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Abstract: This paper is devoted to passivity analysis for a class
of chaotic memristive neural networks with distinct memductance
approach, subject to actuator failures. Based on the existence of
memristor, actuators and activation function, it was possible for
the proposed model to stay in a stable state and reach the critical
point by designing a strong reliable state-feedback controller. The
qualitative analysis of this model can be developed using differen-
tial inclusion theory in the sense of Fillipov’s solution with suitable
Lyapunov functional to acquire the results in terms of linear ma-
trix inequalities (LMIs). Considering the known and unknown ac-
tuators cases, some sufficient conditions are derived for both state-
dependent switched system and state-dependent continuous system
based on passivity theory along with its chaotic phenomena. The
reliable state-feedback controller is designed to guarantee that the
considered closed loop system is internally stable by adopting the
stabilizing control law. Finally, numerical examples are presented to
demonstrate theoretical results via graphical illustrations.
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1. Introduction

Neural networks (NNs) have been extensively studied and successfully imple-
mented in remarkable applications, due to the capability to simulate certain
functions of human brain in many science and engineering domains. NNs tech-
nologies have risen to prominence because they can assist human intelligence
with powerful processing. In the design of dynamical neural networks, the
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steady state characteristics of NNs are quite important. In this context, but
also for other essential reasons, interest developed in memristive neural net-
works (MNNs), a unique type of NNs, which have garnered a lot of attention
recently (Pershin and Ventra, 2010; Xiao, Zhong and Li, 2015; Wang et al., 2018,
2020). Memristors are a type of state-dependent non-linear circuit components.
In 1971, Chua predicted that a new significant two-terminal component called
memristor will be used in electronic circuits inevitably (Chua, 1971), and the
HP research team implemented it for the first time in 2008 (Strukov et al.,
2008). MNNSs are a revolutionary concept that is employed to comprehend the
behavior of several physical, biological, and technical systems. One of the most
promising applications of MNNSs is associated with their potential to replicate
the functioning of human brain.

Passivity theory is a key concept that originated from circuit analysis and
system theory in 1970s and Bevelevich was the one to set forth it first (Bevele-
vich, 1968). It scrutinizes the internal stability of a model using input-output
associated with features and can be used in a wide range of disciplines, such
as complexity, signal processing, chaos control, and fuzzy control. The passive
features keep the system internally stable. In Guo, Wang and Yan (2014), the
authors explored the passivity and passification of a class of memristor based
recurrent neural networks (RNNs) with time-varying delays, using the char-
acteristic function technique. Finite-time passivity and synchronization criteria
for coupled MNNs with and without delay have been studied in Huang, Qiu and
Ren (2020). A delay-dependent Lagrange stability for memristor based uncer-
tain neural networks (UNNs) with time-varying delay in terms of LMI technique
have been proposed by Suresh, Syed Ali and Saroha (2023). For fuzzy fractional-
order NNs with additive time-varying delays, a delay-dependent LMI-based pas-
sivity condition has been developed utilizing an indirect Lyapunov technique in
Padmanaja and Balasubramanian (2022). Based on the Lyapunov functional
approach, a new passivity criterion for fractional-order NNs was discussed in
Shafiya and Nagamani (2022). By employing inequality techniques and Lya-
punov function theories, finite-time stabilization of NNs was developed based
on finite-time passivity theory, in Xiao and Zheng (2020). A new delay depen-
dent passivity criterion for UNNs was formulated by Song and Wang (2010)
with the use of the LMI technique. Based on free-matrix integral inequality and
improved Lyapunov-Krasovskii functional (LKF), the robust passivity analysis
for a class of blue UNNs with discrete and distributed time-varying delays has
been addressed in Park, Hua and Shi (2019). This context of respective research
is the first motivation of the present research.

Despite the fact that only specific research findings on memductance function
are now available, they are productive till now (Wu and Zheng, 2014; Anbu-
vithya et. al., 2016; Liu and Xu, 2016). In 2014, a state-dependent switched and
continuous memductance function based passivity analysis for MNNs was pub-
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lished by Wu and Zheng (2014). The passivity criterion for BAMNNSs (Bideidec-
tional Associative Memory Neural Networks) with memductance function has
been examined in Anbuvithya et al. (2016) utilizing correct LKF construction
and differential inclusions theory. A class of MNNs with mixed time-varying
delays was studied in Liu and Xu (2016) for state-dependent memductance
function. A p-stability analysis of memristor based RNNs with different mem-
ductance approach, which is characterized by two distinct systems: the state
dependent switched system and the state dependent continuous system, was
considered in Chandrasekar, Rakkiyappan and Li (2016) with effects of leakage
delay. Recently, an event-triggered synchronization problem of delayed stochas-
tic NNs was investigated in terms of LMI technique in Vadivel et al. (2023). By
using the Razumikhin fractional-order theorem, an improved delay-dependent
passivity criteria for fractional-order NNs with bounded time-varying delay was
demonstrated in Sau, Thuan and Huyen (2020). This is the second motivation
of the present research.

On the other hand, time delay is an unavoidable phenomenon that emerges
in most physical circuits and makes the respective system perform in an unsta-
ble manner. It is crucial to investigate the time-delay systems, since delays are
a primary factor in system instability, divergence, and oscillation. If there is a
significant delay between system’s input and output, the system may become
unstable and function worse than optimally. The fractional-order passivity and
passification of MNNs with time-delay have been analyzed and solved using dif-
ferential inclusion theory, set valued maps, and the LMI technique in Ding et al.
(2013). By employing a new summation inequality technique, passivity analysis
for a class of discrete-time linear systems was studied in Qiu et al. (2019). A
new passivity criterion for UNNs with time-varying delay was addressed in Li
et al. (2016). Reciprocal convex approach was proposed in Zheng, Park and
Shen (2015) for effective passivity analysis with discrete and distributed delay.
Passivity analysis of UNNs with discrete and distributed delay, based on convex
approach has been performed in Yang et al. (2018). This is the third motivation
of the present study.

