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Abstract. In this paper, an algorithm dedicated to light ATWhich estimates and anticipates the
rollover, is proposed. It is based on the on-lisgneation of the Lateral Load Transfer (LLT),
allowing the evaluation of dynamic instabilitiehelLLT is computed thanks to a dynamical model
split into two 2D projections. Relying on this repentation and a low cost perception system, an
observer is proposed to estimate on-line the tepeoperties (grip conditions and slope), then
allowing to deduce accurately the risk of instayilAssociated to a predictive control algorithm,
based on the extrapolation of rider’s action, ik can be anticipated, enabling to warn the pilot
and to consider the implementation of active astion

Introduction

Thanks to their high manoeuvrability, quad bikes arore and more popular and especially in
agricultural context. Nevertheless, their mechdnpraperties lead to a significant rollover risk
which constitutes the main cause of serious actsden All-Terrain Vehicles (ATV) (almost 50 of
ATV crashes as mentioned in [1] and [2]). If a ookr protective structure (ROPS) may limit
health damages, it is not convenient for light ¢kds. In contrast, the development of active
devices, improving the stability of ATVs, constigta promising solution.

In on-road context, some stability systems haven lksigned in order to improve vehicle stability
such as [3], [4] and [5]. As they use a linear tmedel, these algorithms are not adapted to large
grip condition variations, encountered in off-rcamhtext.

Some systems dedicated to off-road mobile robot® lieeen developed like [6], [7], [8] and [9].
However they are hardly transposable to light AB\hce the required sensors remain expensive
such as highly accurate INS or RTK GPS. Moreoviee, accessibility of GPS data cannot be
ensured when the ATV moves in natural environmgae§, mountains, building, etc.).

In previous work [10], a rollover risk preventiogstem dedicated to high speed ATVs has been
proposed, based on low cost sensing equipmenstithates on-line the tire-ground friction. The
Lateral Load Transfer (LLT) has been chosen asesxaat stability criterion among several rollover
indicators [11], because low cost sensing equipneestifficient to estimate it. The main limitation
of this system was the assumption of a flat grountich is not representative of off-road
applications. A less important limitation was agsitarity in the algorithm, which entails to stop
grip conditions update. A new modelling and a ng@praach to the grip condition observation is
proposed in this paper. With low cost sensing egemt composed of a 3-axes
accelerometer/gyrometer, a Doppler radar and aisteangle sensor, the LLT can be predicted
whatever the grip conditions and the slope. Morecigely, a bicycle model is associated to an
adapted backstepping observer, which estimatesslideng parameters and the slope. These
estimations are then used within a prediction atlgor based on a roll model, in order to anticipate
the LLT.
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The paper is organized as follows: first, the viEhimodelling is depicted. It allows the rollover
metric computation. As the LLT expression requities knowledge of the sliding parameters, an
adapted backstepping observer is developed in ¢bensl part. In the same part, a prediction
algorithm allowing the anticipation of LLT time-elion is described. Finally, full scale

experiments (with a commercial quad bike) are priegkto investigate the capabilities and the
applicability of the proposed approach.

Rollover Metric Computation

Dynamic Model. In order to achieve on-line LLT computation whee tjround is uneven,
the global vehicle modelling depicted on Fig.1 ensidered. The dynamical model of vehicle is
split into two models. The first model represenisa 2D projection (shown on Fig.1a)) assuming
a flat ground. In order to account for ground viéoia, a lateral forceR;) is added. Relying on the

state observer described in section “Rollover pnéwe”, this model enables the estimation of the
sliding parameters (sideslip anglgsoy, o, and lateral forces; andF,) and the bank angl@)

which significantly impact the risk of rollover. €ke sliding conditions are then injected into the
second model: a roll 2D projection (shown on Fig))L(sed to estimate the LLT.
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(a) Yaw projection (b) Roll projection
Figure 1: Dynamic bicycle model with sliding parders.

