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Abstract

An adaptive fuzzy controller is designed for spark-ignited (SI) engines, under the con-
straint that the system’s model is unknown. The control algorithm aims at satisfying the
H., tracking performance criterion, which means that the influence of the modeling errors
and the external disturbances on the tracking error is attenuated to an arbitrary desir-
able level. After transforming the SI-engine model into the canonical form, the resulting
control inputs are shown to contain nonlinear elements which depend on the system’s pa-
rameters. The nonlinear terms which appear in the control inputs are approximated with
the use of neuro-fuzzy networks. It is shown that a suitable learning law can be defined
for the aforementioned neuro-fuzzy approximators so as to preserve the closed-loop sys-
tem stability. With the use of Lyapunov stability analysis it is proven that the proposed
adaptive fuzzy control scheme results in H., tracking performance. The efficiency of the
proposed adaptive fuzzy control scheme is checked through simulation experiments.

1 Introduction

In the last years there has been significant re-
search effort in the development of embedded con-
trol systems for the automotive industry, aiming
at improving the performance of vehicle’s engines
in terms of produced power, at reducing fuel con-
sumption and at elimination the emission of exhaust
gases. In particular, the problem of control of the
rotation speed of SI-engines as well as the problem
of control of the engine’s pressure manifolds has
been approached with different methods [1-2]. In
[3] a nonlinear state space controller for turn speed
(and consequently the torque) of a spark-ignited en-
gine is proposed. The controller design is based
on feedback linearization in combination with pole
placement. In [4] time-varying internal model-
based design is applied to compensate for the time-

varying but angle dependent pressure pulsations in
the fuel injection system of SI-engines. In [5] a con-
trol method for the air-path system of SI-engines is
presented. The first part considers generation of the
motion-planning trajectory of the intake manifold
pressure from a torque set point. Then, feedfor-
ward and feedback control laws are presented. In
[6] a feedback linearization approach based on dif-
ferential flatness theory is proposed for the control
of the air system of a turbocharged gasoline engine.
Finally, in [7] a model-based approach is pursued
to maximize an Sl-engine’s torque through optimal
control of the variable valve timing (VVT) and the
variable gas turbine (VGT).

To make embedded control systems capable
of functioning efficiently under variable operating
conditions and despite modeling uncertainties and
external perturbations, robustness of the control al-
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gorithm has become a prerequisite [8-10]. An ap-
proach for obtaining such robustness has been the
development of adaptive neurofuzzy control meth-
ods [11-12]. It has been shown through theoret-
ical stability analysis and confirmed through ex-
perimental tests that neurofuzzy approximators can
be used in indirect adaptive control schemes where
their role is to identify online the unknown system
dynamics and to provide the control with this infor-
mation that is used for generating the control inputs
[13-17]. Moreover, in the last years specific results
have produced about the use of neurofuzzy adaptive
controllers in embedded control systems for com-
bustion engines [20-25]. In this paper a new non-
linear adaptive-fuzzy control scheme based on dif-
ferential flatness theory is proposed for SI-engines.
The new results come to extend the method pre-
sented in [26-30]. By showing that the SI-engine
model is a differentially flat one it becomes possible
to transform it to the linear canonical form. For the
latter description of the system’s dynamics the de-
sign of a state feedback controller becomes easier.
After transformation to the linear canonical form,
the resulting control input for the engine is shown
to contain nonlinear elements which depend on the
system’s parameters. If the parameters of the sys-
tem are unknown, then the nonlinear terms which
appear in the control signal can be approximated
with the use of neuro-fuzzy networks [18-19]. In
the paper it is shown that a suitable learning law can
be defined for the aforementioned neuro-fuzzy ap-
proximators so as to preserve the closed-loop sys-
tem stability. Lyapunov stability analysis proves
also that the proposed flatness-based adaptive fuzzy
control scheme results in H., tracking performance.

