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Chapter

T-S Fuzzy Observers to Design
Actuator Fault-Tolerant Control
for Automotive Vehicle Lateral
Dynamics

Naoufal El Youssfi and Rachid El Bachtiri

Abstract

This article presents a fault-tolerant control (FTC) procedure for the automotive
vehicle lateral dynamics (AVLD) described by the Takagi-Sugeno (T-S) fuzzy
models. This approach focuses on actuator faults, which requires knowledge of the
system parameters and the faults that are occurring. For this reason, T-S fuzzy
observers are suitable for simultaneously estimating system states and actuator
faults. The proposed control makes it possible to maintain vehicle stability even in
the presence of faults. The design of fuzzy observers and fuzzy controllers is mainly
based on the one-step method of Lyapunov, which is provided in the form of linear
matrix inequalities (LMIs). The simulation results clearly illustrate the effectiveness
of the applied controller strategy to maintain vehicle stability.

Keywords: fault-tolerant control (FTC), automotive vehicle lateral dynamics
(AVLD), linear matrix inequality (LMI), fault estimation (FE), continuous
Takagi-Sugeno (T-S) fuzzy models

1. Introduction

The vast majority of road accidents are due to faults or incorrect driving reflexes.
This is why the automotive industry and researchers in the field of road safety have
dedicated themselves to developing and producing vehicles that are more reliable,
more relaxed, and safer, which are discussed in Refs. [1-3]. In recent decades, many
new solutions have been suggested by the introduction and development of new
passive safety systems such as airbags and driver-assisted active safety systems such
as adaptive cruise control (ACC), antilock braking system (ABS), dynamic stability
control (DSC), and electronic stability program (ESP) [4-6]. Furthermore, the
dependence of the control of these systems on actuator components is becoming
increasingly complicated. Generally, these systems can be exposed to certain cata-
strophic faults such as unknown actuator faults. It is well known that conventional
control strategies are unable to adapt when system failures happen.

To address this challenge, some previous research has based on estimation tech-
niques for vehicle dynamics, road bank angle, and faults in order to develop control
laws capable of ensuring that the system maintains strict stability even when
various faults happen. This task is commonly referred to as fault-tolerant control
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(FTC), which is widely studied in modern control systems [7-9]. In fact, the safety
of persons and the preservation of system performance are crucial requirements
that have to be considered in the control design. The problem of fault tolerance has
long been addressed from many angles. The FTC synthesis approaches are catego-
rized as passive or active FTC. For the passive FTC approach, we consider possible
fault situations and take them into account in the control design step; this approach
is similar to the robust control design. It is pointed out in many books that this
strategy is generally restrictive. While active FTC improves post-fault control
performance and addresses serious faults that break the control loop, it is generally
advantageous to switch to a new controller that is either online or designed offline
to control the faulty plant. The FTC process is based on two theoretical steps: fault
estimation (FE) and setting the controller so that the control law is reconfigured to
meet the performance requirements due to the faults.

The FTC procedure was first adjusted for linear systems. Most engineering sys-
tems include vehicle dynamics that have nonlinear behaviors. The T-S fuzzy repre-
sentation is widely known to be a successful solution to approximate a large class of
nonlinear dynamic systems. T-S fuzzy models are nonlinear systems represented by a
set of local linear models. By mixing the representations of linear systems, the global
fuzzy model of the system is obtained, which makes it much easier for the observer
and controller to synthesize. A major advantage is that it provides an efficient design
strategy for representing a nonlinear system. As a result, many researchers have
become interested in the FTC approach for T-S fuzzy systems (see [10-12]).

In this regard, great efforts have been made to improve the stability of the
vehicle lateral dynamics to enhance the safety and comfort of the passengers in
critical driving conditions. Since the vehicle is a very complex system, the challenge
is to achieve more precise control designs and to increase the effectiveness of a
vehicle dynamic control system, which necessitates an accurate knowledge of vehi-
cle parameters, in particular, sideslip, roll, and yaw angles [12, 13].

