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Vehicle Lateral Dynamics Estimation using Switched Unknown Inputs
Interval Observers: Experimental Validation

Sara Ifqir, Naima Ait Oufroukh, Dalil Ichalal and Said Mammar

Abstract— A systematic design methodology for interval es-
timation of switched uncertain linear systems subject to un-
certainties and unknown inputs is presented. The uncertainties
under consideration are assumed to be unknown but bounded
with a priori known bounds. The proposed observer is used
to robustly estimate the vehicle yaw rate and lateral velocity
using a vision system measurement. The road curvature is
treated as an unknown input and a linear adaptive tire model
is considered to take into account the changes of the road
adhesion. Sufficient conditions allowing the design of such
observer are derived using Multiple Quadratic ISS-Lyapunov
function and an LMIs (Linear Matrix Inequalities) formulation
is obtained. Performance of the algorithm is evaluated using
vehicle real data, results show that the proposed estimation
scheme succeeds to appropriately estimate the upper and lower
bounds of vehicle lateral dynamics despite of the presence of
unknown inputs.

I. INTRODUCTION

A basic requirement for autonomous vehicle systems
operating in unstructured environments is the ability to
efficiently estimate the state in the presence of parameter
uncertainties and disturbance inputs. Most existing methods
for estimation of vehicle lateral dynamics state rely on a
deterministic analysis that assumes accurate knowledge of
the vehicle parameters [11], [12], [13] and [14]. However,
in field conditions, vehicle parameters, such that, mass,
location of the center of gravity and cornering stiffness at
the front and rear tires, might have significant uncertainties
due to vehicle motions, different load conditions, and road
frictions. Note that, the change on road conditions is one of
the most important factors which can significantly influence
the estimation accuracy. In the literature, there is a few
works that explicitly take into consideration the cornering
stiffness uncertainties. For example, [15] uses a linear system
identification while [16] use an adaptive observer to identify
the cornering stiffness coefficients at the front and rear tires.
Liu and Peng proposed in [17] an identification scheme
to estimate simultaneously the states and the parameters.
However, this approach shows slow convergence for non-
nominal conditions.

The main particularity of this work is that the front and rear
cornering stiffness are assumed to be unknown but bounded
with a priori known bounds. A switched representation
is also considered to take into account the variations of
longitudinal velocity. An interval observer is then designed
to estimate upper and lower bounds of the state vector under
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consideration of suitable intervals in which the true but
unknown cornering stiffness parameters values are definitely
included.

It should be recalled that, an interval observer is a pair of
estimators whose dynamics are defined such that their tra-
jectories characterize at any instant upper and lower bounds
of the state values. They are appeared in the last decade as
an alternative approach for robust estimation and they were
originally developed in [18] for the estimation of biological
systems subject to unknown uncertainties. There are various
approaches to design interval observers for continuous times
systems, see for instance [8], [21], [20], [19] and references
therein. Let us recall that a few works exists on design of
such observer for switched systems, see for example the
recent results presented in [22] and [23] in which interval
observers were designed for switched linear systems subject
to exogenous disturbances and measurement noises. Note
that, an interval observer for switched LPV (Linear Parame-
ter Varying) systems was proposed in [5] with application
to vehicle lateral dynamics estimation. Unfortunately, the
proposed observer is not able to deal with unknown inputs.
The objective of this paper is to propose some new results on
switched interval observers for switched uncertain systems
subject to unknown inputs. Furthermore, it should be pointed
out and to the best of the authors knowledge, a few results
exist on design of interval observer for switched systems
subject to parameter uncertainties and unknown inputs.

A solution to the problem of robust state estimation for a
class of continuous uncertain switched linear systems under
constrained switching signal is proposed. Taking into account
the parameters uncertainties and unknown inputs, the main
contribution of this paper is as follows: -1- The robust state
estimation is achieved by means of a new structure of time-
varying unknown inputs interval observer which incorpo-
rates the nominal state matrix. -2- Sufficient conditions for
existence of the proposed observer is formulated in terms
of Linear Matrices Inequalities using Multiple Quadratic
ISS-Lyapunov Functions. -3- Design of switched interval
observer for robust estimation of vehicle lateral dynamics.
The effectiveness of the proposed approach is validated
through experimental data.

The outline of the paper is as follows: section 2 introduces
some preliminaries and definitions. Section 3, gives the
vehicle lateral dynamics model and the problem statement.
A design methodology of the proposed Switched Unknown
Input Interval Observer is presented in section 4. The exper-
imental validation using real data is presented in section 5.
Section 6 concludes the paper.