For the past few years, reliable state-feedback control has received a lot of
attention, since unanticipated failures could cause significant harm and possibly
pose a risk to the environment, see Junfeng, Li and Raissi (2020). In Yang, Coc-
quempot and Jiang (2008), authors introduced the passivity analysis into fault
tolerance analysis for switched systems. In accordance with the feedback control
strategy and LMI technique, the passivity of multiple weighted coupled MNNs
guarantees passive, output strictly passive, and input strictly passive behavior,
as detailed in Wang et al. (2022). Robust passivity and feedback passification
of a class of uncertain fractional-order linear systems were demonstrated using
matrix singular value decomposition and LMI techniques in Chen et al. (2019).
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Failures of the actuators in control systems can seriously impair their perfor-
mance, see Gu et al. (2020). During the occurrence of actuator, sensor or other
component errors, a fault-tolerant control has the capacity to self-correct system
behavior. Besides, faults might occur due to uncertain parameters, mechanical
exhaustion and external disturbances in actuators. It is very important to over-
come all these consequences in the model to reduce the fault occurrence, see
Zhang, Li and Raissi (2020). Many researchers are interested in incorporating
switching processes into characterizing sudden alterations of dynamic systems
due to abrupt changes in systems. This is the fourth motivation of the study
here reported.

Motivated by the above outlined issues, the main aim of this work is to
perform the passivity analysis of MNNs model with switched and continuous
function of uncertain time-varying delay with the help of set-valued map, dif-
ferential inclusion theory, reliable state feedback controller and accounting for
actuator faults, so as to guarantee the fulfilment of internal stability criteria.
The concept of passivity has been extensively studied in previous investigations
(Anbuvithya et al., 2016, Ding et al., 2023, Li et al., 2016). The present study
offers several innovative and significant contributions. The major contributions
of this study are the following ones:

1. This study fills the gap concerning the framework of chaotic passivity
analysis of MNNs model for state-dependent switched system and state-
dependent continuous system with the effects of actuator failure cases.

2. In accordance with the memductance function, both known and unknown
cases were taken into account subject to actuator failures by designing
reliable state-feedback controller for the MNN model.

3. By utilizing Lyapunov stability theory, differential inclusion theory, and
set valued mappings, a novel set of sufficient conditions has been for-
mulated that ensures the internal state stability via the LMI framework.
These conditions are established under the well-defined hypotheses that
satisfy the activation function properties, through the design of an appro-
priate controller gain matrix.

4. A strong fault-tolerant control law is implemented to derive the main
results with Definition 1, related to passivity, by implementing Wirtinger’s
integral inequality, Jensen’s inequality, schur complement and congruence
transformation. In contrast to Anbuvithya et al. (2016), Liu et al. (2016),
Wu and Zeng (2014), the memductance function’s chaotic behaviour for
the passive model has been specified.

5. Finally, simulation examples have been produced and analyzed by an ef-
fective LMI control toolbox via MATLAB for feasible outcomes in generic
and chaotic forms.
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This paper is organized as follows: In Section 2, the problem of MNNs is
modeled and some necessary lemmas and inequalities are provided. In Section
3, the main results are derived for state-dependent switched MNNs and state-
dependent continuous MNNs for passivity criteria. In Section 4, the numerical
simulations are given, meant to verify the effectivenes of results.

2. Problem formulation and preliminaries

Based on the physical characteristics of the memristor, the general class of
MNNSs is constructed for an i*” subsystem as follows:

0i(0) = =Ta(vi(0))ui(0) + 3 €3 (vi(6))3; (05(0))
. " 1)
+ D hig (vi(8)3; (03 (9 = d(O)) + us(6),

where Ty(vi(0)) = & [ 5oy (Vg + Wig) x 85 + R, ei;(vi(0)) = *2 x 8y,

and hy;(v;(0 — d(0))) = i x 65, i = 1,2,--- ,n. In this formulation, §;; =

C, g .
1, if ¢ # j holds, otherwise, §;; = —1 if ¢ = j. M;; and W;; denote the
memductances of memristors R;; and R, respectively. RY; represents the

memristor that relates the neuron activation function g;(v;(0)) and v;(0); R}F
denotes the memristor facilitating the interaction between the neuron activation
function g;(v;(0 — d(6))) and v;(). Then, R = 7=, where R* represents the
parallel resistor, corresponding to the capacitor C;. I'; denotes the self-feedback
connection weights of i-th neuron cell; v;(6) denotes the state variable; e;; (v;(6))
and h;;(v;(#)) denotes the memristive connection weights; g;(v;(6)) symbolizes
the activation function, which is continuous in general; g;(v;(0—d(f))) stands for
continuous feedback activation function, where the activation functions are both
differentiable and bounded; 6 symbolizes time; u;(0) denotes the continuous
control process on the ith unit; d(9) is time-varying delay, where d > 0 is known
to be the upper delay bound.

Along with the features of the memristor, the connection weights considered
in the system (1), will be of the form,

s _ éija ‘UZ(9)| < Tis . _ ilij7 |Uz(0)| < Mis
i (vi(9) —{ e @) > e OOV = VR e > 0

where the switching jumps 7; > 0 are non-negative and é;;, é;4, iLij and hij are
constants.
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According to recent studies, memristive device fingerprints can be handled
by pinched hysteresis loops. The pinched hysteresis loop is caused by the ma-
terial’s restricted capacity to respond to increase in the magnetic field once it
reaches saturation. The proclivity or process of evolution of memristive systems
takes several forms under various pinched hysteresis loops. The non-linearity of
the memductance function is widely acknowledged as the cause of the pinched
hysteresis loop. According to the physical structure of memristors, we have

i daij . o dadij .

