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Jle-based fault diagnosis for diesel engines

Boulaid Boulkroune', Olivier Pages', Abdel Aitouche?, Ali Zemouche? and Ahmed El Hajjaji!

Abstract— The problem of fault detection for diesel
engines is addressed in this work. The proposed ap-
proach allows to detect and estimate actuator and
sensor faults. The residual design procedure is pro-
posed for nonlinear parameter-varying systems. In-
spired by some works in literature, the maximization
problem of fault effect and the minimization problem
of disturbances effect on the residuals is transformed
to one problem of £;-norm minimization. Sufficient
conditions for the existence of residual generator
are formulated in terms of linear matrix inequality
(LMI) sets. Performances of the proposed approach
are shown through the application to a diesel engine
model.

I. INTRODUCTION

In order to avoid process performance degradation,
faults must be detected and located as quickly as
possible in order to be able to take appropriate
decisions before they turn into failure. This is why
the early detection and isolation of faults is crucial for
ensuring process safety and efficiency. Different fault
detection and isolation (FDI) techniques are proposed
in literature. The diversity of the proposed solutions was
enriched by the growing interest of the industry. Among
these solutions, model-based FDI systems have found
extensive use due to its fast response to abrupt failure
and to its implementation in real-time algorithms.
This type of diagnosis method can be performed over
a larger operating range. It allows also to isolate the
faulty components since that a single fault in a process
can propagate to several outputs. Furthermore, high
diagnosis performance can be obtained despite the
presence of disturbances.

Observer-based robust fault detection has received
great attention in the last decades. For linear systems,
various approaches have been proposed ([1],[2] and
[3]). However, few methods are proposed for nonlinear
systems and most of them are dedicated to a specific
class of nonlinear systems. Besides, the extension of
the existing results of linear case to nonlinear case is
still a challenging task. The problem of model-based
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fault detection for the class of Lipschitz systems has
been covered by ([4], [5], [6] and [7]). Generally, a fault
detection filter is designed in order to minimize the effect
of external disturbances and to maximize its sensitivity
to faults on the residuals ([8]). In order to achieve these
objectives, many design criteria such as 5%, norm, 4
norm, and 57 index have been proposed to evaluate
the effectiveness of fault detection filter design ([9],
[10], [11], [12], [14] and [8]). These criteria are used
for constructing optimal filters : J& /., ./ H3 and
H | Hi. The latter criterion is used to design robust
fault detection filters for LPV systems (for instance [15]
and [16]). 22/, is also used in fault diagnosis for
Takagi-Sugeno nonlinear systems in [17]. The authors
are extended the method of fault diagnosis based on 572
control framework, developed for linear systems in [12]
and [13] including a reference model shaping the residual
signals in order to improve fault detection, isolation and
estimation. Therefore, in this paper, this method will
be extended to design residual generators for nonlinear
parameter varying-systems with application to diesel
engines.

On-board diagnosis of automotive engines has become
increasingly important because of environmentally
based legislative regulations such as OBDII (On-Board
Diagnostics-IT)[18]. On-board diagnosis is also needed to
guarantee high-performance engine behavior. Today, due
to the legislations, the majority of the code in modern
engine management system is dedicated to diagnosis.
Model-based diagnosis of automotive engines has been
considered in earlier papers (see e.g. [19] and [?]), to
name only a few. However, the engines investigated
in these previous works were all gasoline-fueled and
did not include Exhaust Gas Recirculation (EGR) and
Variable Nozzle Turbine (VNT). Both these components
make the diagnosis problem significantly more difficult
since the air flow through the EGR-valve, and also the
exhaust side of the engine have to be taken into account.
An interesting approach to model-based air-path faults
detection for an engine which includes EGR and VNT
can be found in [20] and [21]. By using several models
in parallel, where each one is sensitive to one kind of
fault, predicted outputs are compared and a diagnosis is
provided. In particular, the hypothesis test methodology
proposed in [20] deals with the multi-fault detection in
air-path system. In [21] the authors propose an extended
adaptive Kalman filter to find which faulty model
best matches with measured data, then a structured