II. PRELIMINARIES
A. Notations

Left and right endpoints of an interval [z] will be denoted
respectively by = and x such as [z] = [x~,zT]. For any
two vectors 1, x5 or matrices My, M the inequalities x1 <
Ta, T1 > X2, M1 < My and M7 > M, must be interpreted
component-wise. my; denotes the element on the ith line
and jth column of the matrix M. M > 0 (resp. M < 0)
denotes a matrix with positive (resp. negative) components
and M > 0 (resp. M < 0) means that the matrix is positive
(resp. negative) definite. M denotes the generalized inverse
of the matrix M. M7 means the transpose of matrix M. R
(R) is the set of all real (positive) numbers. R™ (R?}) is n-
dimensional real (positive) vector space. We denote by Z,, an
identity matrix of dimension n x n. The absolute value and
euclidean norm of a vector x € R" is denoted respectively by
|z| and ||z||. Let a vector € R™ and a matrix M € R™*",
we denotes, T = max{0,z}, z =7 — 2, M = maz(0, M)
and M = M — M. By K, we will denote the class consisting
of all functions o : Ry — R which are continuous, strictly
increasing, and satisfy «(0) = 0. By K., we will denote the
class of functions of class K and a(s) — +oo as s = +o0.

B. Interval Analysis and positive systems

Definition 1. [7] A real matrix M is called Metzler matrix
if all its elements outside the main diagonal are positive:
mg; >0, Vi# .

Lemma 1. [8] A matrix M is a Metzler if and only if there
exist n € Ry such that M + nZ,, > 0.
Lemma 2.]9] Consider a continuous time uncertain switched
system of the following general form

2(t) = Agpyz(t) + 05(1)(t) (1)

where x € R™*" is the state, o(¢) : RT =7 ={1,2,...,N}
is the switching rule, § > 0 represents additive uncertainty.
The system (1) is said to be positive, i.e. 2(t) > 0, Vt > t, if
Ag(p) is Metzler matrix Vo (t), x(tg) > 0 and d,(;)(t) > 0.
Lemma 3. [6] Let the vector z € R™ be a variable vector
with given bounds z+ = € R" such that = <z < x™.

1) If M € R™* ™ is a constant matrix, then

Mz~ — Mz™ < Mz < Mzt — Ma™ 2)

2) If M € R™*"™ is a variable such that M~ < M < M*
for some M —, M+ € R*"*", then

Mtzt —M'z- -M 7" +M 7 <Mz <

2 £ 3
Mzt —M‘tz —M at+M z ®

C. Input-to-state stability of switched systems

We will briefly review in this subsection the main idea
of Multiple Input-to-State Stable-Lyapunov Functions as a
tool for stability analysis of switched systems. To this end,
consider the switched system (1), and, suppose that we
can find a family of Quadratic Lyapunov functions {V; :
i € T}, associated with each subsystem & = A;x + §;,
i € Z. Then, V(x(t)) is called a piecewise Quadratic

ISS-Lyapunov function candidate if it can be written as
V(x(t)) = Vo) (x(t)), where V) (z(t)) is switched among
Vi(x(t)) = 2T (t)Q;x(t) in accordance with the piecewise
constant switching signal o (t).

Definition 2. [5] For a switching signal o(t) and any to >
t1 > to, let Ny (t1,t2) be the number of switching over the
interval [tq,t2). If the condition N, (t1,t2) < Np + (tz%l)
holds for Ng > 1, 7, > 0, then Ny and 7, are called ‘the
chatter and the average dwell time bound respectively.
Lemma 4. Consider the switched system (1), and let € > 0.
Suppose that there exist smooth functions V) : R = R,
o(t), K-function v, two K, functions 5 > a > 0 such that
for each o(t) = 14, the following conditions hold:

a[lz@) < Vi(z(8)) < B(l=(®)]]) )

Vi(a()) < —eVi(a(t)) + (I8 ) )

then the system (1) is Input-to-State Stable with respect of
the additive term 6, ;) for any switching signal with Average
Dwell Time

ra > 7z = ) (6)
€

where p = g

Remark 1. Note that, 4 = 1, corresponds to the case when
the system is Uniformly Input-to-State Stable. This implies
the existence of a common ISS-Lyapunov function for the
switched system (1), and thus the system is ISS-Stable
under arbitrary switching. It should be noticed that the ADT
method proposed in [10], [5] needs the conditions (4)-(5)

and an additional condition as
Vi(x(t)) < pVi(x(t), p>1,i#j4,i,5€T  (7)

which place restrictions on the switching instant to guarantee
stability of the overall switched system. Moreover, Lemma
4 needs fewer conditions and it is easy to demonstrate that
using (4) and (5) leads to condition (7) for an appropriate
choice of o and /3 ensuring the existence of p > 1.

