
Chapter 16
Sliding Mode Control in Heavy Vehicle Safety

H. Imine and L. Fridman

Abstract. In this chapter, an original approach to heavy vehicles rollover risk pre-
diction is presented and validated experimentally. It is based on the calculation of
the LTR (Load Transfer Ratio) which depends on the estimated vertical forces using
high order sliding mode observers. Previously, a tractor model is developed. The
validation tests were carried out on an instrumented truck rolling on the road at var-
ious speeds and lane-change manoeuvres. Many scenarios have been experienced:
driving straight, curved trajectories, zigzag manoeuvre and brake tests to emphasize
the rollover phenomenon and its prediction to set off an alarm for the driver. In this
study, the vehicle dynamic parameters (masses, inertias, stiffness..) and the static
forces infrastructure characteristics (road profile, radius of curvature, longitudinal
and lateral slope, skid resistance) are measured or calculated before the tests.

Key words: Heavy vehicle modeling, Rollover, Sliding mode observer, Estimation,
Prediction.

16.1 Introduction

Statistics show that accidents related to heavy goods vehicle (HGV) are more dan-
gerous than those of passenger vehicles ( [[39]], [[13]]). While they constitute only
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3% of vehicles in traffic, heavy vehicles are involved in 10% of accidents with fa-
talities. Furthermore, the fatality rate is twice as high when a HGV is involved.
Rollover is one of the most frequent accidents (20%) and causes significant dam-
age to the vehicles and injuries to its driver and passengers. Several anti-rollover
systems and rollover warning systems were developed to assist or warn the driver
( [[4]], [[1]], [[18]]). Most of the current prevention systems have some limitations,
because they are based on real time measurements without any prediction of the
vehicle dynamics. When the HGV behavior and infrastructure are well known, it is
possible to be closer to the safety limit while maintaining an acceptable risk level.
But with less information, the rollover risk increases, and the driver must reduce its
risk by reducing the vehicle speed. Therefore, it is important to take into account
the most relevant uncertainties and parameters variations of heavy vehicle system.

As mentioned in ( [[7]], [[25]]), the rollover occurs when the lateral acceleration
equals or exceeds the vehicle’s rollover limit (which may be assisted by roadway
cross-fall or camber). Lateral acceleration in a curve is highly sensitive to speed.
The required speed to produce rollover reduces as the radius of curvature reduces.
Roll stability is influenced by the centre of gravity height (COG), the effective track
width provided by the axles and tires, and the suspensions characteristics. The COG
height is affected by the chassis height and the heavy vehicle load. This perfor-
mance measure is evaluated in terms of the steady-state lateral acceleration at which
all wheels on the inside of curvature have lifted off the road surface. This is accom-
plished by increasing the steer angle of a vehicle until all axles on one side of a given
vehicle lift off. The rollover can occur when one wheel of the same axle of the vehi-
cle, lifts off the road surface. Previous work was done on rollover of heavy vehicles
and several simulation results were presented ( [[19]], [[5]], [[31]], [[23]], [[41]], [[25]]).
Most of these works have not presented experimental results. Indeed, the instru-
mentation of a heavy vehicle is very expensive and not easily reached to all. In this
chapter, the first experimental results of a developed predictive rollover system of
heavy vehicle are presented.

The predictive system is based on the calculation of the Load Transfer Ratio
(LTR) which is an indicator of rollover stability. This LTR is defined as the propor-
tion of load on one side of a vehicle unit transferred to the other side in a transient
manoeuvre. Thus, it depends on vertical forces that are estimated via a third or-
der sliding mode observer ( [[24]], [[22]], [[25]]). It estimates in the same and finite
time, positions, speeds and accelerations of the heavy vehicle ( [[36]], [[37]], [[16]],
[[17]], [[9]], [[28]]). Many researches have been performed in order to estimate verti-
cal forces of the vehicle and many simulation results are presented ( [[26]], [[33]]).
However, in these works, the dynamic parameters of the vehicle are supposed well
known which is not always true. Khemoudj et al [[32]] have developed method to es-
timate vertical forces without knowledge of dynamic parameters. However, in these
works the validation is done only with simulations using software simulator. In this
work some of dynamic parameters, namely suspension stiffness and unsprung mass
have been identified. This identification permits to improve the quality of the esti-
mation ( [[40]], [[14]]). One notices also that most of the published works presented
only simulation results without real validation using an instrumented vehicle. This
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is due to the fact that the instrumentation of vehicle using the existing devices is
expensive and difficult to install (more information in the site www.kistler.com).

