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Abstract: In this paper, fault tolerant control (FTC) system is developed for lateral vehicle
dynamics by combining static output feedback control and sliding mode observers for improving
vehicle handling and stability under sensors faults. The system consists of three blocks: fault
detection and isolation (FDI) block, a static output feedback controller block and a switcher
block. The nonlinear two degrees of freedom vehicle motion (bicycle model) is described by
a Takagi-Sugeno (T-S) fuzzy model. The strategy of the FDI method is based on a bank of
observers, each one is constructed using sliding mode design techniques to estimate the system
state vector. Thus the diagnostic signal-residuals are generated by the comparison of measured
and estimated outputs and the faulty sensor is isolated. Simulations demonstrate that the vehicle
maintains acceptable performance after either set of yaw rate sensor and lateral velocity sensor

has failed.

Keywords: Fault tolerant control; vehicle dynamics; Takagi-sugeno fuzzy model; Sliding mode

observers; Static output feedback; LMZ.

1. INTRODUCTION

One of the main areas of research being undertaken in
the automotive industry is that of vehicle chassis control in
terms of handling performance, ride comfort and traction/
braking performance (Canale and Fagiano (2007)). The
principle aims of this research include improvements in
vehicle safety, steerability/manoeuvrability, increase pas-
senger comfort and reduce driver workload. many solutions
have been proposed in recent years by the introduction and
the development of new driver assisted systems such as
anti-lock braking systems (ABS), electronic stabilization
program (ESP), dynamic stability control (DSC), etc.
Some of these systems have become an integral part of
modern passenger vehicles. However, each physical com-
ponents, sensors or actuators may fail; a fault can prop-
agate very quickly if it is not recovered in time. To cope
with increasing requirements, vehicle control systems must
include FDI units and advanced fault tolerant control
systems (Isermann (2001), Hsiao and Tomizuka (2004),
Oudghiri et al (2007a), Chadli et al (2008)).

Our aim is to develop a sensor FTC system to avoid
the degradation of vehicle performances when some sensors
fault happen in input variables of the controller. The given
method is based on a FDI module to detect the presence
of an incipient fault and to isolate it.

The objective of developing fault tolerant measurement
schemes is to provide correct information of the process to
the controller.

The strategy of the fault detection and isolation (FDI)
used in this paper is based on a bank of two sliding mode
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observers (SMO), each utilizing different measurements to
estimate the system state vector, from this the diagnostic
signal-residuals are generated by the comparison of mea-
sured and estimated outputs and then the faulty sensor is
isolated. Two static output feedback controllers (SOFC)
(Chadli et al (2002)) have been used, each one uses one
output sensor, after the detection and the isolation of the
faulty sensor, a switcher block selects the right controller
(which is based on the healthy sensor output) in order to
maintain the stability and the handling of the vehicle.

The paper is organized as follows. Section 2 describes
both the nonlinear simulation model used to test the
scheme and a Takagi-Sugeno (T-S) fuzzy model used for
controllers and observers design. Section 3 presents the
fault tolerant controller design, based on sliding mode ob-
servers and the static output feedback controllers. Section
4 is dedicated to simulations of sensor faults and results
analysis. Conclusions are given in Section 5.

2. VEHICLE DYNAMICS MODELING

Control design will be worked out on the basis of the
single track vehicle model reported in figure 1, with tyre
dynamic force generation description. The employed model
is based on the following hypothesis:

Flat road.

Longitudinal motion resistances are ignored.
No rear wheel steering angle.

Vehicle longitudinal acceleration is low or equal
to zeros.
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Fig. 1. Bicycle model (2dof)

Tyre lateral forces are obtained by Pacejka formulation
Bakker et al (89). Thus for the considered model, dynamic
equations are the following:

mo () + mur (t) = 2F,f (t) + 2F,, (1),
J7(t) = 2a5Fyy (t) — 2a,Fy, (1),

The meaning of each symbol is listed in Table 1.

