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This paper is concerned with actuator fault detection in nonlinear systems in the presence of disturbances. A nonlinear
unknown input observer is designed and the output estimation error is used as a residual for fault detection. To deal with the
problem of high Lipschitz constants, a modified mean-value theorem is used to express the nonlinear error dynamics as a
convex combination of known matrices with time-varying coefficients. Moreover, the disturbance attenuation is performed
using a modified H. criterion. A sufficient condition for the existence of an unknown input observer is obtained using a
linear matrix inequality formula, and the observer gains are obtained by solving the corresponding set of inequalities. The
advantages of the proposed method are that no a priori assumption on the unknown input is required and that it can be
applied to a large class of nonlinear systems. Performances of the proposed approach are shown through the application to

a diesel engine model.
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1. Introduction

In automotive industry, on-board diagnosis of engines
has become increasingly important because of
environmentally based legislative regulations such
as OBDII (On-Board Diagnostics-II) (CARB, 1993).
Model-based diagnosis of automotive engines has
been considered in earlier papers (see, e.g., Gertler
et al., 1995; Nyberg and Perkovic, 1998). However,
the engines investigated in these previous works
were all gasoline-fuelled and did not include Exhaust
Gas Recirculation (EGR) and Variable Geometry
Turbocharged (VGT). 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 VGT can be found in
the works of Nyberg (2002) as well as Nyberg and Sutte
(2004). 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 by Nyberg (2002)
deals with multi-fault detection in an well as air-path
system. Nyberg and Sutte (2004) 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. Recently, a structural
analysis for the air path of an automotive diesel engine
has been developed in order to study the monitorability of
the system (Djemili et al., 2011b).

Other approaches to detect intake leakages in diesel
engines based on adaptive observers were proposed by
Ceccarelli ef al. (2009a; 2009b) and recently by Djemili
et al. (2011a). Note that in all these approaches the
leakage size is assumed to be constant. Furthermore,
few works dealing with actuator faults detection in diesel
engines with EGR and VGT are proposed in the literature
due to the complexity of the system. Indeed, the engine
models have high nonlinearities with large Lipschitz
constants. In this paper, the engine model is divided
into two parts: a Linear Parameter Varying (LPV) part
and a nonlinear part. Notice that disturbances are also
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considered in this work. For the sake of fault detection and
diagnosis, each residual is designed to be sensitive to only
one fault and insensitive to the other faults that can affect
the system, which will be considered unknown inputs.
Therefore, the proposed approach takes into account the
presence of unknown inputs, which makes residual design
much more complicated.

Designing Unknown Input Observers (UIOs) has
received considerable attention in the literature. The
challenge in UIO design is to construct an observer such
that it can estimate the states of the system considered
asymptotically without any knowledge of the unknown
input. If this issue in the linear case is well solved, it
remains open in the nonlinear one. The first unknown
input observers dedicated to linear systems were proposed
by Kudva et al. (1980), Hou and Muller (1992), Darouach
et al. (1994), as well as Hui and Zak (2005). Necessary
and sufficient conditions of the existence of the UIO have
been well established.

For the nonlinear case, new sufficient conditions
formulated in terms of the Linear Matrix Inequality
(LMI) are given by Chen and Saif (2006). The major
advantage of this approach lies in its simplicity. Indeed,
here sufficient conditions of the existence of Nonlinear
Unknown Input Observers (NUIOs) are formulated only
in terms of LMIs, avoiding a combination of LMIs with
Linear Matrix Equalities (LMEs) as proposed by Yaz and
Azemi (1998). Notice that it is not an easy task to find a
solution satisfying together LMIs and LMEs.

The approach proposed by Chen and Saif (2006) will
be extended in this paper to cover a wide class of nonlinear
systems that cannot be treated by this approach as well as
nonlinear systems with large Lipschitz constants. Several
approaches have tried to extend unknown input observer
design for linear systems to nonlinear ones. The first
works were dedicated to UIOs for bilinear systems (e.g.,
Saif, 1993). Other approaches based on the transformation
of the nonlinear system into a canonical form are proposed
by Ding et al. (1990) as well as Seliger and Frank (1991).
A limitation of these approaches is that the required state
transformation does not exist for all nonlinear systems but
only for a limited class. Zemouche and Boutayeb (2009)
presented a UIO design method for a class of nonlinear
systems based on the modified H, criterion. The state of
the system and the unknown inputs are estimated jointly
despite the presence of the disturbances in the dynamics
and the output of the system.

