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Abstract

This paper presents an adaptive fuzzy fault-tolerant tracking control for a class of unknown multi-variable nonlinear
systems, with external disturbances, unknown control sign, and actuator faults. By employing fuzzy logic systems, the
unknown nonlinear dynamics and the state-dependent actuator faults are approximated, and by utilizing a Nussbaum-type
function, the issue of unknown control sign is solved. The proposed control scheme is based on two forms, an adaptive
fuzzy controller along with a robust controller that is equipped with a Nussbaum-type gain function, which guarantees
stability with the boundedness of all signals involved in the closed-loop system. To prove the accuracy, and the effec-
tiveness of the proposed control scheme, a simulation example on two-inverted pendulums system is carried out.

Keywords Adaptive control - Fuzzy logic systems - Actuator faults - Nussbaum-type function

1 Introduction

In recent decades, many researchers have been focusing on
adaptive control techniques using fuzzy logic systems
(FLS) for various classes of nonlinear systems [1-6]. The
stability analysis of the aforementioned works is performed
using Lyapunov technique, where the tracking errors are
shown to converge only to a small residual set due to
approximation errors. For the actual practical control
plants, actuator failures occurring seem unavoidable indi-
vidually or simultaneously, which may drive the control
plants to a catastrophic accident or even destroy the sta-
bility during operation [7, 8], for which security, accuracy,
performance constraints, and fault tolerant remain the key
points in the designed controllers. Hence, the research on
how to design fault-tolerant control schemes that lead
systems to keep the desired performances and operate in
the best conditions with enhanced safety and reliability,
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even if actuators are normal or faulty, is of great interest
[9-14].

Fault-tolerant control (FTC) is grouped into passive and
active techniques. Promptly, the passive fault-tolerant
control (PFTC) technique is withdrawn from the newest
control approaches and replaced by active fault-tolerant
control (AFTC) techniques due to the fixed control laws
and predefined faults description [15, 16]. Active fault-
tolerant control is based on fault detection using a module
called fault detection and diagnosis (FDD); therefore, the
fault will be isolated and estimated to recognize the con-
troller [17-19]. Many techniques have been investigated
widely in AFTC area; in the midst of these works, adaptive
fuzzy control is the upper hand, due to the guaranteed
transient and steady-state performances, and the capability
of tackling the unknown uncertainties. Moreover, adaptive
fuzzy control allows the online update of the controller
without the help of an explicit FDI module [20-27].

Recent years have witnessed several adaptive control
approaches for many classes of nonlinear systems [28],
e.g., strict-feedback [29], output-feedback systems [30, 31],
pure-feedback systems [32], and so on. This technique is
based essentially on universal approximators such as fuzzy
logic system (FLS) and neural networks (NN) when the
plant model is uncertain or too complex which makes the
designing of a suitable controller very hard [33-35]. Plenty
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of works have focused on H,, technique to ensure the
attenuation of the tracking error to a certain given level
[36, 37]; a reliable adaptive H,, static output-feedback
control against Markovian jumping sensor failures is car-
ried out in [36]; a fault detection filter is proposed for
stochastic parameter varying Markovian jump systems
[37]. In [38], an overview of model-free adaptive control
schemes, using dynamic linearization, for an unknown
nonlinear plant was proposed. Based on the Razumikhin
lemma and a dynamic signal, an adaptive neural network-
based fault-tolerant control is synthesized to deal only with
unmodeled dynamics and only lock-in-place and loss of
effectiveness faults [39]. Initial value compensation lean-
ing data-driven ILC was investigated and applied on a
batch reactor and fed-batch ethanol fermentation [40]. A
novel linear descriptor reduced-order observer for Marko-
vian jump systems has been proposed in [41] with decou-
pling technology to allow the direct estimation of state and
sensor faults. However, only loss of accuracy faults kind is
considered. An enhanced result to deal with simultaneous
actuator and sensor loss of accuracy faults has been
developed in [42] using a new descriptor reduced-order
sliding mode observer for Markovian jump systems. In
[43], 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 [44], the authors presented an active fault-tolerant con-
trol using neural networks combined with sliding mode and
H, performance index, applied on a spacecraft system
under actuator faults (only loss of effectiveness type). In
[45], authors presented an adaptive fuzzy actuator failure
compensation control for strict-feedback nonlinear systems
taking into account both of loss of effectiveness and lock-
in-place actuator faults. In [46], the authors proposed a
dynamic surface-based control approach using Nussbaum-
type function for attitude stabilization of a spacecraft under
actuator saturation. In [47], an approximation-based active
FTC using the backstepping approach for MIMO uncertain
nonlinear systems is synthesized, where four scenarios of
velocity sensor faults (drift, loss of accuracy, bias, and loss
of effectiveness) are considered. In [48], authors have
investigated an adaptive observer based on backstepping
approach with time-varying sensor failures. Only, few
works have been carried out on the case of four scenarios
of sensor and actuator failures (drift, loss of accuracy, bias,
and loss of effectiveness) for nonlinear systems. Authors in
[49] have investigated an adaptive fuzzy fault-tolerant
control scheme for a class of nonlinear systems 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. In [50], an active fault-tolerant
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control scheme has been developed for a class of MIMO
nonlinear systems with sensor failures based on dynamic
surface control (DSC). In [51-53], authors have presented
an active fault-tolerant tracking scheme with only the
attitude measurement of a spacecraft subjected to one or
two kinds of actuator failures. Active fault-tolerant control
for a class of nonlinear systems with nonlinear actuator
faults with only loss of effectiveness and loss of accuracy
has been studied in [54].

