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Steering Control for Rollover Avoidance of
Heavy Vehicle

H. Imine, L. Fridman and T. Mad:

Abstract—The aim of presented work consists in developingna
active steering assistance system in order to avoilde rollover of
heavy vehicle. The proposed approach is applied aingle body
model of heavy vehicle presented in this paper. Arestimator
based on the high order sliding mode observer is deloped in
order to estimate the vehicle dynamics such as latd
acceleration limit and centre height of gravity. The lateral
position and lateral speed are controlled using tvgting algorithm
in order to ensure the stability of the vehicle andavoid the
accident. In the same time, the identification of msprung masses
and suspension stiffness parameters of the model $iabeen
computed in order to increase the robustness of thenethod.
Some simulation and experimental results are givem order to
show the quality of the proposed concept.

Index Terms—Vehicle modelling, Rollover,
observers, Sliding mode control, Estimation,
Twisting algorithm, Steering control.
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I. INTRODUCTION

OLL stability of the Heavy Vehicle (HV) is affected by
the center height of gravity, the track width ar t

kinematics properties of suspensions. More deaiyl
moment arises during the cornering maneuver wherc¢hter
of gravity of the vehicle shifts laterally. The Irattability of
the vehicle can be guaranteed if the sum of théaliizing
moment is compensated during a lateral manoeuvre.

Recently, several solutions have been proposedder do
reduce the number of HV rollover accidents. Seveyatems
have been developed in order to assist the drivawbid the
rollover. Some of them are installed in the infrasture
before a dangerous curvature. In case of oversigegiihg to
rollover in cornering, a warning is sent to thevdriin order to
decrease the speed ([1], [2]).
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Other systems have been installed onboard the.tituky
use informative measures coming from sensors, sagh
vehicle speed and lateral acceleration in orderseéad a
warning signal to the driver when he goes beyondesoisk
thresholds ([3], [4]).

In case of active systems, the concept is t@mike the
lateral acceleration by braking action, steeringtioa¢
suspension action, by anti-roll action or comalion of all
(151, [6], [7]. [8], [9D).

However, most of existing methods require full imfiation
on the state that may limit their practical utility fact, even if
all the state measurements are possible, they ypieally
corrupted by noises. Moreover, the increased nundfer
sensors makes the overall system more complex in
implementation and expensive in realization. Thdesign of
an observer becomes an attractive approach to astithe
unmeasured states of the HV. A second order slidiogle
observers, providing theoretically exact stateseolstion,
parameter identification and impact forces estiorgtiare
presented in this work.

In most of recent researches, the parameters ofehiele
are supposed known and constant. Some of them gieze
by vehicles constructors and manufacturers, andersth
unknown parameters are taken from literature. las@mt
work, suspensions stiffness and unsprung masses lbheen
identified. This allows to improve the quality dfet proposed
system.

The impact forces affect vehicle dynamic perforneaaod
behaviour properties. These forces are very impbrta
evaluate the rollover risk of heavy vehicle by catipg the
Load Transfer Ratio (LTR), study and evaluate tamdge of
the vehicle on the road or bridges and in orderdotrol the
weights of the vehicles ([10], [11], [12]). Thesedes can also
be used in the control systems in order to ashkestdriver.
However, the exiting sensors to measure thesed@m very
expensive and difficult to install [13].

Comparing to the previous works, the proposed nieiho
based on sliding mode observer in order to estinth&e
vertical forces and in the same time identify thgaimic

Design of such observers requires a dynamic moflel o
heavy vehicle which is build up in a first stepthfs work.