The Mean Value Theorem (MVT) is used to deal with
the problem of a nonlinear system having a large Lipschitz
constant. However, this method is computationally
demanding since the number of LMIs that have to
be solved depends on the number of nonlinearities
and the dimension of the system. To overcome this
difficulty, an approach based on the Modified Mean Value
Theorem (MMVT) is proposed by Phanomchoeng et al.

(2011). It expresses the nonlinear error dynamics as a
convex combination of known matrices with time-varying
coefficients, which significantly reduces the number of
LMIs to be solved.

In this paper, the approach based on the MMVT will
be extended to the proposed class of nonlinear systems,
namely, nonlinear parameter varying ones. For the fault
detection purpose, several observer-based approaches are
proposed in the literature for nonlinear systems (see, e.g.,
Chen et al., 2011). The highlights of this work include the
following:

e the proposed method concerns a more general
class of nonlinear parameter varying systems with
unknown inputs for which the literature in this field
is very limited;

e the problem of robust fault detection and isolation
for nonlinear parameter varying systems with
unknown inputs and disturbances is investigated. The
advantage of the proposed method is that no a priori
assumption on the unknown input is required;

e sufficient conditions of the existence of the NUIO
are formulated, in an elegant way, in terms of linear
matrix inequalities;

e the MMVT approach is used for reducing the number
of LMISs to be solved;

e the performances of the proposed approach are
shown using the professional diesel engine simulator
AMEsim(LMS) in co-simulation with the Simulink
software.

This paper is organized as follows.  Problem
formulation and preliminaries are presented in Section 2.
Section 3 is devoted to the design of a nonlinear unknown
input observer. A description of the diesel engine model
is presented in Section 4. The proposed approach is
successfully validated using an advanced diesel engine
professional simulator in Section 5. A conclusion ends
the paper.

2. Problem formulation and preliminaries

Some notation and definitions that will be used throughout
this paper are first introduced. R denotes the set of real
numbers. The set of p X ¢ real matrices is denoted by
RP*4. AT and A~! represent the transpose of matrix A
and its left inverse (assuming that A has a full column
rank), respectively. I, represents the identity matrix of
dimension r. 0 (in bold character) is a zero matrix with
appropriate dimensions. (x) is used for the blocks induced
by symmetry. || - || represents the usual Euclidean norm.
£o denotes the Lebesgue space.
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Let us consider a general class of nonlinear systems
described by the following equations:

T = A(p)a?—Fng(v,y,u)—i—(p(x,u) +de
+Bff + Byw, (1a)
y = Cz+ Dyw, (1b)

with A(p) = 77 pjA;. Here x € R" is the state
vector, © € R™ is the control input vector which is
assumed to be bounded, d € R™? represents the unknown
input vector, f is the actuator fault vector, y € R™v is the
output vector, w € R™» is the vector of disturbances and
v € R™ is the vector of measurable signals. A;, with
Jj=1,...,n,, By, Bq, By, By, C and D,, are constant
matrices with appropriate dimensions.

Without loss of generality, B; and B are assumed
to be of full column rank. The functions g(v,y,u) and
©(z,u) are nonlinear. The function ¢(x,u) is assumed
to be Lipschitz in = and differentiable. The weighting
functions p; are assumed to be known and depend on
measurable variables. It is supposed that

ijzl,ijO, Vie{l,....n,}. 2
j=1

For manipulating the nonlinear function ¢(z, u), the
MMVT presented for a general vector function ¢(z, )
by Phanomchoeng et al. (2011) is applied in this work. It
will be used in Section 3 to express the nonlinear error
dynamics as a convex combination of known matrices
with time-varying coefficients. The main principle of the
MMVT is presented in the following theorem.

Theorem 1. (Phanomchoeng et al., 2011) Let the canoni-
cal basis of the vectorial space R? for all s > 1 be defined
by

S components

2:15} 3)

Let p(x) : R™ — R™ be a vector function continuous on
[a, b] € R™ and differentiable on any convex hull of the
set (a, b). For s1, sz € [a, b, there exist 6;3** and (5;?“1
fori=1,...,nandj =1,...,n such that

@ (s2)—p(s1)

n,n n,m
= || X2 mee |+ | X0 mEmay
i,j=1 i,j=1
X (82—51)
S, 6PN > 0,60 4 6 = 1, 4)

where

max a(pl
hi** > max (8—%) Vz € (a,b),
RI® > min (%) Vo € (a,b)
17 - 81‘]' 9 ) 9
max __ N\ T/ -\ 7, max
Hij = en(i)e, (J)hij )
min N T\ 7,min
Hij = en(i)ey, (.])hij .