The variables and parameters used in the seqpelteel on Fig.1(a) and Fig.1(b), are listed below:
» is the vehicle yaw angle,
* P is the vehicle global sideslip angle,
* o is the vehicle rear sideslip angle,
* o is the vehicle front sideslip angle,
* 0is the bank angle of the terrain in the roll pobijen,
* Jdis the steering angle,
» visthe linear velocity at the center of the redea
* ulis the linear velocity at the roll centér,
* aandb are the front and rear vehicle half-wheelbases,
* cis the vehicle track,
* his the distance between the roll center and thecleecenter of gravity,
i IV Iy, |, are the roll, pitch and yaw moments of inertia,
* P=mg s the gravity force on the suspended mmswith g denoting the gravity acceleration,
* P,=mgsin(®) is the influence of the gravity force on theela dynamics,

* F,, andF, are the normal component of the tire-ground cdrftaces on the vehicle left
and right sides,
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* F,(¢)is arestoring-force parameterized bykd b, the roll stiffness and damping
coefficients:
— 1 5
where¢ is the roll angle of the suspended mass assodiattéee roll dynamics, depicted on Fig.1.

In section “Roll Motion And LLT Computation”, a watp calculated is given. The parameters
k. and b, are evaluated previously thanks to a preliminatypcation procedure.

Contact Model. The forcesF, and F, acting on lateral dynamics widely depend on grip

conditions. As a result, a tire-ground model is danry. Among several models describing the
sliding phenomena (such as Pacejka or LuGre mda@g@| [13]), the linear model (2) is considered:

F=C Xa,

Its main advantage lies in the few numbers of patars to be known. Nevertheless, in order to
take into account the non-linearity of the contaet the variations of grip conditions, cornering
stiffnesses (€and G) are considered as varying. They are on-line adhfitanks to the observer
detailed in section “Rollover prevention”.

Motion Equations In Yaw Frame. Based on both the linear tire model and the bicycle
model representation depicted on Fig.1(a), the temps of motion can be derived using the
fundamental principle of the dynamic. In the yaanfie, longitudinal forces as well as roll and pitch
motions are neglected. Moreover, the influencehefliank angle is accounted via the addition of a
gravity force in acceleration equations. Motion &pns are then finally given by:

—acos(0)Fy + bF, v
_ ( ])Z i a, = arctan(tan(8) — %)
Fycos(o — ) + F, cos(f8 U
==L ( uZn B oy =arctan(tan(s) + %) =0 ©
- J sin(6) cos(3) — ¢ cos(3) u v

v

As this paper deals with dynamic LLT estimatione trelocity is assumed to be always strictly
positive. As a result the conditiax0 is always met.

Roll Motion And LLT Computation. The Lateral Load Transfer (LLT) represents the
unbalanced repartition of the normal componentstha tire-ground contact forces. It is
mathematically defined as:

Fo1— Foa

e R T @

According to definition (4), the LLT reached when two wheels on a vehicle’s side lift off, waini

is representative of a rollover risk. In practictheeshold can be chosen above which the vehicle is
considered in a hazardous situation. This threstwlthosen as 80% (classical value used in the
literature) in order to define a safety margin.

Thanks to the fundamental principle of the dynaapplied to the roll model depicted Fig.1(b), and
assuming tha#l << ¢ andd << ¢, dynamics equation for the roll angleand for the normal forces
are given (5):
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;= ﬁw sin)ip) -+ b sin(7) cos(6) -+ ud) cos(6) cos(9)
Fisin(5) 4 ueos(3) — LV con() 1 gsin)]
Fuy + Fup = m[—hsin(g) — hi? cos() + g cos() ©)
~udsin(8) cos(3) — ELI (o) 2 sin(s) sine)]

2 B . sin( 2~
Frll 7 Fn? - E[ILI\/Q + (IZ - Iy>'¢2 ( ,)

wherey=0+¢.

| — hsin(p)(F,q + F9)

Consequently, as soon as the roll anfglean be calculated using (5), the LLT can be evalliat
thanks to the normal force expressions.

In view of (5), the calculation op requires the knowledge of sideslip ang®) (vhose value
depends on cornering stiffness@sand C, in view of (3). As quad bikes are expected to mone

a natural and slippery ground, grip conditions hawe important influence and are moreover
varying. Since these variables cannot be meastirenl,on-line adaptation is then required in order
to obtain relevant estimation and prediction of lth&. Therefore a backstepping observer has been
designed to supply on-line their values. Moreov@rediction algorithm is mandatory, if the LLT
has to be anticipated in order to prevent the ltrer situations.

Rollover prevention

System Overview. The developed system aiming at ATV rollover prew@ants summarized
on Fig.2. It is composed of:

Steering 1]" v, O

Driver [ ATV [ |ObseVer

0
c

Rollover prevention|—

Figure 2: Algorithm overview.