hypothesis allows going back to the faults. A structural
analysis for air path of an automotive diesel engine has
been developed in order to study the monitorability
of the system [22]. Other approaches to detect intake
leakages in diesel engines based on adaptive observers
are proposed in [23] and [24] and recently in [25].
Another approach based on a nonlinear unknown input
observer (NTUO) for intake leakage detection is proposed
in [26]. For sensor fault diagnosis, few results have been
proposed in the literature although the use of healthy
measurements is strongly required in such systems.
In [27], on-line sensor fault detection, isolation, and
accommodation in automotive engines was proposed. In
[28], fault detection for diesel engines using signal and
process model-based methods was proposed. An expert
system for fault diagnosis system in internal combustion
engines using wavelet packet transform (WPT) and
artificial neural networks (ANNSs) techniques has been
proposed by [29]. Recently, a sensor fault detection
approach for diesel engines is proposed in [30]. This
approach is based on nonlinear unknown input observers
which are used to estimate jointly the original states
and the sensor fault.

This work deals with the problem of fault detection for
diesel engines. The proposed approach can be used for
detecting, isolating and estimating actuator and sensor
faults in nonlinear parameter-varying systems. First, the
nonlinear structure of the system is used in the residual
generation to keep the system dynamics. Based on the
the modified mean value theorem (MMVT) presented
in [31], the nonlinear term in the error dynamics is
expressed as a convex combination of known matrices
with time varying coefficients. Then, the problem
of disturbance effect minimization and fault effect
maximization on residuals is reduced to a problem of
£o-norm minimization. This was possible by building the
residual generators as a difference between real residuals,
i. e. difference between real output and its estimate, and
a reference model virtually fed by the fault signal. The
reference model is chosen as first order low-pass filter.
Finally, the £;-norm minimization problem is solved
by applying the bounded real lemma (BRL). The main
advantage of this method is its applicability to a wide
large operating points and the residual generator gains
are determined off-line which making its real online
application very easy.

II. PRELIMINARIES AND DEFINITIONS

We introduce some notation and definitions that
will be used throughout this paper. R denotes the set
of real numbers. The set of p by g real matrices is
denoted as RP*4. AT and A~' represent the transpose
of A and its left inverse (assuming A has full column
rank), respectively. I, represents the identity matrix
of dimension r. (x) is used for the blocks induced by

symmetry. ||.|| represents the usual Euclidean norm.

Let us consider the following class of nonlinear systems

X = A(pj)x+Bgg(v,y,u)+Bgf(x,u)+Byd+Byw
y Cx+Dgyd + Dyw

with A(p;) = Zj‘;l pjA;, where x € R™ is the state vector,
u € R™ is the control input vector, y € R™ is the output
vector, D € R™ is the vector of measurable signals, d €
R represents the actuator and sensor fault vector and
w € R™ is the disturbances vector. A;, with j=1,--- 7,
B,, By, By, By, Dy, D,, and C are constant matrices with
appropriate dimensions. All the pairs (4;, C), with i =
1,---,np, are assumed detectable. Functions g (v,y,u) and
f (x,u) are nonlinear. Besides, function f (x,u) is assumed
to be once differentiable. The weighting functions p; are
assumed known and depend on measurable variables, and
verify np

szlpJZO, V]€{177”p} (2)

j=1

It is important to note that the structure of system
(1) is different from Takagi-Sugeno (TS) models. In
fact, sometimes it is not important to write nonlinear
models in a TS form especially when the number of
nonlinearities is large as the case of diesel engine models
(see section IV). Consequently, rewrite nonlinear models
as in (1) becomes an interesting solution to overcome
these difficulties. Besides, most of nonlinear systems can
be easily written as in (1) without any transformation.

For manipulating the nonlinear function f, the
MMVT theorem presented for a general vector function
f in [31] is applied in this work. It is used to express the
nonlinear error dynamics as a convex combination of
known matrices with time varying coefficients. The main
principle of MMVT is presented in the following Lemma.

