Zonotopic set-membership estimation for
Switched Systems based on WW;-Radius
Minimization: Vehicle application

Sara Ifqir * Viceng Puig** Dalil Ichalal *
Naima Ait-Oufroukh * Said Mammar *

* IBISC' Laboratory, Univ Evry, Paris-Saclay University, Evry, France.
(email: {sara.ifqir, dalil.ichalal, naima.aitoufroukh,
said.mammar} Quniv-evry.fr).

** Institut de Robotica i Informatica Industrial (CSIC-UPC). Carrer
Llorens Artigas, 4-6, 08028 Barcelona.

Abstract: This work is devoted to the problem of guaranteed set-membership state estimation
based on zonotopes for discrete-time switched systems with bounded uncertainties and unknown
inputs. The additive uncertainties in this contribution are treated using the so called W;-Radius.
The size of the zonotope which contains the real system state is decreased at each sample time.
The complete solution procedure is formulated as a LMI-constrained optimization problem.
The proposed design is applied to the robust state estimation of vehicle lateral dynamics state.
Simulation results based on real data demonstrate the performance of the proposed method.
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1. INTRODUCTION

The set-membership techniques have been intensively
studied during last decades and applied to state estimation
of uncertain dynamical systems [Ifqir et al. 2018, Schweppe
1968, Le et al. 2012, Combastel 2015]. In this method,
a set containing all admissible state trajectories that
are consistent with the measured output and the norm-
bounded uncertainty is provided. No other assumptions on
the distribution of the uncertainties are needed. Different
geometrical forms have been used to represent this set as
ellipsoids [Schweppe 1968], zonotopes [Combastel 2015],
interval boxes [Ifqir et al. 2018] and polytopes [Chisci et al.
1998]. In this paper, a geometrical representation based on
zonotopes is used considering its good tradeoff between
the estimation accuracy and computational complexity.
A zonotope is a linear transformation of an unitary box.
They have been used in Alamo et al. [2005] for guaran-
teed state estimation of nonlinear discrete-time systems
and in Wang et al. [2016, 2017] for differential-algebraic-
equation (DAE) and discrete-time descriptor systems. Un-
fortunately, and to the best of authors knowledge, such
study has not been reported earlier in the literature for
switched dynamical systems.

Motivated by the above observation, this note presents
a new approach for guaranteed state estimation for the
case of uncertain switched discrete-time systems subject
to known and unknown inputs. A bounded description of
the state disturbances and measurement noise is consid-
ered. The main result is an algorithm to compute a set
that contains the unknown state trajectories which are
consistent with the measured output and the given bounds
of disturbances and noise. The consistency test is imple-
mented by finding a parameterized intersection zonotope

between the measurement state set and the predicted state
set. An optimization methodology based on linear matrix
inequalities (LMIs) is proposed to minimize the radius of
the obtained zonotope. The effectiveness of the proposed
methodology is illustrated through an application to vehi-
cle sideslip angle estimation. The vehicle lateral dynamics
model used in this study is based on the known bicycle
model [Rajamani 2011] associated with a vision system
measurement. Real data recorded on a vehicle test are used
to validate the proposed algorithm. However, it should
be noticed that the use of the zonotopic set-membership
technique is a novelty in the context of vehicle dynamics
estimation. The obtained results have been successfully
demonstrated in this new area of application.

The remainder of the paper is organized as follows. First,
some preliminary definitions and the problem formulation
are introduced in Section 2. The zonotopic guaranteed set-
membership approach based on the W;-Radius minimiza-
tion is presented in Section 3. Experimental results of ap-
plying the proposed set-membership approach to estimate
the vehicle sideslip angle are shown in Section 4. Finally,
conclusions are drawn in Section 5.

2. PRELIMINARIES AND PROBLEM
FORMULATION

Before presenting the main result of this paper, some pre-
liminary definitions and properties are briefly introduced.

2.1 Notations and basic definitions

Throughout the paper, the set of all natural and real
numbers will be denoted by N and R, respectively. R™ will
denote the n-dimensional real vector space. AT will refer to
the transpose of a matrix A. A > 0 (resp. A < 0) denotes



a matrix with positive (resp. negative) components, A > 0
(resp. A < 0) denotes the positive (resp. negative) definite
matrix. Z,, stands for the identity matrix of dimension
n x n and @ to the Minkowski sum. The symbol () will
be used to denote the symmetric terms in symmetric block
matrices.