Wi = dﬂijj’ M;; = dﬁ;»
where ¢;; and ¢;; denote charge, while 1 and fi denote the magnetic flux corre-
sponding to the memristors W;; and M;;.

In this paper, we thoroughly examine both distinctive memductance func-
tions, considering state-dependent switched as well as continuous cases, under
the framework of a reliable state-feedback control strategy. We explore two al-
ternative memductance function conditions based on the non-linear relationship
between the current and the magnetic flux.

Case 1: The memductance tasks are given for the state-dependent switched
system as

i eij, iz < lij, y éijy izl < lij,
Wi = 0 J 7 and My =< o -
Y { hij, il > L, " { hij, |fij| > lij,

where e;;, hij, €5, hij, l;; and [;; are constants. Further, p;; and ji;; denote
the magnetic fluxes, corresponding to the memristors, whose memductances are
Wi, and M;;, respectively.

Case 2: The memductance role for state-dependent continuous system is given
by -
Wij = a;j + 3b¢j,u?j and Mij = dij + 3bz]ﬂgj
where a;;, bij, @;; and by; are constants.
The unique characteristics of memristor and the current-voltage quality as-
pect arises according to the following two cases:

Case la: Consider the switched memductance function, where e;;(v;(6)) and
hi;j(vi(0)) are switching jumps, as considered in Case 1,

oony = 4 G O < mi oy [ by [ui0)] <
culvi@) = { g LS e and gty = o PO =

where the switching jumps 7; > 0 are non-negative. Then, é;;, é&;;, izij and hij
are known constants. Based on the information provided in the above Case 1,
ei;j(vi(0)) and h;;j(v;(F)) in this system have been classified according to the
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states v;(0) and v;(6 — d(#)). Evidently, the weights e;;(v;) and h,;(v;) are
discontinuous (or) piece-wise continuous functions, with at most two points of
discontinuity at ;.
Case 2a: Consider the continuous memductance function from Case 2, where
ei;(vi(0)) and h;;(v;(0)) are continuous functions
Eij < €ij < Eij» Iij < hij < Tija

in which the jumps =, Eij, T, and Tij are constants.

By employing the definitions of set valued maps and the concept of differen-
tial inclusion for system (1), and taking into account the switching conditions
specified for Case 1a,

Uz(e) S *Fﬂ)z + Z co 61] UZ ~j(vj(e))
+ Z colhij(vi(0))] g;(v; (0 — d(9))) + us(0),

where ¢o[E] symbolizes the convex hull of the given set E,

€ij,  |vi(0)] < mi,
coleij(vi(0))] =< e i), |vi0)] = mi,
€ijs  |vi(0)] > mi,

) g Jua(O)] <,
colhi;(vi(0))] = [ﬁijyhgj]v [vi(0)| = ni,
hij, |vi(0)] > mi,

and ¢;; = = min{é;, €}, €5 = max{é;, é;}, h Ry = { ij> ZJ} hl] =
max{h”,h”} for i =1,2,--- ,n. At the same time, co[ew v; ] or co[ ij (V)
are intervals with non-empty interior when e;;(v;) (or hy;(v;)) are piece-wise
or discontinuous functions at |v;| = n;, respectively. Moreover, cole;;(v;)] =
{eij (’Uz)} (OI‘ co [hU (Ul)] = {hU (’Ul)}) are Singleton sets, When eji (Uz) (OI‘ hij (Ui))
are continuous at v;, respectively.

Based on Case 1a, there exist e;;(0) € cole;;(vi(0))] and h;;(8) € colh;j(vi(6))]
such that

~—

0(0) = —Tw(0) + E(9) g(v(8)) + H(8) g(v(0 — d(0))) + u(®), (3)

where E(0) = (Ei;j(0))nxn, H(9

i ) = (Hij(0))nxn, I' = diag{T'1,Ts,..., Ty},
v(0)=[v1(0),v2(0),...,va(0)] ", G(v(0))

) = [3(v1(8)),3(va2(8)),- .., G(va(®))]"
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and §(v(91— d(9))) = [3(v1(0 = d(6))), G(va(0 — d(©))), ... G(va(0 — d(6)))]",
respectively.

REMARK 1 In most of the research studies, a memristor contains a basic junc-
tion that can change from a low resistance to a high resistance state, Zhang,
Hu and Shen (2015). The alteration in pinched hysteresis loops arises due to
changes in the memductance parameters Wij and Mij of the memristor. As
a consequence, pinched hysteresis loops, which serve as the memristors unique
fingerprints are the outcome, and they ensure the configuration of non-linear
connectivity between voltage and current.

REMARK 2 Passivity offers an excessively abstract metric of stability, based
solely on how much energy a system uses. Consuming the input energy without
producing any dissipated energy is another aspect of passivity (see Anbuvithya
et al., 2016; Qiu et al., 2019). Systems that lack memory or self-sustaining
activity are referred to as passive networks. Instead, they only react in response
to the input they are provided at the moment. In order to ensure closed loop sta-
bility, the passivity shortfall of one system can be offset by the surplus passivity
of another system, such as a controller.

The main objective of the study here reported is to design the appropriate
controller (i.e. the reliable one), which, in general, tolerates the failures. Here,
we construct a fault model

u;(0) = ru(0), (4)
where u(6) is control input and r;, 4 = 1,2, ..., n, which indicates the permissible
shortage and we denote R = diag{ri,ra,...,7}, which is defined as

0 < R=diag{r,,...,r,} < R=diag{ri,...,r} < R =diag{F1,..., 70} < I,
(5)

and R = diag{ty,...,7n} = M , R = diag{r,..., 7} = %,
hence, R can be rewritten as

R R+, (6)

where © = R + diag{C1,(a,...,Cn}, |G| < 7. Moreover, the state-feedback
stabilizing control law is defined by u(0) = U(H) where K stands for state-
feedback gain matrix. At the same time, from (4), we acquire

W) = Ru(6) = RKv(9). (7)

Now, u(f) can be replaced with @(6), so that the control signal model will get
restored as follows

0(0) = =Tw(0) + E(0) g(v(0)) + H(0) §(v(0 — d(6))) + a(6)- (8)
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Hypotheses

(H1) The disseminating time-varying delay d(f) and the uncertain element in
time-varying delay |A4(0)|, which satisfies the condition |Ag4(8)] < dq4,
where d4 is a constant [?the sentence is incomplete?]. The non-negative
continuous variable d(f) can be represented as 0 < d(0) = d + 04(0) and
d() is assumed to be differentiable and to satisfy d(f) < o, where o stands
for a positive constant.