Lemma 1: [[31]] Let the canonical basis of the vectorial
spase R* for all s > 1 be defined by
i th
. . = T .
Ey = {es(i) | es(i) = (0,..,0, 1 ,0,...,0)", i=1---s}
| ——
s components

Let f(x): R" — R" be a vector function continuous on
[a, b] € R" and differentiable on convex hull of the set
(a, b). For s1, 52 € [a, b], there exist §}*" and 5[;”” for
i=1---nand j=1---n such that

f(s2)—f(s1)= K Z Hil?ax(sir;lax)‘l'( Z Hir_?m@r,r’lin)] (s2—51)

i,j=1 ij=1
I, B0 > 0,81+ 0 = 1 3)
afi i (9
o hj™ = max( a}{/) and A" < mln(a—){j)

o H™ = en(i)e,{(j)hg?ax and Hi’;-li“ = en(i)e,{(j)h?}i“,

III. OBSERVER-BASED RESIDUAL GENERATION DESIGN

The aim of this work is to design a residual generator
for nonlinear parameter-varying systems described by
(1). Indeed, the system (1) represents a large class of



nonlinear systems. Let’s consider the following residual
filter :

=
|

A(p)2+Bgg(v,y,u)+Brf(%,u)+L(p)(y—F) (4a)
e (4b)
K(y—9) (4c)

with L(p) = Z;p:lijj. e R and r(t) € R are
respectively the estimated state vector and the residual
vector. The residual generator gains are matrices L and
K. These matrices should be determined such that the
asymptotic stability of residuals is guaranteed. Notice
that the index p is omitted where it is not necessary in
order to simplify the notations.

N
Il

First, let define the state estimation error e as e(t) =
x(t) — (). Then, the error dynamics and residual expres-
sion can be expressed as:

(A—LC)e+Bf+(By—LDg)d+(Byw—LDy)w  (5a)
KCe+KDyd+KD,,w

e =

r =

Now, by using Lemma 1, the nonlinear term f(£,x) can
be written as

Fa) = K"z H;;.laxsg?ﬂ> + <"z" Hglinair;ﬁnﬂ e (6a)

ij=1 ij=1
S, S0 > 0, 51 4 §Iin = | (6b)

To simplify the form of the final result as in [31], the
n,n

terms Y. (87 4 8{") must be scaled to one. If all the
ij=1

terms in % are not zero, then the scaling factor B can
J

n,n .
be computed by Y (5,-‘}“"‘ +6i‘;?m> =n?=p.
ij=1 3
Then, (6a) are rewritten as f = ae, where « =

K ¥ H;;HXS,.;"“X> ¥ < ¥ HiTi"S,-‘;‘i“ﬂ, with
J

ij=1 ij=1

_ _ _ _ . 1 o, _ .
B N 2 0,85 4 B = 2 N (S48 ) =1
ij=1
where Ao — BHmax, §max — §max /g ang §min — gmin /B,
Then, (5) becomes :

é = Ace+Beyd+Beyww (73)

r = Cee+Dyd~+Dpyw (7b)
with A, = A 7LC+Bf(X, B,,=B;— LDy, B,, =B, —LD,,,
C.=KC, D,y =KD; and D,,, = KD,,.

As seen in equation (7), the error dynamics and the
residual r depend only on the fault d and the disturbances
w. Now, the fault detection problem is reduced to mini-
mize the effect of disturbances and to maximize the effect
of the fault on the residual simultaneously. Indeed, one
solution is to use the well known H_/H. approach. Thus,
the effect of disturbances on the residuals is minimized
using the H. norm while the effect of the fault on the
residual is maximized using the H_ index. However, using
the two performances simultaneously increases the prob-
lem complexity. In this work, the H /H. optimization

problem is reduced to one H. optimization problem by
introducing the following variable r, expressed as :

re=r—Wrd (8)

where Wy is a transfer function representing the desired
transfer from the fault d to residual r and is called
reference model. The idea of a reference model has
successfully used in controller design, adaptive control
and diagnosis. Therefore, the maximization of the
effect of the fault on the residual r is equivalent to
minimization of the effect of the fault on the residual
€ITOr 7.

