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Abstract: In this paper, a novel fault tolerant control is proposed to accommodate damper faults
( oil leakages) in a semi-active suspension system based on a quarter-car vehicle model. The fault
accommodation is based on the Linear Parameter Varying (LPV) control strategy and involved in 2
steps. At first, a fast time-varying fault is estimated by using the fast adaptive fault estimation (FAFE)
algorithm and based on an unknown input adaptive observer. Thanks to information about the estimated
fault, the dissipativity domain of the semi-active suspension is adapted according to the fault. Then a
single LPV fault tolerant controller is developed to manage the system performances. The controller
solution, derived in the LPV/H,, framework, is based on the LMI solution for polytopic systems. Some
simulation results are presented that show the effectiveness of this approach.

Keywords: semi-active suspension, fast fault estimation, LPV/H,, control, fault tolerant control

1. INTRODUCTION

Automotive vehicles are extremely complex systems composed
of many interrelated subsytems that, in particular enhance the
overall driving comfort, stability and safety (see Kiencke and
Nielsen (2000),Gillespie (1992)).

Among all sub-systems impacting on the vertical vehicle dy-
namics, the supension systems play a key role since they en-
sures the link between the wheels and the chassis (see Fischer
and Isermann (2004)). A well designed suspension system may
considerably improve not only the passenger comfort but also
the car road holding. Recently, the semi-active suspensions
have been more and more widely used in automobile industry
since they achieve the main performance objectives while they
are smaller in weight and volume, cheaper in price, more robust
and less energy consuming. Several control design problems
for semi-active suspension systems have then been tackled with
many approaches during the last decades. In the works of
Savaresi et al. (2010), Poussot-Vassal et al. (2012),the authors
presented several control strategies for semi-active suspensions
(based on the Skyhook, Groundhook, ADD). Moreover, to cope
with the dissipativity constraints of semi-active dampers, some
control approaches using the LPV techniques have been pre-
sented. In Do et al. (2010, 2012), the nonlinearities of the semi-
active suspension are taken into account and written in LPV
form using the saturation of the control input. This method has
been extended in (Sename et al. (2013)) in case of damper faults
but using 3 varying parameters which could be conservative. In
(Poussot-Vassal et al. (2008)), a kind of LPV gain scheduling
anti-windup strategy has been proposed to handle such a con-
straint. This approach will be extended here in the case of some
damper malfunctions.

* This work was supported by the French national project INOVE / ANR 2010
BLAN 0308.

About the fault tolerant control (FTC), in general there a 2 main
groups of FTC: passive (off-line designed) using the robust
control with respect to possible system fauts and active (online
control reconfiguration mechanism) using a FDI module and
accommodation techniques. In more detail, a FDI strategy can
be model-based or data-based and is used to detect, isolate as
well as estimate the faults. During the last decades, FDI mod-
ules, based on the analytical redundancy for fault estimation
(e.g in Zhang and Jiang (2008)), have been received a lot of
attention by many reseachers.

Fault estimation is a key step in designing a fault tolerant
control. In the litterature, there exist many different approaches
to estimate a fault which can be either actuator or sensor
malfunction. Let us mention the classical methods, based on
the parity space theory (see in Gertler (1997)) to generate the
residues and approximate the fault or the bank of observers
approach (see Varrier (2013)) as well as by sliding mode
observers (Edwards et al. (2000)). Recently, a new approach
(see in Shi and Patton (2014)) considered the fault element
as a state of the augmented system and designed an extended
observer to estimation at the same time the state and the fault
of system. However, it is limited to constant faults f(f) = 0.
Then, Zhang et al. (2008) presented a method allowing to
evaluate the time-varying fault by using a fast adaptive fault
estimation (FAFE) methodology based on an adaptive observer.
But therein, the authors solved the problem with a regular LTI
system without considering the disturbances. Next, Rodrigues
et al. (2014) proposed an adaptive polytopic observer for time-
varying fault estimation in spite of the disturbances for a class
of descriptor LPV systems.

