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Abstract: This paper focuses on the design of Hy, finite-frequency (FF) fault-tolerant static
output feedback (FTSOFC) problem of Diesel engine air-path system with consideration of
external disturbances and actuator faults. Initially, a Diesel engine air-path nonlinear model
is described by Takagi-Sugeno (T-S) fuzzy model based descriptor approach. The aim is to
regulate intake and exhaust manifold pressures to the desired reference pressures by controlling
the Geometry Turbine (VGT) and Exhaust Gas Recirculation (EGR) valves. Then, the robust
integrator-based control strategy is developed to track the desired reference signals despite
the presence of disturbances and actuator faults. By using the extended Generalized Kalman
Yakubovich Popov (GKYP) lemma, Lyapunov functions and independent slack matrices,
sufficient conditions are established to ensure both the good tracking of reference pressures
and the prescribed H,, performance with FF domain of the fuel flow variation and actuator
faults. Finally, simulation results are given to demonstrate the effectiveness of the proposed
approach.

Keywords: Fault-tolerant, Finite frequency, Diesel engine, static output feedback control, T-S

fuzzy systems

1. INTRODUCTION

Diesel engines are still supported by motorists and trans-
port companies, thanks to their performance, which is
generally superior to that of gasoline engines. Nevertheless,
particulate emissions such as nitrogen oxides (NOx) and
particles hazardous to human health remain the main
concerns. Diesel engines have to meet three expectations:
control costs, improved reliability and ave a low impact
on the environment. To meet these requirements, tech-
nologies such as variable geometry turbochargers (VGT)
and exhaust gas recirculation (EGR) systems have been
introduced. The main idea is to recirculate a quantity
of burnt gases into the cylinder and inject fuel at high
pressure to improve combustion. A large number of the-
oretical results have demonstrated a significant reduction
in pollutant emissions Stefanopoulou et al. (2000); Cheng
et al. (2020).

Static output feedback controller has also received consid-
erable attention among control issues because it can easily
be implemented in practice and is much simpler than dy-
namic output feedback control. Recently, some important
results by LMI approach El-Amrani et al. (2022, 2023);
Elias et al. (2022). Faults, particularly actuator Fault are
frequently encountered in many practical systems, often
resulting in poor performance or even instability for sys-
tem dynamics. It is therefore necessary and important
to design a fault-tolerant controller against the actuator

faults. In the past decade, many great results on Fault-
tolerant controller systems have been reported in Tu et al.
(2023); Selvaraj et al. (2023).

To the best of our knowledge, no work has been reported
on the modeling and control of the Diesel engine air-path
system for FF domain with actuator faults. Thus, in this
paper, we study the problem of H,, FF FTSOFC design
based on T-S fuzzy model. Diesel engine Air-path nonlin-
ear model is firstly described by TS fuzzy model based
descriptor approach. Then, a FF FTSOFC guaranteeing a
good reference pressures tracking with a H,, performance
is designed with consideration of external disturbances
and actuator faults. By constructing the extended GKYP
lemma, Lyapunov functions and independent slack matri-
ces, sufficient conditions are established to ensure both
the reference signal tracking and H,, performance with
FF domain of the fuel flow variation and actuator faults.
The theoretical results are given in the form of LMI.

2. PROBLEM FORMULATION AND
PRELIMINARIES

In this work, let’s consider the Diesel engine air-path struc-
ture of a variable geometry turbocharged Diesel engine
equipped with an EGR system governed by a valve is
shown in fig. 1. The engine system comprises: the four-
cylinder engine, exhaust and intake manifolds, the VGT,
the EGR valve and cooler, turbocharger. The Diesel en-
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Fig. 1. Air-path model of Diesel engine.
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where states P;, P,, P, represent, respectively, the intake
manifold pressure, exhaust manifold pressure, compressor
power.

Compressor mass flow rate W, is related to the compressor
power by

Wei = nePe X —————— 2)
T Tagp[(—1 4 Dy

Engine intake mass flow rate W, is calculated by the
speed density equation

1 N NVgP;

VV»L'e = — X —— (3)
120 RT;
The flow through the EGR valve W,; is established as
follows
vl Gl - il
w..— ) VRT: ot PP Slagtl o
T Ko % 2 3 % K
/9 ZUNE (Tt yR2 ). 2t
VR, ((Pz (%) )’Pz ” [a+1}
where
a+1 a+1 a
KO—Aegr(ﬁeg'r)P17 51—2(a_1)7 K2 = « ) NS—Q_]-

and Acgr(Uegr) is the effective area of the valves as a

function of ¥eyr € [0,100] % being the valve opening
positions.
Turbine flow W,; is given by

Ta
Ty

with the VGT opening posmon Uugt € [0,1] can be
calculated inversely from equation (4) once the turbine
flow rate is specified by the controller.