This model is coupled with an appropriate wheehdro
contact model. It has been validated using simulgt®] and

Francepy real measurements carried out with an instruatetractor

[20].
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In this paper, an observer-controller law using sliding F, =HC a,
mode technique is developed. (1)
The proposed method has been adopted for different |Fy, =4 C; a4
reasons:

Where c; and c, are respectively the front and the rear

the convergence of the lateral acceleration of vbhicle cornering stiffness after assuming the equalitihefcornering
toward the estimated acceleration limit. This aBowhe stiffness for the two front wheels and the rearsoriéhe road

limitation of the load transfer between the rightiahe left 2dhesion is represented by the varigbleln this work, the
side of the vehicle to its limited value which & $0.9. dry road is assumed(=1). The parametergr, andq, are
- estimate the non measurable states of the HV.
- identify some unknown parameters of HV.
This paper is organized as follows: section 2 deslls the

- achieve good tracking of desired trajectoriesehguring

respectively the front and rear tire slip angle pated by
using the following formula:

vehicle description and modelling. The design &f tibserver a, =-(B-|, ﬂ)

and the estimation of the vertical forces and paters v (2)
identification are presented in section 3. Sectlas devoted a; =0-(B+; ﬂ)

to steering control method design. Some experinheasalts v

are presented in section 5. Finally, some remarkd a Where S is the side slip angle which is assumed equal for
perspectives are given in a concluding section. the two front wheels and the rear onds,and I, are

respectively the distance fro@G1to front axle and rear axle,
V is the vehicle speed/ is the yaw rate and is the front

wheel steering angle.
The model is derived using Lagrangian's equations:

II. VEHICLE MODELLING
The vehicle studied in this paper and develope{bbys a
non-articulated heavy vehicle with two axles. Tleme, some
assumptions were considered: the roll angle ismasduo be
small, and the suspension and the tire dynamicassemed
to be linear. The corresponding model has five eegrof M(g)g+C(q q)g+Kag=F,(q,u) ®3)
freedom and used to represent the roll and latBr@mics as

shown in figure 1 whereq =[q,,0,, Y, @] represents the coordinate’s

vector composed of respectively left and right fron
suspension deflection, lateral displacement, mdjl@ and yaw
055 55

angle, M O is the inertia matrixC O is the matrix

related to the damping effect&, 0 0°is the springs stiffness
vector, Fg 0 0°%is a vector of generalized forces ands the

system input.
The suspension is modelled as the combination ohgp
and damper elements as shown in the figure 2.

Z

(mmmmm— e P ————————

Fig.1. Heavy vehicle model

The vehicle consists of two bodies. Body 1 which is
composed of two axles is represented by the ungpmsss
my and center of gravit€ G1 Body 2 is the sprung ma#a
and centre of gravit¢ G2 The centre CG1 is assumed to be in
the road plane aboveG2

In this case, the lateral forces acting on theesystan be
linearized and computed as follows: Fig.2. Front view of heavy vehicle model
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The vertical acceleration of the chassis is obthirs
following:

. T .
Z = (kyy + ko, + (ky - kz)zsm(@) /'m
(4)

# (Bt + Butly = (B~ By) cos(@)g)/m

where ¢ is the tractor roll angle andl is the tractor track
width, (i and Cp are respectively the left and right front

suspension deflection of the tractorZ is the vertical
displacement of the tractor sprung mass (centegrafity

height). The tractor chassis with the m#gss suspended on

its axles through two suspension systems.

The suspensions stiffness and damping coefficiants

represented respectively by;,i =12andg,,i=12 in the
figure 2.
The tire is modelized by springs representedkpy = 34

in the figure 2. The left and right wheels masses a

The accelerations of suspensions are given bydilening
equation system:

oo (Lo
Ua—(m

+(% nlll)qul+

.
Q2—(m

L)k +L2 4 (- o) Lsin(p)

B _ (B, - Bz)TECOS(@@/m‘%

Kt + 4 (k) i) @®)

%—((Bl Bz)—cos(w)w)/m—fn—

2

1 1
+(= ——) B,
( mz) o2 +

@ = (Kt — kol = (kg + kz)ESin(@ + B

. T T
- By, — (B + Bz)ECOS((ﬂ)(”)E“x

where |y is the inertia moment in the roll axid, and

respectivelymy andmp. At the tire contact, the road profile is Fzr are respectively the vertical forces of the lefd #me right
represented by the variablds and U, which are considered Wheel, which are considered as unknown perturbsttonbe

as heavy vehicle inputs. The variablesZ and

Z,, correspond respectively to the vertical displacensdn

the left and right wheel of the tractor front axijich can be
computed by means of using the following equations:

T .
21 =20 = sin(@)
T .
2 =270, +Sin(g)

The lateral and yaw accelerations are computed|bsvs:

c, +¢C -, +c. | )-mv c
yl:_(f r)yl+( fif rr) fd
mv mv* m ©6)
i (Cf|f2+cr|r2) lic, (=¢¢ly +cl))
g=- | Y+ | o+ |
ZV z z

wherel, is the inertia along th axis.
The vertical accelerations of the wheels are gilsn

T . .
1= (ko - klES|n(¢) +Bygy) /my

—(BlTEcos@)qﬂ F,)/m

5 T . . 7
22 == (Ktlp + ko - SiN(@) + B.1p)  m, v

T .
+(B, ECOS@)(P— Fu) Iy,

estimated.
These forces can be computed by using the following

F, =ks(z,—u)
I:zr = k4(zr2 _Uz)
I1l. SLIDING MODE OBSERVER DESIGN
This section is devoted to observer design usiidjng|

©

) mode technique. In order to develop it, let us mewthe

equation (3) in state form as follows:

X, =X,
» = F (X, %)+ Fy(x,u) (10)
y=X

where X =(X,X%,)" =(q,q)" 00" is the state vector

and y=qOO° is the measured outputs vector of the

system, f is a vector of nonlinear analytical function dngl
is an unknown input vector computed as follows:

_lelrnl
_Fzr/mz
0

F, =

Before developing the sliding mode observer, omppsses:
1. The state is bounded
2. The inputs of the system are bounded.

A. States observation

The second order observer developed in ([21], [E23])
has been adapted to the presented model in oréstitoate in
finite time states and to identify parameters.
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It has the following form: attractive, leadingX, to converge towards, satisfying the
X=X +2z inequalities (15) and (16).
X A {11 The convergence proof of the second order obseaeibe
X, = £(X, %)+ 2z, found in [24].

where X,and X, are respectively the estimations of vectors . . . . o
L 2 P y B. Vertical forces estimation and parameters iderdifian

X;andX, . In order to estimate the vertical forces and toniifg
The correction variableg; and z represent the output Parameters of the system, let us rewrite the systEy by

injections of the form: reducing its order, as following:

z, = AA(X,)Sign(X,) X1 = Xp

. ~ 12 o —

z, = aSign(x,) (12) Ko = @f(X, %) = Fy /my an
where X, =%, — %, 00° is a vector of the state estimation X1z = Xp
error. The gains matrices A ( and o) 0°°, the X = 8,P(%, %) ~ Fyr I,

matrixA(X, ) and the vectorSigr are defined as follows: ~ With X;; = 0y, X,; = Oy, X3, = 0y, X, = 0,.
The unknown vectors of parameters represebyed;
A =diag{},, 1,,..A.} and@and the vecto® are defined as follows:

a =diag{a,.a,,..a,} m, —m { (m —mﬂ
13 =k k, ja, =|k K| —=2—|];
A% = diagl%, [ %, [, 5 ] wes H m, J } U,

Sign(%,) = [sign(%, ), sign(X, )....sign(x,)[" . [ 4 G T |
m m

The dynamics estimation errors are calculated l&safs:
s _ = NCiAN S To simplify the system, the vector of unknown pagtens
X = X = AA(X) Sign(x,) - ..
a is computed as following:

X2 = f (Xl’ X2) - f (5\(1’ )’22) (14) [ K m, —m K
. ~ = a.l= I S
+ Fy (3, u) — aSign(x) Y % om, 2
a=
where iz =X, — )A(2 O00°%is the estimation error of the :[a12 a, ={k1 kz(mz - mﬂ
vector X, . 2
Considering the accelerations of the system asdemjrthe ~ In order to estimate the vertical forces and tidy the

elements of the diagonal matrixcan be selected, satisfyingunknown inputs, the second order sliding mode olsser
the fo”owing inequa“ty: defined in (11) is rewritten as:
ay > 2%, [ i=1.5 as)  [% =% +AA(X)sign(%,)

. o _ (18)
On the other hand, from [24], the elements of tlegahal | X, = a@(X;, X,) +asign(x,)

matrix A can be selected as: where (X11X2) - (Xn’le) or (X]_:Xz) - (Xl2 1X22)-

1> 2 (a; +4X2‘ ‘)(l+ p) i=1.5 (16) The variablea represents a vector of the nominal values of
"a - 2%, 1-p, ’ h the vector parameteés.