Substituting ( 2a) and ( 2b) into equations (la) and
(1b), we obtain:

2

mo (t) + mur (t) = QZhi (ap (1))C; (vuafr —|—5f>

: - (6
23" hi(ay (1)

u

from (6) and (7), we obtain
Sty (2

mu

(8)

Uy longitudinal vehicle velocity (m/s) + ( szaf Criay, _ u) "+ 2Cfi 6f> 7
v lateral vehicle velocity (m/s) mu m
side slip angle (8 = =) (rad)
r yaw rate (rad/s) Zh ‘af| ((_2Cfiaf - Cm‘ar)v
of front steering angle (rad) Ju )
m total mass of the vehicle (kg) szaf + C’Ma 2afcfi 5
J yaw moment of inertia (kgm?) - Ju r+ 7 )
ay/ar distance between the CG and the front/rear bumper (m)
wfl Fyr front and rear lateral forces (N) We assume that 5f = 5fd + 5f<:7 where 5f'd represents
Table 1. nomenclature of the bicycle model he steering angle supposed given by the driver and dy.

By using the method based on T-S approximation
proposed in (Hajjaji et al (2006); Oudghiri et al (2007a)),
the rear and front lateral forces, can be described by two
fuzzy rules as follows

2
Fyp= Zhi (lay| (1))
Zh (o] (2

where Cy; and C); are the cornering stiffness coefhi-
cients of the front and rear wheels. They vary according
to the road adhesion p. Variables ay and «, represent tyre
slip-angles at the front and rear of the vehicle respectively.
Given that

Criag (1), (2a)

(2b)

mar( )7

—U —arfr

af = + 05 (3)

—U + apr

=T )

h;(i = 1,2) are membership functions, they depend of
the front tyre slip-angle oy which is considered available,
they satisfy the following conditions

2
Zhiﬂaf‘):l (5)

i=1
0<hi(lay]) <1 Vi=1,2
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represents the input signal.

In the proposed model, it is assumed that measure-
ments of lateral velocity v and yaw rate, r are available. It
is also assumed that the front road-wheel steer angle 74
is known.

From (8) and (9), in state space, the lateral motion can
be expressed by:

2
Z (Jog| (¢

y(t) = CI( )
with the followibg data:

ix(t) +Bi(0ya +d5c)) (10)

(11)

o Crit G, Criay — Criar
L mu U
Ai = _QCfiaf — Cp;a, _QCfi’g%c + C’m-a% ’
Ju Ju
Cri
o | Zm | e (W
’ o0 Cri r(t) )’
J

When the output variable is the measurement of the
lateral velocity (y = v), the output matrix is C = C; =
[1 0] and when the measurement output is the yaw rate
(y =), the output matrix is C' = Cy = [0 1].

To take into account variation of the road adhesion
parameter and modelling errors, we assume that vehicle
model is uncertain and can be written as follows:
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2
() = S hallas () (A 24)s(0) g
1=
+(Bi + AB;)(07a(t) + 65.(1)))

where AA; and AB; represent parametric uncertainties,
they can be formulated as follows

AA; = DaiHi(t)Eai, AB; = Dp;H;(t)Ep;  (13)
where D a;, Dp;, E4; and Ep; are known real matrices
of appropriate dimensions that characterize the structures
of uncertainties and H;(t), i = 1,...,M are unknown
matrices such that H(t)I'H(t); < I. I is the identity
matrix of appropriate dimension.

3. FAULT TOLERANT CONTROLLER SYSTEM
DESIGN

In this section, we present an active model-based FTC-
scheme for vehicle lateral dynamics control system based
on a FDI block to distinguish the healthy sensor from the
faulty one. As shown in Fig. 2, the FTC system consists
of three blocks.

FDI block: In this block, faults in lateral velocity and yaw
rate sensors will be detected and isolated. The structure
of this block contains two main stages:

- Residual generation: its purpose is to generate a signal-
residual, indicating a fault.

