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Abstract

The deployment of active safety systems enhancing the motorcycle stability and supporting riders in defusing critical and
dangerous driving situations is a topic of major concern in the two-wheel research community. In the design and development of
safety control systems, setting up an adequate model of the controlled system is a key issue since it should be able to describe
adequately the motion of the vehicle in critical situations such as precarious adherence, cornering brake and acceleration, or
dangerous falls. In literature, these situations are typically investigated by means of black box approaches, namely by using
multibody numerical simulators in which the equations governing the vehicle dynamics are unknown. In this paper, instead, the
authors propose an analytical model as alternative to black box approach for the simulation of critical and complex motorcycle’s
dynamics leading to falls. The model has been presented in author’s earlier works, it has a minimum degree of complexity,
considers the rear wheel traction/braking and takes into account the interactions between longitudinal and lateral friction forces
acting on the tyres. This analytical model has allowed to investigate the lowside phenomenon and the simulation results will be

presented.
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1. Introduction

According to recent statistics [1], in Europe, motorcycle and mopeds fatalities represent about 20% of all road
deaths although they constitute only 10% of all motor registered vehicles. Most motorcycle’s accidents are due to
falls caused by front or rear tyre slippages. In these cases, the loss of control occurs while cornering in extreme
adherence conditions. When these conditions are generated by excessive acceleration or braking in curve, they may
give rise to dangerous highside or lowside phenomena putting at serious risk the safety of the driver (Figure 1).

Fig. 1. The lowside fall. (Source: youtube.com)

Looking at the statistics, the development of active safety systems in support of passive systems is recommended
to prevent the causes of accident. For a motorcycle, except for the Anti-lock Braking System (ABS), the deployment
of active safety systems is lagging behind the one for cars. The main reason stands in the natural instability of the
two-wheeled vehicle which makes the analysis of its dynamics much complex and thus it makes the developing of
stability control systems more demanding [2].

The historical course that led to the understanding of the dynamics of a two-wheeled vehicle began in the late
1800’s [3,4]. Over the years, analytical models have been introduced spanning from the simplest to the most
complicated ones. The first category is well represented by the works of Timoschenko-Young [5] and Getz [6,7].
These models are characterized by a single mass center, simplified steer mechanism and they have no trail, nor
inertias. Given their simplicity, these kinds of models are interesting from a control perspective but inadequate to
properly capture the vehicle’s dynamics in cornering for large roll angles or in acceleration/braking situations.

Instead, more complicated and detailed analytical models describe the dynamics of two-wheeled vehicles by
considering multiple rigid bodies and multiple set of allowed motion freedoms [15]. However, these mathematical
models are still characterized by unrealistic assumptions such as: decoupling of dynamics, the vertical dynamic
(suspension motions) is neglected as well as the longitudinal dynamic and the motorcycle is considered at constant
speed. Moreover, the tyre forces are linearized and no tyres slips are involved. Despite all these assumptions, due to
the multibody structure, these models are still too complex for the design of model-based control systems.

To overcome the difficulties in deriving a detailed analytical model, currently, multibody software tools represent
the state of the art for a complete modeling of motorcycle’s dynamics [8,9], including complex conditions such as
the falls [10,11]. They offer a considerable number of rigid bodies, high degrees of freedom (dofs) and accurate
results. For example, a model with 6 bodies and 11 dofs is presented in [8]. On the other hand, while these tools are
suitable for simulation purposes, they are not for the synthesis of control systems due to their black box nature, i.e.
the equations governing the simulations are not provided.

