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Abstract 2 Vehicle and simulator

This paper compares four observers of vehicle sideslip @i STRADA
gle. The first is linear and uses a linear vehicle model. Next
observers use an extended nonlinear model. The three non-
linear observers are: extended Luenberger observer,deden
Kalman filter and sliding mode observer. Modelling and model
simplification are described, and an observability analysi
performed for the entire vehicle trajectory. The paper desals

with three different sets of sensors. Comparison is firsednn
simulation, and then observers are used on experimental dat

) Figure 1: Heudiasyc laboratory experimental vehicle :
1 Introduction STRADA

In vehicle development, knowledge of wheel-ground contagtrRADA is the Heudiasyc Laboratory’s test vehicle: a Gitio”
forces is important. The information is useful for secuaty  xantia station-wagon equipped with a number of sensords Tes
tuators, for validating vehicle simulators and for advahee- e GPS, with longitudinal and lateral acceleration totae

hicle control systems. path and to determine whether the vehicle reaches linear ap-
Braking systems and control systems must be able to stabikizoximation limits. The speed of center of gravity is caitet

the car during cornering. When subject to transversal rc@g the mean of the longitudinal speeds of the two rear wheels

such as when cornering, or in the presence of a camber g4ometry), and yaw rate obtained from the yaw rate gyrome-
gle, tire torsional flexibility produces an aligning torquich o

modifies the original wheel direction. The difference isrelta
terized by an angle known as "sideslip angle”. This is a $igni
cant signal to determine the stability of the vehicle and thie

main transversal force variable. Callas software is a realistic simulator validated by vihic
Measuring sideslip angle would represent a disproport®ngnanufacturers including PSA, and research institutioolsid
costin the case of an ordinary car, and it must therefore be @hy INRETS ("Institut national de recherche sur les tramspo
served or estimated. et leur sécurité”). The Callas model takes into accourticad
The literature describes several observers for sideslglean dynamics (suspension, tires), kinematics, elasto-kitiesia
For example, Kiencke in [2] or [3] presents linear and nofiire adhesion and aerodynamics.

linear observers with a bicycle model. Venhovens [10], use a

Kalman filter for a linear vehicle model. .

The present study compares four observers for the sideﬂipﬁ Vehicle models

gle on a conventional test with three different speeds. W€ qatera vehicle dynamics has been studied since the 50's. In
particularly concerned with the stability of the observansl 1956 Segel presented a vehicle model with three degrees of
the model as the vehicle approaches the linear dynamiclimigeedom in order to describe lateral movements includiriig ro

It also presen_ts the results for three dlffergnt sets of@ans g, yaw. If roll movement s neglected, a simple model known
yaw rate; vehicle speed; yaw rate and vehicle speed togethgrihe "picycle model” is obtained. This model is currently
We include some results concerning observability. Finally yseq for studies of lateral vehicle dynamics (yaw and sipesl
presents some experimental results obtained with the Heudinoniinear representation of the bicycle model is shown in

asyc expe_rimer_1ta| vehicle. All simulations have been P&figure 2. The different notations are indicated in the agpen
formed using with Callé® software developed by SERA-CD

2.2 Calla®
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3.2 Nonlinear model - NLM
The nonlinear bicycle model is described as:

Xl = %ﬂ[UchS(Xz — Ul) + U3COS(X2)
—Cis(Us — X3 — L' 33)sin(Xz — Ua)
Figure 2: Bicycle model +Chs(—Xa + L T2)sin(X2)]

. . . c 1 g . _ _ .
models. Cornering stiffness is taken to be constant. Burterer X2= myxg[~Uasin{Xa = 1) = Ussin(Xa) @
. . . . . +CF5(U1 —Xa — L %)COS(Xz—Ul)
ing stiffness increases with tire pressure. When the castur : 2 %q 1

. . +C%s(—X2 + L 52 )cos(X32)] — X3
the mass transfer on the external wheels increases tireysees 1
. o . ; X . S roin(Uy) X, xa
Figure 3 presents variations in cornering stiffness fdiedént b 7 [L'Ussin(Uy) — L*Chs(—Xa + L*X3)
simulation speeds. The difference is less than 10%. +L'Cps(Us — Xz — L' 52)cos(U1)]

Tire/road forces are highly nonlinear. Various wheel-grdu
contact force models are to be found in the literature, iiclg where the state vector ix = (ve & )7 and the input vec-
a comparison between three different models by Stéphanton: u= (8 £ F?)7

[9]. In this paper, transversal forces are taken to be linEais

assumption is reasonable when lateral acceleration ofghie V3 3 Extended nonlinear model - ENLM

cle is less thaf.4g [4], limit of adhesion zone. Consequently

transversal forces can be written as: In the extended nonlinear model, longitudinal forces amdrth

first derivatives become state variables with a random wglk d
namic (like constants parameters). This could be used for es