In this case, the dynamic estimation errors areutated as
wherep; [1]0, 1[ are some constants to be chosen (see prdoflows:
in [24)). X, = X, — AA(X,)sign(X.

In order to study the observer stability, first,eth Xl 2 (Xl) gn( 1)
convergence ofX;in finite time to is proved. Then, some X, =ag(x,X,) + ng (x,,u) —asign(x,)
conditions aboux, in order to ensure its convergencedtare where a=a-a is the estimation error of the vector

deduced. Therefore, fot > to, the surfaceX, =0 is Parametersl, Fgi =—Fz/my or Fgi =—Fz /m,.

(19)
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After convergence of the observer (18), the vadakl, Using t~he equation (20), it foﬂows:
convergences towards 0 in finite time t;. z, =ap(x,%,) = asign(x,) (25)
In this case, and from (19), one obtains: Considering the unknown parameters ve@das a constant

vector, and in order to identify it, a linear regg®n
z,= asigr(%) = 5¢(x1, 22) + ng(xl,u) (20) algorithm, namely the least square method is app(ig7],
[18]).

Theoretically, the equivalent output injectionhie tresult of The time integration is given by:

an infinite switching frequency of the discontinsou
termasign(X, ) . Nevertheless, the realization of the observer, 1t
produces a high switching frequency which makes theJ.z2 (a)¢(a)ng = §_I¢(g)¢(a)ng (26)
application of a filter necessary. ty ty

To eliminate the high frequency component, a fitiéthe

) . The vectora is then estimated by:
following form is used:

-1
. _ R t t
1Z,(t) = Z,(t) + Z,(1) 1) 3= {j zz(a)¢(U)Tda}{j¢(a)¢(a)Tda} (27)
where7 [J Rand h << 7 << 1, beingh a sampling step. 0 0
The variableZ, is then rewritten as follows: where a is the estimation ol .
-1
t
z,(t) =Z,(t) +(t) (22) Letus definell = U¢(U)¢(J)T da}
where Z, (t) is the filtered version o, (t) and £(t) O R is -° .
the difference caused by the filtration. Its derivative give§ = - ¢(a)g (o) T .
Ne\_/erth_eless, asitis shown in ([25], [26]) that The derivative of the vecto@ using the equation (27)
Tllr;)n Z,(7,h) = z,(t) (23) gives:
h/ir-0
A t .
Thus, it is possible to assume that the equivaternput 3 = .[ZZ (o)p(o) do |l +z,¢'T (28)
injection is equal to the output of the filter. 0

1) Vertical forces estimation Replacing § by its value given before, and using the

In order estimate the vertical forEg; (x;,u) , the vector of equatlor) (28). it follows:

parametersa is supposed to be known. In this cage=0. a= _a¢¢T + 22¢Tr 29
Therefore and using the equation (20), the vertfoate is _(_ % + T (29)
obtained as follows: =(-ag+z,)¢
(29)
F, = asign(x,) (24) This ensures the asymptotic convergence f toward

One reminds that this vector is composed hé t a and therefore, this allows the identification of tieal value
forcesF, or F, which can be computed using the systenof the vectora. In order to obtain the unsprung masses and
equation (9). One can then mention the advantagetheo after identification ofki=ai> andky =ay1, the expression of

proposed method as following: the variablea defined earlier is used here.
1. The measuring of the road profilég and Uy is not The identified values are then as follows:

necessary. ag1=ka(M-m)/my and az=ko(Mp-m)/my,, Finally, the
2. The estimation of the vertical displacements of th@nsprung masses are deduced as following:

wheels and its derivative are also not necessamptain. my =mka/ (k- 811) andmp =mko/ (Ko-a02).