The proof of this theorem is given by Phanomchoeng
etal (2011).

In our case, the nonlinear function ¢ depends on the
state vector x and also on the known input u. The previous
theorem is applicable in our case without changes or
modifications since v is bounded.

The aim now is to design a nonlinear unknown input
observer which can reconstruct the state behavior without
any knowledge of the unknown inputs.

3. Robust nonlinear unknown input
observer design

In this section, inspired by Chen and Saif (2006) we
present a Nonlinear Unknown Input Observer (NUIO)
design method for the class of Lipschitz nonlinear systems
given by (). The discussed system () represents a
large class of nonlinear systems with a large or small
Lipschitz constant. It is well known that most of the
existing NUIO design approaches for this class of systems
fail to provide a solution when the Lipschitz constant is
large. In this context the modified mean value theorem
presented by Phanomchoeng ef al. (2011) will be used.
The sufficient existence conditions for the observer design
are formulated in terms of LMIs.

3.1. NUIO design. The observer considered for the
system (D) is given by

z=N(p)z+Gg(v,y,u)+Mep(Z,u)+L(p)y, (5a)
T =z—Fy, (5b)

with
p
N(p) = ijva
j=1

L(p) = piL;.
j=1

All N; are stable matrices. & represents the state
estimation vector of x. Matrices N, G, M, L and E are
the observer gains and matrices which must be determined
such that & converges asymptotically to z when f = 0
and in the absence of disturbances. Notice that the index
p is omitted where it is not necessary in order to keep the
notation clear and easy to read.
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Let us define the state estimation error as

e(t) = #(t) — a(t).

Using (IB) and (5b), the state estimation error e(¢) can be
expressed as

e(t) =z — (In, + EC)z(t) — EDyw. (6)

By setting M = I,, + EC, the error dynamics can be
given by

¢ =Ne+(G—MBy)g(v,y,u)+(NM+LC—-MA)x
— MBad+ M@ — MByf + (KDy — MBy)w
— EDyw, )

with ¢ = p(&,u) — ¢(x,u) and K = L + NE. Now, if
the following matrix equations are satisfied:

N(p) = MA(p)—K(p)C, (8a)

L(p) = K(p)(In, + CE)=MA(p)E,  (8b)

G = MB,, (8¢)

M =1, +EC, (8d)

MB, =0, (8e)

e(t) goes to zero asymptotically when f = 0 and is

invariant with respect to the unknown input d(t).
To obtain matrices E, M, G, K, N and L, the
following steps should be followed:

e First, the conditions (8d) and (8e) are equivalent to
ECBy = —Bg. One necessary condition to have
ECBy = —By is that C B4 must be of full column
rank since By is so. If C'By is of full column rank,
then all possible solutions of FC'B; = — By can be
expressed as follows (Chen and Saif, 2006):

E=U+YV, ©)
with
U = —B4(CBy)'

and
V = (I, — CB4(CBa)"),
where Y can be any compatible matrix and X1 =

(XTX)1XT.

e Then, the matrix M is obtained by substituting E in

8.
e Using (8c) and (8d), the matrix G is obtained.

e The matrix K is determined such that the matrix
MA(p) — K(p)C is stable. The gain K will be
obtained from the solution of the LMIs given in
Theorem 2.

e Finally, by substituting K, M and E in (8b), the gain
L will be obtained.

Then, the error dynamics become

é = (MA—KC)€+M()5+ (KDw —MBw)w
— EDui — MByf. (10)

As explained before, if the conditions (8a)—(8e)
hold, the estimation error e without fault (f = 0),
named e, tends asymptotically to zero in the absence of
disturbances. Thus, the dynamics of e are expressed as

é = (MA - KC)€+ M(;O‘—f— (KDw - MBw)w
— EDyib. (11)

3.2. Stability and convergence analysis. In order to
minimize the effect of disturbances on the estimation error
e, the H, performance criterion can be used. However,
the presence of the term w makes the task difficult because
it should be discarded from the derivative of the Lyapunov
function, as we shall see later. Another solution is to
add a negative term depending of w” i as proposed by
Zemouche and Boutayeb (2009). This solution needs to
modify the classical H, criterion.