In the present paper, the authors propose an alternative approach to multibody software for the simulation of
critical motorcycle falls, which so far have never been analyzed in an analytical way. For this purpose, the authors
consider a scalable analytical model with a minimum level of complexity that may be used for a model-based
synthesis of a stability controller. The model consists of 2 rigid bodies, 7 dofs and 2 fully actuated inputs, the
steering torque and the rear traction [12,13]. Differently from the analytical models mentioned above, the authors’
model removes the assumptions of constant velocity in straight running and in cornering, it introduces the effect of
the rear traction, the wheel slippages and the interactions between the tyre-road friction forces are described by
means of the Magic Formula. All these features allow to simulate most of all motorcycle conditions and this paper
focus on the results obtained by simulating the lowside fall. The paper is organized as follows: a brief description of
the model is outlined in section 2. Section 3 reassumes the tyre model; section 4 provides some evaluations about the
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sensors needed to measure the major motorcycle dynamic parameters. Section 5 introduces the lowside fall, the
simulations results are presented in section 6 and section 7 concludes the paper.

2. Motorcycle model outline

The motorcycle mathematical model employed in the simulations is shown in Figure 2. The vehicle consists of
two rigid bodies with masses lumped in G, and G¢. They are joined at the steering axis with the front body being free

Fig. 2. Geometric parameters of the proposed model.

to rotate relative to the rear one. The rear body includes the seat, the rear forks, the rear wheel with radius R,. and the
rider rigidly attached. The front body consists of the front wheel with radius Ry, forks, trail and handlebars while the
steering mechanism is constrained by a linear steering damper. The vehicle is also characterized by the wheelbase [,
the steering head angle [/and 7 dofs: the longitudinal and lateral velocity of the motorcycle X and y respectively, the
yaw angle 1, the roll angle ¢, the rotation § around the steer axis and the wheel’s angular velocities 6, and éf. Two
external actuations, the steering torque t and the engine torque T, are considered.

The vertical dynamic relating to the suspensions flexibilities is neglected since the lowside fall phenomenon can
be generated whether the vertical dynamic is considered or not. Using the energy method of Lagrange, the equations
of motion have been derived in [12,13] and given their length are not here reported. The model has been tested in
different scenarios which have highlighted the dynamic behaviour of the vehicle in acceleration, deceleration and
grip conditions. In order to capture the lowside fall in a bend, compared to previous works, this analytical model has
been further enhanced considering a realistic and appropriate tyre model (Magic Formula) which fully capture the
nonlinear behavior during slippage [15]. The longitudinal and lateral friction forces X,., Xy, Y;. and Y} acting on the
wheels are described in the next section.

3. The tyres forces

A brief introduction of the friction forces and their interactions are provided in this section. In a model-based
design of safety control system, it is essential for the model to properly describe the forces that arise between the tyre
and the ground since these are necessary to change the motorcycle’s speed, its direction and strongly affect the
stability of the vehicle. In literature, an extensive research has been done in tyre modeling. Substantially these
models are divided into two large families: on one side, there are the physical models based on complex
formulations and mathematical equations that describe in detail the tyre structure and the interactions with the
ground. On the other side, there are the empirical models based on transcendental formulae having no particular
physical meaning, but they well fit experimental curves and measured data. In the middle, there are those models
that describe the tyre forces and find the right compromise between accuracy and analytical complexity [14]. Since
the author’s model does not consider the vertical dynamics, the friction forces between the tyres and the road have
the following form [15]:

Xi = Fly

1
Y, = Fz”yi (1)
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where the subscripts i = {r, f} indicate the rear or the front tyre, x,y the direction along the longitudinal and
lateral axes of the vehicle respectively, uy, i, are the friction coefficients and F, is the vertical load, here assumed
constant for both the wheels. To consider the tyre slippages, the friction coefficients p, , have been modeled with the
Magic Formula, recalled in the next section.

3.1. The Magic Formula

Introduced initially in 1987, the Magic Formula is the empirical reference model for real-time applications since
it is reasonably accurate and fast to be computed.

Y

Fig. 3. The Magic Formula.

