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This work investigates a fuzzy direct adaptive fuzzy fault-tolerant
Control (FFTC) for a class of perturbed single input single output
(SISO) uncertain nonlinear systems. The designed controller consists
of two sub-controllers. One is an adaptive unit, and the other is a
robust unit, whereas the adaptive unit is devoted to getting rid of the
dynamic uncertainties along with the actuator faults, while the second
one is developed to handle fuzzy estimation errors and exogenous
disturbances. It is proved that the proposed approach ensures a good
tracking performance against faults occurring, uncertainties, and
exogenous disturbances, and the stability study of the closed-loop is

proved regarding the Lyapunov direct method in order to prove that
all signals remain bounded. Simulation results are presented to
illustrate the accuracy of the proposed technique.

This is an open access article under the CC-BY-SA license.

1. Introduction

Recently, the Adaptive control technique has witnessed much attention in control theory
society due to its ability to deal with system uncertain or unknown dynamics [1]-[9]. Generally
speaking, universal approximator such as neural networks (NNs) and fuzzy logic systems
(FLSs) tools was a good solution to overcome system uncertainty [10] [11], or fuzzy systems
as universal approximator [1]-[6]. Various Fuzzy adaptive techniques have been developed in
the literature classified from SISO to MIMO linear and nonlinear systems. In the design stage of
fuzzy adaptive control law, direct and indirect approaches have been studied. In the direct, one
controller consists to approximate the ideal control law with the help of a fuzzy system (see
Refs. [12] [13] [14] [1]-[9]). However, the indirect resides on the approximation of the
uncertain nonlinear system using fuzzy systems and based on these approximations. A general
adaptive controller is built [1-5] [12] [13] [16]-[19]. On the other side, the adaptive technique
was integrated with fault-tolerant control approach to handle actuator and sensor failures.
Practically, sensor and/or actuator faults seem unavoidable separately or collectively due to
their importance. If an actuator or sensor faults occur during the system operation, this can
lead to a catastrophic behavior and drive the system to instability. Authors in [1] have
investigated an adaptive fuzzy fault-tolerant control scheme for a class of nonlinear systems
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with simultaneous actuator and sensor failures. A combination method based on fuzzy systems
(FSs) and backstepping approach allowed the online estimation of the adaptive parameters
and guaranteed the boundedness of all signals in the closed-loop system, while in [4], an active
fault-tolerant control technique has been proposed for a class of second-order nonlinear
system subjected to state-dependent actuator faults with the presence of unknown control gain
sign and external disturbances. In [20], adaptive fault-tolerant control is applied on a flexible
spacecraft with state-dependent actuator failures using simple linear sets of system states and
errors combination. In [21], the authors proposed a dynamic surface-based control approach
using the Nussbaum-type function for attitude stabilization of a spacecraft under actuator
saturation. More results can be found in [22], where an active fault-tolerant control scheme
has been developed for a class of MIMO nonlinear systems with sensor failures based on
dynamic surface control (DSC).

Based on the aforementioned works, a fuzzy adaptive fault-tolerant control strategy is
proposed for a class on the nonlinear system with actuator faults, exogenous disturbance, and
uncertainties. A modified controller with new adaptive algorithms are designed and the upper
and lower bounds of the control gain sign (CGS). An additional robust control term is added to
circumvent the problem of approximation errors and mollify the tracking curves.

The main contributions of the proposed controller are summarized below:

i. The proposed controller, along with a robust term, is superior to the controller
performance in [14].

ii. The actuator faults model is time-varying parameters with bias, drift, loss of accuracy,
and loss of effectiveness, which make the controller affordable against large faults scale.

iii. = The exogenous disturbance is handled theoretically instead of approximation.

The rest of this paper is designed as follows: Problem formulation along with the studied
class is first described, followed by a brief description of the universal approximation, i.e., fuzzy
logic systems. Then, the proposed direct adaptive fuzzy fault-tolerant control scheme is
presented with the corresponding adaptive laws and the stability analysis using Lyapunov
methodology. A simulation example on the dynamic model of an inverted pendulum is
performed to evaluate the accuracy of the proposed technique. Finally, some conclusions and
general comments are given.