Given a center vector p € R"™ and a matrix H € R"*™,
the Minkowski sum of the segments defined by the columns
of a matrix H is called zonotope of order m and will be
defined by X = (p, H) =p® HB" = {p+ Hz: z € B"}
where B™ stands for an unitary box composed by m
unitary intervals.

Given a zonotope X = (p,H) C R™ and a weighting
matrix W; € R"*", the W;-Radius of X is defined by
W= -3, = Hb||%, .

max||z — pllyy, = max|| Hb]5y,

Property 1. [Le et al. 2013] The Minkowski sum of two
zonotopes X7 = p1 & H1B™ and Xy = ps ® HyB™? is
also a zonotope defined by X = X1 & Xy = (p1 +p2) @
[H, Hy]B™ T2,

The interval hull of a zonotope X (i.e. the smallest interval
box that contains X') will be denoted by A™*.

Property 2. [Combastel 2015] For a zonotope X C R"
with H € R™*"™_ its interval hull, X* = [a, b], is obtained

as follows:
m
a; =p; — E |H; |, i=1,...,n
j=1

m 1)
bi=pit+ Y [Higl, i=1,...,n
Jj=1

Property 3. [Combastel 2015] A reduction operator,
denoted |4 w, allows to reduce the number of generators
of a zonotope X to a fixed number ¢ > n, such that X =
(p, H) C (p,dq,w (H)). The procedure for implementing
the operator |4y is summarized as follows:

(1) Sort the column of segment matrix H € R™*™
in decreasing weighted vector norm |.|w, H =
(IO S TR T

(2) Enclose the set H~ generated by the m—g+n smaller
columns into a box (i.e., interval hull):

If m < g, then |, w (H) =lw (H),
Else |, w (H) = [H>, rs(H<)] € R"*4
Hs =[hy,...,h [hg—n+1]s- -+ A

y 'tqg—mn s < =

where rs(H<) is a diagonal matrix with diagonal elements
of rs(He);; = Z;":1 |He, |, i=1,...,n.

2.2 Problem statement

Consider the discrete-time switched model described by
the following equations:
Tht1 = Ac,(k)xk + Bg(k)uk + Eg(k)dk + Wo (k) )
Yk = Co()Th + Vo(k)
where z € R", up € R™, di € R™, y, € R™ denote
the state vector, known and unknown inputs and mea-
surement output, respectively. Ay € R B,y €
R7=>mu By € R XM and Cg gy € R™ ™ are state,

input, unknown input and observation matrices. o(k) is
a piecewise-constant function, called the switching signal,
assumed to be known and takes its values in the finite set
Z=1{1,...,N}, where N > 1 is the number of subsystems.
Before we proceed with the detailed set-estimator design,
the following assumptions are considered since they are
used throughout the paper.
Assumption 1. The initial state is assumed to be un-
known but bounded by a zonotope Xy = (po, Ho), where
po € R™ and Hy € R™*"= are the center and segment
matrix of this zonotope.
Assumption 2. The disturbance vector w, ) € R"~ and
measurement noise vector v, () € R are assumed to be
unknown but bounded by zonotopes W,y = (0, Dy(x))
and Vo) = (0, Fi 1)), respectively.
Assumption 3. For the switched system (2), let us
assume that the following rank condition is satisfied
Vo(k), keN:

rank(Cy (k) Eq(k)) = rank(Ey ) = nq (3)

Thus, there exists a non-empty set of solutions of switched
matrices P,(x) and M, ) satisfying Vo (k)

Py + Mo(t)Co(k) = Iny, Po(k)yEom) =0 4)
Some preliminary definitions are introduced before stating
the main results.
Definition 1. (Uncertain state set). Given the switched
system (2) with 2o € Xy, We (k) € Wok), Yo (k) and for all
k € N, the uncertain state set X}, is defined by

X = {z € R"= |:E S Ac(k)?kfl ® By (k)uk—19

(5)
Do (1:yWo (k) ® Ea(k)dk—l}

Definition 2. (Measurement state set). Given the switched
system (2), a measurement output vector yi and v €
Vo(k), Vo (k) and for all k € N, the measurement state set
P(k) is defined by

P(k) = {:E € R"= |C’U(k)mk — Y = Fa(k)sl,VS1 S Bn”} (6)