Our main objective in this chapter is to apply a fault-tolerant control method in the
vehicle lateral dynamics system. The model used contains four states: lateral slip angle,
yaw rate, roll rate, and roll angle. The problem of the design of fault-tolerant active
control of nonlinear systems is studied by using the T-S representation which combines
the simplicity and accuracy of nonlinear behaviors. The idea is to consider a set of linear
subsystems. An interpolation of all these sub-models using nonlinear functions satisfy-
ing the convex sum property gives the overall behavior of the described system over a
wide operating range. The stability of the T-S models of the vehicle lateral dynamics is
mainly studied using the Lyapunov function, and sufficient asymptotic stability condi-
tions are given in the form of linear matrix inequalities (LMIs).

The chapter is structured as follows: the second section deals with the model of
vehicle lateral dynamics considering roll motion, the third section presents this model
through the T-S fuzzy model, the fourth section presents the fault-tolerant control
strategy based on the T-S fuzzy observer, and the fifth section is devoted to simulations
and analysis of the results. Finally, the conclusion will be included in the last section.

Notation: A real symmetrical negative definite matrix (resp. positive definite

matrix) is represented by X <0 (resp. X > 0). X ! indicates the inverse of the
matrix X. The marking “*” signifies the transposed element in the symmetrical
position of a matrix.

2. Description of the lateral dynamics of the automotive vehicle

The automotive dynamics model is very challenging to use in controlling and
monitoring applications due to its complexity and number of degrees of freedom.
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For this purpose, a nominal model for the synthesis of observers and controllers is
needed. The vehicle motion is characterized by a combination of translational and
rotational movements (see Figure 1) [14], generally six principal movements. The
model used in this document outlines the lateral dynamics of the automotive vehi-
cle, taking into account the rolling motion (Figure 2) [15]. This model is achieved
by considering the widely known “bicycle model” with a rolled degree of freedom.
Here, the lateral velocity v, (¢), the yaw angle y(), and the roll angle ¢(t) of the
vehicle are the differential variables. The suspension is modeled as a spring and
torsion damping system operating around the roll axis, as illustrated in Figure 2.
The pitch dynamics of the vehicle is ignored or even neglected.

Vertical movement

Pitch
Roll

y

Lateral movement

Longitudinal movement

Figure 1.
The movements of the automotive vehicle bodywork.

Figure 2.
Bicycle model with roll behavior of automotive vehicle dynamics (3-DOF).
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The nonlinear model of the automotive vehicle lateral dynamics considering the
roll angle to be small is given in [12] by the following simplified differential
equations:

my (t) = —myp(t)v, (t) + 2(Fyr + Fyy)
Ly (t) = 2(I,F)r — L¢Fyf) (1)
Lp(t) + Kph(t) + Cob(t) = mhyn (0, (t) +vx(t)ii(£))

All system parameters are defined in Table 1.

Lateral forces can be given according to Pacejka’s magic formula referenced in
[16], depending on the sliding angles of the tires. To simplify the vehicle model, we
assume that the forces F,r and F,, are proportional to the slip angles of the front and

of y
rear tires:
Fyf = Cfaf(t) 2)
FEy, = Coy(t)

where Cy and C, are the front and rear wheel cornering stiffness coefficients,
respectively, which depend on the road adhesion coefficient ¢ and the parameters
of the vehicle. The linear model functions very successfully in the case of small slip
angles; however, in the case of increasing slipping, a nonlinear model should be
envisaged.

3. T-S fuzzy representation of the automotive vehicle lateral dynamics

The challenge in modeling vehicle dynamics accurately is that contact forces are
complex to measure and to model. By using the T-S models’ method proposed in
[15, 17], it is a highly useful mathematical representation of nonlinear systems, as
they can represent any nonlinear system, regardless of its complexity, by a simple
structure based on linear models interpolated by nonlinear positive functions. They
have a simple structure with some interesting properties. This makes them easily
exploitable from a mathematical viewpoint and makes it possible to extend certain
results from the linear domain to nonlinear systems.