2. Problem Formulation

A class of SISO nonlinear systems without faults (faults free) can be written under the
following equations [3] [6]

X1 = X3
. ) 1
Xn = f(xq, x5, o xn) + g(xq1, X, .. x )u + d(t) 1)
y=X1
Which can be concise and written as
(/= )+ g+ 4o @
Yy=x1

where x = [xq, ..., x,]T € R", is the vector of the system;u € R is the scalar control input; y €
R is the scalar system output; f(x) and g(x) are unknown smooth nonlinear functions; d(t) is
considered as an exogenous disturbance.

In respect to the dynamic of the system (2), the following assumptions will be made:
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Assumption 1: the order n of the system is known.
Assumption 2: the state vector is available for measurement.
Assumption 3: there exists an unknown continuous positive function D(x) as: |g(x)| < D(x)

In this paper, actuator faults are considered with additive and multiplicative models, as
shown in Table 1 (see in [1]).

Table 1. Actuators Faults

Actuators Faults Kinds Conditions Faults Names
u(t)+b b(t) = O,b(tf) #0 bias (Lock in place)
u(t) + b(t) b)) =4t 0 <AKL1forallt >tf drift
uo u(t) + b(t) |b(©)| < by ,b(t) - 0 forallt >tf Loss of accuracy
k(®)u(t) 0<k<k()<iforallt=ts Loss of ef fectiveness

where tr denotes the time instant of failure of the ith sensor/actuator and b denotes its

accuracy coefficient such that be[—bg, by], where by > 0. Also ke[k, 1], where k > 0 denotes
the minimum sensor and actuator effectiveness, in which b and k are slowly varying
respectively within [—bg, bg] and [k, 1].

Regarding the faults given in Table 1, then the faulty actuator can be defined by the following
compact form

uf(t) = k(t)u(t) + b(t) (2a)

Meanwhile, the system described in (2a) will take the form below

y™ =) + g (k(©Ou®) +b(®)) +d(t)
Yy=X (2b)
which can be rewritten in the following compact form
y™ = f) +gu®) + foale,w) +d(©)
y=x (2c)

where
faCe,u) = g ((k — Du(t) + b(1))

The objective is to design an adaptive fuzzy controller for system (2c) under actuator faults,
exogenous disturbances, and uncertainties so that the system output y(t) can stably follow a
referred trajectory y,(t). Its stability can be defined as all signals in the closed-loop system
stay bounded.

Regarding the development of the control law, the following assumptions should also be
made:

Assumption 4: the referred trajectory y,;(t) and its time derivatives y(i),i =1,..,n are
smooth and bounded.

Assumption 5: the control gain g(x) is not equal to zero, and its sign is known; g(x) > g > 0

with g is an unknown constant

Assumption 6: the estimation error is bounded as |e(x)| < &,
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Nevertheless, the tracking error vector can be defined as

e=leé, ...;e("‘l)]T € R" (3)
with
e(t) =ya(t) —y(@®) (4)
e™ =y —y™ (5)
e™ =y = f(0) — gLu — fu(x,w) — d(®) (6)

If the functions (f(x), g(x),d(t)and D(x)) are known, then the control objective is achieved,
and the ideal control law can be considered as:

oyt = v—f(x)— fa(x,u) —d() D(x) e’Pe

= 7
g 29(x)?eTPB )
where P is the solution of the Lyapunov-like equation, which will be designed later, and,
— - ,u)—d(t) D(x) eTPe
m — M _ _ v—f(x) — falx,u) o
e Yd f(x) g(x) < g(x) + Zg(x)z eTPB ( )
M — _pT @ D(x) eTPe 9)
¢ = A 29(x)%2eTPB
Hence, the dynamic error can be further written as
Ao+ B ) D(x) elPe 10
e=ae g 29(x)2eTPB (10)
where
0 1 0 0
] : 0 NE
A= 0 e 1 B = 0
—k, —kn_q o —ky, 1
The Lyapunov-like equation is defined as
|4 ! Tp (11
= e’ Pe
29(x)

where P defines a symmetric positive definite matrix satisfying the Lyapunov-like equation
ATP +PA=—-Q (12)
with Q > 0.