The main purpose of this paper is to propose an active FTC for
a semi-active suspended quarter-car vehicle which suffers from
oil leakage. The paper contributions are twofold:

o First, the fault estimation is based on the FAFE algorithm
allowing to determine the magnitude of the fault. This approach



is used for the first time to estimate the actuator fault in a semi-
active suspension system while taking into consideration the
unknown input road disturbance.

o Then an LPV fault scheduled controller is developed to en-
sure the damper dissipativity property and enhance passengerss
comfort and road holding (in normal and faulty conditions).
This controller is an extension of the one in Poussot-Vassal
et al. (2008) where, using the obtained fault information, the
anti-windup kind strategy is adapted according to the estimated
fault in order to guarantee the semi-activeness of the damper.

The paper is organized as follows: the next section describes
about the problem statement. Section 3 presents a method to
estimate the fault on damper. Section 4 is devoted to the design
of a fault tolerant LPV semi-active suspension control. Some
the results of the proposed method are given in section 5.
Finally, some conculsions are drawn in the section 6.

2. PROBLEM STATEMENT

In this work, a simple quarter vehicle, depicted in Fig.1 is taken
into account: This picture presents a single corner of a vehicle.

Fig. 1. Quarter-car vehicle model

In this model, the quarter vehicle body is represented by the
sprung mass (m;), the wheel and tire are represented by the
unsprung mass (m,s). They are connected by a spring with
the stiffness coefficient k; and a semi-active damper. The tire
is modeled by a spring with the constant stiffness coefficient
k. As seen in the figure, z; (respectively z,5) is the vertical
displacement around the equilibrium point of m; (respectively
mys) and z, stands for the variation of the road profile. It is
assumed that the wheel-road contact is ensured.

The dynamical equations of a quarter vehicle model are given
by:

ey

where Fpping = k(25 —2u5) 1s the dynamical spring force, Fyjre =
k:(zus — zr) is the dynamical tire force. Let us denote z4or =
Zs — Zus the damper deflection and Z4er = Zs — Zus the damper
deflection speed. The semi-active damper force is expressed by
a linear model as follows:

mgZs = _Fspring —Fyq
Myslus = Fspring + Fsa— Frire

Fsa = C.Zdef = CoZdef tu 2)
. CimintC, v
with ¢pin < ¢ < Cmax and co = (MTW)

Concerning the semi-active suspension control, the main chal-
lenge is to take into account the dissipativity of the damper
and the saturation in the synthesis step. If this dissipativity
constraint is not considered, it is necessary to “saturate” the
control input without any performance and stability guaran-
tees, which is referred to as the clipped strategy in (Savaresi

et al. (2010)). In (Poussot-Vassal et al. (2008)), the considered
semi-active damper is simply modeled as a static map of the
deflection speed/Force, i.e a lower bound and upper bound of
the achievable forces as shown on Fig.2. This static model is
thus a saturation function of the deflection speed, denoted as
the dissipative domain D(Z4.r). Moreover, a smart parameter
is introduced allowing to take the real abilities of the damper
into account. This scheduling parameter is indeed defined as a
function of the difference ”&” between the computed damper
force Fy (given by the controller) and the achievable one F+,
that was used to satisfy the dissipative damper constraints.
Therefore, the scheduling parameter depends on D(Zg ).
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Fig. 2. Dissipative domain D graphical illustration

As shown in Poussot-Vassal et al. (2008), this method gives
very good results nominal condition i.e without faults. How-
ever, if the damper is subject to faults e.g. oil leakages, the
method becomes no longer appropriated. Indeed, for a faulty
semi-active suspension, the available damping force (low and
high level) is lower than a heathy damper and consequently
the deflection motion increases. It means that the dissipative
domain will change in the presence of fault. Therefore, this
domain depends on both the deflection speed and the fault, and
so-called Dy(Z4e5, f) as in Fig.3 with f stands for a fault to the
damper.
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Fig. 3. Dissipative domain Dy in presence of fault

As a consequence, if the saturation constraint is not adapted,
then the dissipativity condition is not be guaranteed. Indeed,
the required force could be outside of the range of the “real”
faulty force (even if valid inside of the range of the healthy
force). In this case, the control performances are not ensured if
some fault information is not included into the control design.
To deal with this problem, in this work, a LPV fault tolerant
control is proposed to include the dissipativity constraints of
the semi-active suspension in case of malfunction in order to
achieve good performances.