Fi=Chs.8 i=1,2 @ mating longitudinal forces, as in [8].
Rear and front tire sideslip angles are calculated as: The state vector becomes: o _
. x=(w & ¢ F F r F?) and the input vector:
1 =8-6-L'2 _
2 . 2 4 va 2 U ('B)
82 =—6+12% '
X1 = "%,[X4003(X2 — Ui1) + Xecos(Xz)
x10° cornering stifiness —Crs(Uy —Xa — L? i—‘:)sin(xg —Uy)
I 20km/h \ . +C§5(—X2 + L2 %)Sin(Xz)]
- Xz = #xl[—xwin(xz —Uy) — Xgsin(Xa)
15k +Cps(Us — Xz — L' %)Cos(xz —Uy)
+Chs(—Xz + L* 33 )cos(X3)] — Xa )
a5t 90km/h
% 20km X3 = i[Llesin(Ul) — L20%5(—Xa + LQ%)
£ ' +L'CLs(Ur — Xz — L' 33)cos(Uy)]
3 Xi= Xs
%1.357 Xs — o
Xe= Xz
13 X7 —
125
‘ 3.4 Remarks

100 150 200 250
x position (m)

All models have been implemented in a discrete form with
MATLAB software. The sampling rate 0 ms.

Figure 3: Right rear and front cornering stiffness for shalat The nonlinear and extended nonlinear systems are undefined

20km.h~"t, 60km.h~1 and90km.h—! whenVg = 0 m.s~L. In practice, there is a problem of diver-
gence wherV, < 1 m.s~'. When speed is less thanriLs~*,
sideslip angle effects are negligible in comparison to the' y

3.1 Linear model - LM rate.

Given the assumption of cornering at constant speed, with
small steering angle and sideslip angle, the linear modelis 4 Qbservers

{ X Zaxthe @3 Four different observers are used in this paper.



4.1 Linear observer (LO) This condition is equivalent to "neutral steer” propertytioé

] o ] vehicle. In the simulation case the system is observable be-
The linear observer used in this paper is a Luenberger o&sery, ;se (10%> 183591 # 235637

[3]. Itis applied to system described by equation (3).
) 5.2 Nonlinear system
4.2 Nonlinear observer (NLO)
In the nonlinear case, the observability definition is loaadl
uses the Lie derivative [7]. For system described by eqnatio

)Z( i té?;)U) (4) and sensor séfs defined in sectionq?) the observability
~ O\ = = (6) function is:
X =fX,U)+L(X,U)Z-7Z)
Z =CX) by (X)
f(X,U) andC(X) are nonlinear functions in state and input. (ﬁgzﬂ(?g)
After linearization, with a pole placementtechnique, j@ssi- o = ( fhl)(X U) (11)
ble to impose error dynamics. The system matrix of the closed I h2( X) U
loop system has constant polas The observer is stable. (L£h2)(X, U)
The gain matrix of the observer is computed by: (L7h2)(X, U)
~ oF - 8C where :h; (X) = X; = Vg andhe(X) = X3 = ¢
L(X,U) = [a_x(X’U) - G][a—X(X)Tr (7)  If this function is invertible at the current state and ingthie
system is observable. This function is invertible if theojaian
with 1 is the pseudo-inversgd]t = AT(4.4T)~1 matrix O has a full rank.
d
4.3 Extended Kalman filter (EKF) 0=x° (12)

The Kalman filter has been applied and described in mapyr system dsecribes by equation (5) the observabilityysgid
studies. For example, Mohinder and Andrews [5] presentfge same.

wide overview of Kalman filtering. In this paper, an extendedor the nonlinear and extended nonlinear systems, the rflank o
Kalman filter with measured input is used. The error measukge observability matrix is respectively

ment covariance matrix R is determined by sensor variance. R

is a diagonal matrix, measurements are independent. Ttve err S=nnyLm or T=ngnNLum

model covariance matrix Q is determined by model quality.
along the path. The computation is performed at each tinpe ste

4.4 sliding mode observer (SMO) with the different sensor sets.

From [6], this kind of observer is useful when working with reg  Simulation Results
duced observation error dynamics, for a finite time convecge
for all observable states, and for robustness under paegamétl Remarks

variations (with respect to conditions). ) _ _
Values in the different tables and figures are calculatedgalo

X =£(X,U) the full path from themaximum error and themean error

Z =C(X) g) Detween the estimated state and the measured one. Those er-
X =f(X,U)+ Asign.,(Z — Z) @) rors are normalized by the maximum of state value along the
7 - C()A() full path. For example, figure 4 give the error max and mean

for the sideslip angle models and observers. Table 1 give the

To cover chattering effects [1], the functiadgne, is as fol- - mayimum value of sideslip angle calculated by Callas. On fig-

lows: ] ure 7b) normalized maximum error of SMO for sideslip angle
signeq(z) = atan(z) * 2/7 (9) is: 30 %. The normalized mean error is therefore 9 %.

