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Abstract

This paper presents a Modelica library developed for
the dynamic simulation of a motorcycle, developed
within the Dymola environment (see [1], [2], [3])
and tailored to test and validation of active control
systems for motorcycle dynamics. As a matter of
fact, as a complete analytical model for two-wheeled
vehicles is not directly available due to the complexity
of their dynamic behavior, a reliable model should
be based on multibody modeling tools endowed with
automated symbolic manipulation capabilities. In this
work we illustrate the modular approach to motorcycle
modeling and discuss the tire-road interaction model,
which is the crucial part of the simulator. Moreover,
we propose a virtual driver model which allows to
perform all possible maneuvers.

Keywords: Automotive Systems, Motorcycle Dynam-
ics, Multibody Modeling, Dynamic Simulation.

1 Introduction and Motivation

In this work we present a library for the dynamic sim-
ulation of a two-wheeled vehicle developed in Mod-
elica, within the Dymola environment. This library is
tailored to be employed for test and validation of ac-
tive control systems for motorcycle dynamics.

The design of a control oriented simulator for two-
wheeled vehicles is a very challenging task, as a com-
plete analytical model is not directly available due to
its complexity and its high sensitivity to parameters’
variations. Accordingly, a reliable model should be
based on multibody modeling tools endowed with au-
tomated symbolic manipulation capabilities (see e.g.,
[4], [5]. [6]).

As a matter of fact, in two-wheeled vehicle one has
to handle strong dynamic coupling between the rigid
bodies (front and rear frames, front and rear wheels)
and the elastic joints (fork and front and rear sus-
pensions), which make it difficult to devise appropri-

ate reduced model for control purposes (see e.g., [7],
[8], [9]). The effort of analyzing well-defined driving
conditions on a complete dynamic simulation model
seems to be the key for a comprehensive control de-
sign for motorcycles. Such approach is well confirmed
in the available literature (see e.g., [7], [8], [9]).

In this work, we illustrate the modular approach to
motorcycle modeling and present the library architec-
ture discussing all the different packages. In particular,
the core of the library lies in the tire-road interaction
model, which manages the interaction between tires
and road and has a major impact on both ride and han-
dling properties of motorcycles (see e.g., [10]).
Moreover, we propose a virtual driver model which al-
lows to track a predefined trajectory and keep a target
speed during different maneuvers.

The paper is organized as follows. Section 2 gives an
overview of the overall library architecture, while Sec-
tion 3 and Section 4 describe in detail the wheel-road
interaction model and the chassis and suspension mod-
els, respectively. Section 5 discusses the employed
aerodynamic model, whereas in Section 6 the road sur-
face model is discussed. Section 7 introduces the im-
plemented Virtual Driver model and its functionalities.
Finally, in Section 8 some simulation results are pre-
sented to assess the validity of the proposed simulation
model.

2 Motorcycle Dynamics Library
Overview

The development of this library is based

on the Modelica Multibody library. The

MotorcycleDynamics is a library package
for Dymola, developed in Modelica 2.2, which
offers all the capabilities needed to perform vir-
tual prototyping for a two-wheeled vehicle. The
package shares basically the same structure of the
VehicleDynamics library, see [11], and it is
structured in a tree-based fashion. The root contains
the standard motorcycle model and nine sub-packages
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Figure 1: The complete simulation model block diagram.