Proof. Due to space limitations, the proof is omitted.

III. VEHICLE MODEL

In this section, we will first describe the vehicle lateral
dynamics based on the well known bicycle model, then the
model of the vision system measurement based on the lateral
displacement will be presented.

A. Vehicle Lateral Dynamics

In this paper, a simple model known as the bicycle
model (Figure 1) is used for Interval Observer design. This
model describes the vehicle yaw and lateral motions [1],
and largely simplifies the equations of motion of the vehicle
and reduces the implementation complexity of equations.
The two-dimensional model describing the vehicle lateral
behavior can be represented by the following differential
equations:

mUy + mugr = Fyy + Fy, )
Lr=1Fy; — 1, Fyr



Fig. 1. Bicycle model and vision system measurement .

where m, I, are the mass and the yaw moment, v, and v,
are lateral and longitudinal velocities, r is the yaw rate, [y,
[, are distances from front and rear axle to the CG, while
F,; and F), are lateral tire force of front and rear tires.
The lateral forces Fy; and Fy, are highly nonlinear and
usually functions of the wheel sideslip angle and wheel
longitudinal slip ([3], [2]). Using the so-called Pacejka magic
formula [3], and under assumption of small sideslip angle
variation, lateral forces are taken to be linear and given as:
By = sl =2 = L) By =24 Zn) ©)
where cy, ¢, are the cornering stiffness of front and rear
tires.
In the proposed model, it is assumed that the available
measurements are yaw rate r, longitudinal velocity v, and
front steering angle d;. Gathering equations (8) and (9) and
chosen v, and r, as state variables, leads to the following
state equations:

. —(cgter) crlp—cyly cy
Uyl | mue e LY+ o (6 (10)
P T | ertrmeply  enlidesld r crly | OF

Iz

Iovg Ivg

B. Vision system measurement

The vision system model describes the evolution of the
angular and lateral displacements of the vehicle from the
centerline at a particular look ahead distance [ (Figure 1).
These measurements are extracted from images obtained
with a suitable vision system, taking into consideration the
motion of car and changes in the road geometry.

The equations describing the vision system model are given
by the following state representation form:

Bﬂ - [8 vo} {Zﬂ + [(1) zl] m - [_lj;x}p (11

where yr, and vy, are the offset and angular displacements
at a look ahead distance [, however, p represents the road
curvature.

C. Problem formulation

Combining the vehicle lateral dynamics (10) and the vision
system model (11) leads to a single dynamical system subject
to the road curvature as an unknown input and describing as:

{ i(t) = Ax(t) + Bu(t) + Ed(t) (12)

y(t) = Cx(t)

with the state vector x = [vy roYPr yL]T, the control
input u(t) = dy, the unknown input d(t) = p and the
matrices A, B, and C defined at the top of the next page.
Note that the model (12) describing the vehicle lateral
dynamics is subject to several variations and uncertainties.
When road friction changes or when the nonlinear tire
domain is reached, the tire forces Fy s and [, are no longer
linearly proportional to slip angles due to the tire saturation
property.
Taking into account this variation, the linear tire model (9)
could correct the cornering stiffness by adding two uncertain
terms Acy and Ac, as:

Cf = Cfy + ACf y Cr = Cprq + AC,- (14)

where the linear part, denoted by c;q, i € {r, f}, presents a
known nominal value and the uncertainty term, denoted by
Ac;, i€ {r, f},is assumed to be unknown but bounded with
a priori known bounds. Moreover, to deal with longitudinal
velocity variations, a switched representation of the vehicle
model is used and v, is assumed to be piecewise constant.
Considering the cornering stiffness uncertainties and adopt-
ing a switched representation depending on the measured
longitudinal speed, the system (12) is transformed into a
Switched Uncertain System given as follows:

{ #(t) = (Ao,o(1) + Ao (€()))(t)+
(Bo + AB(E(0)))u(t) + Eond(t)
y(t) = Cx(t)

where z(t) € R, u(t) € R™, y(t) € RP, d(t) € RY repre-
sent respectively the state, the control input, the output vector
and the unknown input. £(t) = [Acy Ac,]T is the vector
of parameters uncertainty. o : R* — Z = {1,2,..., N} is
the switching signal. A, € {A1,As,...,Ay} and AB
are bounded time-varying matrices. [N is the number of
subsystems known a priori. For technical reasons, let define
0(t) = AB(§)u(t), the system (15) becomes

{ (1) = (Ao,o(t) + Ado () (€(8)))2(t)+

15)

y(t) = Cx(t)

IV. SUIIO DESIGN AND LMI SYNTHESIS

In this section, we will first present the structure of
the proposed Switched Unknown Input Interval Observer
(SUIIO), then derive sufficient conditions in term of Linear
Matrix Inequalities for the existence of the SUIIO. For this
purpose, the following assumptions are made.

Assumption 1. We assume that there exist constants X > 0
and U > 0 such that ||z]| < & and ||ul| < U.
Remark 1. The assumption 1 is not restrictive since for
vehicle dynamics, these variables evolve in a bounded region.
Assumption 2. Assume that the input vector u(¢) is bounded
with an a priori known bound (. Then,
u” () = u(t) - ¢
wh(t) =u(t) +¢
Assumption 3. There exist known constants matrices A;“,
A7, ABT, AB™ Vi € T such that:

a7)



7Cf+cr C7~lT—Cfl‘f

muvyg muvg - vz 0 0 % 0 0 1 0 0
2l —cC . Cr 3 crl? c
A= |t 00|, = || B=| 0 ], =100 1 0
1 0 0 0 o 000 1
1 ls ve O 0 sV
1) A7 < Ao+ AA; < Af N = PA] — KC (20b)
2) AB~ < AB<ABT
Assumption 4. rank(CE;) = rank(E;), g < p. No;i = Pido; — KiC (20¢)
Assumption 5. rank SIn 5 A E = n + ¢, holds for Gi—P,By =0 (20d)
all complex number s with Re(s) > 0 P.E, =0 (20¢)
A. SUHO Design The upper and lower estimation errors will then be:
Given the system (16), consider the interval observer N
structure given (19) in the top of the next page, where { ?7(t) = Noowe' () + Aa(t)( ) @21
xt(t), 2~ (t) € R™ are upper and lower bounds of the state e (t) = Nooe (8) + A5, (1)
vector z(t). Ny (t), Ko(1)» Go(t)» Po(r) and Hy(y) are matrices  yhere
to be designed for achieving boundedness of the state vector n = n _
and unknown input decoupling. d*(¢) and §(t) are the AJ\‘; n(®) 7VP"(”6 it) — Lo (8) = Pod(t)+
upper and lower bound of the additive term §(¢t) = ABu(t), ( o) 0.0) 2" (B)] B . (22)
using Lemma 3 and Assumptions 2 and 3, it can be bounded Asn(t) = P"(t)‘s(qf Po 0 (1) + Loy 07 () +
(NJey = Nooy) 2™ (2)]

as follows 6~ (t) < §(t) < 61 (¢) such that

5~ (t) = ABtzt — AB 'z~ —AB 7" +AB 7
st(t)=AB 'zt —AB'Z —AB 2" +AB z~
The following theorem provides the conditions which should
be verified to ensure an interval estimation of the state x(t)
despite the presence of unknown inputs using the observer
structure described previously.
Theorem 1. Consider the SUIIO (19). Let H, ;) be chosen
such that P, is positive element-wise, and let K, ;) be
chosen such that (Pa(t)Aj( p — Ko@C) is Hurwitz and
( PowyAgy — Ky C) is Metzler Vo(t). Then, for all
27 (to) < x(tg) < 27 (t), the solutions of the system (16)
and (19) satisfy: = (t) < z(t) < at(t), Vt > tg, Vo(t).
The proof of Theorem 1 consists of two parts. The upper and
lower interval estimation errors, i.e. et (t) = z7(t) — z(¢)
and e (t) = «x(t) — = (t) are positive which guarantees
that, at each instant, the true state, solution of the switched
system (16) lie inside the interval defined by the upper and
lower estimates 2 (#) and x~(¢). On the other hand, the
proposed interval observer is Input-to-State Stable ensuring
that estimated bounds remains bounded.
Proof. When the observer (19) is applied to the system (16),
the upper and lower estimation errors e (t) and e~ (t) are
governed by the following equations:
e7(t) = Noowet (t) + (Gogy — PogyBo)u(t)—
Po(tyEoryd(t) + Po 07 () — P,y (t)
—Py()d(t) + (N:(z) - NO,d(t))‘m+(t)|
€ (t) = No,orye™ () + (Po(tyBo — Gory)u(t)+
Po(t) Eond(t) + Po1y0(t) = Poy0™ (1)
TP 18 (1) + (N = Noo()lz™ (1)]
where Py ;) = Hy;)C + Z,. If one can make the following
conditions hold Vi € Z:

Nt

(18)

= PA} — K,C (20a)

It’s clear that, if P, is positive element-wise, and, N_ o (1)
is Metzler, then, N, is also Metzler for any A, in
the interval: Ag(t) < Ayp < Aa(t) According to Lemma
2, if N;@ is Metzler matrix, since, Aj(t) (t) and Al (t)
are positive by construction (easy to check, using (18) and
Lemma 3), e (tg) > 0 and e (tg) > 0, then, e~ (t) > 0 and
et (t) > 0 for all t > to implies that ™~ (t) < z(t) < ™ (¢).
In order to derive convergence conditions of the proposed
interval observer, we define the interval estimation error
e(t) =xt(t) — z~(t), then

é(t) (t)

where A, () = Aj(t) (t) — Al (t). Furthermore, if
Ag4)(t) = 0, the interval error (23) exponentially converges
to zero. But when A, (t) # 0 e(t) is positive bounded.
The interval state estimation problem is then reduced to
determine the observer gains matrices such that the upper and
lower estimate errors e (¢) and e~ (¢) evolves in the positive
orthant and the total error e(t) governed by equation (23)
achieves Input-to-state property with respect to uncertainty
represented by A ).

Therefore the problem of designing the Switched Interval
Observer with unknown inputs is reduced to find the positive
matrices P; satisfying (20e), equivalently the matrices H;
satisfying,

= N:(t)e(t) + Ao(t) (23)

(I, + H;C)E; = (24a)

I, +HC>0 (24b)

and gains matrices K; such that conditions of Theorem 1
holds. The general solution of (24a), Vi € Z, is given by
H; = —E;(CE;)' -

Yi{(Z, — (CE)(CE)T)  (25)



— Noo) (|2 (8)] = 27 (1)) + Poy6™ (t) = Ppy6™ (1)

@T(t) = N 2™ (t) + Koy + Gowyu(t) — Hony + (N | il (19)
&7 (t) = No(y™ (t) + Koy + Gayu(t) = Howyd — (N = Nowo()) (|27 (0)| + 27 (8)) + Poyd~ (t) = Py 07 (%)

where (C'E;) is the generalized inverse matrix of CF;, given  then, satisfying (27) leads to

by (CE;)" = ((CE;)T(CE;))"'(CE;) and Y; is an arbitrary ) .

matrix of appropriate dimension chosen to satisfy (24b). Vie(t)) < —eVi(e(t)) + vA; (1)Aq(t) (33)

B. LMI Formulation

In this subsection, sufficient conditions using Input to
State Stability of interval error (23) are established in terms
of linear matrix inequalities (LMIs). Theorem 2 provides
sufficient conditions for the existence of such observer.
Theorem 2. For the switched system (23), suppose that
there exists a Piecewise Quadratic ISS-Lyapunov function
Vo (e(t)) where Vi(e(t)) = €T (t)Qqe(t). If there exist a
positive diagonal matrices ();, matrices K;, 8 > a > 0,
v > 0 for a given n > 0, € > 0, such that for all ¢ € Z,

oWy, 7
al, 2Q; 28I, (26)
AFTPIQT — cTWF EQZ-PiAj - WiC +eQ; —%I -0
(27)
QiPA; —W,C+nQ; >0 (28)

holds, then the system (23) can estimate the lower and upper
bounds of the state vector x(t), where K, = @Q; "W, and
P, =TI, + (~Ei(CE)! = Yi(Z, — (CE;)(CE;)"))C.
Furthermore the interval error (23) is Input-to-State Stable
with respect to A;(t), Vi € Z, then, if sup||A;(t)|lcc <
A e, then, (23) satisfies

lim [lell < 1/ = Amas
t—oo (679

Proof. The Piecewise Quadratic ISS-Lyapunov Function is
chosen as

(29)