(H2) Foranyi=1,2,...,n, the activation functions g; are continuous functions
for all v1, v € R, and there exist constants .J;~ and J;r such that

Jo < gi(Ul)—gi(W) < J;r, vy # Vs, (9)
V1 — U2

For the sake of computational convenience, we make use of the following nota-
tions throughout this study.

Ry = diag{Ry R, Ry Ry,...,R, R},

RT + R R, + R} R, + RS
R _ d 1 1 2 2 o n n )
2 Zag{ ) ) 9 ) ) 2
Preliminaries

Now, we present some useful definition and lemmas, which are needed to derive
our main results

DEFINITION 1 (RAJCHAKIT AND SRIRAMAN, 2021) MNNs (1) is called passive
if there exists a scalar X < 0 such that

0., 2
2/ " (v(s))u(s)ds > —)\/ u®'(s)u(s)ds,
0 0
for all 6, > 0 and for all solutions of (3) with v(0) = 0.

LEMMA 1 (SURESH AND MANIVANNAN, 2012) For any constant matric T >

0, the following inequality holds for all continuously differentiable functions v(s):
[c,d] — R™

(d—e¢) /Cd v (s)Tv(s)ds > (/Cd I/T(s)ds) T (/Cd V(s)ds) + 30 T,

where ¢ = fcd v(s)ds — 72 fd [7 v(u) duds.

c (&
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LEMMA 2 (WIRTINGER'S INEQUALITY, RAJAVEL ET AL., 2018) For given sym-
metric positive definite matrices T > 0 and for any differentiable signal ®(s):
[e,d]— R™, the following inequality holds

d L [e@]” o(d)
/ 0T ()To(s)ds > —— | ®(c) Wo(T) | ®(c) |,
d—
c ,19 ,19
1 d
where ¥ = d—c/c v(s)ds,

) T T =2T T -T 0
Wo(T)=Wo(T)+ % | x T =2T| and Wo(T)= [+ T O
x kAT 0 0 O

LEMMA 3 (JENSEN’S INEQUALITY, ZHANG ET AL., 2021) For matrizT € R™*"™,
T =T7% >0, scalars ¢ < d, vector v(s) : [c,d] — R™ such that the integration
concerned is well defined, there is

—c f s)ds > (f (s)ds)TT (fcd V(s)ds) ,

(i) S [ gy T Tu(s)dsdu > ([ f) v dsdu) T(J2 fy v(s)dsdu).

LEMMA 4 (BOYD ET AL., 1994) Let 'y, T'a, T's be constant matrices, where

T

Dy =17 > 0,1y =T% > 0, thenT1+I'sT; ' T3 < 0, if and only Zf{ gl Fiz ] -
3 —12

0.

3. Main results

In this section, a set of sufficient conditions is presented, based on construct-
ing a suitable LKF along with the LMI technique for the model (1), which has
non-smooth dynamics in nature. More precisely, we performed passivity analy-
sis for state-dependent switched MNNs with reliable state-feedback controller.
Further, we extended the original passivity analysis onto the state-dependent
continuous MNNs.

3.1. State-dependent switched MNNs

In the following theorem, we address the switching law of MNNs with the ob-
jective of guaranteeing the fulfilment of passivity criteria for switched systems
via a reliable controller, when actuator faults are known.
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THEOREM 1 Under hypothesis (H2) and for given scalars d and o, the MNNs
system (3) is passive in the presence of known actuator fault R, if there exist
positive definite matrices B>0,V>00 >0 Q>0,M>0, N>0 and
Z > 0, diagonal matrices G1 > 0, Gy > 0, real matrices S, Y, with appropriate
dimensions, and then the following LMIs holds:

Cia 0 Gz Ga CGs 0 G 0 0
* 2,2 ~0 0 ~O 0 0 2,8 0
* % (3 0 Gs 0 0 0 0
3 * * ¥ (a4 ~O ~0 Gz 0 0
C=1|=* =* = % G5 Ge 0 0 0 |<0, (10)
* * * * * o Go6 0 0
* * * * * *  Crr 0 0
* * * * * * * ~8’8 ~0
| * * * * * * * * (o]
Gia :LQ1L+V+dM*d+175d[N+”1N]+d7Z 27 — 1Gy;
Gs= d+5d [N+ N], Ga=B-TTXT +YTRT; (5= d2+5d + d+5d J

Cir = JoGi; Goo=—(1—0)LQIL — J1Ga; Cog = JoGa;

* 7 2
Gz =—-V~— d+§d [N + —N ] (35 = ngfr\gd ;
Caa=dN —2X; (7= XE; (g=XH;

o ___4 _ N _ 2Z . F _ _6 I -
45,5* d+6dM d3+5, 216, <5,6* d2+6dM’ §66 d3+6dM

Cr7=Qa—G1; (Gss=—(1-0)Qa—Ga; (oo=—M

Furthermore, the designed memristor-based reliable state-feedback controller
(7) gain matriz is given as K =Y X1,

PROOF Let us construct the switched system with the help of memristors as
bi(0) € —Tivi(0) + > ei;(0)3(v(0)) + Z hij(0)g(v(0 — d(8))) + us(0). (11)
i=1