—_—
[e=)i

D

- ATV box: The ATV is manually controlled, i.e. tligiver specifies the vehicle speednd

steering angle. As described in the introduction, the measured @dagathe roll/'yaw rate, the
accelerations, the speed and the steering angle.

- Observer box: Contact conditions are then on-ésémated. However for observability
reasons (see [10]), the two cornering stiffnessamaot be estimated separately, and are therefore
considered to be equal to a global virtual correrstiffness G An estimation of the sideslip

angle,@ and yaw ratqi/ is also supplied. Moreover, the bank angle estonas integrated into the
observer thanks to the measure of the lateral extain.

- Rollover prevention box: Relying on the measuwaiad observed variableg, , C, lﬁ and

A

B), future LLT values can be predicted on-line, idey to prevent the risk of rollover.
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The observer and LLT prediction algorithms are nexisely described in the following sections.

Observer Design. As the front/rear/global sideslip and steering aagian be large, a non-
linear system (6) is considered:

~ b

Y= anw + amd + b1o &, = arctan(tan(d) — —)
n v
A F + mgsin(0 cos(J > - Y
8= g = (8) cos(9) W cos() U - (6)
- om R ayp = arctan(tan(, 3) + —’) +0
F = (@) cos(d — B) +@a, cos(D)) ¢

—(a? cos(0)+b%)C. _ (b—acos(§))C. by — acos(8)Ce
an = —— L 2= b= 7.

Wheraﬁ,,@,é’r anda, are respectively the observed yaw rate, globalsl@ngle, rear sideslip
angle and front sideslip anglé is named the global lateral force. In order to pate the LLT,
Band C, have to be estimated from (6). With this aim, akistepping approach composed of 4

steps is proposed. An overview is depicted on Fig.3
Third step

Global Cornering stiffness adaptation
by impasing

. Second step ]
First step . = L OF
G =—RF-IZ
. =—R(F-F) C
Vv —| Sideslip angle estimation A Glabal Lateral force
s by imposing ¥ | reconstruction by imposing:
I— . . [— . .
IR R Fourth step
v w=y-y=Ky | B | p=p-p=-GB
~ A Bank angle estimation
oo -4
g
a
G

Figure 3: Observer overview.

- First step “Sideslip angle estimation”: The fiss¢p consists in treatirfyas a control input
(denoted ), to be designed in order to impose the followitymamic on the observed yaw rate
errory :

¢ U — ¢ Aw K <0 (7)

where ¢ is derived from the measured yaw rate. Injectifigirito the first equation in (6) leads to
the following expression for control variatffe

= K —an(C)v —by(C)0

3= v (G a11( W 1( ) (8)
a’12(06>

under conditiom,, # 0, which is ensured in practice. Sing® ensures thaﬁ/ converges to the

actual valuey supplied by the gyrometey3 can be considered as a relevant estimation of the
actual global sideslip angle.

- Second step “Lateral force reconstruction”: Jassin the first stegd; is then treated as a
control input (denoteB ) to be designed to impose thﬁ G- ,8 converges to O with the
following dynamic:

3=3-3=G3 G<0 ©)
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where B is derived fromB . Injecting (9) into the second equation of (6)dgdo the following
expression for control variabfe:
F=—m U(/3 G/3 + cob(g)) — mgsin(f) cos(3) (10)

Since F ensures thgb converges to the actual val@e F can be considered as an estimation of
the actual lateral force.

- Third step “Cornering stiffness adaptation”: TBiep consists in adaptin@, in order to

ensure the convergencefto F as defined in equation (6). In view of (6), thepidtion ofC,

cannot be achieved when F=0, which occurs espgardiien moving straight ahead on a flat

ground.

The adaptation law used in [10] was stopped dufiegstraight line because of a singularity into

the equation (division b§=0), and it might generate a divergence when tlsemation restarts.