2) Parameters identification
To identify the parameters of the system, the ihfarces

vector is supposed to be zdfp(x;,u) =0. That means that ) V. STEER!NGCONTROL .
o Rollover risk evaluation is based on load transfatio
the road profile is supposed to be very small. @& no (| TRy which corresponds to the difference in tirermal

irregularities on the road that can affect verticéhe vehicle. ¢, .og acting on each side of the vehicle. It carcomputed
In this case, the vertical displacements of theelthare close 4¢ toj10ws:

to zero.
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LTR= I:Zr_FZL é
FrtFy (30) d }-( ) u Vehicle y
model ’

:%((%+hcog@%+hsin¢} A

where a,, =ay—hqb is the lateral acceleration of the X

A 4
SM
of the unsprung mass arld s the track widthF, andF are Observer
normal forces acting on respectively the left ama tight side
of the vehicle. WhehTRis equal td), the heavy vehicle has a
stable roll dynamic. The risk becomes higher whhis t Y Y Y Y,
indicator goes towardsl. Both extreme values characterize
wheel lift-off. The same model developed before bagn
used in this section. However, in order to perfothe — + - +
controller, only the lateral part of the model mpiortant. ,;,l l

Y Y

sprung mass and, = V(¢ + ) is the lateral acceleration

Therefore, the suspension deflections variablesnateused
here.

In this section, an active steering control is deped in 53 SM
order to assist the vehicle in case of rollovek.ris addition Steering control

to the steering angle commanded by the driver anedd, ,

. . . Fig.3. Controller diagram
an auxiliary steering angléals set by an actuator. Therefore,
the control inputl =3 =3, +J,. In this work, the limit In order to be able to achieve the aim, let us icensthe
a " 1

value of LTR is set t@.9. This chosen value is used arbitrary,fonowIng sliding mode surface:

less than the limitL, in order to give sufficient time to the S= 37| +/737| (32)
controller/driver to react, before one of wheefssidff the = _ . ~ _ . _ .
road. In this case, the controller has time to dube rollover VM€ Y1 =i ~Yia and ¥ =, Yig are re_spectwely the
before to obtain high values of lateral acceleration the lateral speed error and lateral off</7 ,is a positive constant,

case of small roll angle, one can assume that: Yy, and Y, are respectively the desired velocity and the
hsing<| (hy + hcosqp)ﬁ deswedllateral (.Jl|splacement obta|n§d rgspectlwmrst and
double integration of the acceleration lind§ojim computed
From equation (30), the acceleration limit can beamed €arlier using the equation 31.

and approximated by: Deriving the variableS and using the equation 6, it

follows:
0.9Tgm . = . C -
Qoiim = ;H=h+Hg Bl) S=y, +ny, =—u+(+ag)y, (33)
2m om,H m °

The equivalent contrdlleq is obtained by resolving the

The aim of the developed steering control is touemghe equatiol $ = 0as follows:

convergence of the lateral accelerat@ya of the vehicle to its m )
acceleration limi@yziim This will allow the limitation of load U, = —— (/7 + a55) Y, — 9 (34)
transfer between the right and the left side ofuilgicle to its Cs

limited value0.9. The proposed control is based on Super-twistingrétym.

That algorithm has been developed to control dyoami
The steering control diagram is shown in the figBre systems in order to avoid chattering.

In this case, the trajectories are characterizedwisting
around the origin, as shown in the figure 4.
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Fig.4. Super twisting algorithm trajectory Fig. 6. Sensors in the vehicle

The continuous control law is composed of two terms.
The first is defined by means of its discontinudirae
derivative, while the other is a continuous funetiaf sliding
variable.

Therefore, the proposed control law is definetbisws:

Driver side: n° 1A, 2Lvdt

Rear Left: n” 7A, 8Lvdt

5&1 = ueq _Gl|q“2$igr(s) + ul
U, = -G,sign(S)

(35) S S . ' R [—

Rear Right: n° 9A , 10Lvdt|

whereG; andG; are the positive control gains. —
The convergence proof and analysis of the usedrsupe : ]
twisting algorithm can be found in ([14], [15]). ; J

iPassanger side: n° 4A, 5Lvdt

Y.DRIDI SRP/CVL

V. EXPERIMENTAL RESULTS Fig.7. Sensors positions in the tractor

The tractor of the figure (5) has been instrumenoed
behalf of VIF project [27]. The vehicle was equidpeith
different sensors to measure the dynamic statéiseofehicle
such as gyrometers, accelerometers, LVDT, Lasers.ast
shown in the figure 6. The installation and posisi®mf these
sensors in the tractor are illustrated in the fgur