Let us construct the general LKF with the aim of obtaining the outcomes as

4

V(0,0(0) =D Vi(8,0(0)), (12)

i=1
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where

0
Vi(6,v(0)) = UT(H)BU(9)+/9_dUT(s)VU(S) ds,

0
B0 = [ o+ /9 RACOCEEOLE
0+u

0
A
Va(0,v(0) = // s)Mu(s dsdqu// s)ds du,
0+u
/// s)ds duy dus.

Uy 0+’U.2

By estimating the time derivative of V;(0,v(f)) for the state trajectories of
the system (8), we obtain

Va(0,v(0)) =

V1(0,0(0)) = 20T (0) Bo(0) + vT (0)Vu(0) — o1 (0 — d)Vv(h — d), (13)

‘72(9, v(0)) = v (O)LQ1Lv(0) — (1 — o)™ (0 — d(6))LQ1Lv(f — d(0))
" ((0))Q29(v(0)) — (1 = )" (v(0 — d(9)))Q23(v (0 — d(9))), ~ (14)

6
V3(0,v(0)) = dvT () Mv(0) + doT (0) Nv(0) — /eidvT(s)MU(s) ds

0
- / o7 (s)No(s) ds, (15)
0—d

Vi(8, 0(6)) = / /0 y s) ds do. (16)

Now, by applying Lemmas 1, 2 and 3, we get

_/:_dUT(s)MU(s)ds < —djéd(/e U(S)dS)TM</:d“(S)dS>
dféd</ vls)ds - d+5d/9d/ dUds
x(/@ dvsds d+5d/0d/ duds (17)
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/:de(é))Nb(G)ds < ’d+15d [UT<9)(N+”ZV)U(9)
+207(0)(N + ”ZN )
2N

xv(0 —d) + 0T (0 — d)(N+ - )v(e —d)
+207(0) ( - 2§2+N5d) /9 Odv(s) ds
+207(6 — d)( - Q;Ti]\;d) /:d v(s)ds

[ s [ sosfos

_/Od/: vT(s)Zv(s)dsdu < _dQ—QHSd [d“T(Q)—</;dv(s)ds)T]Z

+u
0
< [aw(6) - (/Hv(s) as)]. a9

To derive a less conservative criterion, a positive diagonal matrix S holds with
the zero equation of the form

20T (0)S[-Tw(9) + Eg(v(0)) + H(v(6 — d(8))) + @(8) — v(h)] = 0. (20)
Under hypothesis (H2), for any i = 1,2, --- ,n we have

(9:(vi(0)) — J7vi(0))(gi(vs(9)) — J; vi(6)) < 0.

Let us consider Gy = diag{g11,912,---,91n}, G2 = diag{ga1,922, .-, 92n} -
Then,

n - gt
> g { v(6) ]T I T el —hpei] { v(0) ] <0, (21)
295 G | | it e a@) | =
where e; is used to identify the units as the element values for a column vector,
on its i'" row, with zeros elsewhere. Equivalently, formula (21) can be of the
form

T e Loy = =
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Similarly,

Sl —dON) r -l

Combining (13) through (23), we obtain

V(0,0(6)) — 25" (0(8))u(6) — AT (B)u(6) < (6) Ca(B), (24)

where

6
T(9) = |:UT(9) o0 —d®) WTO—-d)  oT(H) / vT'(s)ds
2

Y -
| [ ey aee-ao) o)
0—dJs
Therefore, if LMI (10) holds, we deduce in the following manner
V(6,0(0) — 257 (v(0)u(8) — ML (9)u(9) <O0. (25)

Integration takes place for the equation (25) with time interval [0,6,], and so,
we get

0.
2/0 T (v(s))u(s)ds > V(0,,v(0,)) — V(0,0(0)) — AT (s)u(s)ds, (26)

and for v(0) = 0, we have V(0,v(0)) = 0. We apply the congruence transforma-
tion S = X!, the control transformation K = Y X!, and the matrix variables
B=vBuv,V=uVuv,Q =vQ,uv, M =vMuv, Z=vZv, N=uvNv and
G, = vG, v, and we write v J,G, v as J,vG,v where r = 1,2. Therefore,
in accordance with (10), we have V(0,v(8)) < 0 for 2(6) # 0 and by utilizing
Lyapunov theory and definition (1), the scrutinized MNNs of (3) guarantees
passivity for the state-dependent switched systems. Hence the proof. [ ]

REMARK 3 In equation (25), when the value of A and activation functions are
zero, then we achieve the fulfilment of asymptotic stability criteria.

In the next theorem, we explore the failure matrix R, where un-fixed short-
ages happens, but still satisfies the restraints in (6), then the reliable state-
feedback controller is applied for subsequent theorems based on the conditions
provided in Theorem 1 for switched system to be passive.

THEOREM 2 Under hypothesis (H2) and for any given positive scalars d, o and
€, the MNNs system (3) is passive in the presence of unknown actuator failure
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matriz R, if there exist positive definite matrices B> 0,}7 >0,Q1 >0,Qs >0,
M >0, N >0 and Z > 0, diagonal matrices Gy > 0, Go > 0 and real matrices
S, Y, with appropriate dimensions. Then, the following LMIs hold:

( YR
x —e 0 | <O (27)
¥ ox —c
Moreover, the formulatio of the LMI terms for  follows the specifications, pro-
vided in Theorem 1. Then, the designed reliable state-feedback controller gain
matriv K =Y X~ for the system (7) is obtained.