The paper proposes nonlinear feedback control
for SI engines of an unknown dynamical model
with the use of a differential flatness theory adap-
tive fuzzy control method. On the one side, adaptive
fuzzy control has been proven to be an efficient non-
linear control method [31-35]. On the other side,
differential flatness theory stands for a major di-
rection in the design of nonlinear control systems
[36-45]. Adaptive fuzzy control system based on
differential flatness theory extends the class of sys-
tems to which indirect adaptive fuzzy control can
be applied. This is important for the design of
controllers, capable of efficiently compensating for
modeling uncertainties and external disturbances in
nonlinear dynamical systems. Unlike other adap-

tive fuzzy control schemes which are based on sev-
eral assumptions about the structure of the nonlin-
ear system as well as about the uncertainty charac-
terizing the system’s model, the proposed adaptive
fuzzy control scheme based on differential flatness
theory offers an exact solution to the design of fuzzy
controllers for unknown dynamical systems. The
only assumption needed for the design of the con-
troller and for succeeding H.. tracking performance
for the control loop is that there exists a solution for
a Riccati equation associated to the linearized error
dynamics of the differentially flat model. This as-
sumption is quite reasonable for several nonlinear
systems, thus providing a systematic approach to
the design of reliable controllers for such systems
[29], [34].

The structure of the paper is as follows: in Sec-
tion 2 the dynamic model of the SI-engine is an-
alyzed and its state-space description is given. In
Section 3 feedback linearizing control of the SI-
engine using Lie algebra is introduced. In Section 4
Feedback linearizing control of the SI engine using
differential flatness theory is analyzed. In Section 5
flatness-based adaptive fuzzy control for the spark
ignited engine is analyzed. In Section 6 Lyapunov
stability analysis is given. In 7 simulation tests are
carried out to evaluate the performance of the con-
trol loop. Finally, in Section 8 concluding remarks
are stated.

2 Dynamic model of the SI engine

2.1 State-space description of the SI-
engine

It is possible to control the intake pressure p,,
and the rotational speed of the engine’s shaft ® by
adjusting the angle of the air throttle. It is con-
sidered that the associated control loop is indepen-
dent from the loops of the fuel injection control and
spark timing control (Fig. 1)

The basic equations of the system are:

Pm = kp, Opy +kp,®+kpu (D)
Y=o

The variable of the intake pressure appears with
time delay in the equation of the turn speed in the
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Figure 1. Diagram of the spark-ignited engine

second row of the model of the SI engine. Using
that p;g = pm(t —t4) and

Pm(t —Ta) = 727 Pm 2)

while T = a;/® and a, is a parameter that is mea-
sured in radians. Denoting k; = —1/a,; one has
about the dynamics of the delayed intake pressure
variable

Pmd = kdw(Pmd _pm) 3)

Using the previous formulation, and defining the
state variables x; = ®, x, = p,,, and x3 = py,, the
dynamics of the SI engine is written as

xl — km1x2 + k(Dz + km3 Tfm
X2 = Kyx1(x2 — x3) 4)
X3 = kp,x1x3 +kp,x1 +kp,u

where T, are friction torques, which can be also
perceived as disturbances. In the above equations
coefficients k,,, i = 1,2,3, kg, i = 1,2,3 and Ky
are associated with the combustion cycle of the SI-
engine and are defined in [1-2].

The model also takes the matrix form

%= f(x) + g )

with

kmle + kmz + k(,l)'; Tfm O
flx)= kaxi (x2 —x3) gx)=10
kpi 13 + kp,x1 kps

(6)

3 Feedback linearizing control of
the SI-engine using Lie algebra

Using Lie derivatives, the following state variables
are defined for the Sl-engine model of Eq. (4):
71 = hl(x) =X1,2 = thl(x) and z3 = L}hl(x). It
holds that

n=Lih(x) =2 fi+ P+t fi=

oxp /2 Oxy

(7
ZZ == fl :>Z2 — k0)1x2 + ka + k(’)3 Tﬁ)i

In a similar manner one obtains (8)
Moreover, it holds that (9)

Additionally, it holds that (10)
while one also obtains (11)

which also shows that the relative degree of the SI-
engine model is n = 3. It can be also confirmed that
it holds

i1=22
L=z 12)
23 = Lih (x) + LeLh (x)u

which after defining the new control input v =
L}hl(x) + LgLJ%hl(x)u can be written in the linear
canonical (Brunovsky) form
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3 =L (x) = §2

fi+ 922 o+ 22 fr=

ox /=T dxs

23 = fi=22 = ko, X2 + ko, + ko Tr, = ®)
23 = ko, fo=23 = ke, kax1 (X2 — x3)