In general, the control gain sign (CGS) which is also
commonly called in the literature as the control direction
sign is required to be known a priori during the design
stage. Moreover, in the practical areas, there are plenty of
nonlinear systems with unknown control gain sign (CGS).
Owing to the fact that one cannot determine the direction
along which the controller operates, that is why the issue of
designing a successful adaptive control scheme without a
priori knowledge of CGS is receiving increasing attention.
Nussbaum-type functions have been effectively developed
for single linear systems [55]. Few results for nonlinear
systems are achieved using the grouping of the unknown
control coefficients with linear transformation technique as
in [56]. Later, researchers have focused on incorporating
Nussbaum gain in various adaptive control schemes for
various classes of nonlinear systems [57-63]. In [57], a
Nussbaum-type function is employed to tackle the issue of
the unknown control direction of strict-feedback systems
class with input quantization using a high-gain fuzzy state
observer, combined with backstepping technique. In [58],
the same Nussbaum-type function and the mean value
theorem are used to develop an adaptive fault-tolerant
control for pure-feedback nonlinear systems with sensor
failures. In [59] and the references therein, an adaptive
controller based on fuzzy systems is developed for a class
of feedback linearizable uncertain MIMO nonlinear sys-
tems with prescribed performances and unknown control
gain sign. To avoid Nussbaum-type functions, authors in
[60] assumed that the control gain sign is considered as an
unknown constant parameter which is updated online via
an appropriate adaptation law. In [61], a fuzzy backstep-
ping approach based on adaptive fault-tolerant control is
synthesized taking into account actuator faults and
unknown control gain sign. The advantage of this method
resides in the number of adaptive parameters which is less
than the order on the same system. A robust Nussbaum-
type function has been developed in [62] for a class of
nonlinear systems with input nonlinearities, unknown
control gain sign, and external disturbances that are
addressed simultaneously and applied on a MIMO Robotic
System. In [63], a region-dependent segmentation analysis
technique is coupled with Nussbaum-type function to cir-
cumvent the issues of the unknown control gain sign and
sensor faults for a class of nonlinear systems.
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Motivated by the aforementioned papers, the presented
work focuses on adaptive fuzzy fault-tolerant tracking
control (AFFTTC) for a class of unknown MIMO nonlinear
systems subjected to nonlinear state-dependent actuator
failures, external disturbances, and unknown control
directions. The developed control law is an adaptive fuzzy
controller with a robust control term, which is equipped
with Nussbaum-type function to allow a fast approximation
and resolve the unknown control directions issue. The
stability of the proposed control scheme is carried out using
Lyapunov theory. In contrast to the aforementioned works,
the main contributions of the presented work are sixfold:

1. Unlike in Refs. [51-53], where authors required data
about the actuator faults models, in the proposed
controller any data about the actuator faults models are
required in the design stage; therefore, the proposed
controller deals automatically with unknown actuator
faults.

2. Unlike in Refs. [35, 39, 41, 44, 45, 51-54, 58], where
just a few kinds actuator faults are considered which
impressively confines the applicability of these AFTC
techniques, in the proposed control scheme four kinds
of state-dependent actuator faults are considered with
bias, drift, loss of effectiveness, and loss of accuracy.

3. Unlike in Refs. [47, 48, 50, 61], where restrictive
assumptions on external disturbances are imposed. In
Ref [48]., the disturbance is described as an exogenous
neutral stable system, while in Refs. [47, 50] it is
modeled based on time-varying free models with
derivable bounds, and in Ref. [61] authors assumed
that disturbances are bounded with nonnegative
smooth functions. In our scheme, only the disturbance
boundedness condition is needed without additional
information.

4. Contrary to Refs. [17-19, 41], where the approaches
are based on fault detection and isolation (FDI) module
to locate faults before handling them, in the proposed
scheme, the FDI is completely avoided thanks to the
ability of the developed controller to deal online with
the occurring faults, which makes it fast and accurate
control scheme without any time wasting.

5. In Refs. [47, 48, 50], authors assumed that the control
gain is a known nonlinear function and as a simple
constant in Refs. [44, 54]; however, in the proposed
approach, it is considered as a general unknown
nonlinear function to cover many practical systems
such as an inverted pendulum, an induction motor
drive, a single-link robot arm, a mass-spring-damper
system, a flexible spacecraft, a quadrotor.

6. Contrary to Refs. [1-33, 43-50], where the sign of the
control gain (CGSs) is assumed to be known a priori,
which is a restrictive condition on the developed

control schemes, and therefore limits its applicability;
in the proposed approach, the control gain sign is
considered completely unknown, which make our
approach more general with less restrictive conditions
on the controlled plant.

The emphasis of this work is summarized as follows:
Sect. 2 introduces the system description and problem
formulation. In Sect. 3, the developed control scheme is
presented with the stability proof. Numerical simulation on
two-inverted pendulum is given in Sect. 4. Finally, a recap
of the proposed technique is presented in Sect. 5.

2 Plant model and control objective
2.1 Problem formulation

Consider a class of unknown MIMO nonlinear systems
described by the following ¢ subsystems, where the
dynamic is described by the following equations as in
[43, 47, 49, 50]:
Xil = Xip
Xi2 = Xi3
! xl] :f;(x) +gi(x)ui + di(l)v i= ]727 B 7q7J = 1727 ceo N
Yi = Xi

(1)

where x = [X1,1,X1_2, oo XLy Xg 1, Xg 2, - - .,xq,nq]Teﬂ?"
is the state vector, n; is the order of the ith subsystem with
n=>1 n; u= [ul,...,uq]TE R? is the system input
vector; d(t) = [d (t),dz(t),....,dq(t)]TéRq denotes the
external disturbances vector; y; € R” is the output vector; f;
and g;,i=1,2,...,q are unknown smooth nonlinear
functions.

The system model described in Eq. (1) is free from
actuator faults (healthy case). However, real systems may
be subjected to actuator faults at any moment during its
operation, so that it is important to point out how to design
a suitable control strategy that is capable to drive the sys-
tem outputs y;(f) to track promptly and accurately the
desired trajectory y,(¢) and deal automatically with the
unknown dynamics, actuator faults and keep the desired
performances.

In this work, an adaptive fuzzy fault-tolerant tracking
control (AFFTTC) is developed with unknown system
dynamics, disturbances, and three additives (drift, loss of
accuracy, and bias) and one multiplicative (loss of effec-
tiveness) actuator faults as in [47, 49, 50]. Table 1
describes the aforementioned faults.
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Table 1 Actuator faults

Actuator(s) Fault kinds  Conditions Fault name
u;(t) ui(t) + b; bi(1) =0, Bias (lock in place)
bi(ts) #0
ui(t) + bi(t)  |bi(1)| = Ait, Drift
0<ixk 1
forallt> 15
ui(t) + bi(t)  |bi(t)| <boi, Loss of accuracy
bi(t) = 0
forallz > 15
ki(t)u; (1) 0<k; <ki(t)<1 Loss of effectiveness

forallt >t

Where #;; is the time instant of failure for the ith actuator and b;
denotes the accuracy coefficient such that b;e[—by;, bo;], with by; > 0.
k,ve[k_[7 1], and k; > 0 is the minimum actuator effectiveness coeffi-
cient, in which b; and k; are slowly varying parameters within
[—boi, boi] and [k;, 1], respectively

2.2 Actuator fault models

The faults considered in Table 1 are time-varying models
taking into account time-varying bias, drift, loss of accu-
racy, and loss of effectiveness. To expand our approach to
deal with state-dependent nonlinear actuator faults as in
[43], Table 2 shows the new integrated faults.