In the presence of uncertainties and perturbation, the sliding mode observer is
proved to be the most interesting tool ( [[2]], [[43]]). The observer outputs are the
estimated state variables of the vehicle (positions and especially the COG height,
speeds and accelerations). Then the vertical forces acting on the wheels, which de-
pend on the road inputs are deduced from these estimated variables. In order to show
the effectiveness of the proposed system, some validation tests were carried out on
an instrumented truck driving on the road at various speeds and maneuvers. Many
scenarios have been experienced: driving in straight line, in curve, zigzag and brake
tests to emphasize the rollover phenomenon and its prediction and send an alarm to
the driver with recommended speed in order to avoid the rollover. This chapter is
organized as follows: the second section is devoted to the description of the heavy
vehicle model. In the third section, identification of uncertainties and perturbations
of heavy vehicle is developed. In section four, the used sliding mode observer to
predict rollover is developed. Instrumented heavy vehicle is described in the section
four. In section five, some validation results are presented. Finally some conclusions
and perspectives are given in the last section.

16.2 System Modelling

Various studies have dealt with the heavy vehicle modeling taking into account the
infrastructure characteristics ( [[3]], [[6]], [[1]], [[20]], [[26]]). To go in this way, the
measurements carried out on the real vehicle are exploited in order to constitute
a database which was used to study the various driving risks such as rollover or
jack-knifing. In this part, a heavy vehicle model using the infrastructure database
is developed. A tractor with 2 axles and 5 degrees of freedom is considered and
represented in figure 16.1.

The tractor chassis (with the mass M) is suspended on its axles through two sus-
pension systems. The tire of the wheel i is modeled by the springs with coefficients
ki and the suspension is modeled by both springs with coefficient Ki and damper
elements Bi.

The suspension is modeled as the combination of spring and damper elements.
The front view of this model is shown in figure 16.2.

The wheel masses are given by mi (i = 1, · · · ,4). At the tire contact, the road
profile, longitudinal and lateral slope, skid resistance and radius of curvature are
considered as the inputs of the system. The road profile is represented by the vari-
able ui (i = 1, · · · ,4). The relative yaw and pitch angles of the heavy vehicle are ne-
glected. Therefore, the dynamic model of the vehicle derived from the Lagrangian’s
equations is given by:

M(q)q̈+B(q, q̇)q̇+K(q) = Fg (16.1)
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Fig. 16.1 Instrumented heavy vehicle

Fig. 16.2 Suspension model

where M ∈ℜ5×5 is the inertia matrix (mass matrix), B ∈ℜ5×5 is the matrix taking
into account the damping effects, K ∈ℜ5 is the springs stiffness vector and Fg ∈ℜ5

is the generalized forces. The coordinates variable vector q ∈ℜ5 is defined by:

q = [q1,q2,q3,q4,φ ]T (16.2)

where q1 and q2 are respectively the left and right front suspension deflection of
the tractor, q3 and q4 are respectively the left and right rear suspension deflection of
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the tractor and φ is the roll angle. The vertical acceleration of the chassis (tractor’s
body) is function of vector q and its time derivative q̇:

z̈ = f (q, q̇) (16.3)

where the variable z is the vertical displacement of the tractor sprung mass which
is the centre height of the gravity. The vertical displacements of the wheels with re-
spect to the ground (road) are represented by zri (i = 1, · · · ,4) and can be calculated
as follows: {

zr1 = z− (q0 + q1)+
Tw
2 sin(φ)− r

zr2 = z− (q0 + q2)− Tw
2 sin(φ)− r

(16.4)

where q0 is the static distance between the COG and the axles of the vehicle, Tw is
the tractor track width and r is the wheel’s radius. From equation (16.4), the centre
height of gravity z is as follows :

z =
1
2
(zr1 + zr2 + q1 + q2)+ q0 + r (16.5)

The vertical accelerations of the wheels are obtained using the following equations:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

z̈r1 = (B1q̇1 +K1
Tw
2 sin(φ)+B1

Tw
2 cos(φ)φ̇

+K1q1 − k1zr1 + k1u1)/m1

z̈r2 = (B2q̇2 −K2
Tw
2 sin(φ)−B2

Tw
2 cos(φ)φ̇

+K2q2 − k2zr2 + k2u2)/m2

(16.6)

The normal forces Fni, i = 1, · · · ,4 acting on the wheels are calculated using the
following expression:

Fni = Fci + ki(ui − zri), i = 1, · · · ,4 (16.7)

where Fci is the static force due to the static mass of the vehicle. In this study,
the force generated by damping effects is neglected comparing to the spring forces
ki(ui − zri). On the other hand, the dynamic rolling of the vehicle is described using
the following differential equation:

Ixxφ̈ = mayhcos(φ + ς)+mghsin(φ + ς)−CRφ̇ −KRφ (16.8)

where Ixx is the inertia moment in the roll axis, CR represents a damping coefficient
of the roll motion, KR is spring coefficient of the roll motion, φ̇ is the roll rate, φ̈ is
the roll acceleration with respect to the road, ς is the lateral slope, h is the centre
height of gravity with respect to the roll axis, g represents the gravity acceleration
and ay is the lateral acceleration of the heavy vehicle. This latter variable is cal-
culated during vehicle modelling. It depends on the lateral and longitudinal forces.
It can also be measured using accelerometer sensor as described in the following
chapter on the experimentation.
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16.3 Perturbations and Parameters Identification

Sliding mode based observers are presented as an alternative to the problem of ob-
servation of perturbed systems. In particular, High Order Sliding Mode (HOSM)
based observers can be considered as a successful technique for the state obser-
vation of perturbed systems due to their high precision and robust behavior with
respect to parametric uncertainties. In this section, we show how the higher order
sliding mode concept can be applied for observation of uncertainties and parameter
identification of heavy vehicle ( [[29]], [[21]], [[27]]). In order to develop the observer,
let us rewrite the equation 16.1 in state form as follows:

⎧
⎨

⎩

ẋ1= x2

ẋ2= f (x1,x2)+Fg(x1,u)
y = x1

(16.9)

where x1 = [q1 q2 φ ] is the state vector representing the measured outputs vector of
the system, x2 represents its speeds, f is a vector of nonlinear analytical function and
Fg is an unknown input vector computed as follows: Fg = [−Fg1 −Fg2 0]T = [−FZ1

m1

−FZ2
m2

0]T , where FZ1 and FZ2 are respectively the right and left impact forces, m1

and m2 represent respectively the right and left wheels mass. Before developing the
sliding mode observer, let us consider the following assumptions: 1. The state is
bounded. 2. The system inputs are bounded. In order to estimate the vertical forces
and identify parameters of the system, let us rewrite the system 16.9 :

⎧
⎪⎪⎨

⎪⎪⎩

ẋ11= x21

ẋ21= a1ϕ1(x11)−Fg1

ẋ12= x22

ẋ22= a2ϕ2(x12)−Fg2

(16.10)

where x11 = q1, x21 = q̇1, x12 = q2, x22 = q̇2. The unknown vectors of parameters are

represented by a1 and a2 such as: a1 =
[
k1(

m1−m
m1

) k2

]
, a2 =

[
k1 k2(

m−m2
m2

)
]
, ϕ1 =

q1
m and ϕ2 =

q2
m . where m represents the unsprung mass of the vehicle. Assuming

(x1,x2) = (x11,x21) or (x1,x2) = (x12,x22), ϕ = ϕ1 or ϕ = ϕ2 and a = a1 or a =
a2,and in order to observe states, the following second order observer is developed:
( [[12]], [[10]]) : { .

x̂1 = x̂2 +λ |x̃1|1/2 sign(x̃1)
.
x̂2 = āϕ(x̂1, x̂2)+α sign(x̃1)

(16.11)

where x̂1 and x̂2 are respectively the estimations of x1 and x2, x̃1 = x1 − x̂1 ∈ ℜ
is the estimation error, the variable ā represents a vector of the nominal values of
the vector parameters. In this case, the dynamic estimation errors are calculated as
follows: { .

x̃1 = x̃2 −λ |x̃1|1/2 sign(x̃1)
.
x̃2 = ã ϕ(x1, x̃2)+ ζ −α sign(x̃1)

(16.12)
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with ã = a − ā is the estimation error of the vector a, ζ =−Fg1(x1,u) or
ζ =−Fg2(x1,u) and x̃2 = x2− x̂2. Since the accelerations of the system are bounded,
the variable α can be minored, satisfying the inequality:

α > 2
∣
∣∣
.
x̂2

∣
∣∣ (16.13)

On the other hand, from [[11]], the gains of the matrix λ satisfying the inequality,
can be selected as :

λ > 2

√√
√
√

2

α− 2
∣
∣
∣
.
x̂2

∣
∣
∣

(α+ 2
∣
∣∣
.
x̂2

∣
∣∣)(1+ p)

1− p
(16.14)

where p ∈ (0,1) are some constants to be chosen (proof in ( [[10]]). In order to study
the observer stability, first, the convergence of x̃1 and

.
x̃1 to 0 , in finite time t0 is

proved. Then, some conditions about x̃2 to ensure its convergence to 0 are deduced.
Therefore, for t ≥ t0 the surface x̃2 = 0 is attractive, leading x̂2 to converge towards
x2 satisfying the inequalities (16.13) and (16.14). The Super Twisting controller
is insensitive to general perturbations ρ(x1,S) = Fg(x1,u) satisfying the following
conditions: {