Va(t) (e(t)) = el (t)Qa(t)e(ﬁ)

Taking the derivative of the Lyapunov function (30) along
the trajectory of the interval error dynamics in each mode ¢,

(30)

mezéﬁ)mﬂ@+vaﬁm+
AT (H)Qie(t) + e (1)QiAi(t)
By adding and subtracting the terms ee’ (t)Q;e(t) and
—v AT (t) A(t), replacing Nf by (20a) and denote W; =
Q; K; (31) becomes

€29

Vile(t)) = [e7(t) AT@®)]" Ai[et) Au@t)]" -
eVile(t)) + AT (1) A(L)

with

(32)

A — |ATTPTQT = CTWT + QiPAS —WiC +2Qi Qs
;=
Qi —YIn

integrating the inequality (33) over the interval [tx,tx+1)
implies that

Vile(t)) < e =V (e(ty)+
t
7/ e~ (=)= A, ()| 2ds  (34)

tr

Using (26), we obtain

1
2

nwm<%ﬂﬁmmwwm+}mm&)

Hence, when ¢ — oo the exponential converge to zero, and,
knowing that sup||A;()]|co < Apmaz, (29) is obtained.

In order to optimize the ISS-gain given in (23), the gain
~ is minimized for a given « and e. On the other hand,
according to Lemma 1, N,  defined in (20b) is Metzler if
N, +nl, > 0, Vi € Z, multiplying in the left side by
@; and using (20b) together with the change of coordinates
W; = Q; K;, (28) is obtained and the proof is complete.
Remark 2. We stress that the present work rests on analysis
result in Theorem 1 which consists in finding a gain matrix
K; ensuring simultaneously the stability of N;" and Metzler
property of the matrix NN,~, Vi € Z. However, the aforemen-
tioned requirements can be relaxed by using a time-varying
or time-invariant change of coordinates [6].

V. EXPERIMENTAL RESULTS

In this section, the proposed SUIIO is applied to exper-
imental data acquired using a prototype vehicle. Several
sensors are implemented on the vehicle: The yaw rate r
is measured using an inertial unit, the steering angle d; is
measured by an absolute optical encoder while an odometer
provides the vehicle longitudinal speed. Finally, a high
precision Correvit sensor provides a measure of the sideslip
angle. This measure is not used for observer design. It
serves only for estimation evaluation. For our purpose, we
assume that the cornering stiffness parameters are affected
by 10% uncertainty in their nominal value. Furthermore, and
as mentioned above, the switching law o (¢) depends on the
varying parameter v, which is accessible in real time, such
that:

1 if vl €vl—AV, vl +AV]
ot)=1{ 2 if v:ew:—AV,v2+AV] (35)
3 if vdevd—AV, 03+ AV]

The steering angle, longitudinal velocity and switching law
are shown in Figure 2. The yaw rate , angular and offset
displacements profiles are appeared in Figure 3. Using Mat-
lab optimization tools (Yalmip or Sedumi), the set of LMIs
given in Theorem 2 are solved minimizing . The observer



gain matrices are omitted due to the lack of space. The
simulation results are presented in Figure 3, the simulated
lateral velocity and measured variables are shown with the
corresponding estimated bounds. The inclusion property is
verified and the real data are within the estimated interval
showing the good estimate ability of the proposed observer
in spite of the presence of unknown inputs.
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Fig. 2. Measurements of: Steering angle d and longitudinal velocity v;.
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Fig. 3. Interval Estimation of: Lateral velocity vy, yaw rate r, angular

displacement v, and offset displacement yr,.

VI. CONCLUSION

A methodology to cope with uncertainties in the vehi-
cle lateral dynamics model have been addressed. A new
approach for robust estimation of lateral velocity and yaw
rate is proposed, where the classical observers are replaced
with the interval one. Applicability conditions of the interval
observers are expressed in terms of linear matrix inequalities.

The proposed approach is illustrated through simulation
using real data. Finally, an appealing direction for future
works is the unknown inputs estimation, fault detection and
isolation observers for systems with faulty inputs.

REFERENCES

[1] Rajamani, R. (2011). Vehicle dynamics and control. Springer Science
& Business Media.

[2] Dugoff, H., Fancher, P. S., & Segel, L. (1970). An analysis of tire
traction properties and their influence on vehicle dynamic performance
(No. 700377). SAE Technical Paper.