Finally, the time-derivative of the Lyapunov-like equation along with the error dynamic
(10) can be rewritten as

V=- ! eTQe+eTPBg(x)™?! [—g(x) (

D(x) eTPe>]
2g(x)

29(x)?eTPB (13)

~ 3¢ Peg (g ()
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This can be summarized as followed

i 1 )
V=- 2900 eTQe+V, (14)

) D Tpe 1

iy = = = e TPeg()g() (15)

Based on assumption 3, the above equation can be rewritten as

T
—%+ %eTPeg(x)_2 D(x)=0 (16)

Meanwhile, based on assumption 5, equation 14 can be rewritten as

V<

V< !
T 2g()
Therefore, it can be concluded that the tracking error and its derivatives asymptotically
converge to zero without any compact set e®(t) - 0ast — oo fori =0,1,...,n—1[1], and
the system is globally stable. It is tough to implement the ideal control law presented in (7)
since the nonlinear functions f (x), g (x), D(x), and the exogenous disturbance are unknown.
In this case, our objective is to use fuzzy systems to approach the ideal control law.

eTQe<0 (17)

3. Fuzzy Logic Systems

It is shown and proved that any real continuous function could be approximated using
fuzzy systems defined on a compact set with arbitrarily high precision [23]. Sugeno et al. [24]
have proposed a class of fuzzy systems that allows representing general knowledge to be
expressed in analytical form, describing the system's internal behavior.

This class of fuzzy systems is called Takagi-Sugeno (TS) fuzzy systems. The input of the
fuzzy system is defined as x = [xy, ..., x,,]7 and its output is defined as y. As for x; € X;, each x;

is associated with m;, fuzzy sets Fij in X;. There is at least one non-zero degree of membership
,qu(xl-) # Owherei=1,2,..,nandj =12, ...,m,.
i

Another notable characteristic of fuzzy systems is associated with their rules. The fuzzy
system has N = [[iL; m; fuzzy rules, which have the following form

Ry:if x, is FF¥ and ...and x,, is EF then y = fi,(x),k =1,..,N (18)

where Ff €{F},..,F"™ }and f(x) is a numerical function on the output space. In
general, f;, (x) is a polynomial function depending on variable inputs, but it can also be an
arbitrary function to adequately describe the studied system's behavior.

First-order and zero-order Takagi-Sugeno fuzzy systems can be distinguished from the
fi(x). The f;.(x) of the first-order Takagi-Sugeno fuzzy system is the first-order polynomial
form, as in

fit) = af + ) abx (19)
i=1

4

Meanwhile, the f; (x) of the zero-order Takagi-Sugeno fuzzy systems (TS-0) is a polynomial
of zero-order as in
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fie(x) = a* (20)

In this work, a zero-order fuzzy system (TS-0) will be considered. A numerical conclusion
is subjected to each rule. A weighted average is used to calculate the total output. In this way,
the time spent on the defuzzification process can be reduced.

The output of the fuzzy system is given by the following equation [25-28]:

_ Zﬁﬂ i () fre ()

1}?:1 M (x)

n
i (x) = n#ﬁik
i=1

Ff e{r!,...F™ }

L

y(x)

(21)

with

and

which represents the degree of confidence or activation rule Ry,.

The equation (21) can be simplified and rewritten as follows:
ey = Tk ()"
=1 Hc ()

Nevertheless, by considering the principle of fuzzy basis functions [25], the output of the
TS-0 fuzzy system can be written as:

(22)

y(x) =w'(x)8 (23)
where 6 = [a' .. a’]is a vector of the fuzzy conclusion rules parameters and w(x) =
[wyi(x) ... wy(x)]"is each component vector's basic function. The basic function wy(x) is
given by:

i (x)
wy(x) ==—————,k=1,..,N 24
N 7:1 i (x) (24)

4. Adaptive Fuzzy Fault-Tolerant Design

This section discusses approximating the ideal control law to ensure the system can track
the desired reference trajectory. A fuzzy system is used to approximate the control law with a
direct approach to achieve these goals. Based on the universal approximation theory [23] of
fuzzy systems, the ideal control law can be approximated as

uw =wl(x)0* + e(x) (25)
with e(x) as the approximation error, w(x) is a vector of fuzzy basis functions which was
properly assumed and set in advance by the user, and 6* is the optimal parameters' vector. The
6* somehow minimizes |e(x)| as in

0* = argming{sup,|u* —wT (x)0|} (26)
The approximation error is assumed to be bounded as follows:

le()] < &
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with &, is an unknown positive constant. It should be noted that the fuzzy basis functions
determine the lower bound of the approximation error &,. As a result, if these functions are
better selected, the &, would be smaller.