As explained in [12], structure of Wy can be chosen
depending on the fault diagnosis purpose. Thus, the fault
estimation problem can be obtained by choosing Wy equal
to the identity matrix, Wy =1 and the fault detection
problem can be obtained when Wy is a 1 x ny matrix.
Also, Wy is not required to be a static matrix. In this
work, Wy is chosen as

=g 5] o

Now, from (7) and (8), the following augmented system

is obtained : & = AgE+Bgv (10a)
re = C€€+D§V (10b)
where e d
5 — I: xf :| , V= I: W :| ) (lla)
_ A, 0 _ Beq  Bew
Ag = { 0 Af}’Bi_{ By 0 } )
C‘é = [ C. _Cf ]7D§ = [ Drd_Df Dy ] (11C)

The problem now is reduced to determine the gains L
and K that provides convergence of & and minimizes the
influence of the fault and disturbances on the residual
error (r,) using the standard £,-control problem. In this
case, r, represents the controlled output. It is worth to
note that in the fault estimation problem, the transfer
function from the vector v to the residual r. includes
a direct term Dg which is not null. Consequently, the
lower bound (min) of He norm of the closed loop transfer
function from internal input to external output will be
greater than or equal to [|Dgl|e. When Dg = I, ¥nin will
be greater than or equal to 1 which leads to an over
estimation of the fault estimation error. To overcome this
difficulty, two solutions are proposed in [12]. The first
solution is to filter the estimation error using a low-pass
filter by taking : (12)

where W,, is a low pass weighting matrix. The second
solution is to model the fault signal as the output signal
from a low pass dynamic system by taking

Tef = Wer,

d=Wyd (13)

where W, is a diagonal weighting matrix with first-order
low pass transfer functions in the diagonal. The first
approach is used in this work with a constant matrix W,.



Based on (13), the augmented system (10) is rewritten

as follows € = AgE+Bev (14a)
Tef = Cgé +Dgv (14b)

where Ce = Wl C —Cf], (15a)
D = We [ Dyy—Dy Dy } (15b)

The sufficient condition of the existence of the residual
generator r is given in theorem 1.

Theorem 1: System (14a)-(14b) is asymptotically sta-
ble if there exist a symmetric positive definite matrix
P >0 and a positive scalar y > 0 such that

Al PB—RiD  (KC+Cp)t
(%) —vI (KD+Dy) < 0 (16a)
(%) (%) v
Al PB—RD  (RC+Cy)T
(%) -yl (KD+Dy) < 0 (l6b)
(%) (%) -
Vi=1,---,n, j=1,--- ,nand k=1,--- ,np, with

o AT = (At BT P+ P(Ar+BH™) — CTR{ — RiC;
o AN = (A +BrH™T P+ P(Ay + BHS™) — CTR] — RiC;
where H?™ =Z, HHG™, A" =ZyH™", with Zy = n xn.

Matrices B C, D, Cf, Dy and K are given as

B = {gj %W],c‘:[c 0], (17a)
D = [ Dy Dw} Cr=We| 0 —Cy ], (17b)
Df = We| -Dy 0], K=W.K (17¢)

Matrices P, R; and K are obtained by solving LMIs
(16a)-(16b). The matrices Ly can be obtained from L; =
[1 0]P 'R

Proof 1: Based on linear bounded lemma [32], the
transfer from & to r, is minimized using H. criterion if
a matrix P and a positive constant y exist such that the
following condition holds:

A[P+PAz PBy Cf
E= (*) —vl Dg <0
() () v

where P is positive symmetric matrix.
From (11b), (15a) and (15b), (18) can be expressed as

(18)

ATP+PA—CTRT —RC PB—RD (KC+Cy)T
== (*) —yl (KD-FDf)
(+) (*) -

where A=A+Bsa, R=P . Matrices B, C, D, Cy,

L
0
Dy and K are given in (17).