Based on this model, the general expression of the coefficients u,,, is given by:
My = Dy, sin[C,, tan"Y{B, k — E, (B, k — tan~*(B,k))}] (2)

where the input k is the relative slip (longitudinal 4 or lateral &) and the parameters B, ,,, Cy,, Dy, E,, Tepresent
the coefficients defining the curve shape, as shown in Figure 3. According the SAE standard [16], the longitudinal
slip is given by:

_ Ve
A= =B, (3)
in which V, and Vj are the forward and the rolling velocity of the motorcycle wheel respectively. In the same way,
the lateral slip is defined as:

a; = tan™?! (Z—y) (4)

x

where V, and V, are the longitudinal and lateral velocity of the wheel respectively. Equation (2) refers to a car tyre,
whose roll angle (camber angle) remains relatively small. On the contrary, motorcycle can lean up to 45°-50°. For
this reason, it is preferable to define an equivalent lateral slip as:

ke
Qegi = a; + E‘t‘i’ (5)

where kg, kg are the cornering and the camber stiffness respectively and ¢ is the wheel camber angle. Replacing
expressions (5) and (3) in (2), the longitudinal and lateral forces (1) become:

X/ = F, D, sin[C, tan"Y{B,A; — E,(B,A; — tan 1 (B, A,))}]

YI

. _ _ 6
; E, D, sm[Cy tan 1{Byaeqi - Ey(Byaeqi —tan 1(Byaeqi))}]. (6)

Finally, to better describe the behaviour of the friction forces in cornering condition, scaling factors can be
introduced as:

Oyxi = A
xt 1+4;
tana,q; (7)
Oyi = ——
yi 1+2;

whose magnitude is given by:
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o, = |0} + 0} (8)

The main disadvantage of equations (6) is that they do not describe the friction forces in transient state, however, a
realistic situation implies these forces arise after a lagging time. To consider this delay, the following relaxation
equations must be introduced:

%Xﬁxi:%){; (9)

Sy v 9y yr
LYY=,

where {,, Zy are the tyre relaxation lengths, X;, ¥;' have been computed in (6), o, ay and o have been calculated in
(7) and (8). The expressions of X;, Y; determined in (9) are the friction forces of the model depicted in Figure 2.

4. Stability control implementation issue

In order to analyze the usefulness of the proposed model in the implementation of a stability control system,
some considerations have been done in the follows.

1| Optical sensor U

|
T |
. ..
Tyres % JI-D Qr 9f
; model Controller I ABS
Slip setpoint I Inertial sensor 1/) d)
A 1 .
’—> Actuators : real vehicle !
iy Sl
y
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Fig. 4. The sensors deployed in safety control system.

To implement a stability control system, a selection of the most suitable control and controlled variables is required.
In Figure 4 the implementation of a safety control system with sensors deployment is showed. Referring to Figure 4,
the inputs that can be manipulated are the torques at the wheels (the traction and braking torque at the rear wheel T,
and the braking torque at the front wheel Ty) and the steering angle & (by the rider). To enhance the stability of a
motorcycle the yaw rate 1/) and the roll rate ¢ of the vehicle are the main variables that have to be measured,
generally this can be achieved via MEMS gyroscopes. In critical vehicle’s conditions the wheel’s loss of adherence
play an important role and then a measure of the wheel’s velocity 9r and 9f is required. When the vehicle lateral slip
changes, a lateral tyre force is created with a time lag, in this case a lateral accelerometer which measures the lateral
acceleration of the vehicle y makes us the information on the lateral forces acting on the tyre. Moreover, the rider’s
intention can be obtained by means of longitudinal accelerometer which measures the longitudinal acceleration ¥ of
the vehicle. Summarizing, the following measurements are usually needed for the implementation of a stability
controller:

- yaw rate v, roll rate ¢, longitudinal ¥ and lateral j accelerations measured by an inertial sensor, they are usually
provided by the Inertial Measurement Unit (IMU) composed by three 1-axis gyroscope and 3-axis MEMS
accelerometer;

- steering angle § measured by an optical sensor;
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- rotational velocity for each tyre éf and 6,, normally provided by ABS systems, if this system is not available the
vehicle has to be equipped with two encoders for the measuring of the rotational wheel’s speed.