e Motorcycle: is the eleven degrees of freedom
motorcycle model with all the default compo-
nents (e.g., wheels, suspensions, and so on). Fig-
ure 1 shows a the complete block diagram of the
motorcycle;

e the package Chassis: it contains the chassis
standard structure and the corresponding geomet-
rical data. It is possible to define new Chassis
models and to customize the existing ones;

e the package Suspension: it contains the ba-
sic spring-damper model, Base_Suspension,
the front suspension (which also include the front
fork and the handlebars) and the rear suspension;

o the package Rear_Swinging_Arm: it defines
the rear swinging arm, which, again, is fully para-
metrized and customizable;

e the package Wheel: it contains all the wheel
geometrical data, the Wheel Road Interaction
model, the friction model, the tire relaxation
model and the interface model between the wheel
and the road surface. Specifically, two different
friction models are available to the user. The first
is based on a linear approximation of the friction
forces and it is reliable at low slip, while the sec-
ond relies on the Pacejka formula and it’s highly
nonlinear;

e the package Braking_Systems: it includes
the braking system model and an Anti-lock Brak-
ing System ABS control;

e the package Driver: it offers different drivers
models and capabilities which allow to perform
all the different maneuvers;

e the package Environments: it models the
road surface and handles also its animation ren-
dering;

e the package Aerodynamics: it models the lift
and drag aerodynamics forces;

o the package Example: it contains some exam-
ples which allow the user to explore the library
capabilities.

In the following Sections we will describe in detail the
structure of each package so as to highlight its pecu-
liarities.

3 Wheel-Road Interaction

The core of the Motorcycle Dynamics library lies in
tire modeling and in defining the interaction between
tires and road, which has a major impact on both ride
and handling properties of motorcycles (see e.g., [10]).
In fact, the tire allows contact between the rigid part
of the wheel (the hub) and the road surface, and it is
the means for ensuring adherence to the road and for
transferring to the ground longitudinal (i.e., traction
and braking) and lateral friction forces, which guar-
antee steerability.

From the conceptual point of
Wheel _road_Interaction model

view, the
(which is
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Figure 2: Wheel reference frames: hub (green),
wheel (yellow), P (red) and POC
(blue).

part of the package Wheel) computes the forces
arising at the contact between tire and road and the
connection with the wheel holds explicitly through
a mechanical connector. In order to compute these
forces, it is fundamental to define the correct wheel
reference frames. Namely, as it is shown in Figure 2,
four reference frames are needed:

e hub : is the frame integral to the rigid part of the
wheel, that is the hub reference frame;

e wheel: is the frame to describe the forward mo-
tion of the wheel;

e P:is the frame of the ideal contact point between
wheel and ground, when no motion is applied to
the wheel;

e POC: is the frame of the real contact point be-
tween wheel and ground, when the wheel is mov-

ing.

The said forces are in turn computed according to a
description of the road, defined in the road model,
which will be presented in Section 6. The connec-
tion between Wheel road_Interaction model
and Road model (which is part of the package
Environments) is therefore performed implicitly,
through the inner/outer statement, generally used
to describe force fields. In this way, the description of
the road can be made available to all wheels and vehi-
cles in the scene.

The hub frame is attached to the wheel hub, it rotates
with the wheel around the axis yy and it is the frame
associated to the connector trough which the wheel is
attached to its rotational joint. The wheel frame is at-
tached to the wheel center, with unit vector y,, coin-
ciding with yy, while xy, is the unit vector associated
with the wheel velocity direction - obtained as the in-
tersection between the plane orthogonal to y,, and the

road tangent plane at the ideal contact point. The unit
vector z,, completes the frame

~ ywxn
lyw X N|

Yw =Yh Xw Zy = Xw X Yw -

The ideal contact point frame has the origin laying on
the road plane, along the direction identified by zy,
the unit vector z; is the road normal unit vector n, X;
coincides with x,, and y; simply completes the frame

Zi=N Xi=Xw VYi=2ZXXj.