By substituting o by its expression, we obtain :
- Amax PB—RD (RC+Cy)T
Z -yl (KD+Dy)
J=1 (*) () -1

Mmax

[I]

nn A“““ PB—RD (RC+
+ Z 5 - (KD +
=1 (*) (%) v

min
Mij

with AP = (A+BH™)" P+ P(A+ BH™) — C"R" —RC, AJj" =
(A + BfHI™TP + P(A + BeHR™) — CTRT — RC. Since we have
6,-';‘3", 67" > 0, the negativity of E is ensured if

M <0 and

M < 0 (19)

By substituting A(p) and L(p) by their expressions, (19)
can be written as follows:

}’Lp .
Zpk mX <0, Y MM <0 forall k=1,...,n, (20)
k=1
where A" PB_RD (RC+Cp)
e =] () -y (KD+Dy)
(*) (¥) —yl
AP PB—RD  (KC+Cp)T
=| () -y (RD+Dy)
(*) (¥) —yl
with
o AU = (At BpHI™)TP+ P(Ag + BAHR™) = CTRY — RiC
. A:";(n — (Ak +Bme'")TP+P(Ak +Bf[:1irjr‘lin) _C«TRIZ" —RkC;

Since py >0, Vk=1,---,np, the condition (20) holds
ifMl.r}.’,?X<0 and M;}‘,i“<0,Vi:1,-~~,n,j:l,~--,nand
k=1,---,np. This ends the proof.

IV. ENGINE MODEL

The diesel engine considered in this paper is a
four-cylinder engine with a EGR and a VNT. Due to
space limitation, we present directly the air-path model
writing in state space form as (1). For more details we
refer the reader to [30]. The engine is equipped with
sensors measuring in-flowing air Wypys, the temperature
after CAC Teac, inlet-manifold pressure Py, exhaust-
pressure Pgy, and exhaust-temperature Tg,;,. The control
inputs are the injected fuel Wgy,., the turbine vane
position Xyyr, and the EGR-valve position determining
the valve opening-area Agggr. Notice that the following
variables : Tcac, Whrm, and Ng,e are considered as
measurable signals.

The considered air path model is expressed as follows
(1), where the state, known input and output vectors and
the variables p and v are defined as

x = [ Puwe mar meor mpa || (21)
w = [ Ager Xonr Wrwa | (22)
y [ Puter Pean | (23)
P = Ngug (24)
v = [ Teac Wurm }T (25)

where my;, and mggg are re 1pectively the mass of air and
EGR—gaz in intake manifold. mg,;, represents the mass
of exhaust gas in exhaust manifold. The matrices A; and
A, are given by :

P O e R
o 4 0 o 0 —a 0 0
A=l g 0 —a 0" 0 0 —a 0
0 aj aj 0 0 a az 0



. _ fvnlﬁEngVEng _ fvolﬁEngVEﬂg
Wlth ar = 120V1nler and @ = 120V1nler

NEng are, respectively, the minimum and maximum value
of the measurable variable Ng,g. p1 and p; are defined as

, where N, and

_ NEng_NEng NEng_MEng

pi and py (26)

NEng _NEng NEng _NEng

Matrices Bq, By, Bg, By, D,,, C and Dy are expressed
as :

2
_ JvotVEngNEng  REsy TEGRCp Exh

[ Raircpair
c‘:; ,v,.[\]/,:lg, 0 lzgvlnlet Vinterv.Exh VExh (0)
B~| 0 1l B~ . (27
g 0 0 f 0 % 0 ( )
L 0 0 0 *V;:Zh 1
ro o 0 0 0
0 0 0 0 0 1 0
B/~ 0O 0 , By= 0o 0] Dy,= { 0 1 :| (28)
LO 0 13x107* 0 0
10 0 0 2% 104 0 0
C*{o 0 0 %}’Dd*{ 0 2s5xi0t of (39
Functions g and f are given by :
Rinter Prnter
ACV'I'ﬁf W T,
_ | WhrmTeac |, | 2EGRMExh " kg TExh
8= { Whrm } f= VREnTExn .
Rexn TExhMExhT ( Pro 1XVNT)
Wruel = Ve VTExh

All the parameters and variables used in this model
are listed in Table in appendix ?7. The temperature
Tegr and Tg,, are assumed to be constant. The static
functions : fy,, A and T are represented as interpolation
in lookup tables.