Using the aforementioned definitions described in
Table 2, one can write the faulty actuator as

u} (1) = pil, (1) + i, 1) ()
and replacing Eq. (2) into Eq. (1) we get

Table 2 Expanded actuator faults

Xi1 = Xip
Xip = Xi3

e : B (3)
- Xij = fi(x) + gip;(x, ui(t) + wi(x, 1))
cenqyj=1,2,.. 0

Then
Xil = Xi2
Xi2 = Xi3

~ ) iy = £i(x) + &il(pi(x, ) = Dug(r) + i (x, 1)
+u(t)+di(t),i=1,2,...q;j=1,2,...m;

Yi = Xi1
(4)
and finally, we get,
x:i,l =X
Xi2 = Xi3

R ;

; Xij = fi(x) + gaui(t) + &i((pi(x, 1) — Dui(2)
+l'?i(xat))+di(t)ai: 1a2a7q7.]: 172,"'7’11'

Yi = Xijl
(5)

Let define fu;(x,u) = gi((p;(x,1) — Du; + u;(x, 1)), one
can find
Xi1 = Xi2
Xip = Xi3
DOER r (6)
f Xij = fi(x) + gaui(t) + fai(x, u) + di(1),
i=12,...q;j=1,2,...,n
Vi = Xi1
Remark 1 1t is worth noting that the newly defined func-
tion f,;(x,u) represents the actuator failure taking into

Actuator(s) Fault kinds Conditions

Fault name

u; (1) ui (1) + i;(x, 1) if i; (x,t) is a constant

(Lock in place, also called Bias)

pi(x; ui(1)

ifig; (x,1) = 4i1,0<2 < 1

if i; (x, ¢) is a nonlinear time varying and
state-dependent function

if p;(x,0) =1

if p;(x,1) =0

if p; (x,t) is anonlinear time varying and

state-dependent function, where p;(x, 7)€[0, 1]

(Drift)

(State-dependent loss of accuracy)

(Totally effective)
(Totally loss of effectiveness)
(State-dependent loss of effectiveness)
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account all the kinds mentioned in Table 2. Moreover, the
model of the considered faults is introduced directly in the
dynamic equations of the system and the dynamic is
changed according to the above development (Egs. 3-6),
while in [43-45], the faults model is introduced directly as
an additional function, except in (see Refs. [47, 49, 50]).

Over this paper, the following assumptions are made:

Assumption 1 The desired trajectory yz € %8¢ and its time
derivatives y,;, y,; are supposed to be known, smooth, and
bounded.

Assumption 2 The control gains g;(x) and the CGSs are
unknown with g, <g;(x) <g;, where g; and g, are unknown
positive constants.

Assumption 3 The external disturbances are considered
bounded as |d;| <dy; with dy; are unknown positive con-
stants, do; > 0.

Remark 2 1In this paper, the tracking trajectories with their
derivatives are assumed to be known (assumption 1) as in
[43-60]. Assumption 2 is introduced to guarantee the
controllability of studied system Eq. (6). Assumption 3
reasonably indicates that the disturbance must be bounded,
which can be commonly found in many papers ([41-63]
and so on).

First, it is assumed that the nonlinear functions given by
fi(x), gi(x) and f,;(x,u) are unknown and also the control
gain signs (CGSs) are unknown. Therefore, it is not easy to
design a suitable control law which allows the system
outputs y;(#) to track promptly and accurately a given
certain desired trajectories y,;(#) and ensure the bounded-
ness of all signals in the closed-loop system. For this sit-
uation, we propose a control strategy based on a
combination between fuzzy logic systems (FLSs) and
Nussbaum-type function (NTF) to approximate the non-
linearities and tackle the issue of the unknown control gain
signs.

2.3 Fuzzy logic systems

Fuzzy logic systems (FLSs) are capable of approximating
any real continuous function over a compact set with an
arbitrary precision [64]. Let define x = [xy, .. .,xn]T be the
input of the fuzzy system (FS) and y is considered as an
output. For each input x; is associated m; fuzzy sets F l’ in X;
its universe of discourse, as for x; € X; there is at least one
degree of membership given by u.(x;) # 0 where i =
1,2,...,nand j = 1,2,...,m;. The rules base of the (FS)
has N =[]\, m; fuzzy rules taking the following form:

_k _k
Ry :if x;is F, and. . .and x, is F, Theny = f;(x),
k=1,...,N

where Ff € {F}, cey Ff”"} are linguistic values and f;(x) is
a numerical function of the output variable. In general,
fi(x) is a polynomial function dependent on input vari-
ables. In the case when f;(x) is a polynomial of zero order,
it takes the form as f;(x) = a*, which is commonly called
Takagi—Sugeno zero order (TSZ-O). Throughout this paper
(TSZ-O) will be used. Each rule has a numerical conclu-
sion, and the output of the (FS) is tacking out by calcu-

lating a weighted average as shown below:

y(x) = w'(x)0 (7)
where

e 0=[a'...d"]: Conclusion values.

o w(x) = [wi(x).. wy(x)],
wy(x) = 1 (x) :

S ()

k
with i (x) =TT, p, F; € {F},..F"}, weight of
F[

k=1,...,N (8)

fuzzy rules.

2.4 Nussbaum-type function and some lemmas

Any continuous function N(s) : R — R is cited a Nuss-
baum-type function if the following properties are

achieved:
lim sup l/N(r)dr = +00
00 v
% ©)
VL1r+nOC inf %/N(r)d‘c = —00

0

For example, the continuous functions 7 — efzcos((g) ‘c)
2cos(t) are Nussbaum-type functions. In this
2cos(t) is used.

and T — 1
paper, the even Nussbaum function t

Lemma 1 [65] V(.) and t(.) are smooth functions defined
on [0,1) with V(t) > 0,Vt € [0,1;);N(.) is an even smooth
Nussbaum-type function. If the following inequality holds

for Vte [0,1): V(1)<co+ f(;(g(C)N(T(C)) +¢1)t()d¢
where g(t) is piecewise continuous time function which

takes values in the unknown closed interval I = [&, g’} with

0 & I;c; is any positive number and cy represents some
suitable constant, then V(.), 7(.) and

Jo(@ON () + e1)H(0)dL are bounded on [0, 17).
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3 Adaptive fuzzy control

The main objective of the proposed scheme is to design an
adaptive fuzzy fault-tolerant tracking control laws u;(t) to
ensure that the system outputs y;(¢) track as possible the
desired trajectories y4;(f) and guarantee the stability of the
closed-loop system and the convergence of the tracking
errors to the origin in the presence of unknown nonlin-
earities, actuator faults, external disturbances, and
unknown control directions.