2.1 Problem formulation

Let us consider now a fault on the semi-active damper e.g an oil
leakage which induces a lack of force modeled as:

Fgq= Q(COZdef' +u)
= C0Zdef +u+ (@ —1)(coZdes +u)

3

where F, stands for the fault force expressed as a reduction of
the nominal semi-active force and @ € [0 1] is the oil leakage
degree, e.g. @ = 0.8 means that the damping force will be of
80% of the nominal damper force Fg, due to a lost force f of
20%. f = (@ — 1)(coZges + u) stands for the fault.

= C0ldef +u+f

Then the state space representation of the vertical dynamic
using a quarter car model and taking into account a faulty semi-
active damper, is given as follows:

X=Ax+Biw+Byu+Ef
y=Cx

“)

where x = (25, Zs, Zuss Zus). € R is the state vector, w = z, is the
disturbance input, u € R™ is the control input, y = [z5 — Zys, 25 —
Zus] = [Zdef,Zder] € RP is the output vector and f € R” stands for
actuator faut.

0 1 0 0 0
—ks —co ks ‘o 0
_| my my mg nig
A=19" 0 0 UopBEL )
ke co  ke+k o :
- mys
Mys Ny My My
-1 17" -1 1| 10-10
BZZ 0_0 ],EZ[O—O :|’C:[
[ myg o mg My 010 -1

This model will be used in the next section in order to estimate
the fault actuator f based on an adaptive observer. Then from
the estimated fault, a LPV FTC will be developed and allows a
fault accommodation.

3. FAULT ESTIMATION

This part shows the procedure to estimate the fault actuator on
a damper using an adaptive observer. This is developed based
on the method in Rodrigues et al. (2014) (which is used for the
descriptor LPV systems).

Consider now the state space repesentation (4), if the following
assumptions are satisified:

e Assumption 1: rank (CE)=r.

e Assumption 2: The matrix (A,C) is observable

e Assumption 3: The fault f(¢) and the derivative of f(r)
with respect to time are norm bounded i.e: 0 <|| f(?) ||<
and 0 <|| £(?) ||< ap with 0 < @, < 0.

The state space repesentation (4) includes the road disturbance
w = z, which is clearly the actual unknown input in the sus-
pension system. Therefore, while estimating the fault actuator
f, one needs to take into account this unknown input. To deal
with this problem, an unknown input adaptive fault observer is
proposed and given as the following structure:

|

;=Nz+Gu+Ly+Ef

X=z+Toy )
y=Cx

where z € R" is the state variables of the observer, X € R"

the estimated state variables. € R” is the estimated output

vector and f(r) € R is the estimation of the damper fault f(7).
N,G, L, T, are the observer matrices to be designed.

Denote : ex(r) = x(r) = X(1), ey (1) = y(1) = 3(0), ep(1) = f(1) —
f(#) are state, output and fault estimation error respectively. If
Ti=1-T,C,thene, =T x—zand
ex=T1x-z2
=Ti1(Ax+Biw+Buu+Ef)—(Nz+Gu+Ly+Ef)

After some manipulations, one has:

éx=Ney+Ees+(T\E-E)f +
+ (T]A —NTl - LC))C+ (T132 - G)u + T1B1w
If the following conditions hold:

T\A-NT,-LC=0,T1B,-G=0,T1B =0,M :=T\E-FE
Then, the estimation error dynamic is given by:

é.x(t)=Ney(t)+ EEf(l‘) +Mf(1),
ey(t) =Ce(1)

The convergence of the state estimation error (6) can be verified
by the following theorem:

(6)

Theorem 1: (see Rodrigues et al. (2014)) Under these assump-
tions 1-3, given scalars o, u > 0, if there exist symmetric posi-
tive definite matrices Q, Py, P;, P3, and matrices W, U such that
the following conditions hold:

e *

1 1 1 |
—-—ET(QT1A+WC) -2—ETQE+ —P,+ —P;3 <0 (D)
o P = i

and
ETo=UC (8)
1
where © = (T1A)7 0 + Q(T1A) + CTWT + WC + —P; and *
7
stands for the symmetric elements in a symmetric matrix.

Then the following fault estimation algorithm:

[ =TU@(0) +0e,(0) ©)
can realize e,(f) and e (r) uniformly bounded, where I' € R™"
is a symmetric positive definite learning rate matrix.

Then it is easy to show that the estimated fault can be deduced
from the expression (9) as follows :

!
fo) = FU[ey(t)+0' f ey(T)dT]
Iy
where ¢/ is the time since fault occurs. The fault reconstruction
in (10) combines a proportional term with an integral one that
allows to improve the rapidity of fault estimation.
Therefore, to obtain the fault estimation, one needs to solve
conditions in Theorem 1 which consists of a Matrix Inequality
(7) and an equality matrix constraint (8) which are transformed
into following optimization problem:

(10)



Min vy subjects to (7) and
yI ETo-UC
T T >
(E'Q-UC) vl
Solving this optimization problem, we obtain the values of

observer matrices N,L,G,T,> and the estimation of the fault
actuator.

0 (11)

4. FAULT TOLERANT LPV SEMI-ACTIVE SUSPENSION
CONTROL

In this section, an LPV fault scheduled state feedback controll
is proposed to ensure the damper dissipativity and keep good
dynamic performances of the faulty semi-active suspension
system. Of course, some gracefull performance degradations
are allowed.

W —sl W f—s|</ Ty W;r — |
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Fig. 4. General block diagram

The overall controll structure is presented in Fig (4). In this
work, the LPV static state feedback controller K receives the
state variables x as an input and computes the damping forces
u to be added to the nominal damping forces cozge s in order to
improve the vehicle performances. This controller is scheduled
by the parameter p that constraints the control signal or not,
in such a way that the required forces F; remain semi-active
and adapted to damper ability. The fault estimation algorithm,
proposed in the last section, allows to estimate the fault in
damper. This estimated fault is used to modify the dissipativity
domain D¢ (Zgef, f) of the semi-active suspension allowing to
schedule parameter p. Some weighting functions are then taken
into account in the controller synthesis to improve the perfor-
mances of the vehicle:

e W, isused to shapes the road disturbances effects z,
s2+2§1 191 S+Q12

. = rel h mf rfor-
W, = ke, 20516, elates to the comfort perfo
mances s

_ s +2§2192S+QQ :

o W, = s T2ty 516" relates to the road-holding per-

formances

e W,(p) = p is used to penalize (more or less) the control
input signal amplification according to the p signal. More
specifically, it is used to guarantee the semi-activeness
(see next subsection).

Remark: The weighting functions W, , W, are chosen thanks

to the genetic algorithm as in Do et al. (2011) .

4.1 Scheduling parameter

The method proposed in the previous work of Poussot-Vassal
et al. (2008) for a quarter car in order to fulfill the dissipativity
constraint, aims at increasing or decreasing the gain of the
weighting filter W, on the damper control signals, according to
a given scheduling strategy. Indeed, if the required force com-
puted by the controller is active, a scheduling parameter allows
the controller to enhance or not the performance specifications,
so that the required force remains dissipative. This method is
extended here in case of a faulty damper. Let us now define the
clipping function for the faulty case:

Definition of Fault-scheduled clipping function:

Due to the controlled damper limitations (i.e. the effective
force provided by the damper F; should lie in the dissipa-
tive domain), the following Fault-scheduled clipping function
Df(Fd,ngf,f) is defined (see also illustration in Fig. 3) as:

Fy ideGDf-

D(Fa e f) - Fa = { reitren, (2

where Fy is the required force (given by the controller) and F;
is the orthogonal projection of Fy on D 7.