Parameters Description Unit
m Vehicle total mass kgl
vy /vy Vehicle speed/vehicle lateral velocity [m/s]
L /1, Roll/yaw inertia moment at the center of gravity [kg m?]
Le /L, Distance from the center of gravity to front/rear axles [m]
Ront Center of gravity height from the roll axis [m]
Cy/Ky Combined roll damping/stiffness coefficients [N.ms/rad][N.m/rad]
Fyr [Fyy Front/rear lateral forces [N]
ag/ay Front/rear tire slip angles [rad]
Table 1.

Parameters of the automotive vehicle lateral dynamics system.
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Tire characteristics are usually assumed that the front and rear lateral forces (2)
are modeled by the following rules:

Fyf = Cflaf(t)

if is M4 then 3

|| 1 (Fyr _ Coa(t) (3)
Fr,=C 2af<t)

if is M, th o f 4

it |ag| is M, en(FyV: s (t) (4)

The front and rear tire slip angles are given in this instance as cited in [12], by

apms(t) — L0 gy
vy () )
0= 5~ pie)

The proposed rules are only made for a(t); this assumption reduces the number
of adhesion functions and considers the rear steering angle to be ignored; ar(t) and

a,(t) are considered to be in the same fuzzy ensemble. The combined front and rear
forces are generated by

zyzémwm%w@

: (6)
FyV - Z hi(‘f@))cﬂaf’(t)

i=1

With 4;(i = 1.2) as membership functions, relating to the front tire slip angles
ar(t), which are considered to be available for measurement, they satisfy the
following assumptions:

2
hi =1
izzl (£@)) )

0<hi(E(t) <1, i=1,2

The membership function 4;(&(t)) expressions are the following:

_ w;(&(t)) with - M
hi(&(t)) ST th : &(t) = |ag(t)] (8)
and
1
)= <1+ fi)-c )2”" ®)

To determine the membership function parameters and the stiffness coefficient
parameters, an identification method based on the Levenberg—Marquardt algorithm

in combination with the least squares method is used as in [18], the values listed in
Table 2.
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Nominal stiffness coefficients Cp Cp Ca C,»

Values 55,234 15,544 49,200 13,543

Membership function coefficients

a; = 0.0785 b1 =1.7009 c1 = 0.0284
a) = 0.1126 bz =12.0064 ) = 0.1647
Table 2.

Nominal stiffness and membership function coefficients.

The nonlinear lateral dynamics of the automotive vehicle, described by Eq. (1),
can be written as follows:

(10)

where x(t) = [vy v ¢ @] " is the system state vector, y(¢) is the measured
output vector, and «(¢) is the input vector. In this study, we consider that the input
signal is the front wheel steering angle given by the driver u(¢) = 6. {A;, B;, C;} are
sub-model matrices, which are given as follows:

a1 an 0 0 bll
0 0 b 0 O
A; = ay ap B, — 21 .G — {Cn 12 }
0 0 0 1 0 0O 1 0 0
aA41 A42 443 44 b
with
2(Csi + Cyi) 2(asCp — a,Cyi) 2(a¢Cp + a,Cy)
an = ——_— 5, a1 = —Ux, d21 = —
MU MUy Lo,
\ 2<aff G — “EC”’) i (Chi + Cy)  2mihon (G + Cri)
ay = Tos > A4 = sl y A4) = gl
. -K Cq +Cyi Crar — Cyay
a43 = hrats — Ky , d4q = %, o= 2Ly = L
I I My MUy
2Cy 2a ¢Cg; 2m hro Ci
bu =" by = =, py =T
L, ml,
Lemma 1. [19] Let the matrices N;; and the condition be
r r r 2
DD ma(E@)hj(E@)Ng =Y hi(&t))Ni
i=1 j=1 i=1
r r
£ (&) j(E(2)) (Ny + Nji) < 0
i=1 i<j
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true if there exist matrices Z; and &; such that the following conditions are fulfilled:

N;; <&, 1=1, ..,7

Nj +N; <E; +E, ij=12 ..,r, i<j

) 1] bl
Ell Elz cen Ely
* =2 ... )%
<0
* * S

4. Fault-tolerant control strategy based on T-S fuzzy observers

The purpose of this section is to design a faulty T-S fuzzy system for the vehicle
model. Then, observers are trained to estimate system states and actuator faults.
Next, a fault-tolerant control law is developed from the information provided by
the observers.