Remark 3 1t is important to point out that authors in [50]
and some references therein introduced a first-order filter to
improve the approximation because they are based on an
ordinary approximation which complicates the control law
with many design parameters. In the proposed approach,
fuzzy systems can give us a prompt and accurate approx-
imation according to Ref. [64]. Moreover, Nussbaum-type
function will enhance the robustness of the closed-loop
system and resolve the problem of unknown CGSs.

The nonlinear functions and the unknown actuator faults
can be approximated, over a compact set Q,, using fuzzy
systems (FSs) as described in Eq. (7) as follows

Fi2) = £(x.0; ) + ()

gi(x) = &(x,0;, ) + . (x (10)

fuilx,u) =f,; (x, u, 9;0’,) + &7, (x,u)
where ¢;(x), &,(x), and ¢, (x) are the fuzzy approximation

errors; Hf* 9; and B}Zi, are, respectively, the optimal
parameters minimizing the approximation errors & (x),

&,(x), and &, (x).

gg()(cX)eb ‘} (an)

f ai (x ) I/t) - ‘ }
fai (xa u, Ofln')
The optimal pararpeters given by 0; ,.9;, and 0; are
unknown constants given only for theoretical development

in the stability stage, and their values are also not needed to
design the proposed control laws. So, we can write:

Fi(x) = £i(x,05) = wi ()05 + &7, (x)
gi(x) - gi (xv 95’,‘) = WZ:,- (x)égi + Sgi(x) (12)
ﬁli(x7 u) _f;i ()C, u, qui) = W};,- (xa u)éfni + i ()C, u)

where 0 = 0; — 0y, Oy, = 0, — 0, and 0y, = 0; — 0,
are the parameter estimation errors.

X

07 = argminy{ su
'f ggﬁ{ p

0, = arg n{}in{sup

8i X

0; = arg r?in{sup

)fui x

@ Springer

Assumption 4 Fuzzy approximation errors are bounded
for all xe Q, as

|8ﬁ(x)}§§ﬁv‘8gi(x)’55gi and |8f;f(xau)|§§

ai *

where &, &, &, are unknown positive constants that will
be designed later.

Remark 4 Assumption 4 is reasonable since we assumed
that fuzzy systems have universal approximation property
[64]. Furthermore, this assumption will ensure the bound-
edness of the approximation errors [49, 60].

Based on the above approximations, the following
adaptive control law is proposed:

Ui = Uie + iy (13)

The proposed adaptive control law is a combination of
adaptive fuzzy systems (AFSs) and Nussbaum-type func-
tion (NTF). The first term u;. is introduced to circumvent
the unknown nonlinear systems, unknown actuator faults,
and control gain signs, while the second is a robust term
inserted to deal with disturbances and approximation
errors.

The adaptive term will take the following form

8i(x)

~ N (}’l) T
ic = 5 | filx) = Sfulxu) +yg + ke
Uic € gIZ(x) ( f(x) f (‘x M) yd e

(14)
+ag;(x, B)Ni(r,»)G,)

where ¢ : is a very small positive constant and
G,‘ = elTP ,'B .

&ix) s o
Remark 5 The proposed term F()+e IN Eq. (14) is intro-

duced to ensure that the proposed adaptive controller term
is well defined even when g;(x) tends to zero, for which the

§i(x)
(%) +¢0
the Levenberg—Marquardt regularized inverse for a scalar
function [49].

and can be considered as

term g; ' (x) is replaced by

The robust controller term will take the following form:

Uiy = UilNi(T;) (15)
where
|e-TPiB’(/)- — &
o = —— L 16
b TP.B (16)

Nussbaum-type function is described as follows:
N,'(‘C,') = ‘L'l-z COS(‘C,‘) (17)
©; = &ui + Egilttic — aiN;(1:)Gi| + |0 (18)

where ¢; is considered as a function of the approximation
errors due to the use of fuzzy logic systems.
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The intermediate adaptive control law will take the
following form:

_ 7870 7 _ £ (n)
Uip = &0 + &7 (x) ( A ~ a1 + v (19)

+kT€i + ocgi(x, 0)N,(‘E,)G,>

£ui,éqi are the estimates of the following unknown
parameters:

&ui = & + doi + &, and &gi

where &,; is an unknown parameter depending on the upper
bound of the system and the external disturbances, and &g;
is an unknown parameter depending on the upper bound of
the control gain function.

Let us define the following adaptive parameters as:

éﬁ = —ywﬁ(x)eiTPiB (20)
éfai = —VWfai(x)eiTPiB (21)
0gi = —ywei(x)el PiB(uic — aNi(1:)G;) (22)
&y =7, eiTP,vB{ (23)
& = 7| el PiB||uic — aNi(t;)Gil (24)
t; = e PiBuwy; + oe! P;B* (25)
5i = —0,0; (26)
where

y>077£>050—n>075i(0) >0

Remark 6 Authors in [47-50, 52, 54] assume that the time
derivative of the considered actuator faults must be boun-
ded, which is a restrictive condition and limits the appli-
cability of the designed controller. In this paper, this
assumption is avoided and no longer needed in controller
analysis or design.

The proposed control approach is recapped in Fig. 1,
and the following theorem discloses the stability of the
closed-loop system.

Theorem 1 For the considered system in Eq. (6) with
satisfied Assumptions (1-4), the proposed AFFTTC in Eq.
(13) with the adaptive term Eq. (14), robust term Eq. (15),
and the adaptation laws Egs. (20-26) ensure the bound-
edness of all signals in the closed-loop system and the
convergence of the tracking errors to the origin.

Proof To achieve the control objective, a novel AFFTTC
scheme will be synthesized for the system in Eq. (6) with
the following steps.