Definition 3. (Ezact uncertain set). Given the switched
system (2), a measurement output vector yg, wsr) €
Wo k), Uk € Vor), Yo(k) and for all & € N, the exact
uncertain state set X (k) is defined by

X(k) = X NP(k) (M
The goal is to approximate the exact uncertain set X (k)
by an outer approximation of the intersection between the
uncertain trajectory and the region of the state space that
is consistent with the measured output y; and the initial
state set Ajp. ) )
Let us assume that x € X(k) C X = (p, Hx) at time
k € N that also satisfies xg € Ay at time k& = 0.
Suppose also that a measured output yi is obtained at
time instant k. Under these assumptions, an outer bound
of the exact uncertain state set X(k) can be estimated
using the following algorithm.
Step i (Prediction step): Given the switched system
(2), compute the zonotope X ;11 that bounds the set of
predicted states for the uncertain trajectory of the system:;
Step ii (Measurement step): Compute the measurement
state set Pr11 by using the measurement vector yiy1;
Step iii (Correction step): To find the state estimation set,
compute an outer approximation QEkH of the intersection
between X1 and Pyyq.



3. GUARANTEED STATE INTERSECTION

In what follows, a set-membership state estimation ap-
proach based on zonotopes for switched discrete-time sys-
tem (2) is proposed. This approach is based on parameter-
ized intersection zonotope for implementing the measure-
ment consistency test.

The aim is to find a parameterized zonotope QEkH that
contains the intersection of the two sets X1 and Pjyq
used in the previous algorithm. The zonotope /’?k-kl is
parameterized with respect to a switched correction matrix
Ag(k) € RM=X"y,

Theorem 1. Given the switched system (2), a measure-
ment output vector yry1, ro € Ap, Wo (k) € VV(,(;C)7 v €
Voky, Yo(k), xx € (P, Hr) C (Pr, Hr) with Hy =lqw
(ﬁk), Pyy € R™*"= and M) € R™ " satisfying (4).
Then, for any switched correction matrix Ay (yy € R"=*"v,
Tpy1 € {Xhs1 N Prgr} € Xig1 = (Prs1, Hig1), where

Pr+1 = To (k) Po(k) Ao (k) Pk + To (k) Po (k) Bo (k) Uk (8a)
+(Mg iy + Aok) = Mo (k) Co (k) Mo (k) ) Yk+1

—
To (k) Po (k) Ao (k) HE

R T oy Pty D
fesr = o (k) Po (k) Do (k) (8b)
To (k)Mo (k) Fo (1)
Ao (k) Fo (k)
where T, (1) = Zn, — Ao(t)Co(k)-

Proof. For any xx41 € A?kH N Pk+1}, we know xx41 €

)Ek+1 and zpy1 € Pry1. Consider the switched system
(2) with the inclusion x, € (pr, Hy) C (pr,H}y) and
Wo (k) € Wa(k), there exists a vector so € Bt such that

Tr41 = Agk)Pr + Bok) Uk + Egr)di + [Aa(k)Hk:a Dg—(k)] s2 (9)
Besides, from zg1 € Pry1, there exists a vector s; € B™
such that

Co(k)Tr+1 — Yk+1 = Fo(r)s1 (10)
Considering a pair of switched matrices Py ) and M,
satisfying (4) Vo (k), combining (2) and (10) leads to
(Po(k) + Mo)Co(r))Th+1 = Po (k) Ao (k)Prt+
Po (k) Bo (k) Uk + Po(k) Eo (k) Ak + Mo (k) Yk+1+ (11)
[Pa(k)Aa(k)Hk Pyt)Do (k) | 52 + Mo (1) For (k) 51
Set Roky = [Po(i) Aoty Hi Poii) Doy Mo Fory] and
s=[sT, sg}T If the matrix equations (4) hold, then (11)
can be simplified as follows
Trt1 = Po)y Ao ()Pl + Po (k) Bo (k) Uk (12)
+Mo (1) Yk+1 + Ro)s
Let Ay € R"=*"= by adding and substituting a correc-
tion term A, (1) Co (i) Ro(r)B in (12), we obtain Vo (k)
Try1 = PoiyAo(e)Pr + Po (k) Bo iyt + Mo (1) Y1 (13)
+A6 (1) Co (k) Ro (1) B+ (Zn, — Ao(k)Co(k)) Ro(k)s
By substituting zx41 in (10) by (12), we have
Cok)Rok)s = Yk+1 — Co (k)Mo (k) Yk+1— (14)
Co (k) Po (k) Ao (k)Pk — Co (k) Po (k) Bo (k) Uk + For)s1
then, by replacing C, (1) Ry (k) in (13), it follows that
Tet1 = (Tng — Aok)Co (k) Po (k) Ao (k) Prt
(Zne — Ao k)Co (1)) Po (k) Bo (i) ur+
(Mo (ky + Aok) = Mo (k) Cor (k) Mo (k) ) Y41+ (15)