As shown in the figure 6, different sensors havenbe
installed in order to validate and calibrate theolgrsystem:

- four accelerometers installed on the chassisrderoto
measure the vertical accelerations of wheels,

- four sensors LVDT in order to measure the sudpass

deflections (1 and gz have been used in the observer).

- three axial gyroscopes installed on the chassigjeasure
the angular rates (roll, pitch and yaw rates). Tdieangle is
deduced from integration of the measured roll rateby
computation using the following formula:

0 —0,
= arcsin ——
v { T )

In this work, this last method was preferred anddum
order to avoid errors which can result from rolltera
integration.

- two lasers in order to measure the vertical ldisgments
of the chassis.

Many tests and scenarios have been performed Wwéh t
instrumented vehicle driving at various speedsthia work,
the results obtained from zigzag and ramp testpaagented
in order to show the robustness of the estimatio a
identification. While, the presented results faresing control
to avoid rollover are obtained from simulation.

Fig.5. Instrumented vehicle
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The nominal dynamic parameters and the static omrti B. Ramp test
forces are measured before the tests. The stdtiesvaf front The results of ramp test are presented in thissecThe
left and front right vertical forces are respediyv@4200Nand steering angle increased until a maximum valued.&frad,
25250N The static values of rear left and rear righttical  during5sbefore to stabilize, as shown in the figure 11.
forces are respectiveBA50Nand12050N During the time interval [0, 1.5] s, there is ndiawer risk,
The nominal values of the unsprung madsgsandmy, are  as one can remark in the left side of the figure Although
respectively 100kg and 95kg and the nominal values of during this time, the estimated steering angle cgrfrom

suspensions stiffneds; and K, are respectivelyl 94680N/m cqntrol block is the same tha_n that (_:oming from thedel
and 188540 N/m without control. The LTR in this case is less tHaas shown

in the right side of the figure 11.
After 1.55 the risk appears and the LTR reaches the limit
Zigzag Test is presented in this section. This iestery value 1, which corresponds to the situation where onehef t

important in order to show the reaction of con&tolivhen the whee!s of the same ax!e lifts-off. _In orde_:r to ai/din|§ risk
driver changes at short time, often and brutalydirection of situation, the controller is then activated in orteavoid the

the vehicle. The simulation results are shown i figure 8. rollover of the vehicle.

One remarks that the rollover risk appearsl4s and lasts . W|t|h thg active c?ntrollr:er, thhe ste_er_lngl angleedrlr,lr_ced z;:nd
approximatelgs its value becomes less than the original one corfiom the

The value of the steering angle at this time is uabomOdeI' In this case, the lateral acceleration lisiestimated

-0.06rad This value decreases untiD.25rad when the and shown in the figure 11 (30"9' Iin_e). With_outntmnl
controller is OFF (dashed line). Otherwise, and nhiee (dasheql line), the lateral acce_leratpn '”Crea“?ﬁ Qm/§.
controller is ON (solid line), this value is decsed to Otherwise, when the control is activated (solide)inthis

-0.15rad At the critical timel4s and in order to stabilize the accel_eration does n_ot exce8th/S. Therefore, the value of
value of the LTR at its limit0.9 the computed lateral LTR is reduced and it becomes less tha®n the other hand,
acceleration limit is around8m/¢. When the controller is the sliding mode observer allows to estimate iftditime and

activated (solid line), the lateral acceleratiorsi#l equal to quickly thg different varlablles of the system. ) .
-8m/g. Otherwise, if the controller is still OFF, thetdeal In the figure 11, one notices also the well estiaraof side

acceleration decreases unfiem/$ (dashed line). During the sllpdar;glterlwf:jen Ith cqmparedl to the vr?nabl_e ;(gn‘nmmzthe
risk time interval [14, 15]s, the controller is iaeted and the model. The identification results are shown infigare 12. In