- Decision Making: residuals ” R;” are examined for the
likelihood of fault and a decision rule is then applied to
determine whether or not faults appear in sensors, i.e. the
residual must satisfy the following conditions:

L =0 = f(t)=0 (normal)
| il { >0 = f(t)#0 (faulty) (14)
ili—;lf)ilﬁBilbféli"”W"”W"”W"WW"?
af i < W = i
v ke = r i
] : 3 Decision
] swmo1 | 2| making [
i 9,
; | sMO 2 | T

iSwitch block]|
| F = SOFC 1

LT SOFe 2 Controller block |

Fig. 2. Structure of the FTC system

The strategy of the fault diagnosis method presented
in this paper is based in using a bank of two observers to
estimate the system state vector, each one is driven by
a single sensor output; from this the diagnostic signal-
residuals are generated by the comparison of measured
and estimated outputs. Different methods exist for the
residuals generation (see for example Gertler (1998)). In
this paper, we use the SMO (Oudghiri et al (2007Db)).
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This class of observer is very useful and was developed for
many reasons, among which: (Castillo and Anzurez (2005),
Edwards et al (2005))

i) The possibility of working with reduced observation
error dynamics.

ii) A finite time convergence for all the observable
states.

iii) Robustness under parameter variations is possible.

Table 2 lists the generated residuals

Variable Residual 1

Ryi=v—101

Residual 2

Ry2=v—172

Lateral velocity

Yaw rate Ryy=r—m

Table 2. List of generated residuals

Rro=1r—12

Here, note that the ’~’ denotes estimate and the 1’
or '2” subscript denotes the estimate from the first or the
second observer.

From these residuals, the presence or absence of a partic-
ular fault can be deduced using the following rules

i) Ouly one fault is present at any time.
ii) If a sensor is faulty all the estimated from the
observer that uses that sensor are affected.

From the above rules the following logic table (Table 3)
can be constructed to uniquely identify the fault. Note
that in the second column of the table the values of the
elements of the residual vector are denoted by ’1’s and
'0’s, the ones denoting non-zero elements and the zeros
denoting elements whose value is zero.

Fault IZRUJ Ry2 Rra Rr,Z}
[(0111]
(1110]
Table 3. Logic Table for Fault Isolation

Lateral velocity sensor

Yaw rate sensor

Controller block: it consists of two static output feed-
back controllers (Chadli et al (2002)), the controller 1 uses
the lateral velocity measurement and the controller 2 uses
the yaw rate measurement . The design of this controller
and stability conditions are given below.

Switch block: if R, s is large and R, ; is low then switch
to SOFC 2 otherwise switch to SOFC 1.

Before giving the design of each one of FDI block and
controller block, let us considering the following assump-
tions

8.1 Assumptions

i)Sensor failures are modeled as additive signals to sensors
outputs

y=Ciw+Dif(t), with i=12. (15)
Where i = 1 when y = v, i = 2 when y = r. f(t) represents
sensor faults and D; (i = 1,2) represent distribution
matrices. They are defined as follows

e For failure of lateral velocity sensor Dy = [dy da]T =
1 0.
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e For failure of yaw rate sensor Dy = [dy do]T = [0 1]7.

ii)At any time at most one sensor fails.

iii)All pairs (4;, C;) are observable.
3.2 Design of FDI functional block

The structure of the FDI functionel block is shown in
Fig.2. It consists of two sliding mode observers. Each one
is driven by only one of two available sensor signals.

For state estimation, we consider an uncertain fuzzy model
as follows:

Let us consider the general case of an uncertain fuzzy
system with unknown inputs

E:h A + AA)) z(t)
(16)
+ (Bi+ ABi)u (1))
y(t)=Cz(t)
where M is the number of sub-models, z(t) € R? is the

state vector, u(t) € R™ is the input vector, y(t) € R
is the output vector, A;, B; and C are time invariant
matrices of appropriate dimensions. AA;, AB; represent
parametric uncertainties, they are defined in (13). The
vector z(t) € RY is the decision variable.