ρ1(x1,S)≤ k1 |S|1/2
∣
∣
∣ ∂∂ t ρ2(x1)

∣
∣
∣≤ k2

∣
∣
∣
∣
∣
, S = x̃1 (16.15)

where ρ(x1,S) = ρ1(x1,S)+ ρ2(x1) , k1 > 0,k2 > 0 As described in [[38]], this is
a strong requirement in order to ensure the complete rejection of the disturbance
ρ1(x1,S) by the Super Twisting algorithm. This allows to develop a general stability
proof of this algorithm subject to the general class of disturbances in equation 16.12.
The proof is based on the following quadratic Lyapunov function:

⎧
⎨

⎩

V (ζ ,u1) = ζT Pζ
ζ = [|S|1/2 sign(S),u1]
u̇1 =−αsign(S)

∣
∣
∣∣
∣
∣

(16.16)

where P = PT > 0 is a symmetric and positive definite solution of the following
linear matrix inequality (LMI), with some constant ε > 0 :

[
AT P+PA+ εP+R PB

BT −Θ
]
≤ 0 (16.17)

where A is the Hurwitz matrix of the system 16.12:

A =

[−λ 1
−α 0

]
(16.18)
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In our case, the elements of the gains are λ = 500 and α = 1. The matrices R
and Θ take into account the perturbation bounds of the stated problem and can be
considered as parameters for observer design and B =

[
1 0

]T
> 0 . Then, the func-

tion 16.16 is a global strong Lyapunov function for the system 16.12. In ( [[38]], [[8]]),
it is given the proof that the system trajectories under Super Twisting control start-
ing at S0 =

[
S(0) Ṡ(0)

]
to the origin in finite time when the perturbation ρ(x1,S)

of equation 16.12 is bounded by 16.15. In this case, and from 16.12, one obtains:

z2 = α sign(x̃1) = ã ϕ(x1, x̃2)+ ζ (16.19)

Theoretically, the equivalent output injection is the result of an infinite switching
frequency of the discontinuous term . Nevertheless, the realization of the observer
produces a high switching frequency which makes the application of a filter neces-
sary. To eliminate the high frequency component, a filter of the following form is
used:

τ
.
z̄2(t) = z̄2(t)+ z2(t) (16.20)

where τ ∈ ℜ and , h << τ << 1 being a sampling step. The variable z2 is then
rewritten as follows:

z2(t) = z̄2(t)+ ξ (t) (16.21)

with z̄2(t) is the filtered version of z2(t) and ξ (t) is the difference caused by the
filtration. Nevertheless, as it is shown in ([ [[15]]], [ [[42]]]) that:

lim
τ → 0

h/τ→ 0

z̄2(τ,h) = z2(t) (16.22)

Thus, it is possible to assume that the equivalent output injection is equal to the
output of the filter.

16.3.1 Perturbations Identification

In order identify the perturbation, the vector of parameters a is supposed to be
known. In this case ã = 0. Therefore and using the equation 16.19, the vertical force
is obtained as follows:

ζ = α sign(x̃1) (16.23)

One recalls that this perturbation is composed of the impact force or which can be
calculated as shown in the equation (16.7). One can then mention the advantages of
the proposed method as following: - The measuring of the road profiles u1 and u2 is
not necessary. - The estimation of the vertical displacements of the wheels and its
derivative are also not necessary to obtain.
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16.3.2 Parameters Identification

To identify the parameters of the system, we suppose that the perturbation ζ = 0.
That means that the road profile is supposed to be close to zero (no irregularities on
the road that can affect vertically the vehicle). In this case and using the equation
16.19, we obtain:

z2 = α sign(x̃1) = ã ϕ(x1, x̃2) (16.24)

Considering the unknown parameters vector a as a constant vector and in order to
identify it, a linear regression algorithm, namely the least square method is applied.
The time integration is given by:

1
t

t∫

0

z2(σ)ϕ(σ)T dσ = ã
1
t

t∫

0

ϕ(σ)ϕ(σ)T dσ (16.25)

The vector is then estimated by:

∧
ã =

⎡

⎣
t∫

0

z2(σ)ϕ(σ)T dσ

⎤

⎦

⎡

⎣
t∫

0

ϕ(σ)ϕ(σ)T dσ

⎤

⎦

−1

(16.26)

where
∧
ã is the estimation of ã. Let us define

Γ =

⎡

⎣
t∫

0

ϕ(σ)ϕ(σ)T dσ

⎤

⎦

−1

(16.27)

Its derivative is equal to
Γ̇ =−Γϕ(σ)ϕ(σ)TΓ (16.28)

The derivative of the vector
∧
ã using the equation 16.26 gives:

.∧
ã =

⎡

⎣
t∫

0

z2(σ)ϕ(σ)T dσ

⎤

⎦Γ̇ + z2ϕ(σ)TΓ (16.29)

Replacing Γ̇ by its value given before and using the equation 16.26, we obtain:

.∧
ã = −∧

ãϕϕTΓ + z2ϕ(σ)TΓ (16.30)

= (−∧
ãϕ+ z2)ϕTΓ

This ensures the asymptotic convergence of
∧
ã to ã and consequently this allows

to identify the real value of the vector . In our case, in order to obtain the un-
sprung masses after identification of k1 = a12 and k2 = a21, we refer to the vector a
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defined previously. One notices then the identified values of a11 = k1(m1 −m)/m1

and a22 = k2(m2 −m)/m2. Finally, the unsprung masses are deduced as follows:
m1 = mk1/(k1 − a11) and m2 = mk2/(k2 − a22).

16.4 Sliding Mode Observer for Risk Prediction

In order to evaluate the rollover risk, high order sliding mode observer is developed
to estimate the state variables and the vertical forces of the vehicle ( [[42]], [[35]],
[[11]], [[25]], [[17]], [[30]], [[26]], [[28]]). In state space form, the system equation (16.1)
can be rewritten as:

{
ẋ1 = x2

ẋ2 = M−1(Fg −B(x1,x2)x2 −K(x1))
(16.31)

where x= (x1,x2)
T = (q, q̇)T is the state variables vector and x1 = [q1,q2,q3,q4,φ ]T

is the measured outputs vector of the system. The roll angle is calculated using the
following formula:

φ = arcsin(
q1 − q2

Tw
) (16.32)

To be able to estimate the state variables and the vertical forces, the following ob-
server is developed and the convergence is proved ( [[36]], [[17]]).

⎧
⎪⎨

⎪⎩

˙̂x1 = x̂2 −λ0 |x̂1 − x1|2/3 sign(x̂1 − x1)

˙̂x2 = x̂3 −λ1
∣
∣x̂2 − ˙̂x1

∣
∣1/2

sign(x̂2 − ˙̂x1)
˙̂x3 =−λ2sign(x̂3 − ˙̂x2)

. (16.33)

where x̂1, x̂2 and x̂3 are respectively the estimate of x1, x2 and ẋ2, λ0, λ1 and λ2 are
the observer gains. More details about this observer can be found in [[35]]. The ob-
server defined in (16.33) permits to estimate positions, velocities and accelerations
of the system. The jerk of the system is bounded and it satisfies the inequality:

f+ ≥ 2 |...x 1| (16.34)

where f+ is some known positive scalar. The estimation errors are obtained using
the equations (16.31) and (16.33) as following:

⎧
⎪⎨

⎪⎩

˙̃x1 = x2 − x̂2 +λ0 |x̂1 − x1|2/3 sign(x̂1 − x1)

˙̃x2 = ẋ2 − x̂3 +λ1
∣
∣x̂2 − ˙̂x1

∣
∣1/2

sign(x̂2 − ˙̂x1)
˙̃x3 = ẍ2 +λ2sign(x̂3 − ˙̂x2)

(16.35)

where x̃i = xi− x̂i (i = 1, · · · ,3) is the estimation error of the variable xi. Chosen the
ith components of λ0, λ1 and λ2 as: λ0 = 3 3

√
f+, λ1 = 1.5 2

√
f+ and λ2 = 1.1 f+,

the estimation errors x̃1, x̃2 and x̃3 converge in finite time t0 toward 0 . More details
about the convergence study of this observer can be found in [[16]]. In this case, by
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means of the equation (16.6), the vertical displacements of the wheels are estimated
in finite time, since the vertical accelerations of the wheels z̈ri are measured using
accelerometers:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ẑr1 = (−m1z̈r1 +B1 ˙̂q1 +K1
Tw
2 sin(φ̂ )

+B1
Tw
2 cos(φ̂) ˙̂φ +K1q̂1 + k1u1)/k1

ẑr2 = (−m2z̈r2 +B2 ˙̂q2 −K2
Tw
2 sin(φ̂ )

−B2
Tw
2 cos(φ̂) ˙̂φ +K2q̂2 + k2u2)/k4

(16.36)

From equation (16.5), the centre height of gravity ẑ is now deduced :

ẑ =
1
2
(ẑr1 + ẑr2 + q̂1 + q̂2)+ q0 + r (16.37)

Using the equation (16.7), the vertical forces Fni can be estimated by:

F̂ni = Fci + ki(ui − ẑri), i = 1, · · · ,4 (16.38)

Then the Load Transfer Ratio (LTR) used to indicate the rollover risk, is calculated
as follows [[1]]:

LT R =
Fnr −Fnl

Fnr +Fnl
(16.39)

When Fnr = 0 (Fnl = 0) the right (left) wheels lift off the road and the rollover
coefficient takes on the limit value LTR = −1 (LTR = 1). For straight driving on a
horizontal road for the tire vertical forces, it holds that Fnr = Fnl which means that
LTR = 0.