The location r; of the origin of the ideal contact frame
is computed as:

i = —AzzZy,

with ry being the location of the origin of the hub
frame and with A, being the distance between the hub
origin and the road plane in the z,, direction. The ideal
and real contact frames are aligned with each other and
differ only in the origin position; the location r, of the
real contact frame is displaced from r; (see e.g., [6],
[12]) by the so-called tire trail. Hence

Ox
rr == ri + Rr Sy 5
0

where R, is the rotation matrix from the real contact
frame to the absolute frame. In turn, the displacements
8, 8y and &, have been computed! as in [6]:

Ox = fwR sgn(vy),
dy = (A; —R)sin(g),
8; = (A; —R)cos(9),

where R is the wheel radius, vy is the forward wheel
ground contact point velocity and fy, is the rolling fric-
tion coefficient [6], which can be computed as:

B C
fw=A+—+—Vv2,
" p p”

where p is the tire pressure and vy the wheel forward
velocity, i.e.,

Vx d
r
T TEr
Vy == RI’ Vr == Rr E,
Vz

1The sgn(x) function has been smoothed by replacement with
the function sgn(x) ~ 2 arctan(kx), with k ~ 101°.
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and A, B, C are suitable non-negative parameters.
The wheel roll angle ¢ is given by

T
ZyYr

@ = —arctan
zhzr

The forces arising from the tire-road interaction can
be decomposed into a vertical force F, a longitudinal
force Fy and a lateral force Fy. The normal force F,
can be computed as:

dd
Fr=-— <Kel62 + Deldtz> Zr

with K¢ and Dg being the tire elastic and damping
constants which describe the tire elasticity properties.
As for the longitudinal and lateral forces descrip-

|
//\\\\
[

Longitudinal
Force

Longitudinal Wheel slip

Linear
Pacejka

Figure 3: Plot of the longitudinal force F as a function
of the wheel slip computed with the nonlinear Pace-
jka formula (solid line) and its linear approximation
(dashed-dotted line).

tion, two different models can be employed, according
to the specific needs, namely a linear approximation
model or a nonlinear model based on the Pacejka for-
mula presented in [10].

The user can select either the linear or the Pacejka
model, according to the current maneuver and to the
analysis purpose of the simulator (see Figure 3 for
a comparison between the longitudinal force Fy as a
function of the wheel slip computed with the nonlin-
ear Pacejka formula and its linear approximation). The
longitudinal force Fy, is either a traction force F; - dur-
ing acceleration - or a braking force Fy. In the linear
model, both traction and braking forces are computed
as functions of the longitudinal wheel slip A (see Fig-
ure 3), as

and

0 T

A=|R| 1
0

T
Ry or — vy | /vx.

Finally, the lateral force Fy is computed as a linear
function of the tire side-slip angle (see e.g., [12]), i.e.,
the angle between the rotational equivalent wheel ve-
locity mR and the wheel-ground contact point velocity
vx and of the roll angle. Namely

Fy = (kaot —ko@) F2 = (Kot Ko@) yr,  (2)
where o is the tire side-slip angle and ¢ is the roll an-
gle. In Equation (2),

IRy . 9[Fy
Ky 1= = Ko 1= %

are the cornering and camber stiffness, respectively.
In the Pacejka model, instead, both longitudinal and
lateral forces are highly nonlinear functions, namely

FX = FX(FD}W(L(P)? (3)
Fy = Fy(Fz,)\,,OC,(p). (4)

The Pacejka formulas for Fy and Fy are based on a
semi—-empirical model, and the analytical expressions
of the forces depend on a huge number of parame-
ters estimated from data. This model has been im-
plemented according to the results proposed in [10],
where extensive tests on different tires have been car-
ried out so as to estimate the needed parameters via
numerical optimization.

Moreover, the wheel-road interaction model has to
take into account the tire relaxation dynamics, which
describes the tire deformation due to elasticity proper-
ties of the tire material. This phenomenon is modeled
computing the real longitudinal and lateral forces as

0=0,¢0=0 0=0,9=0’

. 1
I:xreal = W (Fx - I:xreal) (5)
. 1
I:yreal = w (Fy - I:yreal) ) (6)

where Fy and Fy are as in (1) and (2) if the linear force
model is selected, or as in (3) if the Pacejka model
is employed. The filter time-varying time constant is
T(t) = So1/Vx, Where sq is the tire-relaxation length,
usually set equal to half of the tire circumference, and
vy is the wheel-ground contact point velocity.