Since the optimal parameters 6* are unknown, the synthesis of the controller must be
estimated. Hence, the 8 is the estimation of the 8* which will be calculated from an adaptation
algorithm. The fuzzy adaptive approximation of the ideal control law is defined as

a=wTf +u, (27)
Then, the following control law can be considered based on the above equation
u=1a=wlo+u, (28)

where u,. is a robust control to deal with the approximation errors. The robust control used in
this work is defined as

2

u, = sign(e"PB)é, — ~TPB (29)
The following are the chosen adaption laws that refer to the estimation parameters:
6 = yeT PBw(x) (30)
¢, =n,|eTPB| (31)
0 =—4y0 (32)

when o is the time-varying parameter with ng > 0,y > 0,6, > 0
Remark 1 The general design of the proposed approach can be seen in Fig. 1.
Theorem:

Consider the faulty system (2c) respecting the assumptions (1-6). The control law defined
by (28) and (29) with adaptions law (30-32) ensure the following properties:

e The tracking error and its derivatives converge to zero,e () - 0 when t - fori =
0,1,..n—1.

e The output of the system and its derivatives up to the order (n — 1) and the control
signal are bounded: y(t), y(t), ...,y™ 1(t), u(t)€Lc.

Proof

e =y, (W _5m
=y4™ — f(x) = falx,u) —d(t) — g(u + gu” — g(x)u’

where u* is the ideal control law, considered as an unknown term introduced just for
theoretical purpose and its value is unnecessary for the design of the proposed controller.

(33)

e™ =y, ™ — f(x) - fo(x,w) — d(t) + g(x) (' —u) — g)u* (34)

Replacing equation (7), equation (34) becomes

T
D(x) e Pe) (35)

e = —kTe + g()(u" —u) — g(x) <Wm
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Meanwhile, the ideal control law is written as
u =wlo* + g,(x) (36)
Let the adaptive control term considered as follows

Then, by combining equation (36) and (37), an equation can be found as below

w—u=wlo+ g (x)—u, (38)
where
6=60"— 10 (39)
_ D(x) eTPe
e = _kTe + g(x)(wTG +e,(x) — ur) —g(x) (WW> (40)
Then, the dynamics of the error can be written as:
: A D(x) eTPe
ée=Ae+B g(X)(W 9+su(x)—ur)—g(x) Wm (41)
where
0 1 - 0 0
| : - 0 N E
A4=19 0 1 B=1o
—k, —kp_q v =k, 1

Until A is stable or (|sI — A]) = s™ + k;s™=D + ... + k,, is stable, it is known that a symmetric
positive definite matrix P (n, n) that satisfies the Lyapunov equation is existed.

ATP +PA=-Q (42)
where Q(n x n) is a symmetric positive definite matrix.

The V is the Lyapunov-like equation function, then

= TP+19T9+1 +1 43
290 ¢ ¢ 2n, ¥ 2500 (43)

A
= T2 ¢ %

+eTPBg(x)~?! [g(x)(wTé + e, (x) —uy)

D(x) eTPe 1eTPe 1§T9 1 (44)
_g(x) (Zg(x)z eTPB>] _Eg(x)z g(x) _; _n_usugu
6—0'0'
0
R S P L LT SR (45)
T 2900 ¢ ¥ T 290079

with
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. - 1.
V1=eTPBwTO — ;eTe (46)
Then
) r r D(x)eTPe 1 _ . 1
V2 =e PBg,(x) —e'PBu, — W — asueu + 6—000 (47
Using equation (30)
Vi=0 (48)
Using assumption 6
i _ D(x)eTPe 1 _ ., 1 |
V2 < |eTPB|e, — e"PBu, — 29002 aeusu + 6_000 (49)
Using (29), (31) and (32)
T
o < _De Pe (50)
2g(x)?