4.1 Faulty vehicle lateral dynamics system description

From the T-S zero fault model (10), the system in the presence of actuator faults
f(t) is described as follows:

@@:immmmM@+MwMW#®D

i=1
2

yp(e) = 32 hi(5())Cix f(2)

i=1

(11)

\

where x¢(t) is the faulty system state vector, y (t) is the measured output vector

of the faulty system, and f(¢) are the actuator faults. upr¢(t) is the control law to be
conceived thereafter; it is considered to be equivalent to a fault-tolerant control law
added to the front wheel steering angle given by the driver.

4.2 T-S fuzzy observers design

In this subsection, the T-S fuzzy observers are constructed to simultaneously
estimate states and actuator faults. Consider the following T-S observers:

(@@:im@m@@w+&@mm+ﬂ®+u@m—%@»

=1

§,6) = > h(E(E)Cets0) 12)

i=1
I 2

Flo) = 3 m(Ee)Gi(yple) ~5(0))

i=1

\

where X ¢(¢) and f(t) are the estimates of the state vector and the faults, respec-
tively. ¥ (t) is the estimate of the output vector. L; and G; are the gain matrices with

the appropriate dimensions to be resolved.
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The output error between faulty T-S fuzzy systems (11) and T-S fuzzy observers
(12) is given by

&(t) =y, (t) = ,(t) (13)
2
=) " hi(&())Cixp(t) — %(2)) (14)
2
= hi(£(t))Ciex(t) (15)
i=1

The dynamics of the estimation errore, (t) = x ¢(t) — X ¢(¢) can be written as follows:

ex(t) =) 0> hil&(0)hj(€(6))((Ai — LiCj)ex(t) + Bie (r)) (16)

i=1 j=1

wither(t) =£(t) —f ().

The tracking error ¢,(t) is expressed by
e(t) = x(t) —x¢(2) (17)

and its dynamics is given by

2 2
é(t) =Y hi(&(t))(Aix(t) + Bau(t)) — Y hi(&(t)) (A () + Bi(uprc(t) +£(2)))
(18)
2
= hi(£(t))(Aier(t) + Bi(u(t) — urrc(t)) — Bf (t)) (19)

4.3 Design fault-tolerant control based on T-S fuzzy observers

A fault-tolerant control is proposed in this section to ignore the impact of faults
and to maintain the stability of the faulty vehicle dynamics system. The suggested
control procedure is outlined in Figure 3 [20].

Consider the following control law:

uprc(t) = — Y hi(E(0)F;(x(t) — %(t)) +u(t) —f ) (20)

=1

where F; are the controller gains.
Substituting Eq. (20) in Eq. (19) gives:

2 2
e(t) =D > hi(E(0)h;(E(t)) (Aiec(t) + BiFj(x(t) — &5 (t)) — Bieg(t))  (21)
i=1 j=1
2 2
=35 hiE®)hi(E)) ((Ai + BiF)er(t) + BiF jex(t) — Bieg(t)) (22)
i=1 j:l
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| 0]

Zero-Fault T—S Fuzzy
Automotive Vehicle Lateral
Dynamics

x(t)

v

Fault-Tolerant P
Control

u FTC (t)

v

Actuator .
faults —— T—S Fuzzy Automotive

£ Vehicle Lateral Dynamics

¥ ()

Y

2 (1), f (1)

T—S Fuzzy Observers

Figure 3.
Observer-based FTC scheme.