In order to avoid an adaptation interruption igls@a case, a MIT rule adaptation [14] is proposed
to obtain the convergence:

C,=R(F—F)

with R a strictly positive gain.

gg R(F — F)(a;cos(6 — 3) + @, cos(3)) (11)

As it can be seen on (11), the expressiofofs never singular: when moving in straight lineam

even ground, the global lateral forde) (tends to zero and consequeﬁlgy: . s a result the

cornering stiffness adaptation is frozen in a redtwray. This adaptation law (11) does not require
to monitor a singularity during straight line matio

- Fourth step “Bank angle estimation”. The prineijg to compare the lateral acceleration
measured to the one estimated. As the acceleronsetdrle to measure the constant acceleration
like the gravity, the measured lateral accelerati&m be modelled into the equation (12).

Accmeasuled Accdynarmc + g 8111(6) (12)
Moreover, thanks to the yaw and roll representatthown on Fig.1, an estimated lateral
acceleration (along,) can be computed:

Amdy,m,,m = uﬂ (’oq(f)’) + 4 qm(ﬂ) + m/} cos(f3) + hp* — hp (13)
~ N—_——
Yaw acceleration negligible roll acceleration

Finally, the bank angle can be easily estimatetl thié equation (12) and (13):
Accmoasurod — Acc

9

0 = (14)

LLT Prediction. The previous observer on-line supplies a realisimesion ofC,, (3,0
describing respectively the grip conditions, thebgll sideslip and the bank angle. All variables in
model equations (3) and (5) are therefore availabledl the LLT can then be predicted by
integrating these equations over some temporalztworH. If this prediction reaches a value
superior than the threshold (i.eLT,..q = 0.8), the driver is warned of a rollover risk.

More precisely, to perform the integration, thewsharying variables, i.e. the cornering stiffness
C. and the bank angk are supposed constant over the horidorOn the contrary, the driver’s
inputs (i.e. the steering angbeand the speed) have an important influence on the short term
evolution of the LLT. Therefore, it is proposed dgtrapolate them using a linear functionvif

and/ord present an evolution raising the instability. Qtiee they are kept constant over the
horizonH. In this way, the values of the LLT predicted fraguations (3) and (5) are at worst
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overestimated, as it suits for a security devicecBely, the extrapolation law that has been amose
is:

S(t) + dt - 5(t). if (5(t),6(t)) < (0,0)
6(t) otherwise
olty) = { o b o), i (o0, 5(6) > (0,0 (15)

v(t) otherwise

{ S(t) +dt - a(t). if (3(t),8(t)) > (0,0)
6(tp) =

with t,=t+dt and 0 <dt < H

Results

Setup Testbed.

g AR iy
Figure 4:MF400H, Massey Fergusson quad bike useekizeriments.

In order to validate the observer and the relevasfcéhe LLT prediction proposed in section
“Rollover prevention” experimental results are gr@ed. They have been performed with a quad
bike MF400H, manufactured by Massey Fergusson apitted on Fig.4. Its dynamic parameters
m 1, k., b, h, a andb have been preliminary calibrated, and it is eqetppith the following

Sensors:
» a Xsens MTI IMU providing accelerations and argwlelocities,
» a Doppler radar supplying the linear speed,
 an angular sensor providing the steering angle.
This set of sensors constitutes a low cost perme@ystem (compared to the ATV cost) enabling
LLT estimation without requiring for expensive serss In addition, dynamometric sensors
supplying tire/ground forces have been set up e @deel. They provide a ground truth, but are
not used into the algorithm.

Experimental results.

- ATV experimental path: The path described on3-ltas been performed on a mixed flat
and sloping wet grass ground, at a speed betwesn 8nd 5 mg. It is composed of a straight line
part executed on a 5-15° sloping ground, a U-tura gartially even area, a second straight line on
the same sloping ground, a U-turn on an even andaaathird straight line on the same sloping
ground.

A
=S flat area

( Sloping area

Y [m]

o

0 X [m] 80

Figure 5: ATV experiment path.
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- Estimated bank angle: On Fig.6, the bank angbdilprestimated during experiments is
depicted. It corresponds to actual slope valuesrded ¢ 15°) previously by an operator. It then
constitutes a satisfactory estimation. According efguation (14),0 includes the bank angle
estimation and the error in the lateral accelenagistimation.

. | Straight line U-turn
815(.......__‘...> P YAV

o, Straight line

©

[=)]

% or G- P
< Straight line
c

©

m

o
T

I I I I )
0 5 10 15 20 35 40 45 50

2_% 30
Time [s]

Figure 6: Estimated bank angle.