[3] Pacejka, H. B., & Bakker, E. (1992). The magic formula tyre model.
Vehicle system dynamics, 21(S1), 1-18.

[4] Gucik-Derigny, D., Raissi, T., & Zolghadri, A. (2014). Interval state
and unknown inputs estimation for linear time-invariant systems. IFAC
Proceedings Volumes, 47(3), 7375-7381.

[5] Ifqir, S., Ait-Oufroukh, N., Ichalal, D., & Mammar, S. (2017, July).
Synchronous interval observer design for switched LPV systems using
multiple quadratic ISS-Lyapunov functions. IEEE. In 25th Mediter-
ranean Conference on Control and Automation (MED), 2017 (pp. 388-
393).

[6] Efimov, D., Fridman, L., Raissi, T., Zolghadri, A., & Seydou, R.
(2012). Interval estimation for LPV systems applying high order
sliding mode techniques. Automatica, 48(9), 2365-2371.

[71 Minc, H. (1988). Nonnegative matrices (p. 152). J. Wiley.

[8] Rami, M. A., Cheng, C. H., & De Prada, C. (2008, December).
Tight robust interval observers: an LP approach. IEEE. In 47th IEEE
Conference on Decision and Control, (pp. 2967-2972), 2008.

[9] Blanchini, F., Colaneri, P., & Valcher, M. E. (2015). Switched linear
positive systems. Found. Trends Syst. Control, 2(2), 101-273.

[10] Miiller, M. A., & Liberzon, D. (2012). Input/output-to-state stability
and state-norm estimators for switched nonlinear systems. Automatica,
48(9), 2029-2039.

[11] Ryu, J., & Gerdes, J. C. (2004, June). Estimation of vehicle roll
and road bank angle. IEEE. In American Control Conference, 2004.
Proceedings of the 2004 (Vol. 3, pp. 2110-2115).

[12] S. Mammar, S. Glaser, and M. Netto. Vehicle lateral dynamics
estimation using Unknown Input Proportional-Integral Observers. In
American Control Conference, page n.a., Minesota, Etats-Unis, 2006.

[13] Stephant, J., Charara, A., & Meizel, D. (2007). Evaluation of a sliding
mode observer for vehicle sideslip angle. Control Engineering Practice,
15(7), 803-812.

[14] Sebsadji, Y., Glaser, S., Mammar, S., & Dakhlallah, J. (2008, June).
Road slope and vehicle dynamics estimation. IEEE. In American
Control Conference, 2008 (pp. 4603-4608).

[15] Best, M. C. & Gordon, T. J. Real-time state estimation of vehicle
handling dynamics using an adaptive Kalman filter. In : Proc. 4th Inter-
national Symposium on Advanced Vehicle Control (AVEC), Nagoya,
Japan. 1998. p. 183-188.

[16] You, S., Hahn, J., & Lee, H. New adaptive approaches to real-time
estimation of vehicle sideslip angle. Control Engineering Practice,
2009, vol. 17, no 12, p. 1367-1379.

[17] C.-S. Liu and H. Peng, A State and Parameter Identification Scheme
for Linearly Parameterized Systems, ASME, Journal of Dynamic
System, Measurement and control Vol.120, No.4 (1998), pp524528.

[18] Gouz, J. L., Rapaport, A., & Hadj-Sadok, M. Z. (2000). Interval
observers for uncertain biological systems. Ecological modelling,
133(1), 45-56.

[19] Efimov, D., Raissi, T., Chebotarev, S., & Zolghadri, A. (2013). Interval
state observer for nonlinear time varying systems. Automatica, 49(1),
200-205.

[20] Chebotarev, S., Efimov, D., Rassi, T., & Zolghadri, A. (2015). Interval
observers for continuous-time LPV systems with 11/12 performance.
Automatica, 58, 82-89.

[21] Rami, M. A., Schnlein, M., & Jordan, J. (2013). Estimation of linear
positive systems with unknown time-varying delays. European Journal
of Control, 19(3), 179-187.

[22] Rabehi, D., Efimov, D., & Richard, J. P. (2017). Interval Estimation
for Linear Switched System. IFAC-PapersOnLine, 50(1), 6265-6270.

[23] Ifqir, S., Ait Oufroukh, N. , Ichalal, D., Mammar, S. Switched interval
observer for uncertain continuous-time systems. In : Proc. 20th IFAC

WC 2017.