The whole Lyapunov-like equation can be described as

) 1 1eTPe D(x)eTPe
VS 2 ¢ % 250079 T 200 G
Based on assumption 3, the equation becomes:
VS—;eTQeS—ieTQeSO (52)
2g(x) 2g

Hence, VeL, implies that the signals e(t), 8(t), £(t) and §(t) are bounded. This also implies
that the x(t), u(t), and é(t) are bounded. By using Babalat's lemma, it can be concluded that
the tracking error and its derivatives converge asymptotically to zero e (¢t) — 0 when t — oo
fori =0,1,..,n— 1.

—_ u(t)
+ N Adaptive unit | Sl {y(n) = f(x) + g(xu(t) + falx,u) +d(t)

ii=w'8g

ya(t) - Y : 1 e

e(t)

Robust unit
z
| . 7 . o ] B
= PB -

A

Time-varying parameter
g = —6y0

Approximation error
£, =n,leTPB|

— Parameter updating
8 = ye"PBw(x)

Fig. 1. The overall scheme
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5. Results and Discussion

In this part, an inverted pendulum model is used to evaluate the proposed method's
accuracy and prompt. The inverted pendulum mechanism system can be seen in Fig. 2.
Tracking control is considered for the system. The dynamic equations of such a system are
provided below as in [25].

X1 = Xy
Xy = f(x) + g(x)u +d(t) (53)
y=x1
with
_ gsinx; — (mlxj cosxysinx,) /(my, +m¢)
f@) = 1(4/3 — mycos?x;/(my +m,)) (>4)
90x) = cosxl/(mp + mc) 55)

(473 = mycostx, (m, + )

where x; is rotational movement, x, is rotational velocity, g = 9.8m/s? is the gravitational
acceleration force, m,. is the cart's mass, my is the pole's mass, [ is the pole's half-length, and u

is the applied force values. Moreover, m; = 1kg, m, = 0.1kg and [ = 0.5m are the values of
the selected parameter.
The control purpose is to force the system to track the given trajectory y,(t) = sin(t). It

should be noted that the given reference allows a 1 rad maximum swing, while it is limited to
0.1 rad in [25]. Meanwhile, the exogenous disturbance is given as d(t) = 0.45sin(3t).

Fig. 2. The used inverted pendulum

One fuzzy system is used as an approximator for the ideal control law taking the form of
(23). Two fuzzy system inputs are selected: x;(t) and x,(t). Five Gaussian membership
functions are subjected to each input, and can be defined as

1 /x; + 1.8\?
Hr (%) = exp _5( 0.22 )
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b () = exp(

2

1 (xl- ~18
0.22

/)

The initial value of the parameter 6(t) was randomly chosen. The various parameters used
in this simulation were chosen as follows: k = [1,2],P = [155;55],B = [0; 1]y = 100,65, =
10,n, = 0.001

The initial value of 8(0) was randomly selected in the range of (-2 and 2). The initial value
of £,(0) = 0 and g (0) =3. The simulation was conducted with actuator faults instead of sensor
faults. The time profile of the faults was chosen to be at the initial time of the simulation. The
actuators fault took the following forms and parameters: 1) Bias (0.005 N.m); 2) Drift with
A =0.07; 3) Loss of accuracy defined by a square waveform with 0.0087 N.m amplitude and
0.15Hz frequency; 4) 75% loss of effectiveness.

The simulation results of the angular position y = x; and the angular velocity y = x, are

shown in Fig. 3 and Fig. 4, respectively. The control input signal u(t) is shown in Fig. 5. The
tracking error signal e(t) is depicted in Fig. 6. We can figure out that the system output
converges to the desired trajectory in a short time, even in the presence of actuator faults. So,
the proposed control strategy is capable of tracking precisely.