PROOF Let us consider the constraints from equation (6), where the actuator
fault matrix R is not known accurately. Next, we construct the matrix ¢ with
the same parameters as per Theorem 1. Hence, the matrix ¢ can be noted in
the following manner

(=C(+Iey +YToIT,

where I = [ Op.8n], Yy = [0,4n, Y 05, 4]. Then, by choosing a positive scalar
€ > 0, we obtain ¢ by replacing R by R in LMI (10). By applying Lemma 4, it
is easy to form the matrix as

C<C+el"T+e¢'YRYT, (28)

so that we obtain that (28) is equivalent to LMI (27). Therefore, this con-
firms that the considered MNN system (3) is passive under the state-dependent
switching system. The proof is complete. [ ]

REMARK 4 Internal stability state ensures the passivity property. By making
use of the switching law on feedback interconnections, it is possible to extract
a gain matriz accuracy for both linear and non-linear systems. Passivity deals
with results based on the analogy between stability and passivity of non-linear
models (see Guo, Wang and Yan, 2014; Huang, Qiu and Ren, 2020; Shafiya
and Nagamani, 2022; Xiao and Zheng, 2020; Song and Wang, 2010; Ge et al.,
2016).

In the next subsection, some sufficient condition are addressed under con-
tinuous law for passivity property for the known and unknown actuator cases.
This is possible only by making use of the features of memristor together with
NNs, so that we can get invariant outcomes based on continuous memductance
approach.
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3.2. State-dependent continuous MNNs

In the following theorem, we consider the state-dependent continuous system,
meant to be passive for the known failure matrix R, based on MNNs with time-
varying delay.

THEOREM 3 Under hypothesis (H2) and for given scalars d and o, the MNNs
system (3) is passive in the presence of known actuator fault R, if there exist
positive definite matrices B >0,V >0, Q1 >0, Q2 >0, M >0, N >0 and
Z > 0, diagonal matrices G1 > 0, Gy > 0, real matrices S, Y, with appropriate
dimensions, and then the following LMIs holds for the below specified LMI:

Gp 0 Gz Ga Gs 0 0
* G2 0 G4 0 0 0
~ * * Gz 0 G5 0 0
(=1 « * *  Caa O 0 0| <0, (29)
* * * * 55 0 0
* * * * * ~6,6 0
* * * * * * ~7 7

Ga=V+LQ1+ QL +dM — Fi [N+ =N+ £7 27,
Gs=—g5 [N+ =N, (4=B—(XD)" +YTRT + X"(ZH)";
Qs =gt + 25 Ga=—(1-0)L[Q1+QaL; Coa=XT(YH)T,

~ _ — 2 77 x 2N = \T
Ga=-V -5 N+55 Gs = girsys Gia=dN —2X;

o _ _ 4 gyr_ N 2Z . . _ 6 qyr. ~ 12 3

G5 = g M — Fis, ~ @re 6= wra, M Goo = — @i, Mo

Crr ==\

Furthermore, for the designed memristor-based reliable state-feedback controller

(7), the gain matriz is given as K =Y X 1.

PROOF For constructing the continuous passive case consider the equation (3)
to show the following equation:

n

0:(0) € ~Tivi(0) + D E|g(o( |+ZT|9 d(0)))] + ui(0).  (30)

i=1

In terms of modifying (30) into a compact form

0(0) < =Tw(0) + E|g(v(6))] + T[g(v(0 — d(6)))] + u(d). (31)
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By using the LKF in Theorem 1 and combining it with Case 2a, we get

Va(0,0(6)) = o' (O)LQ:Lv(0) — (1 — o)™ (6 — d(6))LQ1Lv(0 — d(6))

+7 (v(0)Q29(v(9)) — (1 — 0)g" (v(6 — d(6)))Q29(v(0 — d(6))),
v (O)L(Q1 + Q2)L]v(9) — (1 — o) v (¢ — d(9))][L(Q1 + Q2) L]
(0 — d(9)). (32)

IN

At the same time, by calculating the time derivatives V;(0,v(0)) for i = 1,3,4
as derived terms in Theorem 1 and applying differential inclusion theory and
set-valued map directly, without Filipov solutions, the resulting system exhibits
continuous behavior, instead of the discontinuous switching, present in Case 2a.
Consider a slack matrix S with the less conservative criterion holding as

207 (0)S[-Tw(0) + Zg(v(0)) + Tg(v(0 — d(6))) + @(f) — v(0)] = 0. (33)
Then, it is easy to get that
V(6,0(6)) — 25" (v(8))u(9) — Mu” (B)u(8) <7 (8) Cu(H), (34)

where

T (0) = [UT(Q) ol(O—d®) T —d) o) ' vl (s)ds

0—d
/(9 d/ s)duds u?'(0)].

Therefore, if the LMI (29) holds, then
V(9,0(8)) — 23" (v(8))u(8) — Mu" (O)u(f) < 0. (35)

Next, integration takes place for equation (35) with its range of time being the
interval [0, 6,], so that

0.
2/0 " (v(s))u(s)ds > V(0,,v(0,)) — V(0,0(0)) — T (s)u(s)ds, (36)

for v(0) = 0, we have V(0,v(0)) = 0, and we apply a congruence transfor-
mation to obtain the gain matrices by X~ 1'= 8 B=vBuv, V =vVu,
Qr=vQu,M=vMuv,Z=vZv, N =uvNuv, where r = 1, 2. By implement-
ing the controller gain matrix, K = Y X ~!. Therefore, we deduce from (29)
that V(6,v(6)) < 0 for 2(f) # 0. Furthermore, based on deﬁnition (1), the ana-
lyzed MNN system (3) exhibits passivity into the context of the state-dependent
continuous system. Hence the proof. [ ]
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Next, we formulate the continuous law of memristor based state-dependent
continuous system under the original passivity property for reliable state-feedback
controller, when actuator faults are unknown.

THEOREM 4 Under hypothesis (H2) and for any given positive scalars d, o and
€, the MNNs system (3) is said to be passive in the presence of unknown actuator
failure matriz R, if there exist positive definite matrices B >0, V >0, Q1 > 0,
Q2 >0, M >0, N>0and Z > 0, diagonal matrices G; > 0, Gy > 0 and
real matrices S, Y with appropriate dimensions, along with reliable controller
(7) K =YX~ is achieved. Then the following linear matriz inequality holds

( YR ol
x —e 0 | <0, (37)
x  ox —€

and, additionally, the remaining LMI terms of f are zero as specified in Theorem

3.