Finally, these interaction forces have to be balanced by

Fx = URAX;, (1) the forces Fp, (and torques t) at the hub frame, thus
where . olF 0 = Fn+Fyrea +F;+Fyreal

My = I o 0 = tn+(rr—rn) X (Fxreal + Fz + Fxreal) -
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4 Chassis and Suspensions Modeling

In order to develop a reliable simulator, the geome-
try of the motorbike has to be carefully defined. As
a matter of fact, very small changes in the center of
gravity position may substantially alter the dynamic
vehicle behavior. Moreover, we designed the library
to be highly reusable and customizable.
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Figure 4: Motorcycle and driver geometry and center
of gravity position.

To this end, each subpackage contains a record data
structure (see also Figure 1) to store and define all geo-
metric data, e.g., masses, inertias and physical parame-
ters for each component. For example, Figure 4 shows
the chassis and driver geometric data which are stored
inthe Base_Dimension_MassPosition_Data
record. The Suspension package contains the ba-
sic damper model Base_Suspension, the front
suspension Front_Suspension (which comprises
the front fork, the handlebars and their hard
stops Steer_Stopper) and the rear suspension
Rear_Suspension.

Both front and rear suspension employ the same
mono-directional double spring-damper model

FS == ks(X—X())
Fq = cgx
Fsusp = —Fs — Fc — PreLoad,

where

e K is the spring elastic constant and (x —Xp) is the
spring compression/deflection;

e K is the spring elastic force and it is a function of
the spring compression/deflection;

e ¢4 is the damping coefficient;

e [y is the damper force and it is a function of the
compression/deflection velocity X;

e PreLoad is a constant parameter which depends
on the spring tuning and allows to change the sta-
tic load distribution of the motorbike.

5 Aerodynamics

Two are the main aerodynamic forces which need to be
taken into account in vehicle modeling, and are shown
in Figure 5

o the Drag Force which is directed along the longi-
tudinal axis;

o the Lift Force which is directed along the vertical
axis.

Drag Force

Figure 5: Lift and Drag Aerodynamic forces.

These forces are applied in a specified point called
pressure center which is generally shifted forward
with respect to the chassis center of gravity (see [6]).
The drag force affects the maximum speed and accel-
eration values and it is proportional to the square of the
forward speed. It is computed as
1 2
FdziprAv, (7
where p is the air density, Cy is the drag coefficient,
A is the section of the motorbike area in the forward
direction and v is the vehicle forward velocity.
The lift force (also proportional to the square of the
forward speed) reduces the vertical load on the front
and rear tire. It is computed as
1 2
F|:§pC|AV7 8)
where C, is the lift coefficient and all the other para-
meters have the same meaning as in (7).
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6 Road Surface Model and Render-
ing

The road model is part of the Environments pack-
age and it has been developed on the basis of the road
model given in the VehicleDynamics library [11].
However, we extended that model by adding the z co-

Figure 6: Screenshot of the motorbike and of a road
model.

ordinate. Specifically, the z coordinate may vary as
a function of the (x,y) position, unlike in the model
available in the Dymola library, where the z coordi-
nate can be set by the user but has to remain fixed for
the whole simulation.

The road characteristics, accessible through the Road
model, are the following:

o the vector n, perpendicular to the surface tangent
to the road at the tire-road contact point;

o the quote of the contact point z;

o the friction coefficient y, which allows to model
different road conditions (e.g., dry and wet as-
phalt, icy road and so on).

Hence, the road model is essentially defined by a sur-
face of equation f(x,y,z) = 0, from which the relevant
normal unit vector can be computed asn =V f/|Vf|,
and by the road surface characteristics (described via
the friction coefficient u). The computation of the
surface gradient has been automatically performed
through the statement partialderivative(),
described in [13].