Anguar Position (rad))

20

1.5 ! ! !
1 S " R 1
iy i S ! ! /
\ H / H H /
Y H / i \ H ¢
0.5 L i ‘1! .'f . |
Vo / Vo !
Voo i Voo L
l\ H / Vo ]
oL e - e ,..;g... -
Vo / b L \
\ { \ / ! .
\: f Vi ) H !
0.5 b eofedee o R T -
i / 1 / A j
i / A f P
4 i 5".‘ f iy Hr”
i ; R H 7
-1k L LN i i .
1.5 i i i i
0 2 4 6 8 10 12 14 16 18
Time (s)

Fig. 3. y(t) angular position signal (solid lines) and y, (t) reference signal (dashed lines)

1.5

0.5

Angular Velocity (rad/s)
o

A -

b

10

Time (s)

20

Fig. 4. y(t) angular velocity signal (solid lines) and y,(t) reference signal (dashed lines)
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Based on the results (Fig. 3-6), we can figure out the proposed approach reaches a good

20

10 ;

20

Fig. 5. Applied control input signal

Il
10 12
Time (s)

14

16

18

16 18 20

10
Time (s)

12

14

Fig. 6. Tracking error signal (v, (t) — y(t))

tracking performance against uncertainties, exogenous disturbances, and actuator faults. The
position of the inverted pendulum y(t) reaches the desired trajectory y,;(t) in few seconds
(around 2.5 seconds) as shown in Fig. 3 even in the presence of actuator faults, with acceptable

angular velocity as depicted in Fig. 4, and the applied effort is smooth without any chattering
phenomenon and acceptable power (no saturation) as shown in Fig. 5. Finally, the tracking

error is closer to the origin (see Fig. 6), which implies that the control objective is reached.

6. Conclusion

The effects of time-varying actuator faults and exogenous disturbance on direct adaptive
fuzzy fault-tolerant control for a class of unknown nonlinear systems are studied in this paper.
Fuzzy logic systems (FLSs) are used to approach the entire adaptive control rule, including the
actuator fault and the exogenous disturbance, with one robust controller term to compensate
for the FLC approximation errors. The controller does not need any mathematical model of the

plant, and no-fault detection and isolation FDI units are needed.
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The boundedness of all signals involved in the closed-loop system and the convergence of
the tracking error to zero are ensured based on the Lyapunov-like equation and Barbalat's
lemma. The novelty of this paper resides in the integration of actuator faults and exogenous
disturbance in the approximation of the whole adaptive controller.

Furthermore, the considered control gain is taken as a nonlinear function that extended the
range of the studied systems. Moreover, our method eliminates the need for a priori knowledge
of the control's gain lower bound and the approximation error's upper bounds. In the
simulation section, one example applied on an inverted pendulum demonstrates the tracking
performances of the proposed method.

References

[1] A. Bounemeur, M. Chemachema, and N. Essounbouli, "Indirect adaptive fuzzy fault-tolerant
tracking control for MIMO nonlinear systems with actuator and sensor failures," /S4
transactions, vol. 79, pp. 45-61, august 2018. https://doi.org/10.1016/j.isatra.2018.04.014.

[2] B.Abdelhamid, C. Mouhamed, and E. Najib, "Indirect robust adaptive fuzzy control of uncertain two
link robot manipulator," In international conference on electrical engineering and control
applications Springer, Cham, pp. 125-139, November 2016. https://doi.org/10.1007/978-3-319-
48929-2_10

[3] A. Bounemeur, M. Chemachema, and N. Essounbouli, "New approach of robust direct adaptive
control of a class of SISO nonlinear systems," In 2014 15th international conference on sciences
and techniques of automatic control and computer engineering STA, IEEE, pp. 725-730, December
2014. https://doi.org/10.1109/STA.2014.7086723

[4] A.Bounemeur and M. Chemachema, "Adaptive fuzzy fault-tolerant control using Nussbaum-type
function with state-dependent actuator failures," Neural Computing and Applications, vol. 33, pp.
191-208, 2021. https://doi.org/10.1007/s00521-020-04977-6

[5] B. Abdelhamid, C. Mouhamed, and E. Najib, "Optimal indirect robust adaptive fuzzy control using
PSO for MIMO nonlinear systems," In international conference on electrical engineering and
control applications, Springer, Cham, pp- 208-224, November 2017.
https://doi.org/10.1007/978-3-319-97816-1_16

[6] A.Bounemeur, M. Chemachema, and N. Essounbouli, "Robust indirect adaptive fuzzy control using
Nussbaum gain for a class of SISO nonlinear systems with unknown directions. In 2014 15th
International Conference on Sciences and Techniques of Automatic Control and Computer
Engineering STA, pp. 748-754, December 2014. https://doi.org/10.1109/STA.2014.7086763