16.5 Experimental Results

16.5.1 Description of the Test Bench

In order to validate theoretical study and the simulations results, an instrumented
tractor of Renault Trucks company is used, as shown in figure 16.1. The vehicle
is equipped with several sensors to measure the dynamics of the vehicle, such as
the angular speeds, accelerations, and the suspension deflections. The figure 16.3
illustrates the added sensors which are needed for the proposed technique:

• Four sensors, LVDT (Linear Variable Differential Transformers) installed be-
tween the wheel and the chassis in order to measure the deflections of
suspensions,
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Fig. 16.3 The used sensors on the Vehicle

• Four accelerometers installed on the chassis in order to measure the vertical ac-
celerations of wheels,

• Three axial gyrometers installed on the chassis in order to measure the angular
speeds (roll, pitch and yaw rate),

• Two lasers installed at the bottom of the chassis in order to measure its height.

The figure 16.4 illustrates the positions of installed sensors in the vehicle. Two
LVDT sensors are installed in the front of the vehicle and two others are installed in
the rear of the tractor. The two laser sensors are installed respectively in the left and
in the right side in order to measure the height of the vehicle. The tri-axial gyrome-
ter is installed in the centre of the vehicle in order to measure the three rotations of
the tractor.

The LVDT are the only sensors which are necessary and needed to be added
in order to product the predictive rollover system. The roll angle is deduced using
LVDT sensors, as explained in the previous section. The other sensors are only used
in order to test the robustness of the approach by comparing their measures to the
estimated variables.

The acquisition part of the bench, consists of use of laptop computer, a dSPACE
Micro AutoBox real-time hardware system, and the software: Matlab/Simulink,
Real Time Workshop and the dSPACE acquisition system. This acquisition board
delivers high performance and reliable data acquisition capabilities with 16 single-
ended analogical inputs. It delivers both analogical and digital triggering capability,
as well as two 12-bit analogical outputs, two 24-bit and 8 digital I/O lines. The
sampling frequency used during the tests is 100 Hz.The algorithms were written in
Matlab/Simulink, which coordinates all the data acquisition and the test measure-
ment processes. The developed program can be easily manipulated and integrated
in the vehicle.
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Fig. 16.4 Sensors position on the heavy vehicle

16.5.2 Infrastructure Measurements

Before the tests, the infrastructure data have been measured by different devices.
The road profile is measured by Longitudinal Profile Analyzer shown in figure 16.5.
The technical description and the functionalities of this device are given in [[34]].
The radius of curvature, longitudinal and lateral slope are measured using VANI
(Véhicule d’Analyse d’Itinéraire).

Fig. 16.5 Longitudinal Profile Analyser

This vehicle is equipped with different sensors, such as Gyrometers, GPS and
lasers is realized by Regional Laboratory of Lyon, in France in 1987. The CFT
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(transversal friction coefficient) of the road surface is measured by SCRIM device
(Sideway force Coefficient Routine Investigation Machine) which is described in
http://www.vectra.fr.

16.5.3 Test Results

Many tests and scenarios have been realized with the instrumented vehicle driving at
various speeds. Some results on the states, the vertical forces and the risk estimations
are presented in this section. The dynamic parameters and the static vertical forces
are measured before the tests. The measured static front left and static right vertical
forces are respectively 24200N and 25250N. The values of static rear left and right
vertical forces are respectively 9450N and 12050N.

16.5.3.1 Zigzag Test

The zigzag test is illustrated by figure 16.6. This test is very interesting for rollover
study since it can cause dangerous situations. The driver changes abruptly the direc-
tion of his vehicle which implies load transfer between the left and right side of the
vehicle.

Fig. 16.6 The zigzag test in practise

The steering angle of the vehicle during this test is presented in the figure 16.7.
The critical times are occurred at 15s, 30s and 45s. One notices that at these times,
the absolute steering angle is more than 3rad (180). In order to verify the condi-
tion 16.34, let us represent the jerk of the systems which corresponds to the double
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derivative of roll rate measured by gyrometer sensor and the jerk coming from the
third derivative of suspension deflection, measured by LVDT sensor. The result is
shown in the figure 16.8.

Fig. 16.7 Steering angle for zigzag test

One remarks that the maximum values of jerks of suspension deflection and roll
angle are respectively 800m/s3 and 150rad/s3. In this case, the value of the gain
f+ is then deduced to be equal to 1600. The vehicle speed is shown in figure 16.9.