The fuzzy system (16) can be rewritten as :

Zh
y(t) = Cw()

where w(t) = AA;z(t) + AB;u(t). Its is assumed to be
bounded, such that [|w(t)|| < p, where p is a positive
scalar. In the following w(¢) is considered as unkown input.

)+ Buu(t) +w(®)] ()

The proposed fuzzy observer of the uncertain fuzzy
system with unknown input (17) is based on a linear
combination of local Luenberger observer involving sliding
terms allowing to compensate the unknown inputs (w(t)).
It has the following form:

Zh
g(t) = Cé‘()

The aim of the design is to determine gain matrices

G; € RP*Y and «; € RP , that guarantee the asymptotic
convergence of £(t) towards x(¢).
Theorem 1. The state estimation of the robust state mul-
tiple observer (18) converges globally asymptotically to
the state of the fuzzy system (16), if there exist a matrix
P > 0, some matrices L; and W; satisfying the following
constraints:

+Bu()+Gi(y—C§)+adS)

T _oTwT _wh
AP+ PA; Pc wl —w,C Z <0 (19)
CTrLr =P, (i=1,...,M) (20)
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And «;(t) is given by the following equations:

L;r

ifr(t) #0:q;(t) = HL r||

ifr(t)=0:a;(t) =0

=y(t) = 4(1).

(21)

with r(t)

Proof: see Oudghiri et al (2007b).

The structure of the two observers used in the FTC
scheme (Fig.2) are given as:

e SMO 1:

2
= "hi(log]) (Ai& (t) + Bir (37alt) + 5fc(t))(22)
=1
+G} (v(t) — C1€(t)) + o (1))
g(t)=0(t)=Cié(t)

e SMO 2

2
1) =D hi(lag]) (Ao (1) + Bu (3ra(t) + 5fc(t))(23)
746 )~ ) + 02(0)
§(t) =7 (t) = C2£ (1)
where GY%, and o with 4,j € {1,2} are constant to be
determined by solving (19) and (20).

8.8 Static output feedback design

Consider the nonlinear system represented by a T-S
fuzzy model 16 and a nonlinear static output feedback
which shares the same activation functions as the T-S
model (16):

(24)

M
(t) = Z hi (2)Fyy (t)

where F; € R™*! is the local output feedback controller
to determine.

Taking into account the expression (24), the closed loop
model becomes:

where

Aij =A; + BiFjC, AAU = AA; + ABiFjC (26)
Theorem 2. suppose that there exist matrices N;, M, S;;
and @ and scalars €;;, §;; such that Vi < j, (i,7) € I3 :

Q>0 (27)
Tii+Sii  * *
< ExiQ —eul ) <0 (28)
Eg,NC 0 =651
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le—‘rTﬂ—l—S”-i-SZ; * *

EAi EijI 0
<EAj>Q _< 0 gjil> *

(EBJ‘-’VJJC " _< 0 fW)
Sii Sz oo Sim
STy Sag -+ Sonr
) ) ) >0 (30)
ST, ST, ... Sum
cQ = MC (31)

with:
Ty = QA? + AiQ + CTN]-TBZ-T + B;N;C + €ijDiDl-T +

Then there exist a nonlinear output feedback w(t) =
M

> hi (2) Fyy (t) that stabilizes globally asymptotically the
i=1

T-S model (16) with F, = N,CCT (CQCT)™" Vi e
{1,...,M}.

Proof: The proof can be obtained directly from (Chadli
et al (2002)).

For the vehicle FTC system developed in this paper,
the two used controllers have the following expressions:

e Controller 1:

2 2
6fcl (t) = Zhl (z)Filv (t) = Z hz (z)FilClx (32)
i=1 i=1
where F! = F; when C =
e Controller 2:
2 2
Se2 () =D _hi (2)FPr(t) = hi(2)F}Cox  (33)
i=1 i=1

where F? = F; when C = Cy

with F/ (i,j € {1,2}) are controller gains to be deter-
mined.