This definition will inspire the form of the considered schedul-
ing parameter used in the LPV control.

In more detail, the p parameter is tuned as following:

e when p is low, W, (p) is small and it does not penalize the
control signal u.

e when p is high, W, (p) is large and it attenuates the control
signal u to remain in semi-acitve domain.

For that purpose the following scheduling strategy p(e) is
introduced:

Je) ife<u
p—p
pE) =1 p+—=(e—p) ifu<e<u (13)
- u
o if € >2u
e=|lFq—Fygll (14

where ¢ is the distance between the required force and the force
projected on the adapted dissipative domain Dy (according
to the function of Df(Fd,z'def, f). u is a design parameter
that modifies the dead-zone of the p(e) function (u is chosen
sufficiently low e.g y = 0.1).

Remark:

o By this definition, p(g) belongs to [p,p] which is essential
in the LPV framework (p = 0.01, ﬁ_z D).

e c+0(oF,;+F dl) means that the required force is outside
the allowed range. Conversely, e = 0(& Fy=F j) means
that the force required by the controller is reachable for
the considered semi-active actuator.

This varying parameter has been used to schedule the designed
static state-feedback vehicle controller.

4.2 Hw/LPV control design for FTC

It is worth noting that, while the model car is a LTI system, the
generalized plant (which consists of the suspension model and
weighting functions) is a LPV one because of parameter depen-
dant weighting function W,(p). Then the following parameter



dependent suspension generalized plant (X,(p))is expressed in:

&=A(P)E+Bi(p)w+ Bou
2=Ci(E)E+Din(p)w + Diau
y=C¢

where € = [Xquarter Xw f]T Xquarters Xwy are the quarter model
and weighting function states respectively.

Z=[z1 z2 z3]" are the controlled outputs,

W = [z,]: the disturbance input signal,

Y = [Zdef Zdey]: output signals.

u = ufl~: the suspension control signal derived from the
H.,/LPV framework,

p : the varying parameters, p € [0.011].

The generalized plant (15) depends on the varying parameter
(), so Z,(p) can be expressed as a polytopic system composed
by N =2 vertices w;, i=1,2:

2(p) : 5)

() = |;_>—p|
PO

2(p)+|p
-p Vi (P

where X! (p) defines the system at i vertice;

-pl
—Z,(p) (16)
_e) —

Now, let denote K is the state feedback controller of the gen-
eralized plant X,(p) such that the control input: u/~ = K.x.
Then, thanks to the Bounded Real Lemma (BRL), finding such
a controller leads to solve the optimization following (see in
Scherer et al. (1997)):

Min vy such that:

(A+BoK)YP+P(A+BK) B PC1 +Di:K)T
% -7 Df
il
* * -y I

<0

7
where P is a symmetric positive definite matrix. The condition
(17) is a Bilinear Matrix Inequality (BMI), by denoting Q = KP,
one obtains the following LMI:

(AP +BrQ) + (AP +B,Q" B1 (C1P+ D Q"
% -7 D
)1
—*T

* *

<0 (18)

Solving this problem, one receives the state feedback controller

K=QpP L

It is important to note that the suspension controller is designed
using Ho,/LPV framework for the polytopic system. Then the
LPV-FTC controller is a convex combination of the controllers
computed at each vertex, so the control input can be expressed
as:

UM = lo—pl

lo—pl

w=|=——K(p)+ =——K(p)|x 19)
p=p — (o-p =

Since the LMI problem is solved at each vertex of the polytope

formed by the limit values of the varying parameter, the stability

will be guaranteed for all trajectories of the varying parameter.