PROOF Let us consider the constraints from equation (6), where the actuator
fault matrix R is not known exactly. Next, we construct the matrix ¢ with the
same parameters as in Theorem 3. Hence, the matrix C~ can be written down in
the following form

(=C+Iey +YTOI”,

where I = [ On6nl, Yy = [01,3,, Y 05, 3n]. Then, by choosing a positive scalar
€ > 0, we obtain ¢ by replacing R by R in LMI (29). By applying Lemma 4, it
is easy to form the matrix as

C<C+el"T+e'YRYT, (38)

where the obtained (38) is equivalent to LMI (37). Therefore, this proves that
the analysed MNNs (3) is passive for state-dependent continuous system. Thus,
the proof is complete. [

REMARK 5 In this study, authors examined MNNs with different memductance
functions, which is the state-dependent switching system, or a state-dependent
continuous system that is a generalization of the analysis for the traditional ar-
tificial neural networks presented in Wu and Zeng (2014). Let us look into the
significant distinctions of our proposed work compared with that of the afore-
mentioned literature. First and foremost, a non-smooth analysis of differen-
tial inclusion theory and set valued maps has been used in this proposed study,
so that an advance could be presented, while deriving LKFs through the uti-
lization of Wirtinger’s inequality, Jensen’s inequality, and Schur complement
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lemma, whereas the mentioned reference deals with the basic lemma. Then,
the reliable stabilizing controller law is exhibited for both known and unknown
cases of actuator fault whereas the cited reference lacks controller design. Fur-
ther, chaotic behavior in general might occur in the context of the MNN model
and we have shown the chaotic performance for the passivity criterion for the
here presented new results,, while chaotic performance is not considered in Wu
and Zeng (2014). Only few results on the passivity of memductance approach—
based systems were found in the existing literature that dealt with using various
paradigms including BAMNNs (Anbuvithya et al., 2016), and MNNs (Liu and
Xu, 2016). It is possible to examine many different kinds of NNs using the
technique described in this paper.

REMARK 6 It is worth noting that Theorems 1 and 3 are derived for normal and
fized actuator failure case, while Theorems 2 and 4 are derived for unknown time
varying actuator failure case for non-identical memductance functions.

REMARK 7 The stability and synchronization of highly complex NNs can be
comprehensively evaluated through the application of passivity theory. In ad-
dressing the actuator fault dynamics, the implementation of a state-feedback
controller provides more refined, less conservative outcomes, enhancing the fea-
sibility of MINNs through the strategic use of Wirtinger’s inequality and Jensen’s
inequality.

REMARK 8 In general, chaotic systems might give a glimpse of the way to gen-
erate random numbers, such deterministic systems may have a time evolution
that seems very irreqular and possesses the usual characteristics of actual ran-
dom processes.

4. Numerical simulations

In this section, we provide a simulation analysis for the memductance approach
based on actuator fault for state-dependent switched and continuous cases for
passivity in order to illustrate results here formulated.

EXAMPLE 1 Consider the following two-dimensional switched MNNs with ac-
tuator fault cases

1:)1(9) _|-I'n 0 vy ( 1(
[ 02(0) ] { 0 —F22} [Uz( ) 2(
4 [P (Vi(0)) haz(ui(0))] 91 (ve (6 — d(
{hzl(vz(e)) hzz(Uz(H))} { d(

> D
~—
—
+
1
QD
N =
N
—_~
< <
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where

i@ ={ Toig ) 33 @ ={ 05 e 32
enta0) ={ O3 o) 32 emeon={ 05 G 22
@) ={ 07 ol 53w ={ 05 NG 23
o) ={ T3 ) Sa o) ={ o 1G] 32

Let us select the activation function in the following form:

g(v(0)) = [ EZEﬁEgggZ;Ezgi and from Hypothesis (H2), J; = diag{0, 0},
Jy = diag{0.5,0.6} is applied for all three cases, that is (1) normal, (2) fixed
and (3) unknown actuator cases. MNNs can be used to forecast simulation
accuracy, which allows us to experimentally investigate the nature of chaotic
phenomena. MNNs can predict how closely a simulation will match the real
or expected behavior. We derived the results analytically using LMI technique
and congruence transformation, while simulation results are obtained based on
LMI control toolbox:

B 1.7592  —0.0000 0, = 2.6035 —0.0826 0y = 0.8637 0.0285
~[-0.0000 1.7592 |’ 1T |—0.0826 2.1667 |’ “* |0.0285 0.7118]’

M= 0.2443 —0.0134 7 0.7662  —0.0449 V= 0.5144 —0.0786
T [—0.0134  0.2257 |7 7 |—0.0449 0.8023 |”° = |—-0.0786 0.4123 |’

N — 0.7237  —0.0475 ¥ — 0.9028 0 v — —2.3275 —0.2652
©|=0.0475  0.7623 |’ T 0 0.9459|° °  |—0.3512 —2.6453|"’

Here, we adopt the stabilizing control law, in order to achieve the passivity
results for the switched case via reliable state-feedback controller depending
on actuator fault matrices. Let us consider the specified below three different
cases of model (1) to exhibit the valid simulations on actuators for the essential
results, provided here. First of all, the initial values of the state variables are
chosen in the random manner.
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States

time(6)
(b)

States

Time()

Figure 1: (a) Passive trajectories of switched normal actuator (40) under con-
trol. (b) Passive trajectories of switched normal actuator (40) not under control
(representation of actuator fault R = I)

(i) Switched normal actuator

Let us construct the system (39) by applying the suitable control inputs, observe
the inherent performance of the switched normal actuator fault performance

ol [05 0 ][N [8 5 032] i)
.