S
[(Im = Ao () Co (k) Ro (k) Aa(k)Fo(k)} [SJ

Thus, by using the above definition of R, ) and by letting
Tyky = In, — Ao(k)Co(k), (8a) and (8b) are obtained and
the proof is complete. W

Remark 1. Recall that, the zonotope reduction operator
lgw (.) defined in Property 3 is used in order to reduce the
computational complexity during the state propagation.
The size of the intersection zonotope .XA‘k;Jrl can be mea-
sured by the W;-radius as follows

2

w .
Ly = max a1 — Pepri(Ao(r))
Tht1 €EX%41 2,Wo (k)
2
= max Hp11(Agry)z (16)
z€B<q+"-’”+2"?/) QaWn(k)

= max

zeB(atnz+2ny)
where Wy = Wi, Vi € {1,..., N} is the weighting ma-
trix of appropriate dimensions for the i-th subsystem. Note
that the design of the correction matrix A, ) is required
to minimize the effects of uncertainties and guarantee that
the size of the intersection zonotope is not increasing.
Then, if there exists a scalars a, () and v,(x) associated
with each subsystem o(k) = i such that

W <= o)Ly + Yo (i) €o () 17)

where €, ) is a positive switched constant that represents
the max influence of disturbances and measurement noises
as follows:

2THE L (M (1) Wo (k) Hig 1 (Mo (1)) 2

max
s1eB"w

max
speBMv

€oth) = | Doy [ + |Foyszl;  (18)

the size of X, is decreasing. If (17) holds, then for
time instant £ — oo, this expression is equivalent for all
ie{l,...,N} to

W= (1= a)l¥ +yies (19)
it follows that

W= 2 vie {1, N} (20)

7

Let us consider the i-th ellipsoid &; e {x | 2ITWix <
Levie{l,..., N}} which can be normalized as follows:

& 2 {ac | xT(fy’i‘;Vlm < 1,Vie {1,...7N}}. This ellipsoid

is related to the W;-radius of the guaranteed zonotopic
state estimation at infinity. To minimize the W;-radius (i.e
1), the smallest diameter of the ellipsoid is sought by
solving an Eigenvalue Problem (EVP) [Boyd et al. 1994].
Therefore, there exists a positive switched scalar 7; such
that

7 >0, Vie{l,...,N}

aiWi o T Vie{l,...,N} (21)

Vi€i
Then, the design of the correction matrix A; associated
with each subsystem ¢ can be done by solving a LMI
(Linear Matrix Inequality) optimization problem with the
following constraints:
Theorem 2. Given the intersection zonotope Xji1 =
(Prs1, Hiy1) in (8), (17) holds if there exists a matrix
Y; € R">" g positive definite matrix W; € RP=*"=
for given scalars o; € (0,1), v > and ¢; > 0 such that the
following LMI problem holds

max T;
Ti, Wi, Y;

7 >0, Vie{l,...,N} (22)



Wi o T, Vic{l,...,N}
Vi€i
Proof. Let ALW =1,y — 1}V, then using (16) we have

(23)

2

. .

AW = max HH;H_l(A k)% —

F zeB<q+"r+27;y) o (k) 2,Wo (k) (25)

ax || Hy (A Z

max k(Ao))Z W,

T o -

Let z = [Z7sT s sl]7 € BT with 7 €
B, s; € B™, s € B™ and s3 € B". Since

—_— ~112 - 12 _
max||Hx(Ao) 2|50, = [He(Bow)Z]om, 0 Y7 €

B, we obtain from (25)