The modified H,, estimation problem consists in
computing the matrices N and L such that

tllrgloé(t) =0 forw(t) =0 andf(t)=0, (12a)

lellegs < mellwlli for w(t) # 0, €(0) = 0. (12b)

Then, to satisfy (I2a)—-(12b), it is sufficient to propose a
Lyapunov function Y, where

I=T+eé"e—~7w w—fuTw<0, (13)

T = &’ Peé with P a positive definite symmetric matrix.
From (), I is given by
r
=é' (MA—KC)"P+P(MA—-KC))e
+e"PM@p+(M@) ' Pe+e"P(KD,,—MB,)w
+wT (KDy—MB,) " Pé—e" PED,,u

— T (EDy)" Pe+e’e—~7 quT w—r7 i . (14)

Now, we can give a sufficient condition under which
the observer given by (5) is an NUIO.

Theorem 2. The observer error €(t) converges asymp-
totically towards zero if there exists matrices Ky, Y, a
positive definite symmetric matrix P and a positive scalar
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w such that the following LMls are satisfied:

P >0, (15a)
=P @y —PYD, —YVD, |
(x)  —pla, 0, <0, (15b)
(*) (%) —pily, l
=P @y —PYD,—YVD,
(x) —pl,, 0 <0, (150)
(*) (% —ply, l

Vi=1,....n, j =1,...,nand k = 1,...,n,,
where

oy, = —KDy + P(I,, + UC)B,, + YVCB,,
(16)
= = (I, +UC) (Ag + HZ)]'P
+ P (I, +UC) (A + HE>)
— OTK} — K C + (A + HZ™)  cTVTyT
+YVC (Ap + HF™) + I,
ZR = [(In, +UC) (Ax + HZ™)]" P
+ P (I, +UC) (A + HJ™) — CT K}
— KiC + (A + HE™ ' CTVTYT
+YVC (Ap + HF™) + I,
HR™ =ZgHE™,  HD™ = ZyHE™,

with Zg = n X n. Solving the LMIs (15a)—(15¢) leads
to finding matrices P, Y and K. The matrices Kj, and
Y can be obtained from K, = P K, andY = P~1Y.
The other matrices N and L can then be deduced easily
from Eqns. (8a) and (8b), respectively.

Proof. The proof is given in Appendix A. [ ]

Notice that if there exist components of % which
J

equal 0, the scaling factor 2" | (53 + §14™") is less
than 1. Consequently, the scaling factor Zy must be

redefined as follows:

Zu=3 (FEamm) = x 0 — o,
i,j=1
vzl (6;1J;ax + 5;1]11n)
i,j= _
Z =1, (17)

where ng is the number of terms in gf’f that equal zero.
J

If the conditions (8a)—(8e) hold, the estimation error
e and a residual r can be expressed as

¢=Ne+ (KD, — MBy)w — ED,i — MBy f,
(18a)
r = Ce+ Dyw, (18b)

with
n,m
N=N+M| | HF>em™
i,5=1
n,m
+| > Hymamn 1
i,j=1

As demonstrated before, the convergence of the
estimation error e without a fault is ensured by the gain K
obtained from TheoremP] Notice also that the disturbance
effect is attenuated using the H., criterion. Thus, the
mean of the error vector e will be close to zero in fault free
operation mode, while its mean value will be significantly
different from zero in the presence of a fault. Note that, in
order to ensure the detection and isolation of the fault f,
the following condition has to be satisfied:

rank(M By) = rank(By). (19)

4. Engine description

The diesel engine considered in this paper is a
four-cylinder engine with a high-pressure EGR circuit
and a VGT as described by Albrecht et al. (2006). A
principle illustration scheme is shown in Fig.[[l The air
path system consists of two parts: the turbocharger and
exhaust gas recirculation. The turbocharger is a turbine
driven by the exhaust gas and connected via a common
shaft to the compressor, which compresses the air in the
intake. Exhaust gas recirculation allows recirculating gas
from the exhaust manifold to the intake manifold. The
recirculation of the exhaust gas through an EGR valve into
the intake manifold where it dilutes the incoming fresh
air is a well-established and efficient means of reducing
in-cylinder NO,, emissions.

The mean value engine modelling approach is the
most widely considered approach in the literature (Kao
and Moskwa, 1995). It uses temporal and spatial averages
of relevant temperatures, pressures and mass flow rates.
In this work, the used model is based on principles
described by Heywood (1992) as well as Nyberg and
Perkovic (1998). For diagnosing the faults of interest,
it is not necessary to include the compressor and the
Charge-Air Cooler (CAC) in the model as shown by
Nyberg and Perkovic (1998). The reason is that no fault
in the compressor or the CAC is considered, and also the
mass-flow and the temperature after the CAC are known
variables because they are measured by the production
Sensors.