L;hl(x) = g%fl +
Lyhy (x) = koyka(x2 = x3) fi + kay kax1 fo — ko kax1 f3=

5 5
htieh=

ox3

©))
Lyhi(x) = keyka(x2 = x3) [ko, %2 + ke, + ko T, ]+
—|—kmlkdx1 [kdxl (X2 —X3>] — k(,,lkdxl [kplX1X3 + kple}
LoLyhy (x) = Lto=LoLyhy (x) = $2g1 + 82 gy + L g3=>
s 3
LeLyhi (x) = Ekp > LeL i (x) = Sk, (10)
:>LgLf//l] (x) =0
LoL3h (x) = Lyzs=LeL7h (x) = g%gl + g%gz + 3%83=> (11
LoLhy (x) = ke, kakp, X1
£ 01 0 2 0 X3 = kp,x1x3 +kp,x1 +kp,u (18)
Z,Z =100l 2| +|0]v (13) The flat output of the SI-engine model is taken to be
23 0 00 23 1

From the relation z?) = v the state feedback con-

trol law for the SI-engine that assures asymptotic
convergence of the state vector z to the desirable
setpoint z4 is given by

3)

v=2zy,; —ki(Z1 —Z1a) —ka(21 —21.0) —k3(z1 — 21.0)

(14)

Using that the control input for the linearized model
isv= L}hl (x)+ LgL}hl (x)u the control input that
is finally applied to the SI-engine is

u= 7Lgl‘§lh| ® [V — L}I’ll (.X)]

(15)

4 Feedback linearizing control of
the SI-engine using differential
flatness theory

The state-space description of the SI-engine dynam-
ics given in Eq. (4) is considered again

it = ko X2+ ke, + ko T, (16)

X2 Zdel(X2—X3) (17)

y = x1, which is the engine’s turn speed. It will be
shown that all state variables of the system and the
control input can be written as functions of the flat
output and its derivatives, and thus the SI-engine
model is a differentially flat one.

Eq. (16) is solved with respect to x,. This gives

. X1 7](0)2 7k@3 T%,

_ Y—koy —kay Ty
Xy = o =—2 3

=X2 T

L (19)

X2 = fZ(y7y)

Eq. (17) is solved with respect to x3. This gives

_ kgxixo—xp _ kayr(09) =2 (0)
= kgx) —>X3 = Ky =

X3 :f3(y7y)

X3

(20)
Moreover, from Eq. (18) it holds

ey — F(03)—kp, kyfz (v.9)—kpyy
(21)

Therefore, all state variables and the control input
in the model of the SI-engine are described as func-
tions of the flat output and its derivatives. Conse-
quently, the SI-engine model is a differentially flat
one. It holds that

X3 —k,,lx1X3 —kple
u= %

P3
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y=x
. . . 22
y:x1:>y:k0)|-x2 +k(,02 +k(03Tfm ( )

Differentiating once more with respect to time gives

V= km]xz +kﬂ)s Tfm:>

.. . 23
y= kmlkdxl (Xz —X3) + k(n3 Tfm ( )

By deriving once more with respect to time one gets
(24)

Therefore one arrives at a description of the SI-
engine dynamics which is equivalent to the one ob-
tained from linearization with the use of Lie algebra

y3) = Lihy (x) + LeL3hy (x)u (25)
where (26) and also
LyL%hy (x) = —ka, kakp; 1 27

For the previous description of the SI-engine dy-
namics, the following state variables are defined
z1 =, 22 =y and z3 = ¥, the following state-space
model is obtained

i1=2
=23 (28)
23 = L3h (x) + LeL7hy (x)u

The linearized model of the Sl-engine is finally
written in the Brunovsky canonical form

Z 1 010 21 0
=10 0 1 2| +10]v 29)
23 0 0 O 23 1

From the relation z?) = v the state feedback con-

trol law for the SI-engine that assures asymptotic
convergence of the state vector z to the desirable
setpoint z; is given by

v=2 — k(G —2a) k(2 —210) —k3(z1 — 21.0)

(30)
Using that the control input for the linearized model
isv= L}hl (x) +LgL§ch1(x)u the control input that
is finally applied to the SI-engine is

= LgL}lhl(x) [v =L (x) €2

S Flatness-based adaptive fuzzy
control

5.1 Nonlinear system transformation into
the Brunovsky form

A single-input differentially flat dynamical system
is considered again:

X = fs(x,1) —I—gs(x,t)(u—i—cf), x€R", ucR, deR
(32)

where f;(x,1), gs(x,¢) are nonlinear vector fields
defining the system’s dynamics, # denotes the con-
trol input and d denotes additive input disturbances.
Knowing that the system of Eq. (32) is differen-
tially flat, the next step is to try to write it into a
Brunovsky form. It has been shown that, in gen-
eral, transformation into the Brunovsky (canoni-
cal) form can be succeeded for systems that admit
static feedback linearization [42]. Single input dif-
ferentially flat systems, admit static feedback lin-
earization, therefore they can be transformed into
the Brunovksy form. For multi-input differentially
flat systems there may also exist a transformation
into the Brunovsky form [34].

The selected flat output is again denoted by y. For
the state variables x; of the system of Eq. (32) it
holds

xi=¢i(y,)'i,~-,y(rfl)),izl,'-‘,n (33)

while for the control input it holds

o yr=D) ,y(r)) (34)

Introducing the new state variables y; =y and y; =
=1 i =2 ... n, the initial system of Eq. (32)
can be written in the Brunovsky form:(35)

where v = f(x,t) + g(x,7)(u+d) is the control in-
put for the linearized model, and d denotes additive
input disturbances. Thus one can use that

Y = fx,0) +g(x,1) (u+d) (36)
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y(3) = kg, kaX1 (X2 — X3) + ko, kax132 — ko kgx1%3 + ke, Tfm:>

y(3) — k(O] kd ()Cz — X3) [k(,)] X2 + kmz + kw3 Tfm] +
oy kgt [ea1 (x2 = x3)] = koo kax op 163 + Kpy 1+

(24)

_k(l)| kdkpgxl u + kﬁ)’& Tfm

Lihi (x) = ko ka(x2 = x3) [key X2 + ko, + ko Ty, |+
+koy kaxi[kax1 (x2 —x3)] — ko kaxi [kp, x13 + kp,x1] + ko, T,

where f(x,7), g(x,t) are unknown nonlinear func-
tions, while as mentioned above d is an unknown
additive disturbance. It is possible to make the sys-
tem’s state vector x follow a given bounded refer-
ence trajectory x;. In the presence of model un-
certainties and external disturbances, denoted by
wy, successful tracking of the reference trajectory
is provided by the H. criterion [30],[17]:

Ji e Qedr < p? [ waT wadt (37)

where p is the attenuation level and corresponds to
the maximum singular value of the transfer function
G(s) of the linearized model associated to Eq. (35)
and Eq. (36).

Remark I: From the H. control theory, the H.
norm of a linear system with transfer function
G(s), is denoted by [|G||~ and is defined as
|G| = supuOmax[G(j®)] [26-30]. In this defini-
tion sup denotes the supremum or least upper bound
of the function G,,,,[G(j(®)], and thus the H. norm
of G(s) is the maximum value of G [G(j(®)]
over all frequencies ®. H. norm has a physi-
cally meaningful interpretation when considering
the system y(s) = G(s)u(s). When this system is
driven with a unit sinusoidal input at a specific fre-
quency, Guqc|G(j®)| is the largest possible output
for the corresponding sinusoidal input. Thus, the
H., norm is the largest possible amplification over
all frequencies of a sinusoidal input.

Remark 2: The input additive disturbance term d in
the dynamics of the controlled system does not af-
fect the transformation into the canonical form that
is performed according to the differential flatness
theory. Such a disturbance is efficiently compen-
sated by the proposed adaptive fuzzy control law.

(26)

5.2 Control law

For the measurable state vector x of the system of
Eq. (35) and Eq. (36), and for uncertain functions
f(x,1) and g(x,1) an appropriate control law is

1 n) 2 T
u=— —f(x,t) — K" e+u, 38)
g(x,t) [yd f( ) ]
with e = [e,é,é,--- e VT and e = y — y,, KT =