The turbine power p; is modeled by

Wt = [C(i —-1) gt(ugt) (4)
p

Pt = WarepTari(1 — (%“)#) (5

Using equations (1-5), the nonlinear model of the air-path
of a diesel engine can be rewritten as:

_ mVaN Rn.T; RT;
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Define z; = Pi7 Ty = Pw and x3 = P, are the state
Variables u; = Wy, us = Wy are the control inputs;

w = my denote the disturbance input. Then, the state-
space form of the Diesel engine Air-path model can be
given as :

#(t) = Az(t) + Bu(t) + Dw(t)

y(t) = Lz(t) (7)
Where
_andN Rn.T; ¢ (J: )
120V ViepTa 5 P
A= | 2VaNTe 0 sa=| P
120V, T; P
_1 c
0 0 —
-
RT;
v 0 0
RT, RT, RT, (Wz>
B = — — ;D= U=
Vz Vz VI Wzt
cpnt Ty 0
0 F—"é(a2)
_ (100}, o . _ 4 (Pau
L*(O 1 0),51(761)77(&)“71,52(762)*1 (P:c) (8)
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One way to take into account the nonlinearities of the
model is to use a polytopic approach such as the Takagi-
Sugeno model Takagi et al. (1985). The fuzzy model
is described by fuzzy IF-THEN rules, the set of which
represents the approximation of the nonlinear system. A
fuzzy T-S model has the following form : Plant Rule 1:

IF & (t) is N{ and,..., and &(t) is N! THEN

@(t) = Agx(t) + Biu(t) + Duw(t)
y(t) = La(t) 9)
Where & (t) ..., &(t) are premise variables; N;(z =
1,..,q;5 = 1,...,s) are fuzzy sets; ¢ is the number of
IF-THEN rules; s is the number of premise variables
and A;, B;, D, L; are known matrices with appropriate

dimensions. B
These functions are bounded by 5 < & < & and

5 < & < 52, for (P;,, < P, < leaz) and (P, ., <
P < P, .. ) with
£ = 1 ) E o 1 )
T @oe T (B
Pa
=1 (2 g, =1 (Exym 10
(Pz) & ( ) (10)

from this decomposition, the follow functlons are given

&1 —¢, & —-¢,
Ni1 = = ; N2 =1— Ni11; Nop = = ; Nog =1— N2y
175 275

(11)

where Ny (&(¢)) is the grade of membership of §;(¢) in Ny,
with [, k = 1,2. This leads four local models by combining
four functions



M;(§(t)) = Niw((8)) Nia €k (1)) (12)
withl=1:2, k=1:2,andi=1:4.
Finally h;(£(t)) is seen as the normalized weight of each
IF-THEN rules, given by

M;(&(1))
hi(£(t) = (13)
L Mi(E®)
We assume
4
D MiE®) =15 0< My(g(®)) (14)
=1
for any £(t). Therefore, for all ¢ we have
4
D mE®) =1 0< hi(g®) (15)
=1
The overall T-S fuzzy model is inferred as follows
4
(6) =3 hi€®){Asa(t) + Biu(t)} + Dw(t);
i=1
y(t) = Lx(t) (16)

For simplicity, introduce the following notations

Zh A;; B(h) = Zh B;

Then, the T-S fuzzy model (16) can be rewritten as

hi(§(t); A(h) =

&(t) = A(h)x(t) + B(h)u(t) + Dw(t);

y(t) = La(t) 17

The energy of the disturbance w(t) is assumed to be

dominated in a known rectangular FF region ¥ given as
follows

YS=weR| |w| <y w; >0 (18)

For initial conditions, 29 = (70K Pa; 55K Pa; 500 Watts)T,

fig. 2 a comparison of the intake and exhaust manifold
pressures responses obtained by the two models (T-S
model and nonlinear model). Based on the results of this
figure, it is assumed that the satisfaction of the T-S model
representation is approved. Now, formulate the FTSOFC
problem, the actuator fault given in Yang et al. (2001) is
adopted in this work, for the control input u(t), we denote
ug(t) to describe the signal sent from the actuator, and
satisfies

up(t) = Fu(t)
where, the actuator fault matrix F' is defined as
F =diag{F1,F2}, 0 < F, < F; < F; < 1; (j = 1,2),
with £'; and F; being known real constants. We denote
F =diag{F1, Fy}; F =diag{F,, Fy}. Then, the actuator
fault function matrix F' can be represented by

