e S R perturbed i H = = perturbed
% 3
2F by 4 4
E st 1 E
£ Z 1t
= 5 e
() I~
g Oom-mma E B =R B E— I = -
g i : _
2 !
2 -5f 1 g
= [
-10f , ] o
3l i
_15 . . . 4 . . .
0 5 10 15 20 0 5 10 15 20
time (s) time (s)

Fig. 11. Rider’s torque estimation for the nominal and perturbed systems

5 15
= simulated
N=reraers=reee] [ nominal
. - 10+ i 1
0 ,’-‘ IA' 1 § L= perturbed
Y J ! [ h
"\ a & 5 i 1 (oo H
e sl Y v z & 1 i
- % ] g u N {
s % ’ E oy § o | | —
S \ ; 5 - f | y
2 ol \ i £ ' i)
a \ §
"\ 4 g V===l ‘
\ ’ -5 iy nof
b &y v = v
_15} 0 0 m— simulated | | :}
Vet nominal -10 H
————— perturbed
~20 . . . 15 . . .
0 5 10 15 20 0 5 10 15 20
time (s) time (s)

Fig. 12. Performance of Walcott-Zak observer for state estimatiort) flekition and (right) velocity
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15
",
TS =—— simulated
0 ==y ¥ 4 ] nominal
L & 10 ]
v i % ————— perturbed
‘ ‘
Y i 1 [
\ f i A :
-5} - ’ % 5 i \easemmsll
> v , 2 F i ==
< \ i 2 -l il ! 0
5 L
‘ : T — N\t L~
=4 M i’ < z : '
-10} % i 1 2 : § B
\ i 3 1 g
Q < s gl \r~ Yy
A 1 — elta \ I |
15l ‘,‘ \IA’ 6, (nominal) | L]
L=
~ N 6, (perturbed) 101 !
—20 L : -15 - ’ .
5 10 15 20 0 5 10 15 20
time (s) time (s)

Fig. 13. (left) Performance of the robust controller, (right) Perfamge of the robust differentiator

Besides the unknown input estimation, the present obsereratso estimate all system
states (position and velocity). Figure (12) representssthreilated steering position and its rate
using the handlebar model of equation (10) and the estimaed. It can be shown that for
state estimation, the used observer is robust against ptéeamncertainties and ensures exact
convergence in finite time but for noiseless signals.

Finally, figure (13) shows both performances of the robustrodier and the robust differen-
tiator. The proposed controller allows a robust tracking oéference handlebar positioreven
in the presence of parameter uncertainties. The same reraarke stated for the differentiator,

used to generate additional outputs in order to satisfy immagccondition.

15 T T T 5
reference
H I R without compensation [ ) S ——
10f e R i s a :
' 1 = = | with compensation 0 - &
i i \
£ s L : (> 3\ .l
z 1 ] ) A
= E = S -5 »
- 1 LA = o
(] N [}
g Ofrmumt @M o 3 \’ 4
2 | I 3 b .
o = 1 g -lof % “
LR . i s k) i
b | H ® “ I’
“ /i without friction
L i sl v v e
—10} [ R ] “! LA = = = without compensation
| S _f- v ' = = with compensation
[ i)
-
_15 . . . ~20 . . .
0 5 10 15 20 0 5 10 15 20
time (s) time (s)

Fig. 14. Compensation of dry friction: (left) impact on rider’s torquénaation, (right) impact on reference position generation

In the following simulation, the effect of dry friction is @uded. Figure (14) represents the
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estimated rider’'s torque and the reference handlebariposiis generated by the motorcycle
model. In this figure, and according to equation 10, it canHmvs that the estimated unknown
input is the sum of the rider’s torque and the perturbation torque induced by dry friction.
Hence, a compensation of is necessary to extract the torque information which willused
by the motorcycle model. Without compensation, the efféadrg friction may be undesirable
especially under low motorcycle speed where the riderguerto be applied is reduced.

Remark 5.1:1t should be mentioned that the robust differentiator cogwece is ensured for
noiseless input signal. In the case of stochastic noisyatsga filter must be introduced. Never-
theless, in experimentation, the measured position nsisery limited since this measurement
is obtained from a digital encoder and acquired using CAN hterface.

Remark 5.2:In experimentation, an undesirable rider's hand motion lmarmccurred even if
the rider has no attention to manipulate the simulator'sdlebar. This motion can generate a
chattering induced by the si¢h,) function. To avoid this situation, a dead zone of a small idt

is introduced on the handlebar’s velocity.

B. Experimental tests
In this section, we present experiments carried out on thenmycle riding simulator. Ac-
cording to the visual environment, the rider applies a tertpufollow a defined trajectory. Only

the handlebar positiofi, and the motor current are measured.