[kn,kn—1,--- k1], such that the polynomial e +
kle(”fl) + kze("*Z) + .-+ +kye is Hurwitz. The con-
trol law of Eq. (38) results into (39)

where the supervisory control term u, aims at the
compensation of the approximation error

w=[f(er) = flan)]+ [g(rr) —gx,nlu (41

as well as of the additive disturbance term d; =
g(x,r)d. The above relation can be written in a
state-equation form. The state vector is taken to be

el =[e,é,---,e" 1], which after some operations
yields (41)
where
0 1 0 0
0 1 0 0
A = DY ’ B =
0O 0 O 1 0
0 0 O 0 1
(42)

and K = [ky,k,_1,- - ,ka,ki]7. As explained above,
the control signal u. is an auxiliary control term,
used for the compensation of d and w, which can be
selected according to H.. control theory:

uc=—1BTPe (43)
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1 0 1

2 0 1
Yn—1 0 0 0

I 0 0 0

e = —KTetu +[f(x,t)— f

¢ =(A—BK")e+ Bu. +B{[f(x,t

5.3 Approximators of unknown system dy-
namics

The approximation of functions f(x,#) and g(x,7)
of Eq. (36) can be carried out with neuro-fuzzy
networks (Figure 2.). The estimation of f(x,#) and
g(x,1) can be written as [11]:

F(x[07) =050(x), &(x[6) =6;0(x),  (44)

where ¢(x) are kernel functions with elements

IT- |I~’A()

[ —
q) (X) ZN lHn lluA( ) l 1727 7N (45)

It is assumed that the weights 8, and 6, vary in the
bounded areas Mgy ; and Mg, which are defined as

Mej.:{efGhaHefHSmef}, (46)
My, = {6, ER":|8,]| < me, }

with mg, and mg, positive constants.

The values of 6 and 6, that give optimal approxi-
mation are:

9;“ =arg mintEMef [SuperX|f(x) —f(x|ef)”
0, = arg minegeMeg [supxeu,|g(x) — 8(x|8g)]
47

The approximation error of f(x,¢) and g(x,) is
given by

(2, 0)] + [8(x,1)

0 Y1 0
0 2 0

N R (35)
1 Yn—1 0

In 1

—gA()C,l)]M—i—g(X,l)J (39)

— Fle )]+ [g0xt) — g, )u+di ) (40)
w = [F(,107) = £(x0)] + [6(x]6%) — gCx.t)]u =

w = {[7(07) — F(x/6,)] + [ (x107) — fx.1)]} +
R0~ 40100+ £(x00) st 0lu)

where: i) f (x[07) is the approximation of f for the
best estimation 6;2 of the weights’ vector 0y, ii)
£(x|05) is the approximation of g for the best esti-
mation 6, of the weights’ vector 6.

The approximation error w can be decomposed into
w, and wp, where

= [f(x107) — f(x|67)] + [8(x]6;) — §(x]67)]u
= [/ (x[67) = f (x,0)] + [8(x]6;) — & (x,1) u
(49)

Finally, the following two parameters are defined:

By =0;—6;

6, =6, —6;. (50)

Remark 3: A difference between the neurofuzzy ap-
proximator depicted in Figure 2 and a RBF neural
network is the normalization layer that appears be-
tween the Gaussian basis functions layer and the
weights output layer. After normalization, the sum
(over the complete set of rules) of the fuzzy mem-
bership values of each input pattern becomes equal
to 1. The neurofuzzy model provides also linguistic
interpretability (in terms of fuzzy rules) about the
implemented control law [18].
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Figure 2. Neuro-fuzzy approximator: G; Gaussian basis function, N;: normalization unit

6 Lyapunov stability analysis

The adaptation law of the weights 6, and 6, as
well as of the supervisory control term . is derived
by the requirement for negative definite derivative
of the quadratic Lyapunov function

1 | R 1 <~
V=_ePet+-—016,+-—0"0 51
26 e+2’Y1fj+2'ngg ( )
Substituting Eq. (40) into Eq. (51) and differentiat-
ing gives

V=1 Pet eTPe+ 1676, + 1676,
V=3e"{(A-BK")"P+P(A—BK")}e+
LATH LATA
+B" Pe(uc+w+di) + 50787+ 678,
(52)
Assumption 1: For given positive definite matrix Q
and coefficients r and p there exists a positive defi-

nite matrix P, which is the solution of the following
matrix equation (53)

Substituting Eq. (53) into V yields after some oper-
ations (54)

It holds that

b, =0,-0:=6,
S (55)

0, =0, —0; =0,
The following weight adaptation laws are consid-
ered [26]