5. SIMULATION RESULTS

To validate the proposed LPV-FTC, simulations are performed
on a non linear Renault Mégane Coupé (RMC) model from the
test car available in MIPS Laboratory (Mulhouse, France) (see
in Zin (2005)). The model parameters are given in the following
table:

ks[N/m]
29500

ki[N/m]
210000

c[Nm/s]
{700,5000}

Parameter mg[kg] myslkgl
Value 315 37.5

Table 1. Parameter values of the Renault Mégane
Coupé quarter car model

The following scenario is used to test the performance of the
proposed LPV/H, fault tolerant control:

o The vehicle runs at 30km/h in a straight line on a dry road
(u = 1 stands for the adherence to the road).

e The vehicle has a faulty semi-active damper because of
a oil leakage, 50% of reduction of the nominal damping
force (a = 0.5), occurs at t=0.

e a 3cm bump on the wheel from =1 to 1.5s.

First, the actuator failure has been estimated using the proce-
dure presented in section 3. Fig.5 shows the estimation of oil

Fm_

leakage degree & =

which represents a lost force of

sa
50% with respect to the nominal damper force.

Estimation of oil leakage

a=0.5| |
a

o

) 1 2 3 a 5 6
time (s)

Fig. 5. Estimation of oil leakage

Here the given simulation results aim at proving that the fault-
scheduled LPV strategy to handle a damper failure, are improv-
ing the performances of the previous LPV semi-active control
strategy in Poussot-Vassal et al. (2008).

The result will show a comparaison between a classice semi-
active LPV controller without fault tolerance features, denoted
as "LPV nominal without FTC” in blue, and the proposed LPV-
FTC in red. Figure 6 shows that in case of faulty damper, the

LPV FTC
LPV nominal without FTC

sprung mass displacement (m)

3
time (s)

Fig. 6. Sprung mass motion

LPV-FTC allows to mitigate the sprung mass displacement with
respect to the LPV nominal without FTC. Indeed, when the ve-
hicle occurs a bump, the suspension force is required to reduce
this motion. Because of a reduction of the nominal damping
force, the LPV without FTC cannot compensate the fault. On
the other hand, by a FTC strategy, it allows to reconfigure the
damper force and attenuates the motion. The comfort of the
passengers is then increased in contrast to the not adapted case.
The unsprung mass displacement and the suspesion displace-
ment are plotted in Figure 7, 8. The LPV-FTC allows to reduce
the unsprung mass motion as well as the relative deflection with



LPV FTC
LPV nominal without FTC

unsprung mass displacement

time (s)

Fig. 7. Unsprung mass motion

LPV FTC
LPV nominal without FTC

~0.005 |-

suspension deflection
o

-0.01F

-0.015

-0.02

Fig. 8. Suspension deflection

respect to the LPV nominal without FTC. It demonstrates that
the road holding is improved by the proposed method.

6. CONCLUSION

The paper has presented a new LPV/H,, fault tolerant control
for a faulty semi-active suspension system. When there exist
a fault in damper such as oil leakages, the fast adaptive fault
estimation algorithm is used to estimate the damper fault. Then
using the obtained fault information, the LPV FTC is designed
to ensure the damper dissipativity constraint. This FTC strat-
egy allows to online reconfigurate provided suspension force
according to fault situation, in order to achieve the designed
performance objectives in both comfort and road holding.
Moreover, the Fault Tolerant Control has been designed in the
LPV/H,, framework allowing to simplify the implementation
procedure. The next step of this work will be the implementa-
tion of this strategy on a test benchmark, available at Gipsa-lab
Grenoble, developed in collaboration with a high-tech start-up
”SOBEN". It consists of a vehicle equipped with four control-
lable Electro-Rheological dampers, and of 4 DC motors gen-
erating separately different road profiles on each wheel. First
experimental results on the test-bed are presented in Sename
etal. (2014).
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