Consider the tracking errors as follows:
€ = Yai — Vi (27)

The n time derivative of the tracking error is given
below

el@ = y((;}) — yfn) (27a)
Using Eq. (6), one can find
o) =35 = Fi(x) — gi(X)u; — fulr.u) — d (28)

by adding and subtracting f;(x),f,;(x,u) and g;(x)ue,
Eq. (28) will be in the following form

e = vii —Fi(x) +£(x) = giX)ic + §(Duic = §i(x)uic
_f( ) ( )“lr fai(x» u) —d; Jrfai(xa ”)
_fai(x7 14)
(29)
Based on some mathematical manipulations, one can get
e =i = (hx) —fi(x)
- ai(x7 M) _Af;1i<x> u))_(gl(x) T gi(x))uic
— &(X)uic — fi(x) — gi(X)uir — foi(x,u) —d; (30)

Replacing Eq. (12) into Eq. (30) one can find

e =y = w0 — e (x) — W (v, )by, — e, (x,u)
‘%U%%f%UM*QWM*ﬁ@
— gi(X)uir — fi(x,u) —
(31)

Replacing Eq. (13) into Eq. (31) one can write

e =y = wi(x)0; — & (x) -
— W () Ogitic — i)t
-0 |5 (i
+ag (0)N:(11)Gi)] — fi(x) —

W;‘l':-(x M)Hfai — &y (X, u)

fa, X, u) —|—de + kTe,

8i(%)uir f;i(xv u) —d;
(32)

Adding and subtracting k] e; and o, (x)N;(t;)G; then

N
e =i ()0,
)
(x

(i
+g, )

&,(x) — Wﬁ,, — e, (o, u)

*Wf( )Gfl

- ng(x)ﬁgiuic — &oi(X)utjc —|—

FWfulew)  GEDy  FkTe
5(() J)r(g?(?)) (8o)+<)g',-() so+g,-()
8i (x)(0gi(x)Ni(7i)Gi) (%) — o (s

- ) 30+gAi2(-x) f;( ) gl( ) r

— fui(x,u) — di + K e; — k] e; + ag;(x)Ni(1:)G;

— 0g;(x)Ni(%;)G;

(33)
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Fig. 1 Schematic of the
proposed control strategy
(AFFTTC)

Actuator Faults

fai

Unknown system’s functions

Tracking
fi9i

Trajectories

ydi

External Disturbances d;

uJ

<& —
- =1

L

Using Eq. (19), one can find the following result
e =5 — Wi (x)0 — g5, (x) — Wi, (x, )y, — e, (x, )
- Wg,-(x) Ogittic — &gi(X)ic + tti0 — gi(X)uir — dj

— k;rei — acgi(x)Ni(ri)G,-
(34)

Adding and subtracting og;(x)N;(1;)G;, Eq. (34) leads to
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N

ef") =y = wh ()0 — 5 (x) = wf, (x, )0, — o, (x,0)
— Wy () Ogittic — i (X)ttic + 0 — &i(X)uir — d;
— kiTei - ocgi(x)Ni(‘ci)Gi + ocgi(x)Ni(‘ci)Gi

— ocgi(x)Ni(‘ci)G,-

(35)

Based on some manipulations, one can write
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( ) T \0 ) . s
ydz - Wy (X)Hfi ( ) W, ()C u)efai - E‘fai(x7 M) V= Z TP 6 (e P;é; ) G};Qﬂ Hg,,efm
Wi (%) gz(uu — oNi(%i)G ) | | |
ng( )(u,c ( ) ) (x)uir —di T Ogiegi - *5ui8ui - *ggiégi +— 5i5i
k;re, agi(x ) (1) Gi Y Ve Ve On
(36) (40)
At this stage, we can write the dynamic of the errors as Replacing Eq. (36) into Eq. (40), one can find
follows:
OTows V= Z T(ATP; + PAY)e; + el PB
éi(t) = Aieit) + B|y — wl(x)0; — e, (x) — w] (x,u)0y, . ) )
Yai = wi ()05 — e, (x) — wy (v, )0, — e, (x,u)
& (.X, “) — Wi (.X) gl(uzc “Ni(ri)Gi) [ ‘ fl Ja
’ _ —Wg,-(x)ﬂg,‘(u,-g — O(N,'(‘L'l')Gi) — Sg,'(x)(u,‘c — OCN,‘(’E,‘)G,')
—&gi(x) (tic — aNi(1;)G:) + thio — &i(X)ir ‘
+M_i0 —&i(x )Mi; —di — fxgi( )N ()Gl
_d[ - (xgi(x)N[(Tl) } g - — 1 . 1 .
(37) - —9 O — Gjatefal — 9 Hg, - y—&smsu, - /—bsg,sg, —5 O;
where (41)
0 0 0 0 0 From Eq. (37) one can obtain
0 0 1 0 0 0 Remark 7 To give the best perceivability and demonstrate
A= : the adequacy of the proposed control technique contraste
: he adequacy of the proposed 1 techniq d
0 0 0 0 0 1 with other related works, a comparison is made in Table 3.
—ky, —k(n— —ky, . d
. (n—1), I V= ; %eiTQe,» + el P;B
B = 0 |:y£z’rzl) - Wf( )Of: — & ()C) - W;,, (x7 u)éﬁzi — & (x7 M)
1 —W—; (x)(?ei(u,-v - O(N,'(‘L'l')Gi) — sgi(x)(u;c. - OCN,‘(’E,‘)G,')
+itip — gix )Mtr d; — 0gi(x)N;i(7:)Gi]
: (n—1) ; o
Unil (|SI Ai |) B s + kl s - kn; .ls - _GTef’ - G}ulefat - 16;{195’1 - ! ‘gm(oul - _‘gglggt _5 5
stable (A; stable), we know that there ex1sts a symmetric l e Ve
positive definite matrix P;(n,n) that satisfies the following (42)
L tion:
Zapunov eTqua o which can be rearranged as follows
A;Pi+PA; =—0; (38) e
;_ T T
where Q; are symmetric positive definite matrix of arbitrary ¥V = AN Qe; — ae] PiBgi(x)Ni(w;)Gi + Vi + V2
dimensions (n x n). =
Then, the augmented Lyapunov-like equation is descri- (43)
bed by where
d q

1 | G 1~ ~ 1
V:QZ(JPiei)er;@sz@ﬁ+;9]€,-9fm +- 9T9gz+/
i=1
1. 1
+—e§i+—5f
Ve On

(39)

where

Vs VerOn > 07 &ui = Eui — Euis Egi = Egi — &gi

The time derivative of the augmented Lyapunov-like
equation is described as follows

V=3
i=1

1.
BT m—

— é; (; égi + e[TPingi(x) (u,'(- — OCN,'(‘L',')G,')) (44)

0T <V 9,(, + Wﬁ( )ei PiB>

Using Eqgs. (20-22), Eq. (44) can be simplified to
Vi=0 (45)
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Table 3 Comparative study