[7] A.Bounemeur and M. Chemachema, "Active Adaptive Fuzzy Fault-Tolerant Control for a Class of
Nonlinear Systems with Actuator Faults," In /nternational Conference on Electrical Engineering
and Control Applications, Springer, Singapore, pp. 985-999, November 2019.
https://doi.org/10.1007/978-981-15-6403-1_68

[8] A.Bounemeur, A.Zahaf, and S. Bououden, "Adaptive Fuzzy Fault-Tolerant Control Using Nussbaum
Gain for a Class of SISO Nonlinear Systems with Unknown Directions. In /nternational Conference
on Electrical Engineering and Control Applications, Springer, Singapore, pp. 493-510, November
2019. https://doi.org/10.1007/978-981-15-6403-1_34

[9] Z.Abdelmalek, B. Abdelhamid, B. Sofiane, and 1. Boulkaibet, "Fault Diagnosis of Uncertain Hybrid
Actuators Based Model Predictive Control," In /nternational Conference on Electrical Engineering
and  Control Applications, Springer, Singapore, pp. 961-971, November 2019.
https://doi.org/10.1007/978-981-15-6403-1_66

[10] S. S. Ge, F. Hong, and T. S. Lee, "Adaptive neural control of nonlinear time-delay systems with
unknown virtual control coefficients", /EEE Transaction on Systems, Man, and Cybernetics-Part B,
vol. 34, no. 1, pp. 499-516, 2004. https://doi.org/10.1109/TSMCB.2003.817055

[11] M. Chemachema, "Output feedback direct adaptive neural network control for uncertain SISO
nonlinear systems using a fuzzy estimator of the control error", Neural Networks, vol. 36, pp. 25-
34, 2012. https://doi.org/10.1016/j.neunet.2012.08.010

Abdelhamid Bounemeur (Adaptive Fuzzy Fault-Tolerant Control for a Class of Nonlinear Systems under Actuator Faults:
/—\pplicati(m to an Inverted Pendulum)


https://doi.org/10.1016/j.isatra.2018.04.014
https://doi.org/10.1007/978-3-319-48929-2_10
https://doi.org/10.1007/978-3-319-48929-2_10
https://doi.org/10.1109/STA.2014.7086723
https://doi.org/10.1007/s00521-020-04977-6
https://doi.org/10.1007/978-3-319-97816-1_16
https://doi.org/10.1109/STA.2014.7086763
https://doi.org/10.1007/978-981-15-6403-1_68
https://doi.org/10.1007/978-981-15-6403-1_34
https://doi.org/10.1007/978-981-15-6403-1_66
https://doi.org/10.1109/TSMCB.2003.817055
https://doi.org/10.1016/j.neunet.2012.08.010

International Journal of Robotics and Control Systems

ISSN 2775-2658 115

Vol. 1, No. 2, 2021, pp. 102-115

[12] N. Essounbouli, and A. Hamzaoui, "Direct and indirect robust adaptive fuzzy controller for a class

of nonlinear systems", /nternational Journal of Control, Automation, and Systems, vol. 4, no. 2, pp.
146-154, 2006. https://www.koreascience.or.kr/article/JAKO200619129095091.page

[13] L. X. Wang, "Stable Adaptive Fuzzy Control of Nonlinear Systems", [EEE, Trans. On Fuzzy

Systems, vol. 1, no. 2, pp. 146-155, May 1993. https://doi.org/10.1109/91.227383

[14] S.Labiod and T. M. Guerra, "Directe adaptive fuzzy control for a class of MIMO nonlinear systems",

International Journal of systems science, vol. 38, no. 8, pp. 665-675, 2007.
https://doi/abs/10.1080/00207720701500583

[15] S. Labiod, M. S. Boucherit, and T. M. Guerra, "Adaptive Fuzzy Control of class of MIMO nonlinear

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

systems", Fuzzy sets and Systems, vol. 151, no. 1, pp. 59-77, 2005.
https://doi.org/10.1016/j.fss.2004.10.009