(19)

F:51+§252; Q| <1 (20)
F+F

where 0; = 5=, §; = —5=, Q =diag{(y, (2, (3}. In this
paper, the FF FTSOFC obJectwe is to regulate the intake
and exhaust manifold pressures of the Diesel engine, to
ensure tracking of given output reference y,., we introduce
the integrator of the tracking errors as follows :
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Fig. 2. Intake and Exhaust manifold pressures of the
nonlinear and the T-S model

é(t) = yr(t) —y(t) (21)
proposes the following fuzzy FTSOFC :

u(t) = K1(h) /(yr(t) —y(t)dt + Ka2(h)y(t) (22)

and
4 4
= ZhiK1i§ Ks(h) = Z hiKa;
=1 =1
Then
z(t)
up(t)= (0 FKi(h) FKa(h)) ygtg (23)
e(t
Let n(t) = (27 (t) y*(t) €' (t) )T and Combining fuzzy

system (17) and tracking error (21), then the following

closed-loop fuzzy system:

En(t) = A(h)n(t) + Do (t);
r(t) = Lu(t) (24)
where
) 7100 ) B(h) FKl(h) B(h)FK2(h)
E=|o0To0 _I :
000 I
DO
> _ [ w(®)
=(0 1 0); D= (?)é) o(t) = (yT()) (25)

The problem of FF fuzzy H,, FTSOFC consists in pre-
senting a controller such that the closed-loop fuzzy system
(24) is said with Hs performance bound v > 0 in the
presence of actuator faults, if it is asymptotically stable,
moreover, the following inequality holds under the zero
initial condition

/ YT ()Y (w)dw < WT (w)W (w)dw (26)
weD wes

where Y (w), W(w) are the Fourier transform of the
exogenous disturbance w(t) and the measured output r(t),

respectively.



3. FINITE FREQUENCY H,, FT SOFC DESIGN
USING DESCRIPTOR SYSTEMS

To deal with actuator fault and external disturbances,
the following lemmas are needed to demonstrate the main
results.

Lemma 1. Gahinet et al. (1994) Given matrices T', A
and ®. There exist a matrix X such that the following
statements are equivalent :

(i) @ +TXAT + AXTTT <0

(ii) T+er+? < 0; AL®ALT <0
Lemma 2. Tuan et al. (2014) If the following equations are
satisfied :

Ay <0, 1<i<r
1 1
7T_1Aii+§(Aij+Aji)<0§ 1<i#Fj<m

Then the following parameterized linear matrix inequality
holds:

S° S Rl €A, <0

i=1 j=1
Lemma 3. Chadli et al. (2017) The T-S fuzzy descriptor

system (17) is admissible if and only if the following
statements are equivalent :

(i) The exist a matrix @ such that :
ATQ+QTA<0; ETQ=QTE>0 (27)
(ii) There exists matrices @ > 0 and S such that :

(QE + SR)TA+ AT(QE + SR) <0 (28)

Lemma 4. El-Amrani et al., 2023 Assume that the closed-
loop system (24) is asymptotically stable, with FF H,
performance index -, if there exists symmetric matrices

P(h), U(h) = UT(h) > 0 such that

—~U(h)  P(h)
P(h) @{U(h)

{A(h)D]T () L

E 0

A(h) D LTL o
E HO ]
(29)

Remark 1. If all the parameters in Lemma 4 is indepen-
dent of h, T-S fuzzy system becomes a linear system,
Lemma 4 reduces to the GKYP lemma Iwasaki et al.
(2005).