TPB(x) if ||67| < ma,

N ¢ e
Or={ 0 1161] = me,

(56)

: —'yzeTPBq)(x)uC if |8g|| < me
0, = J 57
s = 0 1[8,] > mo, 67
Gf and ég are set to 0, when
18] > me,, [0 = me,. (58)

The update of 67 stems from a LMS algorithm on
the cost function %(f—f)z. The update of 0, is also
of the LMS type, while u, implicitly tunes the adap-
tation gain Y. Substituting Eq. (56) and (57) in V
finally gives (59)

Denoting w; = w+d| 4+ wq one gets (60)
Lemma: The following inequality holds:

s¢" PBwi + 3w B' Pe— 555¢" PBB" Pe < 3p*w{w
(61)
Proof: The binomial (pa — %b)2 > 0 is considered.

Expanding the left part of the above inequality one
gets

pzaz—i—#bz—Zab >0= %pzaz—i-zl?bz—ab >0=
ab — z%zbz < %pza2 = %ab—l— %ab— ﬁbz < %pza2
(62)
The following substitutions are carried out: a = wy
and b = e’ PB and the previous relation becomes

swi B Pe+ 3¢ PBwi — 55" PBB Pe < 5p w{w
(63)
The previous inequality is used in V, and the right
part of the associated inequality is enforced
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2
(A—BK")' P+ P(A—BK") - PB(

V =—je" Qe+ 5¢"PB(? — J;)B" Pe+ B" Pe(—¢" PB)+
+BT Pe(w+di)+ 676, + 68,

. 1 1
V< — 5eTQe + Epr{wl (64)

Eq. (64) can be used to show that the H. perfor-
mance criterion is satisfied . The integration of V
from O to T gives

Jo V(t)dt < = [y llel gt + 507 fo [lwiPdt =

2V(T)+ Jo llel[gdr <2V (0) +p g [[wi e
(65)

Moreover, if there exists a positive constant M,, > 0
such that

I3 [Iwi||2dt < M, (66)

then one gets

Jo"llel|pdt <2V (0)+p*M,, (67)

Thus, the integral [ HeHszt is bounded. More-
over, V(T) is bounded and from the definition of the
Lyapunov function V in Eq. (51) it becomes clear
that e(r) will be also bounded since e(t) € Q, =
{eleT Pe<2V (0) +p*M,, }.

According to the above and with the use of Bar-
balat’s Lemma one obtains lim;_,.e(t) = 0.

7 Simulation tests

The efficiency of the proposed control scheme was
tested in the case of tracking of different setpoints.
The associated results are depicted in Fig. 3 and in
Fig. 4. It has been confirmed that the closed con-
trol loop succeeded fast and accurate tracking to all
these setpoints while the variations of the control
signal applied to the SI engine remained smooth.

%)BTPJr Q=0 (53)

rop

(54)
Y2

8 Conclusions

In this paper, a new neurofuzzy adaptive control
scheme for spark ignited (SI) engines has been de-
veloped with the use of differential flatness theory.
It has been shown that the dynamic model of the
SI engine is a differentially flat one, which means
that all state variables and the control inputs can be
expressed as functions of a unique flat output vari-
able and its derivatives. By showing that the model
satisfies differential flatness properties it has been
shown that it can be transformed to the linear canon-
ical (Brunovsky) form. For the latter description the
design of a state feedback controller becomes eas-
ier. Moreover, to cope with parametric uncertainties
and external disturbances for the SI model, even in
the case that the system’s model is completely un-
known, the development of an adaptive fuzzy con-
trol scheme have been proposed.

Actually, for the description of the engine’s
model in the canonical form, the associated trans-
formed inputs where shown to contain unknown
nonlinear functions which had to be identified on-
line with the use of neurofuzzy approximators. It
has been proven that a convergent adaptation law
for the parameters of the neurofuzzy networks ex-
ists, as a result of the requirement to have a nega-
tive definite Lyapunov function for the closed con-
trol loop. Moreover, by using such Lyapunov stabil-
ity analysis methods it has been confirmed that the
closed loop of the control system satisfies H.. track-
ing performance criteria, and this assures improved
robustness to external perturbations affecting the
combustion engine. The efficiency of the proposed
control scheme has been confirmed through simula-
tion experiments.
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