A. Bounemeur, Commande adaptative floue des systémes non linéaires, Université Constantine 1,
2017.2017.

B. S. Chen, C. H. Lee and Y. C. Chang, "H» Tracking Design of Uncertain Nonlinear SISO Systems:
Adaptive Fuzzy Approach", /EEE Trans. on Fuzzy Systems, vol. 4, No. 1, pp. 32-43, February 1996.
https://doi.org/10.1109/91.481843

X.]J.Ma, Z. Q. Sun and Y. Y. He, "Analysis and Design of Fuzzy Controller and Fuzzy Observer”,
IEFEE  Trans. on Fuzzy Systems, Vol. 6, No. 1, pp. 41-51, February 1998.
https://doi.org/10.1109/91.660807

S.Labiod, and M. S. Boucherit, "Indirect fuzzy adaptive control of a class of SISO nonlinear systems",
Arabian Journal for science and engineering, vol. 31, no. 1B, pp. 61-74, 2006.

S. Boulouma, S. Labiod, and H. Boubertakh, "Direct adaptive control of a flexible spacecraft with
disturbances and uncertain actuator failures," Mechanical Systems and Signal Processing, vol. 110,
pp. 73-89, 2018. https://doi.org/10.1016/j.ymssp.2018.03.007

Q. Huy, X. Shao, Y. Zhang, and L. Guo "Nussbaum-type function-based attitude control of spacecraft
with actuator saturation," /nt. J. Robust Nonlinear Control, vol. 28, no. 8, pp. 1-23, 2018.
https://doi.org/10.1002/rnc.4056

H. Khebbache, M. Tadjine, S. Labiod, and M. Tadjine "Adaptive sensor fault-tolerant control for a
class of multi-input multi-output nonlinear systems: Adaptive first-order filter-based dynamic
surface control approach,” JAY| Transactions, vol. 80, pp. 89-98, 2018.
https://doi.org/10.1016/j.isatra.2018.07.037

L. X. Wang and ]. M. Mendel "Fuzzy Basis Functions, Universal Approximation and Orthogonal
Least-Squares Learning", /EEE Trans. on Neural Networks, vol. 3, no. 5, pp. 807-814, 1992.
https://doi.org/10.1109/72.159070

T. Takagi and M. Sugeno "Fuzzy Identification of Systems and its Application to Modeling and
Control", [EEE Trans. on Syst. Man and Cybernetics, vol. 15, pp. 116-132, 1985.
https://doi.org/10.1109/TSMC.1985.6313399

L. X. Wang, "Adaptive fuzzy systems and control: design and stability analysis", Englewood CIiffs,
New Jersey: Prentice-Hall, 1994. https://dl.acm.org/doi/abs/10.5555/174457

B. Kosko, "Fuzzy Systems as Universal Approximator’, Proc. of the IFEE Conf on Fuzzy Systems,
pp. 1153-1162, San Diego, USA, 1992. https://doi.org/10.1109/12.324566

J. R. Jang, "ANFIS: adaptive-network-based fuzzy inference system," /EEE Trans Syst. Man, Cybern.
vol. 23, no. 3, pp. 665-685, 1993. https://doi.org/10.1109/21.256541

J- S. R. Jang and C.T. Sun, "Neuro-Fuzzy modeling and control," Proc. IEFE, vol. 83, no. 3, pp. 378-
406, Mar. 1995. https://doi.org/10.1109/5.364486

Abdelhamid Bounemeur (Adaptive Fuzzy Fault-Tolerant Control for a Class of Nonlinear Systems under Actuator Faults:
Application to an Inverted Pendulum)


https://www.koreascience.or.kr/article/JAKO200619129095091.page
https://doi.org/10.1109/91.227383
https://doi/abs/10.1080/00207720701500583
https://doi.org/10.1016/j.fss.2004.10.009
https://doi.org/10.1109/91.481843
https://doi.org/10.1109/91.660807
https://doi.org/10.1016/j.ymssp.2018.03.007
https://doi.org/10.1002/rnc.4056
https://doi.org/10.1016/j.isatra.2018.07.037
https://doi.org/10.1109/72.159070
https://doi.org/10.1109/TSMC.1985.6313399
https://dl.acm.org/doi/abs/10.5555/174457
https://doi.org/10.1109/12.324566
https://doi.org/10.1109/21.256541
https://doi.org/10.1109/5.364486