5 Observability 6.2 Simulation conditions

5.1 Linear system Simulations were performed using three sets of sensors:

System describes by equation (3) is observable if the mat?Zl: Yaw rate only

% .
*Z5: Speed of center of gravity only

o=(c cA cA? ... ca*~YHThasarankequalte. The ) .

observability condition is given by: e Z3: Speed of center of gravity and yaw rate together

Tests took place in a chicane at three different speeds:
CrsL' # ChsL? (10) 20km.h~1, 60km.h~! and90km.h L.



observer and model absolut error - 60km/h - side slip angle

it is 10 %. This indicates that the models are valid in respéct

018 _ Mo lateral movements. As regards sideslip angle, neither hisde
o6 P T Uioso accurate. It would appear that observers are necessary-to co
: N — SMO0>0.058 . .
o o o rect the estimations.
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Table 2: Models error for full simulation - max/mean
Figure 4: Sideslip angle err@0km.h™!, Zs
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Figure 5: Path and acceleration for chicane2@km.h~1, Figure 6: Sideslip angl€0km.h™", Z;
60km.h~1, 90km.h~1!

Figure 5 presents the simulation path and acceleratiorhfor 6.3 Observers results for chicane at 20, 60 and @A~
different speeds. Table 1 gives the maximum values for spee
of center of gravity, yaw rate and sideslip angle at the daffié .
speeds. Figure 6 shows the sideslip angle calculated mgF(;g;cureh7_a1) SE?;VS ;he ;rleislu';o,:é?]?,féierﬂg) 2?9(5 ng::]‘(aﬂl
linear and nonlinearf(; = 0) models and observers reslts. I%cci?réte i.n res ec%f sid’esli an IIe (less ?ha\; 150/ in rrll?ax);nd
Figure 5 it can be seen that longitudinal acceleration iseclo P pang 0

ean).
to zero, meaning that longitudinal forces are virtually eon
g 9 y eObservers results for chicane at 6Gm.h~!

istent. The simulation by the nonlinear model with zero éx)ri}z %ure 6 shows simulated and estimated sideslip angle at 60
input seems to be a good simulation. Table 2 shows that a ggo . A comparison of table 2 and figure 7b) shows that

bservers results for chicane at 2Gm.h ™!

maz(§) | maz(Vg) | maz(d) observers give a better approximation of sideslip angla tha
— 2 m-3 models. If the measurement is only the speed of the center of
zg’;z;’g_l §§ 15é_66 5_'179 gravity, observers improve the accuracy of the sideslideang
90km.h " 9.9 24.9 0.21 But yaw rate measurement, with its substantially betterrmea

accuracy (10 %), would appear indispensable.

eObservers results for chicane at 9&m.h ™!

Figure 7c¢) show the results of the sideslip angle obsenvatio
approximation of speed is obtained from the nonlinear mod80km.h~". The same remarks can be made as fok&0h "

The error is less than 1 % for the three speeds (mean and ma¥ explanations can be given for the errors. Table 2 shows
Throughout the path the Callas simulator driver aims to maithat the accuracy of the model decreases as speed increases.
tain a constant speed. There are only small speed variationd he second explanation is that at®@.h~' demands on tires

The greater the speed, the greater the yaw rate estimatiom eP'e large. The maximum error occurs at maximum transversal
From table 2, mean erroris 5 % at 66.h—1. At 90km.h~1, acceleration, when we reach the limit of linear approxiorati

Table 1: Maximum values for chicanes simulations
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7.1 Test conditions

Figure 8 presents the vehicle trajectory and accelerativn d Figure 9: Sideslip anglefs
ing the tests. Table 3a) gives the maximum values for vehicle L L .
speed, taken as the mean of longitudinal speeds of the two fgigure 8 shows that longitudinal acceleration is not neigleg

wheels, and maximum yaw rate. and that longitudinal forces are present. The NLM simufatio



has zero force input. This explains the error obtained in tied.com), within the framework of the "Action de Recherche
nonlinear model. The approximation of yaw rate obtainethfropour une COnduite sécurisée” project, financed by the FRED

the models has a mean error lower than 10 %.

Because STRADA does not have a sideslip angle sensor, we

do not have a validation measure for sideslip angle. FigOreé
gives the maximum and mean error for yaw rate and velocity

estimations. Figure 9 presents the sideslip angle obselwed C}f

ing the tests, and the confidence intervadafor the EKF.
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Figure 10: Observers error - max/mean

Figure 9 shows that the linear observer is the least accheate

program.

Appendix - Notations

Front, rear wheel cornering stiffnedsrad—!

F}?  Longitudinal front, rear force in the vehicle frané
F*  Transversal front, rear force in the vehicle frafie
F!  Longitudinal front force in the front wheel franfé
F} Transversal front force in the front wheel frarive
LY2  CG to front, rear axle distanee
Ve  Speed of center of gravity.s—!
X State vectoe R”
zZ Measurement vectet RP
B8 Steering anglead
é Vehicle sideslip anglead
%2 Front, rear wheel sideslip angted
) Yaw raterad.s™?
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