Finally, by taking into account experimental studies which have shown that the closed loop bandwidth at -3dB
observed in a real motorcycle dynamics is in the range of 3-4 Hz [17], one may argue that this is the range of
restitution of transient accelerations in emergency braking, sudden acceleration. As a matter of fact, a sampling
cycle of more than 100 times per second is required for the sensor to measure the status of the motorcycle’s driving
dynamics. However, the problem of the estimation of the attitude of a motorcycle with inertial signals is not trivial
mainly because of the very noisy environment in which the data are collected and the errors that affects the signals
provided by the MEMS sensors.

5. Brief introduction to the lowside fall

In this section, a quick insight into a typical lowside dynamic caused by excessive rear brake is given. For a
detailed explanation of the phenomenon refer to [11]. Let’s consider a motorcycle entering a curve with excessive
velocity. When the vehicle is in dynamic equilibrium, the lateral friction force acting on the tyres provides the values
required to balance the moment generated by the vertical load.

Fig. 5. (a) the initial stage of lowside; (b) the lateral fall. (Source: youtube.com)

As soon as the rider applies hard on the rear brake to slow the vehicle down in curve and keep the trajectory
(Figure 5a), a longitudinal slip might arise. Typically, the presence of longitudinal slippage in curve also affects the
vehicle lateral behaviour in a way that the equilibrium is reached with a greater lateral slip angle than the one needed
in normal conditions. In other words, the lateral force provided to the tyres is reduced in presence of longitudinal
force and longitudinal slip hence in this condition the vehicle tends to increase the lateral slippage. If the rider does
not release the brake the rear wheel may lock up and the rear slippage continues till the roll angle is so large that any
attempt of the rider to regain attitude is useless. The bike is now out of control and it ends up to fall laterally and
slide out along with the rider (Figure 5b).

6. Lowside simulation and results

In this subsection, we focus on the scenario representing the lowside fall caused by too much rear braking.
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Fig. 6. The trajectory run during the simulation. Fig. 7. The brake applied to rear wheel.
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Figure 6 shows the trajectory travelled by the motorcycle and in Figure 7 the input torque simulating the rear
brake applied by a virtual rider is shown.

Starting from about t = 2 seconds, the vehicle engages a curve at 45 m/s (164 km/h) with roll angle of about 40
degrees. During the early stage of the cornering and before braking, the vehicle is in dynamic balancing, the wheels
are in complete adherence condition hence the rear lateral forces Y, and Yy grows (Figure 8) as the roll angle ¢
increases (Figure 9). For a description of the balancing condition for a vehicle in curve, the reader can refer to [15].
In the time window 4-5 seconds, the rider applies hard on the rear brake to slow the vehicle down and the wheel’s
speeds 6, and éfbegin to decrease although with different trends (Figure 10) as expected.

Precisely, in the same time window, the rear braking torque starts growing rapidly hence the longitudinal friction
force X, (the braking friction force) acting on the rear wheel increases quickly as well (Figure 8) accordingly to the
Magic Formula wherein the increasing longitudinal slip 4 is involved. The rear wheel start losing adherence hence
the angular velocity of the rear wheel 6, decreases much faster than the front wheel éf as expected (Figure 10). The
front wheel is always in pure rolling so it does not experience any slippage and the front lateral force Y increases
accordingly during the cornering (Figure 8-9). Figure 8 shows the lateral force Y, acting on the rear wheel. At about
4.2 seconds this force starts decreasing while X, keeps on growing. That means the rear wheel is sliding laterally
because the force Y, does not suffice to maintain the vehicle in balancing. This effect never stops and the roll angle
¢ quickly increases as well as the yaw angle . The vehicle goes fast out of control and the roll angle ¢ reaches
quickly 90° at 4.6 seconds. The vehicle capsizes and slides off of road dragging down the rider in its fall (Figure 5b).
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Fig. 8. The friction forces.
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Fig. 9. The roll and yaw angles. Fig. 10. The rear and front angular velocities.
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7. Conclusion