2
. .
AV = max o HHkH»l(Ao'(k))Z
zeBI,s;€B"w ,52€B"Y,s3€B"Y 2,Wo (k)
. 2
_HHk(Ao(k))E )
2,Wo (k)
—- T
z
S1 sl
= max H A X
Zqu,slean,526Bny’3363ny< $9 k+1( cr(k))
53
" 81 =T -
Wo ey Hir1 (Mo (1)) I _ZTHde(k)HkZ)
s3
(26)
2
By adding and subtracting the terms max . () HH;ﬁH
zeBY 2,Wq (k)

and —Y, (k) €x(k) Where €,z is given by (18), (26) is rewrit-
ten as

—a T
zZ
AW = UL AT (A
k Zqu,SIEBn:ﬁz’éBny75363%( s9 k1 (Ao (k) X
s3
z
N =T -
Wiy Hi1 (Mo (1)) s + o ()2 Hy, Wy HiZ—
s3
=T — _
2V Hy Wi HiZ — ’Ya(k)slTDZ(k)Da(k)ﬁ—
2
T T -7 —
Vo (k)52 Fo () For (k) 52 ~ maxao () Hyz 27Wa(k)+
Vo (k)€o(k)
(27)
Substituting (8b) into (27), we get
g ) g
— T
Hpz
s1 T
(S w. (S
ZGB‘I,51€B"IIT1£§B"U,sgeB"?/( o ( oty Wo (k) Oo (k) +
s3
[(aory = DWo(r) g{ 0 0
Yo (k) Do (1) Do (k) OT 0 )
0 0 Yo k) FoeyFotk) O
L 0 0 0 0
sz
2
s1 — _
— H
52 ) Znel%)flag(k) we 2,Wo (k) +'Yd(k)60(k)
s3
(28)
%(k)}fa(k)fla(k)
where Og ) = (k) o(k) FU(’C) . If the following in-
To (k)Mo (k) Fo (k)
(k) Fo (k)

equality holds Vi € 7

(ao(k) - I)Wa(k) 0 0 0
0 Yo (k) Doy Do) 0 0
T
0 0 Yo (k) Fa ey Fok) 0
0 0 0 0
+@Z(k)W0(k)@g(k)+ <0
(29)

which is equivalent by Schur complement to (24), then

l
AkW < 70‘0(1@)1:‘/ + Yo (k)€o(k) (30)

from which we prove that satisfying (24) leads to satisfy
the condition (17). Furthermore, the tight size of the inter-
section zonotope must be sought, hence the introduction
of the conditions (22) and (23) which completes the proof
of Theorem 2. W

4. APPLICATION TO VEHICLE LATERAL
DYNAMICS ESTIMATION

4.1 Vehicle model description

The model used in this study describes vehicle lateral
dynamics in a cornering lane, which is obtained from
the known bicycle model and the relative vehicle angular
and lateral displacements in the road trajectory (Fig. 1)
[Rajamani 2011].

The two degrees of freedom model describing the vehicle
yaw and lateral motions can be represented by the follow-
ing equations:

muz (B +7) = Fyp + Fyr, Li=1;F,; — - Fy. (31)

where the description of vehicle dynamics parameters is
given in Appendix A.
Using the so-called Pacejka magic formula [Pacejka and
Bakker 1992], and under assumption of small sideslip angle
variations, lateral forces Fyy and Fy, are considered to be
linear and expressed as follows:

Fyp=cs(05—B— %r), Fyr:cr(—ﬂ-i-%r) (32)
In the proposed model, it is assumed that the available
measurements are yaw rate 7, longitudinal velocity v,
and front steering angle §;. Gathering equations (31) and
(32) and chosing 8 and r, as state variables, leads to the
following state equations:

. _Cf+qu- crlr—Cflf_l ¢y
B mug muv2 [/3} mus
= 4
|:7' crly — Cflf Crlg + Cfl?, r + Cflf f (33)
I, Ivg Iz

We consider also a vision system measuring the vehicle
angular and lateral displacements at a look-ahead distance
ls. The equations describing the evolution of the measure-
ments obtained using a vision camera are given by

YL =T —vzp, YL = vy + v L + s ("" - Uacp) (34)

The system (34) can be rewritten in the following state
representation form:

dr| [0 07 [¥r 0 17 [uy —vg

=B R )+ [
The vision system’s parameters are described in Appendix
A.

(35)
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Fig. 1. Bicycle model with vision system measurement.