- Observer dynamics: Three experiments have bd@pwed with different initial conditions
for the tire cornering stiffness: 50000 N.fa®0000 N.rad and 5000 N.rad The estimated tire
cornering stiffnesses are then represented on.Fig.7
6
sl e C._=50000 N.rad™’

e init

4

. C_ =5000N.rad"!
init

C, IN.10%rad]

0 10 2 40 50

° Time fg]
Figure 7: Tire stiffness adaptation.

First, the estimated cornering stiffnesses convalige the same value. This demonstrates that the
choice of the initial condition, which is uneasy,satisfactorily not crucial. Moreover, the ordér o
magnitude (4000) is representative of the valuevetrgrass terrains considering a quad bike.
Secondly, the cornering stiffnesses are converdespite the first straight line (0-10s) because of
the small slope. The sideslip generated by theestogufficient to adapt the cornering stiffnes®e(s
(3))-

Thirdly, the cornering stiffnesses are constanimduthe straight line (0-10s, 20-37s and 48-54s), a
expected in the third step of the observer, se@osetObserver design”.

Finally C, suddenly decreases at 42s (corresponding to asiion of the steering angle sign),

which is representative of non-linear tire behawiben slip angle changes quickly.

- Slope influence on the LLT estimation: On Figa@ LLTs estimated at the current instant
(i.e. when H=0s) with and without the bank angle depicted (respectively in solid and dashed
line) and they are compared to the LLT measuredkhiao dynamometric sensors. The quad bike
enters the slope at 17s, then the U-turn occumsdsat 36s and 46s, and finally the vehicle comes
back on the slope part.

The LLT estimated without accounting for the banigla stays around 0° in straight line parts, as
expected. In this cas®, is indeed mainly responsible for the LLT. On thentcary, the LLT
accounting for the bank angle is almost superpasethe actual LLT, especially during the slope
parts.
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Figure 8: Experiment results of the LLT estimation.

Nevertheless it can be observed some local inaces;avhich can be due to the driver's behavior,
neglected in the approach. Since quad bikes anevhicles, the driver mass is important (for this

experiment, the driver's mass represents 25% ofdta¢ mass), and his behavior has a significant
influence. As demonstrated in [15], the positiorthad driver may change significantly the location

of the center of gravity of the overall system awmthsequently impacts the LLT values. This can
explain the LLT overestimation in the first turneaib (12-18s and 37-43s).

This experiment shows the importance of taking extoount the slope to estimate accurately the
LLT. But the driver has to be informed of the ris&fore it appears; therefore a prediction algorithm
is mandatory. The next section discusses the efitgi of the prediction algorithm developed in

section “LLT prediction”.

- Rollover risk indicator: The LLT estimated withet bank angle and the measured LLT are
plotted again on Fig.9, respectively in blue anackllines, and compared to the predicted LLT in
red. The horizon has been set to 1s, the humatioedione. After this period, the input dynamics
can change, consequently, the inputs are unprddicab

100~ .
estimated

50t -Measured

-50-

-100, 10 20 30 40 50
Time [s]
Figure 9: Experiment results of the LLT prediction.

First, it can be noticed that the three curvesalir®st superposed in steady state conditions: glurin
the straight line parts and during the constanvesir As expected since the ATV motion is then
stationary: the predicted LLT is identical to therent value.

In contrast, during the transient phase (42-45sgrevhrollover may occur, the predicted LLT
satisfactorily precedes and overestimates the klctiia

Consequently, this rollover indicator is able teyant the lift-off risk for the ATVs on natural

ground.

Conclusion And Future Work
This paper proposes an algorithm able to anticipatellover risk for ATVs motion on natural

ground. An adapted backstepping observer, basedbiocycle model, has been designed in order to
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estimate the dynamic variables (sideslip angleneang stiffness) allowing to adapt to varying
conditions and to estimate the slope. Then, relging roll model, the LLT is on-line anticipated.
The main contributions lie in the considerationtbé terrain slope and in the grip condition
adaptation. As demonstrated in the experimentsl_tAecan be predicted accurately whatever the
terrain conditions (sliding, slope). Moreover thensing equipment is limited to low cost sensors
excluding expensive INS or GPS. Nevertheless theeids behaviour, which influences the
estimated LLT, is not taken into account. Thereforerder to avoid unnecessary warnings, current
developments aim at developing a low cost systemhdiccounts also for the driver’s behaviour.
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