Assume that f(t) = 0, so the dynamics of the fault estimation error e £(t) is given
as follows:

2

er(t) =F () = D hi(&)Gi(y ) — 5,(0)) (23)
=1
2 2
= = > kil E@)h;(£(2))GiClex(t) (24)
i=1 j=1

Consider the following augmented system:

2 2
e(t) = > hi(&(t)h;(E())Age(t) (25)
i=1 j=1
e (1)
wheree = | ex(¢) | and
er(t)
A; + BiFj B,’F]' —B;
Zij = 0 A, — L,'Cj B;
0 ~GC; 0
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Theorem 1.1. The state tracking error e;(t), the system state estimation error
ex(t), and the fault estimation errors e¢(t) converge asymptotically toward zero if
there exist positive scalar p > 0, symmetrical matrices P> 0, Q,>0, Y >0, and Y;;
(i = 1,2), as well as other matrices with appropriate dimensions U;, V; and Y
(i, j = 1,2&i <j), such that the following conditions are satisfied:

Ay <Y, 1=1,2. (26)
A,j+AﬁgY,-j+Ygf, ij=1,2, i<j (27)
Y1 Yo
<0 (28)
ES Yzz
where
AP+PAl +BV;+ VB BX; 0
Aj = * —2pY pl
. + QA +4A; Q ~UC; - C,Ul
(29)

_ P 0

withX]-:[Vj —Z} and Y = [ }
0 Z

The gains of T-S fuzzy observers L; and G; and T-S fuzzy controllers F; are

calculated from

i

Fi=V,P, E; = {
G;

} =Q,'U; (30)

Proof: the gains L;, G;, and F; are calculated by analyzing the system stability
outlined in differential Eq. (25) by using the Lyapunov method with a quadratic
function.

Let us select the following quadratic Lyapunov function:

V(e(r) =e" (1)Qe(r) (31)

where Q is divided as follows:

Q0
Q= { 0 Qz]
The time derivative of V(t) = V(e(t)) can be shown to be
V(r) =" (£)Qe(r) +& (1)Qe(r) (32)
2 2
=575 hi(e@)h(E@))E (1)QA () + (Aze(r) (£)Qe() (33)
i=1 j=1
2 2
= DD bk (E@)E (1) (QAy + A;Q)e(t) (34)
i=1 j=1

10
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Ajj can be defined as follows:

o A; + BiF]' B,'Fj
y . (35)

A; B;

_ _[L
N C,-:[C,- 0], andE,-: [ :|
G

i

0O O

Inequality (34) is negative if the following conditions are satisfied:

2 2
V(e) = hi(&@)h;(E() Ay <0 (36)

i=1 j=1

with
[QlAi +A/Q; + QBiF; +F]B/Q, Q.BiF;
Ay = _ L o

BFQ QA; +4;Q, ~ QEC; — C.E Q,
(37)

Using the lemma of congruence, we have

Aj<0eXA;X" <0 (38)
with
-1 -1
0 0
x=|% L y= | , Z=2Z">0
0 Y 0 Z

Then, this inequality is obtained

AiQi + QAT + BiFjQ + Q'FIB]  BF;Y
_r <0 (39)
YBF YS;Y
The negativity of (39) enforces that
S,’j <0
. — =T ==  AT=T
which can be analyzed using the following property:
T T 201
<Y+pSi]_.1> sﬁ(ymsyfl)so@lf&jys —p(Y +YT) = p7S; (40)

Accordingly, (39) can then be delineated as follows:

11
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AQi' +Q'Al +BF;jQ;' + Q. 'FIB]  BF;Y 0
* —2pY pl <0
— =T ==  =T=T
* * QA +A; Qy — QEC; — C]’Ei Q,

(41)

Using lemma 1, and with some manipulations, we can obtain easily (26)-(28).
This completes the proof.

Remark 1. The calculation of the observer and controller gains is done independently
in [11, 21], which is rvestrictive. Therefore, in this study, the resolution of the LMIs is
carried out in one step.

5. Vehicle simulation results

In this section, the computer testing displays a critical driving situation. Initially,
the system states and actuator faults will be estimated. Next, to demonstrate the
effectiveness of the proposed FTC, the states of the faulty system will be simulated
considering the fault-tolerant control law.

Simulations are performed with the forward steering angle profile given in
Figure 4. This shows a sequence of right and left turns. The vehicle data is shown in
Table 3 [22].

Each (A;, C;) is observable. The resolution of the LMIs of the theorem above,
using the LMI toolbox [23] and selecting p = 4, results in the following matrices:

1 | | | |
0 5 10 15 20 25 30
Time [s]

Figure 4.
Steering wheel angle 5¢(t) by [rad].