As for the rendering, it is possible to visualize the road
in the Dymola 3D animator via a dxf file created with
an ad hoc Matlab routine and the open source software
QuikGrid. Figure 6 and Figure 7 shows examples of
road surfaces created with this procedure.

Figure 7: Example of a saddle-like road surface with
the normal unit vector and height.

7 Virtual Driver

For the effective simulation of two-wheeled vehicles
it is necessary to develop a virtual driver model.
To this end, we complemented our library with a
Driver package, which encloses all the control sys-
tems needed to perform a desired maneuver.

To this end, the motorcycle model is complemented
with two control loops which take care, on one hand,
of keeping a constant target speed throughout a speci-
fied maneuver and, on the other, of stabilizing the mo-
torbike and following a predefined trajectory.

The closed loop speed control has been implemented
as a Proportional-Integral control of the form

R(s) = 15
S

where the proportional and integral gain can be tuned
so to model different drivers’ behaviors. This con-
troller takes as input the current forward vehicle ve-
locity and outputs the appropriate traction or brak-
ing torque needed to follow the target speed set-point
value.
The first task in order to model a virtual driver is to
be able of following a desired roll angle profile, which
allows to follow a road with turns. Accordingly, the
proposed controller computes the steering torque to be
applied as a function of the roll angle error, defined as

eo(t) = o(t) —°(t),

where the value of the set-point roll angle @° is com-
puted, at any given time instant, as

v(t)2C(t
9
where v(t) is the vehicle forward velocity, C(t) is
the instantaneous curvature of the trajectory and g is
the gravitational acceleration. Hence, the set-point
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roll profile is obtained as the concatenation of the in-
stantaneous roll equilibrium values, computed assum-
ing steady-turning conditions [6]. The roll-angle con-
troller has the form

Ts(t) = ko®(t) + ka@(t) + kaey (1), 9)

where T is the steering torque to be applied in order
to track the predefined roll. The presence of the first
and second derivatives of the roll angle come from the
observation that a real driver tunes his response not
only based on current roll angle, but also according to
the rolling velocity and acceleration.

If we consider, coherently with the steady turning as-
sumption mentioned above, the set-point @°(t) to be
constant, then we can rewrite (9) as

Ts(t) = koB(t) + keé(t) + ko (t),

so that the transfer function of the roll controller can
be expressed in the more familiar form

ko + kls + |(282
(1 +ST1)(1 +ST2) ’

Ro(s) = (10)
where, again, the time constants T; and T, can be tuned
to obtain faster or slower tracking performance. Such
roll controller is then complemented with two more
terms, accounting for the direction and position errors,
which have to be taken into account in order to track
not only aroll profile, but also a desired trajectory, e.g.,
to drive the bike on a race track. Accordingly, the final
expression for the tracking controller (see also [14])
has the form

To(t) = kod(t) + ki d(t) +Kaep(t) +KsAP(t) + kg AW (1),

where AP(t) represents the position error, while A¥(t)
the direction error. These are computed discretizing
the desired trajectory and evaluating the discrepancy
between the current position and the closest trajectory
point. Such point, though, is chosen according to a
look-ahead rationale, i.e., as the closest point com-
puted over an error prevision time interval. It is worth
noting that this trick is actually performed by human
riders, which tend to adjust the vehicle direction look-
ing forward on the road and not based on the current
vehicle position. In our controller, we inserted the tra-
jectory tracking performance requirement by comput-
ing the overall desired roll profile considering also the
position and direction errors AP(t) and A¥(t). Such
new set-point @°(t) is then fed as input to the con-
troller (10).
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Figure 8: Steering torque input from the driver (top),
steering torque applied by the stabilizer (middle), roll
rate (bottom, solid) and roll angle (bottom, dashed).