The engine is equipped with sensors measuring
the in-flowing air Wygpy, temperature after the CAC
Tcac, inlet-manifold pressure P, exhaust-pressure
Py and exhaust-temperature Tgy,. The control inputs
are the injected fuel Wry, the turbine vane position

aamcs
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Fig. 1. Schematic picture of the air-intake system.

Xvar, and the EGR-valve position determining the valve
opening-area Aggg.
The diesel engine model considered is expressed as

follows:
. 1 RairCp ai
Phtet = (MWHFMTCAC
Vintet Cuy,Air
RExnCp,Exh
+ —————WegrTEGr
Cy,Exh
R,
—Mmmﬂnlet) , (20)
Cy,Inlet
. A
Tiaie = Whiem — ——— o Winler, (21)
MAir + MEGR
. m
meGr = WEGR — R Winker, (22)
MAair + MEGR
Mexh = Wexh — Wruw — Wegr, (23)
with
2 K+l
=St
k—1 Do Do
)
P P
Po Do k+1
K41
2 r—1
K ( ) otherwise,
Kk+1
(24)
-PInlet > NengPInlel VEng
Winlet = Neng, , (25)
fnlet fV01< e T’InlelRInlet T’InlelRInlet 120

AgGr Pexn Prylet
Wiar = —2EGRIE g, , 26
FOR VR Texn "\ Pexn 26)
Pn (& Vrl
ﬂnlet _ Inlet ¥ Inlet (27)

(mair + Mecr) Rinter”

PInlel Exh
TeGr = xhs 28
EGR ( P, ) Exh (28)
WExh — WInlel + WFueh (29)
QruvA (Wruel, Nng)
Texh = Tinter + , (30
Fxi fotet Cp,Exh (VVInlet + WFuel)
MExh TExh
Py = ———— (3D
B Vexh
Pexn Bexn
Wiy = ——7 | —, X , 32
Turb \/ET <PAtm VGT (32)
R ir ir R X
Riner — AirMAir + FTExhMEGR (33)
Mair + MEGR
Cy,AirT ir‘|’CU xhTT0
Cy,Inlet = A A EXhTEGR (34)
Mair + MEGR
Cp,Inlet = Co,Inlet + Rintet, (35)

where P is the pressure in the intake manifold. ma;;
and mggr are respectively the mass of air and EGR-gas in
intake manifold. mpgyy, represents the mass of exhaust gas
in exhaust manifold. The other variables and parameters
used in this model are listed in Table BTl The temperature
Trcr is assumed to be constant and equal to 329.436 K.
The static functions fy,, A and 7 are represented as
interpolation in lookup tables. Indeed, the modeling step
is not evoked in this paper and it has been assumed
that the diesel engine model used is well known and
all its parameters are correctly identified. However, an
interesting work about diesel engines modeling (engines
with VGT and EGR) is presented and validated by
Wahlstrom and Eriksson (2011).

The system (20)—(23) can be written in the state
space form as (), where the state, known input and output
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vectors and the variables p and v are defined as

2= Puet ™Mair TEGR MExh ]T, (36)
u=1| Ager Xvor Wrue }T, (37)
y=[ Poa Pown ], (38)
p = Neng, (39)
v = Teac Wurm ]T (40)

In diesel engines, actuator faults can be any
dysfunction on the EGR-valve, in the position of VGT
vanes or a fuel leakage. In this paper, the fuel leakage
is the only fault considered. However, it is also possible
to construct other residuals where each one is sensitive
only to one actuator fault (EGR or VGT actuator faults)
and insensitive to all other faults. For the fault isolation
purpose, only one component of u is considered to be
faulty. The other components of u are considered to be
unknown inputs (d).

The variables p; and ps are defined as

Neng - Neng Ne"g - N

=—eng

pr==e e, = T e g
Neng - Meng Neng - Meng

where N, and N are respectively the minimum and

maximum values of the measurable variable Nep,.
Matrices A; and A, are given by

—F1 0 0 0
0 =k 0 0
A= 0 —F1 0|’

| 0 Fi F1 0]
[ —r, 0 0 0]
I Y S (I
A= 0 —F2 0|’
L 0 fa 2 O
with
= fvolﬂengVEng
L 120Vie
_ f volﬁengVEng
o= oo
120%nlet