Our proposed control scheme Other schemes References

No-fault models are needed for actuator faults, due to the Need information about actuator faults models [51-53]
automatic updating of the controller

No restrictive assumption is made on the considered The assumption is made on the considered faults, [43-50]

faults, which makes the proposed controller more
general

Four kinds of time-varying and state-dependent actuator
failures are considered (see Table 2)

The external disturbances are handled theoretically
instead of approximation, which minimizes the
execution time

Fault detection and isolation module (FDI) is avoided
since the controller deals automatically even in a faulty-
case or healthy case, which reduces the time consuming
by the detection and the isolation stage

The control gain functions g;(x), are considered nonlinear
and unknown

The control gain signs CGSs is not needed to be known a
priori

The control gain signs (CGSs) are not approximated since
Nussbaum-type function is used which avoid the time
consuming by the approximation procedure

which limits the theoretical developed only if the
assumption is true

One or two kinds of time-varying sensor faults are
considered

The external disturbances are approximated and some [47, 48, 50, 61]

assumptions are also made

FDI module is needed to design the controller [17-19, 41]

The considered control gain is a known simple
constant (see [44, 54]), except in [47, 48, 50] where
is a known nonlinear function

The control gain sign is considered to be known a [1-33, 43-50]
priori
The control gain signs CGSs are approximated [60]

q
Vy = Z —e] PiBgi(x)u;r — €] PiBgier(x)

i=1

— €;~rPl‘Bgi8ﬁ“ ()C, M) — eiTPiBg,-eg(x)(uc — OCN,'(TI‘)G,‘)

1. .
— €;FPZ'Bd,' + e;'FPiB’IiO - _guiéui Egié
Y

& &

— ; sg,-sg,- +

q
Vz < Z —el-TP,-Bgi(x)uir + |€;»FP,'BII,'0| + |€?P,’B|§fui
i=1
—+ |€;FP,'B(M[C — O!Nl'(‘[,'[)Gi)

. 2
&gi = 0]

1.
— 810,
O-il

[35, 41, 44, 45, 51-54, 58]

[44, 47, 48, 50, 54]

(46)

using Assumptions (3, 4), V, can be upper bounded by:

q
V2 S Z —e,-TP,-Bgi(x)uir + |€TP,‘BIZ,’0| + |e;'rPiB|§fai
i=1
+|€;FP,B|§ﬁ + |€?P,B‘d, + |€?PiB(MiC — O(N,'(‘C,’)G,‘)|§gi
1 1

g YAV - N 1
% (s — &) i — 7 (Bgi — &qi) g + o

5:5;
(47)

Using the fact that ,; = &; + do; + &, one can find

q
V, < Z —el.TPiBgi(x)ui, + ’e?PiBlZio| + ’€?Pi3|5fm
i=1

1

+ ’e;rPiB(Mic - OCNi(Ti)Gi)|5gi ) (& — éfui)éfui
&
1 ) 1.
— — (&g — &gi)éqi + 6—51‘51‘

(48)

Substituting Eqgs. (23, 24, 26) into Eq. (48) one can
rewrite

@ Springer

using Eq. (18), Eq. (49) can be simplified to

q
Vi< > —ePiBgi(x)uir + |ef PiB|g; — 6} (50)
i=1

Adding and subtracting eiTPiBu,bi, Eq. (50) becomes

q
Vi< Y —el PiBgi(x)uir + |ef PiBo; — 6} 51)
—

1

T T
+e; P;Bu,,; — e; P;Bu,,;

Using Eq. (16) one obtains

q
Vi< > —e] PiBgi(x)uir + €] PiBuyy;

i=1

(52)

Substituting the results obtained in Egs. (45, 52), V can
be bounded as

q
. 1
V< Z — EeiTQei — o] P;Bg;(x)Ni(1;)G; — e PiBg;(x)u;
i=1

+ e;.rPiBu,;,i
(53)
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Table 4 Performance comparison

Comparison  Control strategies Our control Observations
steps strategy
[43] [47] [49] [50]
Used Adaptive Backstepping Backstepping + fuzzy = Dynamic Fuzzy adaptive  Our technique drives the
techniques approximation  +sliding systems surface +Nussbaum- tracking errors to the
mode control (DSC)  type functions  origin, while in
[43, 47, 49, 50] the
tracking errors converge
only to a compact set
Robust Not considered  Not considered  Considered Not considered  Considered Our robust control deals
controller with the approximation
errors and actuator
failures and reduce the
chattering problem due to
the used Nussbaum-gain
Simulation Flexible Quadrotor Quadrotor Two-inverted Two-inverted -
spacecraft pendulums pendulums

Sensor faults

Not considered

Time-varying
faults (bias,
drift, loss of

Time-varying faults
(bias, drift, loss of
effectiveness, loss of

effectiveness, accuracy)
loss of
accuracy)
Actuator Time-varying Not considered  Time-varying faults
faults and state- (bias, drift, loss of
dependent effectiveness, loss of
failures accuracy)

Bias (lock in
place); loss of
effectiveness
(drift is not
considered)

Time-varying
faults (bias,
drift, loss of
effectiveness,
loss of
accuracy)

Not considered

Not considered

Time-varying
and state-
dependent
failures

Bias (lock in
place); loss of
effectiveness;
and drift

Only time-varying faults
are considered in [49],
and time-varying with
state-dependent faults in
[43], while in our paper,
time-varying and state-
dependent and drift faults
are considered

From Eq. (15), one can obtain

q
. 1
V< Z — EeiTQe,- — oceiTP,-Bg,-(x)Nl-(T,-)Gv
i1

(54)

— E?P,‘Bgi(x)Ni(‘C,')Mrbi + el-TPiBu,;,i

Using the fact that G; = eiTPiB, thus, V can be rewritten
as

q
. 1
V< Z — EeiTQei — 8i(x)Ni(t;) (oe] P;B* + €] PiBu,y;)
i=1
+ e?PiBurbi
(55)
Adding and subtracting el P;B?,V can be rewritten as
q
. 1
V< Z — EeiTQei — gi(x)N;(1;) (ozeiTPiB2 + eiTP,-Bu,bi)
=1
+ el PiBuyy,; + ve! PiB* — oe] P;B*
(56)
Substituting Eq. (25)

q
; 1
V< > — ieiTQe,- — (0e] PiB*) — gi(x)1:N;(ti) + i
i=1
(57)
where o > 0
we can obtain the following inequality
t
V-V [ ~(@OING) + Da) (58)
0
Equation (57) can be simplified to
t
VO VO + [ ~(@0IM0) + DEG) (59)

0

Using Lemma 1, we can conclude from Eq. (59) the

boundedness of:
o V(t), Ni(ti)

. Of[—(gi(V)Ni(v) + 1)3;(v)dv, 1e[0, 17).
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According to [66, 67], since no finite time escape phe-
nomenon may happen, then #; — oo (Table 4).