Parameters Value Parameters Value

g 9.806 m/s’ Iy 118 m

m 1832 kg I, 1.77 m

Uy 23 m/s Ryl 0.90 m

I, 614 kg m” Cy 6000 Nms/rad

L 2988 kg m” K, 140,000 Nms/rad
Table 3.

Values of the vehicle parameters used in the simulations.

12
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r0.3145 0.0416 0.0057 0.0696 7 - 02112 17
0.0416 0.0197 0.0026 —0.0219 —0.8970
P =103 , F1=
0.0057 0.0026 0.0844 —0.3410 ~0.0188
| 0.0696 —0.0219 —-0.3410 3.5255 | | —0.0094 |

[ 0.0844 —0.1222 0.0146 —0.0014 0.0250 ]|
—-0.1222 15054 —0.0286 —0.0433 —0.0480
Q,=10%| 0.0146 —0.0286 3.2562 0.0068 —0.0039 |,
—0.0014 —-0.0433 0.0068 0.0464 0.0001
| 0.0250 —-0.0480 —-0.0039 0.0001 1.3162 |

02642 17

o |1

27 | Z0.0227

_0.0117
—2.0916  14.8942 22.4158 —43.4496
| -4s0ss s 0.8851 —1.4886
"7 | _o01687 10810 |07 | 05984  0.3418
199900 63497 182517 —11.5319

Gy = [40.1735 39.7987], G, = [5.8133 6.7343]

To see the effectiveness of the proposed scheme, we compare the states of the
zero-fault T-S model with the states of the faulty system both with and without the
FTC strategy.

Figure 5 illustrates the time evolution of the fault f(¢) and its estimate f (t),
which shows that the fault estimate followed closely the fault, whereas Figures 6-9
show the response of the automotive lateral dynamics reference system states
simultaneously with its states in the presence of faults, in two scenarios: with and
without the application of the FTC approach.

-05 - =

15 - —

0 5 10 15 20 25 30

Figure 5.
Fault f(t) and its estimate f (t).

13
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40 = Reference model state
-------- Faulty system state with FTC
Faulty system state without FTC

Figure 6.
Comparison of the lateral velocity state v, (t) response in the presence of actuator faults with the reference.

6L . Reference model state
-------- Faulty system state with FTC
———— Faulty system state without FTC

Time [s]

Figure 7.
Comparison of the yaw rate state \js(t) response in the presence of actuator faults with the veference.

== Reference model state
A T Faulty system state with FTC
r Faulty system state without FTC

| 1 1 | |
0 5 10 15 20 25 30
Time [s]

Figure 8.
Comparison of the roll angle state ¢(t) response in the presence of actuator faults with the veference.

In Figures 6-9, simulations of faulty system states in the absence of FTC clearly

show that the performances of the vehicle has been lost and that its states reached
unsustainable levels immediately after the actuator became faulty, but applying
fault-tolerant control law, the vehicle stays stable throughout the simulation

14
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= Reference model state
[ . Faulty system state with FTC
———— Faulty system state without FTC

Figure 9.
Comparison of the roll rate state ¢(t) response in the presence of actuator faults with the reference.

without losing performances despite the presence of faults, demonstrating the
success of the proposed FTC approach.

6. Conclusion

In this chapter, a fault-tolerant nonlinear control law scheme is proposed to
reform the states of the lateral dynamics system of the automotive vehicle when it
becomes faulty at the actuator side. The nonlinear model of the lateral dynamics of
the automotive vehicle is first represented by a T-S fuzzy models, and then the
fault-tolerant control design based on the T-S fuzzy observers is presented. The
mentioned strategy is based on the use of the T-S reference models and the infor-
mation provided by the T-S fuzzy observers. This control law is developed to reduce
the deviation of the faulty system from the reference; it uses the steering angle, the
estimation error, and the tracking error. The stability of the whole system is inves-
tigated in one step with the Lyapunov theory and by solving the LMIs constraints.
The simulations of the automotive vehicle strongly demonstrate that the engineered
FTC is very successful and can be adapted to the specific driving situations. These
results will be applied to the CarSim software in future work.
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