4. SIMULATION RESULTS

In the following simulations, we set the longitudinal
speed u to be 20m/s and with the following values of the
other involved parameters:

m = 1500K g, J = 3000K gm?

ay = 1.3m, ar =1.2m

Cp1 =60712NM/rad, Cyo = 4812NM /rad
Cr1 = 60088NM/rad, Cy1 = 3455NM/rad

The simultaneous resolution of equations (27-31) using
LMI tools leads to the following results :

Gains of controller 1 (with C =Cy =1 0]) :
Fl =-0.0422, F; =—0.0014
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Gains of controller 2 (with C' = C, = 1[0 1]) :
Fy =-58156, Fj=—3.2056

€20)

To obtain observer gains, we resolve equations given in
(19).

Gains of SMO 1 :
Gl =[91.0911 —22.8865]" , G2 = [36.0722 —9.9945]"

ot = 2.1745, a3 = 0.1037

Gains of SMO 2 :
G} = [163.2350 488.8202]" | G2 = [22.3700 495.4687]"

b = 13.6562, a3 = 0.9496

In all simulations we consider that the steering angle 74
is known and given by the driver as shown in figure 3.

For showing the effectiveness of the proposed method, we
study three cases:

Case 1: FTC strategy is not used, only controller 1 (32)
is used and the lateral velocity sensor is faulty between
2s and 4s (see Fig 4). We can notice in figure 5 that the
vehicle performances are degraded when lateral velocity
sensor is faulty.

Case 2: FTC strategy is not used, only controller 2 (33)
is used and the yaw rate sensor is faulty between 6s and
8s (see Fig 6). We can notice in figure 7 that the vehicle
performances are degraded when yaw rate sensor is faulty.

Case 3: FTC strategy is used. We consider that lateral
velocity sensor is faulty between 2s and 4s and yaw rate
sensor is faulty between 6s and 8s (see Fig 8). We can
notice in figure 9 that the vehicle remains stable all time
of simulation without lost of control of system state.

Steering angle given by driver S'd (rad)

—0.08

Time [s]

Fig. 3. Steering angle

Signal added to the output of lateral velocity sensor

o 2 a 6 8 10

Signal added to the output of yaw rate sensor
T T T T

Time [s]

Fig. 4. Additive Sensor Failures
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Lateral velocity: v (m/sz)

Time [s]

Fig. 5. Without FTC strategy: comparaison between
vehicle response when all sensors are healthy (solid
line) and vehicle response when the lateral velocity
sensor is faulty between 2s and 4s (dotted line)

Signal added to the output of lateral velocity sensor

o 2 a 6 8 10

Signal added to the output of yaw rate sensor
T T T T

Time [s]

Fig. 6. Additive Sensor Failures

Lateral velocity: v (m/s)

L - )
1 -
o - "\

—0.1 -

Time [s]

Fig. 7. Without FTC strategy: comparaison between
vehicle response when all sensors are healthy (solid
line) and vehicle response when the yaw rate sensor
is faulty between 6s and 8s (dotted line)

Signal added to the output of lateral velocity sensor
o8 T T T T

0.6

0.4

0.2

o 2 4 6 8 10

Signal added to the output of yaw rate sensor
0.8

0.6

0.4

0.2

Time [s]

Fig. 8. Additive Sensor Failures
5. CONCLUSION
We proposed an active FTC approach to accommodate

yaw rate sensor failures and lateral velocity sensor failures
of the vehicle lateral control system. The strategy is based

Lateral velocity: v (m/s)

o 2 a 6 8 10

Yaw rate: r (rad/s)
T T

0.4

Time [s]

Fig. 9. Vehicle response With FTC strategy

on a block of two sliding mode observers for detecting and
isolating failures, a block of two static output feedback
controllers and switcher block for selecting the right con-
troller. Simulations demonstrate the effectiveness of the
proposed algorithm (SMO + SOFC).
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