Therefore, 05 (1), 0pi(1), ei(t), 04i(t), (1), é(1), di(1),
x(t), and u;(¢) are bounded, as an intermediate result e;(¢) is
square integrable and ¢;(z) is bounded. Moreover, by
invoking Barbalat’s lemma, we can conclude the asymp-
totic convergence of ¢;(r).

4 Simulation results

To outline the effectiveness and benefits of the recom-
mended AFFTTC, we consider the control issue of two-
inverted pendulums associated with a spring as appeared in
Fig. 2. Every pendulum might be actuated by a torque
input u;(r) generated by a servomotor at its base. Let
(x1,1,%2,1) = (01, 0>) be the angular positions of the pen-

dulums from vertical and (x12,x22) = (91,92) their

angular velocities, respectively. The mathematical equa-
tions of the two-inverted pendulums are given by
[50, 67, 68]:

X1 =X12
. m\gr kr2> X kr kr? . 1
X2 = — — — | sin(x +—(—b)+——sin(xp1) +—ui(t) +d;(t
12 ( J1 J1 ( H) 2]1( ) 4j, ( 2]) Ji 1(0) i
Xa 1 = X22
. magr  kr?\ | kr kr? 1

= - L i-b)y+= ~uy(t) + da(t
2 <jz h)s'“(x“)*zjz( )+, Snn) & 7 a(0) + ()

(60)

where mj,m, are the pendulum end masses; ji,j» the
moments of inertia; k the spring constant of the connecting
spring; r the pendulum height; / the length of the spring; b
the distance between the pendulum hinges; g the gravita-
tional acceleration.

In this simulation, the objective is to force the angular

positions y = [;,0,]" to track accurately the desired tra-

jectories y; = [014, 02d}T under the simultaneous occur-
rence of four types of state-dependent actuator faults and
external disturbances.

Fig. 2 Two-inverted pendulums
configuration

The desired trajectories are selected as sinusoidal signals
having the following equation:

va = [sin(t), sin(r)]" (61)
Disturbances are given by d = [sin(nr), 0.5 + cos(2mz)]"

Remark 8 Contrasted to the works in the same area, we
can easily see that the proposed desired trajectories having
a maximum amplitude of 1 rad, while it is only limited to
0.1 rad (see Ref. [57]) and it is around 0.5 rad at maximum
in Refs. [44, 47, 48]. Expanding the amplitude of the
desired trajectories makes it more challenging for testing
the capacity of the proposed scheme controllers. Moreover,
in our paper, the proposed control scheme is based on an
online fuzzy logic system (FLS) and Nussbaum-type
function, which allows selecting these challenging
trajectories.

Within this simulation, fifteen fuzzy systems on the
form of Eq. (13) are introduced to approximate the
unknown functions (f;(x), gi(x),fui(x,u)). The input vari-
ables of the wused fuzzy systems are selected as
(xl‘l,xl‘z,xzwl,ng) for fi(x),gi(x) and (X1,1,X1,2,X2‘1,Mi)
for f,;(x,u). For each input variable, we have defined five
Gaussian membership functions with centers C; =
[-3.5,—1.5,0,1.5,3.5] and a variance equal to ¢ = 1.6.

1 (xi—G\°
MF;(Xi)ZeXP{—i(x o >}7 i=1:4

The system initial condition is

T
x0) = [5,0.5.0)

The synthesis parameters of our controller, adaption
laws, and the physical parameters of the two-inverted
pendulums are selected in Tables 5 and 6, respectively.

Within this simulation, a white Gaussian noise (WGN)
with centers C; = [0, 1.5] and a variance equal to ¢ = 1.2,
is applied on both angular positions and angular velocities.
Three simulation cases are given below to give a reliable
test of the proposed control scheme with many scenarios.

Interconnection
function
spring
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Table 5 Controller parameters

Parameter(s) Value(s)
& 0.001

V5 Pn 2,15
£4i(0), £,i(0) 0

o oy 3,7
0:(0), i =1:2 1.5
Gﬁ(O), Qfm-(O)i =1:2 0

0,:(0), i =12 [-1,1]

Table 6 Two-inverted pendulums physical parameters

Parameter(s) Value(s) Measurement unit
M, 2 kg

M, 2.5 kg

Ji 0.5 kg m?

J> 0.625 kg m?

K 100 N m

r,b,l 0.5,0.4, 0.5 m

The first simulation case is executed without any faults
(free from actuator failures), and only disturbances are
included.

In Fig. 3a, b, we can easily see the perfect tracking
performances between the desired trajectories (yg1,Va2)
and the angular positions (01, 0,), while Fig. 3e, f depicts
the tracking errors. Figure 3c, d shows the angular veloc-
ities. The control inputs of the two-inverted pendulums
(u1,u,) are depicted in Fig. 3g, h.

In the second simulation case, time-varying actuator
faults (bias, drift, loss of accuracy, loss of effectiveness)
are applied at the same time on the control inputs (, u,) at
Tf Z 5s.

The faults models are described in Table 7. In Fig. 4a, b,
we can easily see the perfect tracking performances
between the desired trajectories (yq41,y42) and the angular
positions (61, 6,) even in the presence of the aforemen-
tioned faults, while Fig. 4e, f depicts the tracking errors.
Figure 4c, d shows the angular velocities. The control
inputs of the two-inverted pendulums (u;, u;) are depicted
in Fig. 4¢g, h.

Remark 9 1In the works given in [41-44, 46, 47, 50],
authors consider faults for only a short period of time
during the simulation stage, and also a few kinds of faults
are applied at the same time. However, in the contrary, in
our simulation four kinds (see Table 1) of time-varying

actuator faults (bias, drift, loss of accuracy, loss of effec-
tiveness) are applied at the same time on the control inputs
(ur,up) at Ty >5's, which allow us to ensure the desired
performances (tracking and stability) during the whole
simulation period (see the performances comparative in
Table 4).

In the last case, the simulation study is carried out with
time-varying and state-dependent actuator faults (see
Table 2) at Ty > 5 s.