In the figure 16.10, suspension deflections of the front of the vehicle are estimated
and compared to the measured one.

This figure shows that the observer converges quickly and the estimation error
is around zero. Therefore, the two graphs are practically indistinguishable. At the
critical times, the effect of the zigzag on the vehicle dynamics is clearly shown at
15s, 30s and 45s. The suspension deflection at the front right decreases from its
static value 0.01m to −0.03m, whereas the suspension deflection at the front left
increases from 0.01m to 0.025m. From this behavior, the roll angle shown in the
figure 16.11 occurred. Indeed, at the times 15s, 30s and 45s, the roll angle increased.
One can notice the quality of the estimation compared to the measure. It is clearly
shown that the estimated and measured roll angles are in good agreement.

The figure 16.12 shows the estimation of the centre height of gravity compared
to the front left suspension deflection. Since, there is no existing sensor to measure
this displacement, it’s then difficult to judge the quality of the estimation.

However, one notices that at 15s, the suspension deflection increased up to
0.025m and at the same time, the estimated centre height of gravity increased up
to 0.71m. The same phenomena are produced at the times 30s and 45s. This implies
that the estimated centre height of gravity correctly tracks the LVDT measure. This
conclusion represents a good indicator to evaluate the quality of this estimation. In
the figure 16.13, the vertical forces of the front wheels are presented. The force of
the front left wheel is presented at the left.
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Fig. 16.8 Jerk of the system in case of zigzag test

Fig. 16.9 Vehicle speed for zigzag test

Fig. 16.10 Suspension deflection estimation
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Fig. 16.11 Roll angle estimation

Fig. 16.12 Estimation of centre height of gravity

One notices that at the times 15s, 30s and 45s, this force increases up to 28dN
following then the the measured suspension deflection.

A zoom on the time interval [0 5]s is given in the right side of this figure 16.13.
The figure 16.14 shows the estimated vertical force of the front right wheel.

As explained before, the same conclusion can be given here. indeed, at the same
times, this force decreases up to 19dN. This phenomena can be explained by the fact,
that the load transfer from the right side to the left side of the vehicle is produced.
A zoom on the time interval [0 5]s is given in the right side of th figure 16.14.

In the figure 16.15, the vertical forces are compared to suspension deflections
measures. As for the centre height of gravity, there are no sensors, during this test,
to measure the vertical forces. It’s then difficult to conclude on the quality of the
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Fig. 16.13 Estimation of vertical force: left wheel

Fig. 16.14 Estimation of vertical force: right wheel

estimation. However, it is clearly shown that the estimated forces and the equivalent
measured suspension deflections are well correlated. This gives us an idea about the
quality of estimation. From figures 16.15, the load transfer ratio between the two
wheels is calculated and shown in the figure 16.16. The values of LTR are situated
between −0.15 and 0.2 .

These values are much smaller than the risk limit LTR=1, where on wheel of the
same axle lifts off the road. This is due to the fact that, during the test and for safety
reasons, the driver is not allowed to reach this limit. However, in order to test the
approach and send an alarm to the driver, the coefficient limit of LTR is reduced
to 0.2. In the figure 16.17, the identification results are shown. The suspensions
stiffness k1 and k2 are identified with success. Compared to their nominal values
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(194680N/m and 188540N/m), these parameters have been identified with some
variation in the time interval [13,20]s. This is due to the fact that at this time, the
driver changes brutally the vehicle direction as shown in the steering angle of the
Figure 16.7.

Fig. 16.15 Vertical forces estimation compared to LVDT measures

Fig. 16.16 Load Transfer Ratio (LTR)

The same remark can be given to the unsprung masses identification m1 and m2.
The variation of these parameters occurs around their nominal values respectively
of 100kg and 95kg, at the same time interval [13,20]s.
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Fig. 16.17 Parameters identification

16.5.3.2 Braking test

In this section, the brake test is presented in order to show the rapidity and the
robustness of the proposed method using observers. This test allow us to know if
the rollover risk can occur in the case of braking. In the figure 16.18, the vehicle
speed during this test is shown. The braking occurs at times 9s, 29s and 49s.

Fig. 16.18 Vehicle speed for brake test

In the following, the influence of the braking on the vehicle behavior and the
rollover risk is shown.
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In this case, the jerk of the system which corresponds to the double derivative of
roll rate measured by gyrometer sensor and the jerk coming from the third derivative
of suspension deflection measured by LVDT sensor are shown in the figure 16.19.
One remarks that the jerks of suspension deflection and roll angle are respectively
bounded by 800m/s3 and 250rad/s3. Also in this case, the value of the gain f+ is
chosen to be equal to 1600.