load transfer ratio (LTR) is stabilised t©.9 (solid line). .th's ngt, the suspensions stiffnes and k, have been
Without control, the rollover risk decreases arel tiR tends identified better than in the first one. Indeede otes that the

towards-1.8 (dashed line). The same situation occurs at t gnglg are smooth and only sma]l varlqtlons ofséhe
time interval [16, 17]s. In this case, the LTR Iscastabilised ! ent|f|gd values occur around their nominal valueb
to the limited value0.9 when the controller is active. respect|ve_IyL946_80N/rrand1_88540N/m . -

Otherwise, the LTR tends towardss. The use of sliding In the right side of the figure 12, the identifiedsprung
mode observer allowed a well and quick estimatibrroti MassesMy and M are shown. The variations of these
angle as presented in the figure 8. Without confdaished Parameters occur around their nominal values reiseéc of
line), the absolute value of this variable increafsem0.06to  100kgand95kg with an error quite close ®as shown in the
0.11radduring the first time interval [14, 15]s and franoe figure 13.
to 0.09radin the time interval [16, 17]s. In the figure Get
identification results are shown. The suspensidiffnass Ky

andk; are identified with success. In effect, compaetheir
nominal values of respectivel94680N/mand 188540 N/m
these parameters have been identified with errbishwcan be
neglected as shown in the figure 10. The percentdghe
error is less thaf.025%.However, one notes some variations
at the time interval [13, 20]s. This is due to fhet that at this
time, the driver changes abruptly the directiortha vehicle.
In the right side of the figure 10, the unsprungssesTy

and My have been identified with a percentage of erros les
than 0.1% compared to their nominal values of respectively
100kgand95kg

A. Zigzag test

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

0.2 ‘ .20 T
5 —with control t\% —ace limite
B 0.1 ——-without control T 7 T 10pes ——with control [ o _
2 . .0 ===without control
T Ob o i kL = :
5 ] W ORp N W G S SR S
g) T s s N o e §
§ l‘ f i A iz ....................... i B 1
ﬁ _02 .................................... \j ....... i g “,l
03 | i I E 20 | I |
o 0 5 10 15 20
Time (s}
2 T .
—with control A
?" | — ——=without control |...................i iy
°
o - A P_: (W, S, L Ak SR, SRR OO (OO0 ey
8 0050 e ——estimated | ... L 8 -
5 —with control b .
o 04l R EETES] bese ..‘.,J{. ....... | o e e 1”:' ............
- NE
il 5 10 15 20 %y 5 10 15 20
Time (s) Time (s)
Fig.8. Simulation results for a driver steering inzigzag
g x 10° Left wheel Left wheel
E 100.02
< )
» .
4 ©100.01
£ 5100
» o
|
s S 100
o
= 7]
@« =
& ; . : =7 : _ :
= 1.9466 : : . 99.99 ; : .
“ 0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
— x 10° Rear wheel Rear wheel
£ 1.8856 95.02
= =
—
2 1.8854 % o0
ol !
= g 95
™ 1.8852 o
_5 E 94 .99
* o
e 1885 @ 94.98
L =
3 1.8848 5 5 5 94.97
W 0 5 10 15 20 ~'0
Time (s)

Fig.9. Identification results for a driver steerimgput zigzag

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

& Left wheel

= 0.015

e

@

&

0 Gull [Prresmengamennand et nnmen J

E

7

5 0005 ..................................................

wr

|

L] ¥

o 0 : : :

a 0 5 10 15 20
Time (s)

<) Right wheel

= 0.025 -

o

E 002 ..................................................

w

o

!:E 0015 ..................................................

2 001 i

=]

20D05 ..................................................