Matrices By, C, Bp, By and B,, are expressed as

RAircp,Air 0
Cv,AirVinlet
B, = 0 1],
0 0
0 0

[1 0 0 0
- T i)
C 00 0 ReanTgy | s (42)
Vexn

Rexncp ExnTEGR

C?),Exhvinlet Vv REthExh

0 0
B d = 1 0 )
V RE)ih TExn )

i VRexnTexh

By

) (43)

17, (44)

B,=[0 00 0

with 7% being the mean value of the measurable variable
Texn- In fact, this approximation is chosen in order to
decrease the number of variables to be used in observer
design, which results in decreasing the number of LMIs
to be solved, which is important from a practical point of
view. Indeed, the general case when the output equation
can be rewritten as

p
y=>_0Cix
j=1

:Cx+Zgj(Cj—C)m:Cx+wa,

Jj=1

with
Dy=[0 1",

Hence, w is regarded as disturbances which can be
rejected using the H, performance.

Finally, the functions g and ¢ are given by

9= WurmTcac WHFM}Tv

i RInlet P’Inlet ]
Cy,Inlet

0

© =| AegrMExh Y sy TExh
vV RexnTexn
P
RexnTexnmexn™ ( P XVGT)

L VeV TExn -

5. Simulation results

5.1. Diagnosis setup. The proposed approach has
been tested on a four-cylinder diesel engine model
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running on AMEsim® platform in co-simulation with
Mathworks Matlab®y/Simulink. The geometrical engine
characteristics are presented in Table [Tl

The co-simulation environment allows us to run two
separate models with two different kinds of software at
the same time. Both solvers compute independently their
respective systems and exchange information with a fixed
communication step interval. The co-simulation platform
is used to run the engine model on the AMESim part and
the diagnosis algorithm (robust observer) on the Simulink
part.

Table 1. Geometrical engine characteristics.

stroke 86.5 mm

bore 86.5 mm

connecting rod length || 150 mm
compression ratio 18

squish height 0.8 mm

5.2 Model validation. The model described in
Section 4 was simulated and compared with validation
data obtained by AMEsim by Djemili et al. (2011a). All
co-simulation tests have been done on load transients at
1500 rpm, i.e., each load kept for 15 seconds. A typical
difference between simulated and measured pressures
(AMESim) P, was observed and the model was shown
to have an average error less than 3%, which is acceptable.
The source of differences is explained by the following
reasoning:

e In the model heat exchangers volume and pipes
volumes are neglected.

e The volumetric efficiency fy, is obtained from
a lookup table which differs from the real
instantaneous value and depends on the engine
operating point. This may lead to errors in real
estimation of the gas taken into cylinders.

5.3. Residual generation. Let us first present the
numerical values of the variables and parameters used in
this work. For our application, we have

T
s [0 0 —15988 0
U =108 x { 0 0 0 —0.8951 | © 4
s [ 04441 0.0215
V=107 x [ —0.4441 —0.4441 | (46)
and
max _ 10, max _ 776.8324,

R = —538.883,
max — 9 9691,

R = 1.14192 x 108,
R = —1.5663,

hrlnlin _ _15’ hlinQin = 24273,
hiy™ = —2.651 x 10°, Y™ = 4.959 x 10°,

the rest of 173" and h?;i“ being zeros.

The scalar factor Zy is equal to 6(4 x 4 — 10).
We obtain, after solving the LMIs (15a)—(15¢) using
YALMIP, a toolbox for modeling and optimization in
Matlab®, the following results:

0.0500 0 0 0
P 0 0.0612 0 0
= 0 0 0.0842  —0.0039 |’
0 0 —0.0039 0.0500
0 0
- 0 0
Y =10x | 30996 —0.1464 |’
0.1152  0.0056
[ 1.79% 107 0
_ 3062  —2.08
o -7
K1 =10 X 0 0 s
49 16.11
[1,79x 10" 0
. 0 0
Ke =107 50200 0.013
02 0.16

The value of the attenuation of the disturbance term
is chosen as y1,2 = 0.9316. Now,iwe can easily deduce
Y and K} from P~'Y and P~'Kj, respectively. The
matrix F is found as

T
-1 0 0 O
E—U—f—YV—[ 0 0 0 O} .