Fig. 16.19 Jerk in the brake test

Fig. 16.20 Suspension deflection estimation

In the figure 16.20, the estimation of the suspension deflections of the front of
vehicle are represented and compared to measures. At the braking times 9s, 29s and
49s, these vertical displacements decrease.

The right and the left side have almost the same value of about −0.08m. In this
case no load transfer is occurred between the left and the right side of the vehicle.

To show the quality estimation of the roll angle, a zoom is done in the time
interval [0 2]s of the figure 16.21. One notices that in this case, the roll angle is not
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Fig. 16.21 Roll angle estimation

Fig. 16.22 Roll angle estimation error

high even in the braking times. The estimation error tends to zero as shown in the
figure 16.22. The maximum value is around 10−4rad.

The figure 16.23 shows that the estimated roll rate compared to the gyrometer’s
measure. One remarks that the estimation converges quickly toward the measure.

Indeed, the minimum value for the measured roll rate is about −0.03rad/s and
for the estimated roll rate is about −0.04rad/s. The maximum value is almost the
same for the two signals. It’s about 0.03rad/s. The estimation error is shown in the
figure 16.24.

The figure 16.25 shows the estimation of the centre height of gravity. At the
braking times 9s, 29s and 49s, the centre height of gravity increased up to 0.8m and
between these times, the value of this displacement stays at its static value, namely
0.68m.
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Fig. 16.23 Roll rate estimation in the case of brake test

Fig. 16.24 Roll rate estimation error

Fig. 16.25 Estimation of centre height of gravity
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Fig. 16.26 Estimation of vertical forces in case of brake test

Fig. 16.27 Load Transfer Ratio for brake test

In the figure 16.26, the vertical forces of the wheels are presented. In the left,
the front left and right forces are presented. One notices that these forces are quit
close. That is confirmed by the small value of the roll angle shown previously in the
Figure 16.21.

The second remark, is about the values of these two forces at the times 9sec,
29sec and 49sec, which decrease to 8000N. Between these times, the forces keep
their static values.

In the right of the figure 16.26, the rear left and right forces are shown. These
forces vary around their static values, which is conform to the braking test. The
figure 16.27 shows the Load Transfer Ratio (LTR).
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One notices an increase of its value from 0.02 until respectively 0.11, 0.13 and
0.135, at braking times, respectively 9sec, 29sec and 49sec . However, these values
still far from the limit value of 1 and the limit fixed in this work, namely 0.2. In
this condition, no rollover risk is detected and therefore, no alarm is sent to the
driver.

16.6 Conclusion

In this work, an original system of heavy vehicles rollover risk prediction has been
proposed. The main advantage of the method is its simplicity and it is based on
vertical forces estimation using high order sliding mode observer. It has been vali-
dated experimentally on a real heavy truck rolling on the road at various speeds and
lane-change manoeuvres. Good agreement has been shown between the experimen-
tal and theoretical results. In order to show the robustness of the proposed approach,
two tests are presented in this study: zigzag and brake test. The results show that
dynamic states are well estimated as shown in the centre height of gravity. Then,
vertical forces are estimated and the rollover indicator LTR is computed. The re-
sults have been discussed. It is shown that the estimation results are quite close to
experimental ones and the rollover is predicted. In this test, the LTR does not reach
its limit of 1. In the real situation and for safety reason and only for this reason, we
were not allowed to test this situation where one wheel lifts of the road because the
tractor is not equipped with safety device. However, in order to send an alarm to the
driver and to test its effect on the driver’s behavior, this limit is reduced to 0.2. For
this reason, the LTR limit to send the alarm is reduced to 0.2. In this case, and during
the zigzag test, this limit is reached and the alarm is then sent to the driver in order to
reduce his speed. The method proved in the case of brake test, that no rollover occurs
(LTR< 0.2). HOSMO are also employed in order to estimate vertical forces of heavy
vehicle and to identify the unknown parameters. The experimental tests carried out
on an instrumented tractor show the quality of this approach since the convergence
of the observer is quick and is done in finite time, with errors quite close to zero.
The vertical forces are also well estimated. This is noticed when the estimations are
compared to the measures. The originality of this approach is the use of the equiv-
alent control, which provides a linear regression algorithm in order to identify the
unknown parameters of the system. An example of identification of the unsprung
mass and the stiffness is given in this paper. In the future work, it will be interesting
to test this approach in real time with an instrumented vehicle. The dynamo wheel in
order to measure the impact forces will be useful in order to have a better reference
to validate the impact forces estimation. The proposed method is tested on an instru-
mented tractor. It can be interesting to test the robustness of this approach on tractor
semi-trailer.
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