In this paper, the lowside fall has been simulated by means an analytical model. General topics related to active
safety systems for motorcycles and the features of the models that are required for the analysis of critical vehicle’s
dynamics have been introduced. A motorcycle’s analytical model set up by the authors in their earlier works has
been outlined and a brief description of the tyre model, along with the expressions of the friction forces acting on the
tyres, have been presented. This model has been used to simulate the lowside fall excited by high turning speed and
excessive rear braking and the results of the simulations have been discussed. The model is able to capture the major
characteristics of the lowside dynamic of a two-wheeled vehicle. Further works will be addressed to investigate the
motorcycle dynamic in different critical conditions, improve the model by implementing other features like the
vertical motion and a possible use of the model for stability control purposes will be discussed.

References

[1] The European Road Safety Observatory - https://ec.europa.eu/transport/road_safety/specialist/erso_en.

[2] P. Seinigera, K. Schréterb, J. Gail, Perspectives for motorcycle stability control systems, Accident Analysis Prevention, vol. 44, 2012, pp. 74-
81.

[3] W.J.M. Rankine, On the dynamical principles of the motion of velocipedes, The Engineer, pp. 2, 79, 129, 153, 175, 1869/1870.

[4] F.J.W. Whipple, The stability of the motion of a bicycle,” Q. J. Pure Appl. Math., vol. 30, pp. 312-348, 1899.

[5] S. Timoshenko and D.H. Young, Advanced Dynamics. New York: McGraw-Hill, 1948.

[6] N.H. Getz, Control of balance for a nonlinear nonholonomic nonminimum phase model of a bicycle, in Proc. American Control Conf., 1994,
pp. 148-151.

[7] N.H. Getz and J.E. Marsden, Control of an autonomous bicycle, in Proc. IEEE Conf. Robotics Automation, 1995, pp. 1397-1402.

[8] V. Cossalter, R. Lot, A motorcycle multi-body model for real time simulations based on the natural coordinates approach, Vehicle System
Dynamics, vol. 37, no. 6, 2002, pp. 423-447.

[9] R. S. Sharp, S. Evangelou, D. J. N. Limebeer, Advances in the modelling of motorcycle dynamics, Multibody System Dynamics, 12(3), 2004,
pp. 251-283.

[10] A. Bellati, V. Cossalter, R. Lot, A. Ambrogi, Preliminary investigation on the dynamics of motorcycle fall behavior: influence of a simple
airbag jacket system on rider safety, 6th International Motorcycle Conference, IFZ Institute for Motorcycle Safety, Cologne, 9-10 October,
2006.

[11] A. Bellati, V. Cossalter: Exploratory study of the dynamic behaviour of motorcycle-rider during incipent fall events, Paper N° 05-0266, 19th

ESV, (2005).

[12] A. Bonci, R. De Amicis, S. Longhi, G. A. Scala, A. Andreucci, Motorcycle lateral and longitudinal dynamic modeling in presence of tyre
slip and rear traction, 21st International Conference on Methods and Models in Automation and Robotics (MMAR), Miedzyzdroje, 2016, pp.
391-396.

[13] A. Bonci, R. De Amicis, S. Longhi, E. Lorenzoni and G. A. Scala, A motorcycle enhanced model for active safety devices in intelligent
transport systems, 12th IEEE/ASME International Conference on Mechatronic and Embedded Systems and Applications (MESA), Auckland,
2016, pp. 1-6.

[14] J. C. Dixon. Tyres, Suspension and Handling, Cambridge University Press, 1991.

[15] V. Cossalter, Motorcycle Dynamics, Lulu.com, 2006.

[16] Vehicle Dynamics Terminology. Society of Automotive Engineers.

[17] L. Nehaoua, H. Arioui and S. Mammar, Review on single track vehicle and motorcycle simulators, 19th Mediterranean Conference on

Control & Automation (MED), Corfu, 2011, pp. 940-945.