The observer gain matrices can now be computed and
given by

000 0
01 0 0
M 0010/
000 0
0 0
. | —0.8841  0.0007
Ly=107"X1 4 5064 0 :
| 0.0502  —0.0001
[0 0
—10-8 0 0
Lo =107 1 0792 —0.0001 |
| 0.1625  —0.0007
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—35.839 0.0001 0
N, = —0.0001  —29.2698 0
0 —21.6507 —14.5833
0 —468.3496 —0.0003
0
380.9507
—2.7758 |’
—36.2167
—35.8393 0 0
Ny — 0 —29.1667 0
0 0 —29.1667
0 —0.0006  —0.0006
0
0.0005
—-3.4134
—36.1644

Notice that the approach proposed by Chen and Saif
(2006) gives no solution since the Lipschitz constant is
greater than 108. Other methods can be used, or extended
to our case, as that proposed by Zemouche and Boutayeb
(2009) for estimating the state and unknown input vectors.
Unfortunately, this method is computationally demanding
since the number of LMIs that should be solved is equal to
Npyr = 2"%"7, where ny is the number of nonlinearities
in the system. So, in our case N7 = 24%* = 65536.
In addition, it is only proposed for standard systems with
a linear time-invariant part (Ax). The number of LMIs
will largely increase if this method is extended to our LPV
case.

The initial conditions for the observer are chosen
arbitrarily and given by
1"

0=1[9 0.0004 0.0008 9x10" (48)

For illustrating the performance of the proposed
approach, the unknown input vector d, which represents
in our case the two other possible actuator faults affecting
the EGR-valve and the position of VGT vanes, is taken as

0

O 3

— 1O%AEGR
0

0 <t<30,
(49)
) , otherwise.

The fault considered is a step-like fault with a
magnitude equal to —30% 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,
introduced at t = 10 s (see (30)),

0<t< 10,

otherwise. (0)

0,
f o { _SO%WFuela

To show the insensitivity of the residuals to operating
point changes and unknown inputs, the following scenario

was performed. First, a drift-like change in the engine
speed starts at ¢ = 20 s is introduced (see 3). Next, an
abrupt change in the Aggr equivalent to 10% of the EGR
valve effective area, which is computed or fixed by the
controller, is considered. Notice that, for the observer
design purpose, the minimum and maximum values of
Neng (N eng and Neng) are taken as 2000 and 4000 rpm,
respectively.

3800

3700

3600

3500

3400

> L
s 3300

Zm 3200

3100

3000

2900

2800 ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60
times (s)
Fig. 2. Engine speed behavior.

The measured inlet and exhaust pressures are shown
in Fig[Bl The residual behavior is illustrated in Fig. dl
In the nominal case, in the time interval [0, 10] s, the
residuals r tend asymptotically to zero, as expected. As
seen in this figure, the sensitivity of the proposed observer
to the fault in the fuel mass flow is well shown from
the time instant ¢ = 10 s. Besides, its insensitivity
to unknown inputs and operating point changes is well
illustrated on the time intervals [20, 30] s and [30, 60] s,
respectively.

x10°
2.4

23 RS
22t !

g q

Pressures

0 16 éO 3‘0 4‘0 56 60
times (s)
Fig. 3. Measured inlet pressure (continuous line) and exhaust
pressure (dashed line).

‘ﬁ’,anms
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100

50

o

16 2‘0 3‘0 4‘0 5‘0 60
times (s)
Fig. 4. Residual behavior.

6. Conclusion

In this paper, a robust nonlinear unknown input observer
for actuator fault detection is proposed. It is developed
for a general class of nonlinear systems with a locally
or globally bounded Jacobian. Sufficient conditions
for the existence of the NUIO are given in terms of
matrix inequalities. An H., performance index is used
to attenuate the disturbances. The developed approach
is used successfully to design an NIUO for diesel
engines. The performances of the proposed approach
are shown using the professional diesel engine simulator
AMEsim(LMS) in co-simulation with the Simulink
software. A validation of this result with real data issued
from the Caterpillar 3126b Engine, located at Sussex
University, UK, is a subject of future research.
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Appendix A
Proof of Theorem 2

Using Theorem[I] the nonlinear term ¢ can be written as

A
I

n,n n,n
> ) X mpnan) |
i,j=1 ,j=1
(AD)
S SN >0, 6P 4t = 1. (A2)
To simplify the form of the final result as in the work of
Phanomchoeng et al. (2011), the term

n,n

LA
ij=1

must be scaled to one. If all the terms in 27“0; are not zero,

then the scaling factor Z; can be computed by

S (Sm 4 amn) = x = Z,

ij=1

aamcs
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amcs@

n,n .
ijzzjl (5&1&)( + 5%11n)

Zy

=1

Then, (AT)) is rewritten as

i,j=1 ij=1

Tmax gmin
61’]’ ) 61’]’ 2 07

Tmax Tmin 1

0ij +0ij = Zn
> (aant) =1,
ij=1
where

F[max — 7 HMmax E[min -7 min

e 1,7 = 41 and ij HHz'j s
Smax __ fmax Smin __ Smin

o O =047 /Zp and ot =053 /Z5.