The form of the considered actuator faults is depicted in
(see Table 8). In Fig. 5a, b, we can easily see the perfect
tracking performances between the desired trajectories
(Ya1,y42) and the angular positions (6;,6,) even in the
presence of the aforementioned faults, while Fig. Se, f
depicts the tracking errors. Figure 5c, d shows the angular
velocities. The control inputs of the two-inverted pendu-
lums (u;,u,) are depicted in Fig. 5g, h.

4.1 Results analysis and comments

It is shown that the control scheme proposed in this paper
leads to a good transient performance against faults, and
tracking errors converge to zero exponentially in different
cases.

e The first case is faults free and only disturbances are
presented. One can see that the system’s outputs follow
the desired trajectories with small tracking errors and
smooth control inputs signals without any peak phe-
nomenon (see Fig. 3).

e In the second case, we added time-varying actuator
faults (see Table 7) with a time-profile starting at
T >5s. One can see the deviation of the angular
positions corresponding to the first and the second
pendulums. Furthermore, at time instant 6 s, i.e., just
after 1 s from the fault’s occurrence, the proposed
control laws reacted in order to circumvent these faults
and recover the angular positions tracking within short
transient time (see Fig. 4).

e In the last case, state-dependent actuator faults are
considered (see Table 8) with a time-profile starting at
Ty > 5 s. This kind of faults is a little hard to handle due
to either the variation of the system’s state and the time
progression. Only 1.5 s from the faults’ occurrence, we
can see in Fig. 5 the rapid recovering of the angular
positions tracking corresponding to the first and the
second pendulums in the expense of nonsmooth control
signals with peaking phenomena.
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Reference

Angular-position 1 B |

[rad]

Reference

Angular-position 2 |

2 . . . 2 . . .
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]
2 2
C | Reference Angular-Velocity 1 D | Reference Angular-Velocity 2

[rad/s]

[rad/s]

2 . . . 2 . . .
(0] 5 10 15 20 (0] 5 10 15 20
Time [s] Time [s]
1 1
E | Tracking-error 1 F | Tracking-error 2
0.5 1 0.5 b
g ° /\/x g ° /
-0.51 1 -0.5f b
1 . . . 1 . . .
[0] 5 10 15 20 (0] 5 10 15 20
Time [s] Time [s]
15 6
G Control-input 1 H Control-input 2
-10 . . . 4 . . .
[0} 5 10 15 20 (0] 5 10 15 20
Time [s] Time [s]

Fig. 3 Evolution of the two-inverted pendulums without any faults. a, b Trajectories tracking of angular positions: actual (blue lines); desired
(red lines); e, f tracking error signal; ¢, d trajectories tracking of angular velocity: actual (red lines); desired (blue lines); g, h control input signals

(colour figure online)

Table 7 Time-varying actuator
faults
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Fault (s) Type Equation Measurement unit
Jai Bias (lock in place) 1 N m

Drift 0.7 * ¢t (N m) N m

Loss of accuracy Sin(z) 4 0.7 cos(#) (N m) N m

Loss of effectiveness 87% N m
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1.5

Al

Reference Angular-position 1

[rad]

0 5 10 15 20
Time [s]

C |

Reference Angular-Velocity 1

-1.5 . : :
0 5 10 15 20
Time [s]
1
E | Tracking-error 1
0.5 1
=
s
£ 0 f/\//—_
-0.51 1
1 -
0 5 10 15 20
Time [s]
15
G | Control-input 1
El
=3

(0] 5 10 15 20
Time [s]

Fig. 4 Evolution of the two-inverted pendulums with time-varying
actuator faults. a, b Trajectories tracking of angular positions: actual
(blue lines); desired (red lines); e, f tracking error signal; c,

5 Conclusion

In the present paper, an active fault-tolerant control prob-
lem was addressed for a class of MIMO nonlinear systems
under actuator faults, unknown system dynamics, and
external disturbances. Based on a combination between
fuzzy logic systems (FLSs) and Nussbaum-type function,
the developed control scheme can circumvent the problem
of nonlinearities and cope with the problem of the control

[rad]

Reference

Angular-position 2

0 5 10 15 20

Time [s]
1.5
D | Reference Angular-Velocity 2

-1.5 . - .
0 5 10 15 20
Time [s]
1
F | Tracking-error 2
0.5¢ 1
g 0 /\/‘
0.5 1
1 L L L
0o 5 10 15 20
Time [s]
6
H Control-input 2
El
=3

(o] 5 10 15 20
Time [s]

d trajectories tracking of angular velocity: actual (red lines); desired
(blue lines); g, h control input signals (colour figure online)

gain signs (CGSs). The proposed controller is updated
online, which allows avoiding fault detection and isolation
module (FDI), and can, automatically, deal with both faulty
and healthy cases. The stability is studied by using Lya-
punov technique and Barbalat’s lemma, to guarantee the
global stability of the system and conclude the asymptotic
convergence of the tracking errors. A comparative study in
the theoretical stage was performed, and a simulation
example applied on two-inverted pendulums was
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Table 8 Time-varying and

state-dependent actuator faults Fault (s) Type Equation Measurement unit
fai Bias (lock in place) 3 N m
Drift 0.7 %t N m
Loss of accuracy (4+ xl,l) cos(2t) — (2 +x112) sin(2¢) N m
Loss of effectiveness (3 + tanh(—t 4 50x,,1) /10) /4 N'm
1.5 1.5
A | Reference Angular-position 1 B | Reference Angular-position 2

[rad]
o
[rad]
o

0 5 10 15 20 (o] 5 10 15 20
Time [s] Time [s]

Reference

Angular-Velocity 2

Reference Angular-Velocity 1 D |

C |

[rad/s]
[rad/s]

15 . . . 1.5 . . .
0 5 10 15 20 (o] 5 10 15 20
Time [s] Time [s]
1 1
E | Tracking-error 1 F | Tracking-error 2
0.5 k 0.5 k

[rad]

¢ o
[rad]

=)

-0.5 b -0.5 b
» ‘ ‘ ‘ A ‘ ‘ ‘
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]
15 6
G | Control-input 1 H | Control-input 2
4
—_ —_ 2r
g £
= =
= z 4l
2t
10 ‘ ‘ ‘ - ‘ ‘ ‘
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]
Fig. 5 Evolution of the two-inverted pendulums with time-varying d trajectories tracking of angular velocity: actual (red lines); desired
actuator faults. a, b Trajectories tracking of angular positions: actual (blue lines); g, h control input signals (colour figure online)

(blue lines); desired (red lines); e, f tracking error signal; c,
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performed to test the effectiveness and the accuracy of the
proposed method.
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