L1

a. 0 : :

a 0 5 10 15 20
Time (s)

Left wheel

& 0.05
§0D4 ......................................................
@
Ao W e Y. SR SO
£
o 002 R R R R B A R Ao
=
=
E_ 001 ...................................
] :

0 5 10 15 20

Time (s)
Right wheel

) 0.08 :
5
E 006 ................................................
&
EOD4 ..................................................... |
o
=
E 002 ...............................................
0
W
= 3 5
0 0 : ;

0 5 10 15 20

Time (s)

Fig.10. Identification errors for a driver steeringput zigzag

02 - —-estimated
T —with control
b 045 —==without control | ........ |
s e
5 O P ),.".'. B —
& P
§ 005 - U NN
75}
% 5 10
—with control
5 ———without control
= —-acc limite
4 y

Lateral acceleration (m,-‘s2)

0 5

10
Time (s)

Steering angle (rad)

LTR

—with control
———without control

10

Time (s)

Fig.11. Simulation results for a driver steeringpurt ramp

10

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

11

s 1 05 Left wheel Left wheel
£ 190469 : : : 100.004 : ,
£ ; 5 : (=) . : :

; = : : :
% w 100.002F - ........... A T— J
E 4 : : 5
k7 E, 100
5 S
2 S 99998/
a 5
5 99.996 i 5 :
% 0 2 4 6 8

Time (s) Time (s)
o 1 05 Rear wheel Rear wheel
£ 18857 : : : 95.015 :
é i N I a
-
@ » 95.01
E o
b7 E, 95.005
5 5
% g a5
& : . ; = . : :
> i i i 94.995 ' - :
“ 0 2 4 5 8 0 2 4 6 8
Time (s) Time (s)

Fig.12. Identification results for a driver steegimnput ramp

g % 5% 10-3 Left wheel .

5 N T

5 5

% 3 .................................................. E

E o0 i | T

52 £

= c

g 1 .................................................. E

L v} 0

O | A

& 0 : 5

@ 0 2 4 6 8

Time (8) Time (s)

<) Right wheel i
s 0.015 ig :w ee : = 004 nght:wheel
5 : i | H
ﬁ (ol a )y ] S ............. ........... ............ | $
!E : 3 3 g
@ : i 1 £
5 0005} ............ || gt . g’
e : _ ' =
L1 1] & i
S 0 é =
a o 2 4 B8 8

Fig.13. Identification errors for a driver steeringput ramp

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

VI. CONCLUSION
In this paper, a steering control system was de@esldan
order to avoid the rollover of heavy vehicle. Ithased on
control of lateral acceleration of the vehicle. \Roasly, an
estimator based on sliding mode was implementechalde it

possible to estimate the non measured dynamicshef tgrant 132125 and Programa de Apoyo a Proyectos de

vehicle. Lateral acceleration and roll angle estiom are

presented in this work. Comparing to existing mdththe

proposed approach is based on robust controllenatr.
The identification of unsprung masses and suspa

stiffness has been computed in order to increaseothustness

of the controller.

A real zigzag scenario is tested and presented.r@sdts
showed that this system is effective and made $sibe to
control the vehicle and to avoid its rollover. Thegeral
acceleration limit is stabilized. Therefore, theestng angle of
the vehicle is modified in order to force this éaitto stay on a
safety trajectory. The LTR is maintained around aximum
value of 0.9. The experimental tests done on atmumented

truck showed the quality of this approach since the

convergence of the observer is quick and it is dongnite
time.

The identification of the parameters was a succeeitls
small variations around the nominal values at itine interval
[13 20]s. These variations are due to the abrupgction
change of the driver.

A second ramp test is presented in this paper.faoed
to the first one, the identification process hasrbearried out
with errors quite close to zero and the controbeactivated
quickly in order to avoid the accident.

The originality of this approach is the use of duivalent
control, which provides a linear regression aldponitin order
to identify the unknown parameters of the systemefample
of identification of the unsprung mass and thefraes is
given in this paper. The result is of quality.

In the future work, it will be interesting to tekis approach
in real time with an instrumented tractor semikgraand using
the dynamo wheel in order to measure the impaatefr
which will be the reference for a better validatioh the
estimation. In this case, the controller will beolgd in order
to stabilize the semi trailer which is, in this ¢ypf heavy
vehicle, the first unit that can lose the control.

In this paper, the unsprung masses and the suspensi

stiffness have been identified. In the future wooke will
focus on the identification of other important dgme
parameters, namely damping coefficients, roll aad ynertia
moments.
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