1 T T T T T 1 T T T T T
reference (J) measured
051 ‘:‘ o | == measured 8)]| 05 ,“! - = = estimated |
i o 0 e
0 pPhee 'y“ "~ # M 4 0P ~.\ Pos !, y |
iy P [ it P
05 u - . +¢ _ 05 W - [ -,
> v @ 1 v, H € . ! L ., |
c = . c V3 N
2 -1r - iV LI 2 -1r : f t g
g s ) v g - ' O
e ipay [ g = iaN i |
-15 iin i ! -5 vele -
U - | w? -
-2 © . | -2+ @ i1
by 2 s
= | L |
iy -1
-25 i -25 | :
3 3
_3 . . . . . 3 . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time (s)

time (sec)

Fig. 15. Performances of the robust controller and state estimation
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rider’s torque (N.m)

. . . . .
50 100 150 200 250 300
time (s)

Fig. 16. Rider's torque estimation using Walcott-Zak observer

In figures (15,16), one can notice an exact estimation of yiseem states and an asymptotic
convergence of the driver torque with compensation. It $ ahown that the robust controller
satisfies requirements on the position reference trackimdgigure (17), the position rate as
obtained by the robust differentiator is reported. Findtye effectiveness of the proposed torque
feedback method is shown in figure (18) where the estimaidel’si torque is compared to
motor delivered torque computed from the measured currgnt=(k; Ni). The effectiveness of
the proposed torque feedback method is shown in figure (18yevtine estimated rider’s torque

is compared to motor delivered torque computed from the aredscurrent £,, = k;N1i).

0.25-

- - - 0aF - - - - —— - 7
differentiated ; ! differentiated
— — estimated il 1 k y - —estimated ||
N it .
' s
i

0.2r

0.15

position rate (°/s)

0.1

position rate (°/s)

-0.05[,

. . . . . ! . . . . . . .
50 100 150 200 250 300 231 232 233 234 235 236 237 238
time (s) time (s)

Fig. 17. Angular velocityd,: differentiated using exact robust differentiator and estimated usirigof¥&Zak observer
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rider's estimated
I; |~ motor measured

torque (N.m)

i

. . . . .
50 100 150 200 250 300
time (s)

Fig. 18. Rider’s torque estimation and the motor induced torque comprgedthe current measurement

VI. CONCLUSION

The rider’s actions on a driving simulator are consideretdécdhe only physical inputs. The
remaining inputs are reconstructed from the dynamic motidie bike. Some rider actions are
measurable by through sensors, others are not (at leastrimession of the simulator). One
of these inputs is the rider’'s torque, essential to excieedynamic model for operating at best
platform.

The objective of this paper is precisely the reconstructbminknown inputs, whose rider’s
torque. To this end, we implement a sliding-mode unknowniirgiserver of Walcott-Zak type.
This choice is motivated by the fact that this observer igegsimpler to use and achieves
comparable results to other approaches in terms of roasted convergence.

In this way, a new rider-simulator interface is designed. & hotor is implemented on
the handlebar torque feedback. The different mechanicanpaters are identified and a robust
approach, based on an optiniél, reduced-order controller, is developed for the feedbaaku®
restitution.

Since, the handlebar plant does not satisfy the matchingrebscondition, additional outputs
are generated by using a robust exact differentiator. It m@aynoted that, the use of a CAN
bus is very useful to limit the influence of noises especitily current measurement one. The
performance of the overall architecture is simulated astete For our current application (riding

simulation), obtained results are very satisfactory egfigavhen the dry friction is compensated.
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VII. APPENDIX

Motorcycle (numerical values are well documented in reference [15]
T, Y, z longitudinal, lateral and vertical dynamics
Vg, Uy longitudinal and lateral velocities

w, 0,9 roll, pitch and yaw rotations

) steer angle

m motorcycle mass

Jr, D wheel spin inertia and dynamic radius
Me equivalent massy. = (m + :TDR) !

T rider’s torque

Tdy Tb driving and braking forces

Fyz wind gust

Fy, Fys rear and front side slip force

Ay state matrix4, = M~1&

B, input matrix 3, = M~1[0,0,0,1,0,0, 0]
M motorcycle mass matrix

E motorcycle generalized effort vector

Handlebar system

emy gh

motor and handlebar rotations

Jms Bo,m inertia and damping of motor’s rotor

Jhs Bo,hs Bs inertia, damping and dry friction of handlebar

N pulley transmission ratio

Ty €, Kt induced torque, current and torque factor of motor
_ Beq Nkt 1

A, B, D are respectively]  7es B I A I

1 0 0 0

Notations

T, T first and second derivative of a variaktew.r.t time

T estimate of a variable

2T transpose of vector or matrix
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[ a1 a2 aiz ag 0 0 0 O
azy a3z axy 0 0 0 O
ass asy 0 0O 0 0
M= agg 00 0 O
* -1 0 0 O
-1 0 0
0 o, O
B af
(0 b 0 0 0 0 -1 —1|
0 by bas by O O -0 —I
0 bss O b3y bss bsg 0O O
o 0 biz bz Cs bis big O 7
o 0 1 0 0 0 0 0
o 0o 0o 1 0 0 0 0
o 0 0 0 0O O 0 0
00 0 0 0 0 0 0 ]
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Parameters;; (mass matrixM is symmetric positive definite matrix)

a1 =my+m, a2 =msgk a3z =m:h+mysj ais =mye
aze = msk® + I. + Iy cos® e + Iy, sin® €

a2 = mykj — Croz + (15> — Iy) cosesine

a24 = myek + Iy, cose

ass = m,h> —l—mfj2 + 1w + I COSQE-i-IfZ sin? €

aza =myej+ Ip,sine  az =mpe? + 1y,

Parameters;;

bas = _(ify/Rf +iry/Rr)vs
bs2 = (msj +meh +ipy /Ry +iny /Ry )ve
bss = —(myj +mrh)g

biz = (my +my)vy  bao = mypkv,
bos = —ipy/ Ry sin evg
bss = iy /Ry cos v, 5 bse = Zym — myeg
biaz = (mye+ipy/Rysine)vy  baz = —ify /Ry COS €V,

bas = Zym —mypeg  bas = (Zyn — myeg)sine
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