Based on (A3)), the function I" becomes
& 1[ A P(KDw— MB,) —PED,

r=| T (%) —puly,, 0
wt | [ (%) (%) —plp,
el
x | wT |,
U.)T

where 11 =7 5,

n,n n,n
Tmax—max Tmin—min
A=) gmegmexy N gmingmin

iy =g
ij=1 ij=1

= = (MA-KC+MHAR™)" P
+ (MA-KC+MHR™) +I,,,
=min — (MA-KC+MAZ™ P

=0
+P (MA-KC+MHS™) + I,

the negativity of I" being ensured if

nn o B P(KDw— MBy) —PED,
Sa o 0
i,j=1 (*) (*) —uly,

Mmax
ij

nn [ EB™ P(KDy—MB,) —PED,
+Y) e (%) —uln, 0 <0.
=1 (%) (+) —pln,
MMmin

]

(A4)

Since we have 5{?*”‘, 5;?“‘ > 0, the previous
equation is equivalent to

M <0 and M2 <0, (A5)

By substituting the matrices A, L and K by their
expressions, (A3) can be written as follows:

Np Np
S pME <0, > p M <0, (A6)
k=1 k=1
where
[ = P(KpD, — MB,) —PED,
zg‘lljx =1 (%) —pdn, 0 )
L (%) (*) —pln,
_ I E;?}““ P(KyD, — MB,) —PED,
ik =] (%) —pln, 0 ;
L (%) (*) —ply,
with

= = (M A~ K,C+ MHZ™)'P

+ P (MA,—KyC+MHS™) + I,
Emn — (MA, - K O+ MAR™)'P

+ P (MA,—KiC+ MHR™) + 1,

Since pi, > 0, Vk =1,...,n,, the condition (A€) holds
if
M2 <0, M <0, (A7)

Vi=1,...,n,7=1,...,nandk =1,...,n,.
From (8c), M can be written as

M=1I, +UC+YVC.

To obtain the LMIs (IS)-(ISH), it suffices to
substitute the formula of A in (A7) and to take K =
PKj, and Y = PY. This ends the proof.
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Appendix B
Nomenclature

Table B1. Variables used in the engine model.

[ Symbol | Quantity | Unit |

Polet Pressure in intake manifold Pa

Vinlet Volume of intake manifold m3

Rair Gas constant of air J - (Kg-K)

Cp, Air Specific heat at const. pres. J- (Kg-K)
of air

Cu, Air Specific heat at const. vol. J- (Kg-K)
of air

RExn Gas constant of exhaust gas J- (Kg-K)
of exhaust gas

Cp,Exh Specific heat at const. pres. J- (Kg-K)
of exhaust gas

Cy,Exh Specific heat at const. vol. J- (Kg-K)
of exhaust gas

Rinlet Gas constant in intake manifold J- (Kg-K)

Cp, Inlet Specific heat at const. pres. J- (Kg-K)
in intake manifold

Cy,Tnlet Specific heat at const. vol. J- (Kg-K)
in intake manifold

K Ratio of specific heats Cp /Co

Wurm Air mass-flow past air kg-s—1
mass-flow sensor

Teac Temperature of air after K
charge-air cooler

WEGR EGR mass-flow into intake Kg-s—1
manifold

TEGR Temperature of EGR gas- K
flow into i.m

Winlet Mass-flow into engine inlet-ports kg-s—1

Tinlet Temperature in intake K
manifold

MAir Mass of air in intake manifold Kg

MEGR Mass of EGR-gas in intake manifold | kg

Wexh Exhaust mass-flow into kg - s~
exhaust manifold

MExh Mass of exhaust gas in kg
exhaust manifold

Pexn Pressure in exhaust manifold Pa

TExn Temperature in exhaust K
manifold

AgGr Effective area of EGR valve m?

Ving Engine displacement m3

NEng Engine speed min~!

Weuel Mass-flow of injected fuel kg-s~1

Quuv Lower heating value T kg™t

Vixh Volume of exhaust manifold m?

PAtm Atmospheric pressure Pa

Wiurb Exhaust mass-flow past kg - st
turbine

XvGr Position of VGT vanes %
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