Theorem 1. For unknown actuator fault matrix F', closed-
loop fuzzy system (24) is asymptotically stable and H
performance index = of FF domain X, if there exist
symmetric matrices U(h), P(h) > 0 and Q(h) > 0 and
matrices G(h), S satisfying the following conditions :

[—U()-=G()—=GT(h) T1 GH)D 0
n 7717
: F*? ng? LO <0 (30)
L * * * -1
[ —Gm)T - G(n) ~G(h) +T
i « G AR + ATmGTmy | <0 BY

where

Ty =U)E + G(h)A(h) — GT (h);
Iy =@?ETUR)E + G(h)A(h) + AT (R)GT (h);
I3 = (Q(h)E + RS)T + AT (h)GT (n);
R=[rl Rf RY]"

and ETR = 0 and R € R"*(n—"15),

Proof 1. First, show that (29) is equivalent to (30), con-
sider that (29) can be rewritten as follows :

Ay D" [Am) D
I o | I o]<o (32)
0 I 0o I
where
I0 -
_ —U(h) P(h)E 100
¢ = [8 (I)] ETP(h) @?ETU(R)E [0 I 0}
oLol"[1 o 0LO
+{001] [0—w21:| [001} (33)
Define

x=[6¢" ¢ o]"s A=[-1 A D]; T=1

Based on Lemma 1, then

Y+ TTxA + ATX'T <0 (34

)
As can see 't = 0, the first inequality in condition (ii)
of Lemma 1 disappears, and according to Lemma 1, (33)
is valid for some X if and only if the second inequality of
condition (ii) of lemma 1. Note that A+ can be chosen as

A(h) D
At = I 0 | and by using the Schur complement,
0 I

can get the equivalence between equations (29) and (30).
Secondly, let’s show that the (28) is equivalent to (31),
Define (28) be rewritten in the form

Am 1" 0 QME+SR] [ An)
{ I } [(Q(h)E—&-SR)T 0 } { 7 ]<0 (35)
Let :
= 0 QME+SR| ., [Gh].
E_[(Q(h)EJrSR)T 0 }’G_{G(h)}’
¥ [ am]s v =[] (36)

So get that equations (35) and (36) are equivalent to
inequality (31).

Theorem 2. For unknown actuator fault matrix F', closed-
loop fuzzy system (24) is asymptotically stable, with H,
performance index v in FF domain |w| < @, if there exist
symmetric matrices Ui, Uavi, Ussi, Piti, Povis P33iy Q1tis
Q2vi and Qs3; and matrices Gy, Si, Zsi and H, (with,
s=1,2,3,t=2,3, v =1,2) satisfying :

WU, < 0; Tii < 0;
1

1
§W¢i+§{¢'ij+\lfﬂ}<o; 1<i#j<4 (37)
1
3

i=1,..,4

1
Tii+§{Tij+Tji}<O§ 1<i#j5<4

where



[T W1y Ty
T T
Uij=1| » Wa Waz |; Ty = [ :1 le} ;
L * * \1133 22
(a1 -GL, - Ulzj -GL, _~0l3i
V= | « —H—HT —Usy; —H — Ussz; ;
| * * —H—HT — Us3;
[as a3 a4 D 00
Uio= | a5 ag -u-UuT s Ws=1|010]|;
lar as —LGL, +HT —H 000
[ ag alo ai DO 0
Uoo= | % wilUsei— H—HT a2 |; ¥az=| 0 I HT |;
| * * a3 00 O
[—~21 0 0
W33 = 0 —%I 0 |;
L O * I
[ -G — GT, GL. Gl - DH
Ty = * —H - HT —-H ;
L * * —-H-HT
[a1s _as aie
Tio = | a17 Qa22i + STRT —H— HT a1 |;
| a19 STRT — g — HT a0
-a21 a2 1123
Yoo=| « —H—HT —HT —Go LT + H | ;
L * * a4
00 I o0 I 0
Ri=(00 ;R2:R3:|:O I:|;V: 0 1I]};
I I 00

a1 = —Un; — G — G
az = Pr1; + A;G], + 61BZ1 VT + Q62 BZ1; VT — Gus
ag = Pro; + A;GEL + 51BZ1; + Q62 BZ1; + 61BZ2; + Q52 BZa;;
as = A;GY. 4+ 61BZ1; + Q62BZy; + §1BZ2; + Q62 BZa; — VH;
a5 = P, — Goy — HTVT; ag = —H — HT + PL,;

a7 = 1517; - LG'E - @31'; ag = 1527;1 — LéTv +HT‘

ag = w1 + sym[A;GT, + 61BZ1; VT +Q8:BZ1,;, V7
a10 = wili2; + A;GT, + 81 BZy1; + Q62BZy;

+ 01BZ2; +Q062BZ2; — VH;

a1 = AjégTi +61BZ2; + Q32 BZa; — G LT 4+ V H;
— LG, + HT + H;
STRT + GuAT +VZBT6:, + VZ],BTQ5; — GT};

a2 =—Go; LT + H — HT; a13 = —G3; L7

a1a = Quui +

a1s = Q12; + ST RT —

aie = Ql:si + S‘fRT

a17 = Qly; + S5 RY + G, AT + Z],BT61 + Z], BT 6,
+ ZLBTs1 + 2L BT Q6;