4.2 Problem formulation

Combining the vehicle lateral dynamics (33) and the vision
system model (34) leads to a single dynamical system
subject to the road curvature as an unknown input and
describing as follows:

(t) = Ax(t) + Bu(t) + Ed(t), y(t) = Ca(t) (36)
with the state vector x = [8 r ¢ yL]T, the control input

u(t) = &y, the unknown input d(t) = p and the matrices
A, B, and C defined as follows:

_7Cf+c7« c,«lrfcflfi1 0 0 cy
Mg mv2 mug
Az |obrmeply _eliterty B |9l
I v, IOZ
0 1 00
1 ls vz 0 0
8 0100
E=| _ |, c=loo10
z 0001
L—lsve

Note that the model (36) describing the vehicle lateral
dynamics is subject to longitudinal velocity variations.
Thus, a switched representation of the vehicle model is
considered where v, is assumed to be piecewise constant.
Then, the model (36) is transformed into a switched
discrete-time model ! :

Tt1 = Ag(k) Tk + Bo(hyuk + Egk)di, Yk = Cay (37)
where o(k) is the switching signal depending on the
measured longitudinal velocity. In order to achieve a more
realistic vehicle behaviour, a state disturbance signal w, ()
and a measurement noise v,(x) are added to the state and
output equations in (37) leading to an uncertain discrete-
time switched system of the form (2).

4.3 Ezperimental data and validation

In this subsection, experimental data are used to evaluate
the proposed set-membership state estimator. The mea-
surements are acquired using a prototype vehicle. The test
track (located in the city of Versailles-Satory, France) is
3.5km length with various curve profiles allowing vehicle

1 The zero order hold method is used to obtain (37).

dynamics excitation. Several sensors are implemented on
the vehicle: An inertial unit to measure the yaw rate r, an
absolute optical encoder to measure the steering angle ¢y
and an odometer to provide the vehicle longitudinal speed
v, and a vision system to measure the vehicle angular and
lateral displacements 17, and y;, as well as the road curva-
ture p. For the simulation scenario, three subsystems are
defined for vl = 3.1m/s, v2 = 8.5m/s and v3 = 13.75m/s
and the following switching law is considered:
1 if ve €[V0, Vi
ot) =14 2 if vy €[VE, V2 (38)
{3 if vy €[V2, V3

k k—1
with vk = % for k = 1,2,3. The steering angle,
longitudinal velocity, road curvature and the considered
switching law are shown in Figure 2. The disturbance and

noise vectors satisfy |wg| < [0.004 0.001 0.001 0.001]T and

|vg| < [0.002 0.01 O.OOQ]T. The switched matrices Mg i)
and P, () are obtained by solving constraints (4) using
the generalized inverse. The optimal correction switched
matrix A, () is designed by solving the optimization prob-
lem in Theorem 2, with ~; = 0.3333 and «; = 0.8,
Vi € T = {1,2,3}. ; is obtained using Equation (18) for
s;=[111 1]T and so[ 11 1]T. Detailed expressions of
numerical solutions are omitted because of space limita-
tions.

The results of interval estimation are depicted in Fig. 3
which shows that the proposed method allows to obtain a
very accurate interval estimation of vehicle state variables.

5. CONCLUSION

In this paper, a set-membership state estimation method
based on zonotopes was proposed for uncertain switched
discrete-time systems. The proposed approach is suitable
for not only linear uncertain switched system but also for
switched LPV system that can be reformulated as systems
with additive uncertainties. All admissible state trajecto-
ries found by the set-membership approach are consistent
with both measurements and system model relations. The
size of intersection zonotope is minimized at each sample
instant by solving a convex LMI-optimization problem.
Application to vehicle state estimation demonstrates the
efficiency of the proposed approach.
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Appendix A. VEHICLE DYNAMICS AND VISION
SYSTEM PARAMETERS

Lateral Dynamics

Fyp, Fyr Lateral tire force of front and rear tires
Uy, Uz Lateral and longitudinal velocities (m.s™1)
r Yaw rate (rad.s™1)
of Front steering angle (rad)
cf, Cr Cornering stiffness of front and rear tires (N.rad~1)
Ly, Iy Distances from front and rear axle to the CG (m)
m Vehicle mass (kg)
I, Moment of inertia (kg.m?2)
Vision System
YL Offset displacement at a look ahead distance (m)
WL, Angular displacement at a look ahead distance (rad)
ls Look ahead distance (m)
p Road curvature (m~1)

Sideslip angle (rad)
Measured vehicle specifications for the simulation and experimental
validation can be found in Ifqir et al. [2018].