V. SIMULATION RESULTS

The proposed approach has been tested on a four-
cylinder diesel engine model running on Mathworks
Matlab®/Simulink. The aim is to detect two types
of faults : actuator and sensor faults. The two first
components of the vector d are, respectively, the inlet
and exhaust manifold sensor faults. Two step-like faults
with a magnitude equal to 10% of the mean values of
inlet and exhaust pressures are considered. The last
component on the fault vector is an actuator fault
represented by a step-like fault with a magnitude equal
to 40% of the mass-flow of the injected fuel. This fault
is due either to a drop in the pressure in the common
rail or a dysfunction of one or more injectors.

Due to space limitations, the numerical values of
vectors and matrices, in Theorem 1, are omitted. Notice
that the LMIs (16a)-(16b) are solved using YALMIP,
a toolbox for modeling and optimization in Matlab®.
In this work, a dedicated residual for each fault is
constructed. Besides, this structure helps us to isolate
easily each fault. In addition, in each case Wy is chosen
as a stable first order low-pass filter. By solving the
LMIs (16a)-(16b), the following optimal values of y are
obtained: y; = 0.8665, ¥ = 0.9083 and ¥ = 0.7141.

The simulation is performed with engine average
speed Ng,g = 3000rpm (see Fig. 1). In this experience,
the minimum and maximum value of Ny (N,,, and
Neng) are chosen as : 2000 and 4000rpm respectively. For
simulation purpose, we consider that the measurements
are perturbed by a gaussian white noise with a standard

deviation equal to 5 x 103,

= N

" tinfés (sy° T = -

Fig. 1. Engine speed behavior

The obtained residuals are illustrated in figure 5. In
this figure, each fault effect is well shown in the equiv-
alent residual. Besides, all residuals are not affected by
regime change.

VI. CONCLUSION

The design of residual generators for nonlinear
parameter-varying systems is treated in this paper. The
proposed approach aims to detect actuator and sensor
faults in diesel engines. The disturbance effect mini-
mization and fault effect maximization problem is trans-
formed to a problem of £;-norm minimization. The
residual generator gains are obtained by solving a set
of LMIs. The efficiency of the proposed method is shown
through the application to a diesel engine model where
the effect of each fault is well shown on the equivalent
residual.

Fig. 4. Actuator fault

Fig. 5. Real fault (continuous line) and its equivalent residual
(dashed line)
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APPENDIX

NOMENCLATURE
Symb. Quantity Value/Unit
P, Pressure in intake manifold Pa
Pon Pressure in exhaust manifold Pa
Pa Atmospheric pressure 1.013°Pa
R, Gas constant of air 287J/ (Kg.K)
cp Specific heat at const. pres. 1014.4J/ (Kg.K)
¢y Specific heat at const. vol. 727.4J/ (Kg.K)
K Ratio of specific heats cp/ey
T Time constant 0.11s
We Compressor mass flow rate kg.s™!
Wegr EGR mass-flow into int. mani. kg.s~!
Wi Total mass flow rate into cylinders  kg.s~!
W; Turbine mass flow rate kg.s~!
Wy Fuel mass flow rate kg.s™!
Tim Intake manifold temperature 313K
Tom Exhaust manifold temperature 509K
T, Ambient temperature 298K
N Engine speed tr/min
7} Displacement volume 0.002m>
Nyt Number of cylinders 4
Vim Intake manifold volume 0.006m?
Ve Exhaust manifold volume 0.001m?
Mol Volumetric efficiency 0.87
n Turbine efficiency 0.76
Ne Compressor efficiency 0.61