VH - GYL;
GuLT +VH -GL;

a1s = Qasi + S;‘FRéF — G LT 4 H;

a19 =S5 RY + GsiA] + Z3,BT61 + Z3, BT Q6 — H'VT;

a0 =S¥ RY — Gz, LT+ H - HT,

as1 = sym[A;GT, + 61BZ;VT + Q62BZ1; VT,

ass = A;GT. + 61 BZy; + Q82 BZ1; + 61 BZ2; 4+ Q2B Zo; — VH;
ass = AjGT, +81BZa; + Q2B Zo; — Fi, LT + VH

a24:,é3iLT,LG§;+HT+H;

Furthermore, under the above conditions, the fuzzy H.o
SOF controller gain matrices in (22) are

Kii=2uH7Y Koy=ZyH™Y 1<i<4 (38)
Proof 2. Left- and right- multiplying (30) and (31) by
diag{G~t(h), G=*(h), I, I} and diag{G~1(h), G1(h)},
respectively. ~
Let G(h) = Gl(h), U(h)~ = (h) (WG~ (h),
P(h) = G~ (h)P(h ) (h), Q(h ) Hh)Q(R)GT (h)
and S = G Yn)sGa
Furthermore, Deﬁnlng the following matrices :
4 Ur1i Uiz Uhsi
f](h):Zhi * Ui Uszi |5
i=1 * * U331‘
4 P Prai P
ﬁ(h)zzhi *  Pay Pa |
=1 * * R33;
4 Qlli Ql?i QlSi
Q(h) = Zhi * Qozi sti) ;
i=1 * * Q33
4 Gu 0 VH ST\"
G(h) = Zhl éQi H H 5 é = Sg )
p— Gy, 0 H ST
B 4 4 Aj FBjKU FBjKQi
A(h) = hih; | 0 0 —I

After that we applying Lemma 2, we have (30) and (31)
are equivalent to (37).

Table 1: Numerical values of Diesel engine

T; Intake manifold temperature 340 K
T, Ambient temperature 310 K
Pa Ambient pressure 100 kPa
T, Exhaust manifold temperature 620 K
N Engine Speed 1500 rpm
Vi Volume of the intake manifold 0.003 m3
Va Displacement volume 0.006 m3

¢p | Specific heat at constant pressure 1014,4 J/Kg.K

¢y | Specific heat at volume pressure | 7274 J/Kg.K
Ne compressor efficiency 0.61

Vz | Volume of the exhaust manifold 0.002 m3

T Time constant 0.11

Nt turbine efficiency 0.76

No Volumetric efficiency 0.87

R Gas constant 287 J/Kg.K
nm | Turbocharger mechanical efficiency 1

4. SIMULATION

In this section, results are presented to illustrate the
effectiveness of the proposed controller design. The Diesel
engine air-path model parameters are given in Table 1.
The actuator fault is taken as 0.25 < F; < 0.75, 0.35 <

F, < 0.65. Choosing p; € [135kPa,160kPa] and p, €
[85kPa, 115k Pa] and fuel flow rate are given as follows :

6/3600 10 <t <20
my =< 3/3600 20<t<30 (39)
4/3600 others

Since the frequency range of the disturbances can be seen
as belonging to the FF domain |w| < 0.5 rad/s.
We set the initial conditions to p;(0) = 145 kPa, p,(0) =



90 kPa and p.(0) = 1200 W. The frequency responses of
the superposition of the measurements of the real outputs
system P;, P, and its reference are plotted in figs. 3 and
4, respectively, the solid line being obtained by the FF
FTSOFC method, while the dotted line is obtained by
the EF FTSOFC approach. Can conclude from these two
figures that the frequency response results validate the H,
performance, good tracking and fast convergence of the
proposed FF FTSOFC method in this article.
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5. CONCLUSION

In this work, a fault- tolerant finite-frequency H., static
output control is proposed for the Diesel engine air-
path system. The LMI sufficient conditions guaranteeing
good tracking and specified H,, performance are obtained
with actuator faults. The Air-path Diesel engine model is
described by T-S fuzzy model based descriptor approach.
Simulation has been provided to illustrate the effectiveness
of the proposed approach.
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