The second possible driver model allows the simulator
user to input the desired trajectory as through a joy-
stick, that is to provide as input to the simulator a steer-
ing torque profile to be followed. According to the
given profile, then, a control loop has been designed
which stabilizes the motorbike to a steady state tilt an-
gle with zero roll velocity. As far as the stabilizer de-
sign is concerned, in fact, the user input steering torque
is treated as a measurable disturbance, and the stabi-
lizer provides as output the steering torque needed to
achieve a steady state behavior of the roll angle. The
performance of such controller are shown in Figure 8,
where the user input is a sequence of three steering
torque steps. As it can be seen, the stabilizer provides
as output the correct steering torque which allows the
motorbike to follow the profile entered by the user. As
a consequence, the roll angle and the roll rate experi-
ence a transient after each step input before stabilizing
to a steady state value.

8 Simulation Results

We now show some simulation result which assess the
validity of the MotorcycleDynamics library. First
of all, to validate the trajectory tracking performance
a simulation experiment is presented where the motor-
cycle is commanded to run a circular trajectory, with a
radius of 12.5 m at a target speed of 8 m/s. The results
obtained with the Dymola 3D-Animator are shown in
Figure 9(a), where the solid line depicts the trajec-
tory of the rear hub frame origin, while the simulated
trajectory of front wheel, rear wheel and chassis are
shown in Figure 9(b). Note in particular the large in-
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Figure 9: Simulated trajectory visualized via the Dy-
mola 3D-Animator (top )and plot of the simulated tra-
jectory of Front Wheel, Rear Wheel and Chassis (bot-
tom).

clination of the motorcycle (Figure 9(a)b), needed to
run a trajectory with such a high curvature. To bet-
ter understand the virtual driver behavior, Figure 10(a)
shows, via the 3D animator, the four phases during a
curve. Namely, the curve is entered with a counter-
steering, which makes the vehicle tilt correctly, then
there is a steering phase which takes to the steady state
cornering. Finally, the curve is exited and the vehicle
is back to zero tilt angle. Figure 10(b) shows, in the
same maneuver a plot of the steering angle, steering
torque and roll angle. We also show in Figure 11(a) a
screenshot of the 3D animator when a dangerous brak-
ing maneuver (panic brake) on a curve is performed
and the subsequent fall of the motorbike. Figure 11(b)
shows the correct behavior of the simulated roll angle
and front wheel sideslip angle which correctly diverge
when the bike falls. Finally, we command the motor-
bike to follow an eight trajectory on a hilly road, mod-
eled via a hyperbolic paraboloid of the form

7— (%)2+ (%)2+0.55.

Figure 12 shows the various phases of the maneuver
and the simulated trajectory.

(11)

(b)

Figure 10: Screenshot of a turning maneuver (top) and
plot of the steering angle, steering torque and roll an-
gle in the same maneuver (bottom).

9 Concluding Remarks

This work presented the development of the
MotorcycleDynamics library for Dymola,
developed in Modelica 2.2, which offers all the
capabilities needed to perform virtual prototyping
for a two-wheeled vehicle. The overall architecture
of the library has been thoroughly discussed, and its
functionalities have been highlighted via simulation
experiments.

A controller for target speed and trajectory tracking,
based on a virtual driver model has been presented
and simulation results assessed its validity.

Future work will be devoted to validate the motor-
cycle model with experimental data and to exploit
the library capabilities for active control system
prototyping.

Moreover, we plan to extend the driver model so to
insert the driver lean angle as an additional degree of
freedom in the motorcycle model, in order to model
the driver as active, capturing his real behavior and its
effects on the overall vehicle dynamics.

The Modelica Association

164

Modelica 2006, September 4™ — 5™



Motorcycle Dynamics Library in Modelica

Panic Brake ——>

Roll Angle [Deg]
5
~—

3

Panic Brake ——>-

Sideslip Angle [Deg]
°
o

(b)

Figure 11: Animation of a motorcycle fall during a
braking maneuver on a curve (top) and corresponding
roll angle and front wheel sideslip angle (bottom).
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Figure 12: Screenshot of an eight maneuver and of the simulated trajectory.
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