A 5 R Y B

bl Qz

Generally, a normal actuator ensures a robust stability state of the respective
models. In general, occurrence of failures in such paradigms is not possible. We
constructed a normal case to demonstrate the visually obvious simulation effects
at the initial stage of model behavior. In order to perform the theoretical and
graphical simulation analysis, let us first assume the known state-feedback reli-
able actuator faults for the normal case to be R = I with uncertain parametric
delay 64 = 0.05. Next, we proceed with the system dynamics under derivative
o = 0.03, and time-varying bound, characterized by d = 0.03. From Theorem
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10

u,(6)

v,(0)

Figure 2: Chaotic behavior of switched normal actuator fault

1, the passivity performance index A = 1.7592 can be obtained by making use
of MATLAB LMI control toolbox. To ensure stability in switched actuator con-
figurations of established passivity criteria and reliable state-feedback controls
were implemented, with corresponding feasible controller matrices as provided
below:

—2.5780 —0.2804

K=1 _o3800 —2.7967 |

It is obvious from equation (40) that the trajectories vy (6) and vy (), shown in
Fig. 1 (a) clearly illustrate the stable state convergence of MNNs in the presence
of reliable control inputs based on the switched normal actuators to demonstrate
the feasible solution of LMIs. Hence, this guarantees that the closed-loop sys-
tem attains the intended performance, demontrating internal stability under
the implemented control framework. Moreover, Fig. 1 (b) shows the explicit
behaviour of the trajectories v1(f) and vy (), if reliable controller is not under
control, so that it does not approach the critical point.
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(ii) Switched fixed actuator

Let us construct the system (39) by providing a suitable control inputs, to
observe the switched fixed actuator fault performance

»m(@)] _|-05 0 1(0) 0.16 0.34] |g1(v1(0))
L’)Q(G)] o { 0 —0.5} { (9)] [0 51 0. 52} { (vg )]
0.17  0.55] [ (v1(6 — d(6))) v1(6)

+loss oo [t ))}JrRK[Q( ] @

Actuator faults are common in non-linear systems, with fixed actuators fail-
ures typically arising from partial degradation in the system’s operation. Even
when only a partial failure takes place, it is a difficult task to maintain stable
performance within a fixed range of time intervals. Additionally, it is crucial to
design a robust state-feedback controller to closely align the theoretical results
with realistic simulation outcomes. The actuator fault matrix is supposed to
take values in the range of R = diag{0.67,0.54}. This can be made possible
only by choosing the parameters for the fixed actuator case such as estimated
values of derivative o = 0.03, the time-varying bound d = 1.23 and uncertain
delay 64 = 0.05. The passivity performance index A = 1.7592 has been obtained
from Theorem 1 with the help of LMI control toolbox. By applying the reliable
controller gain matrices to control input, we get a feasible solution of the form

—3.8477 —0.4185

K=\ _07073 —5.0848

From Fig. 3 (c), we can deduce that even with partial failures in actuators, the
trajectories v1(#) and v9(f) under reliable state-feedback controller converges
and guarantees the internal stability of MNNs following the switched passivity
criteria with the help of Wirtinger’s and Jensen’s inequality based on Lyapunov
stability theory. At the same time, Fig. 3 (d) reveals that without reliable
state-feedback controller the proposed model is not in the stable mode.

(iii) Switched un-fixed time-varying actuator

Let us construct the system (39) by giving a suitable control inputs, in order to
demonstrate the switched un-fixed actuator fault performance

] - (3 ) 2 ]
#1055 0s) [mtentd—dto) + K [n
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(c)
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Figure 3: (c) Passive trajectories of the switched fixed actuator system (41)
under reliable control outputs. (d) Passive trajectories of the switched fixed ac-
tuator system (41) not under reliable control outputs (representation of actuator
fault 0 < R < 1)

Basically, abnormal malfunctions, external environmental disturbances, noisy
input signal might take place unexpectedly in such systems. Even the type
of failures that might occur in such a system, such as partial or total failure,
is impossible to anticipate. In some situations, actuator components perform
well, even though the system is affected by failures. For such cases, we design a
reliable controller, functioning in the presence of un-fixed failures in the range of
fault matrices bound intervals, which can be defined as 0.53 =r; <r; <7 =
0.55, 0.71 = ry < 19 < 79 = 0.75, where R = diag{0.62,0.65}. Moreover, in
order to establish the theoretical results via simulative behaviors, we choose the
parameters with estimated values of derivative as follows: o = 0.03, the time-
varying bound d = 0.36 and uncertain delay 6; = 0.04. The system passivity
performance index \ = 2.4874 is obtained. Then, by utilizing the LMI constrains
in Theorem 2 using MATLAB LMI control toolbox, we get reliable controller
gain matrix solutions of the form

—5.5039  0.2998

K= go728 —5.1068 |-
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Figure 4: Chaotic behavior of switched fixed actuator fault

In general, by implementing a suitable control technique it is possible to
keep the system in the stable state. The graphical simulation implies that the
trajectories, obtained under a reliable controller, have good compatibility with
un-fixed time-varying MNNs for switched passive system, shown in Fig. 5 (e),
by utilizing Lyapunov stability analysis. Regarding the very same point, Fig. 5
(f) illustrates the behavior of trajectories not under control scheme.

In the light of the above, Figs. 1, 3 and 5 show that the designed reliable con-
troller with state variables vy (), v2(#) approaches the equilibrium point zero.
The chaotic behavior of switched actuators is also shown in Figs. 2, 4 and
6, respectively. Therefore, it is graphically demonstrated that the MNNs with
known and unknown actuators of equations (40), (41) and (4) guarantee that
the state-dependent switched system is passive.

ExXAMPLE 2 Consider a two-dimensional continuous MNN model with actuator

fault, as follows
[01(9)} _ [—0.5 0 ] [U1( )} N {61 EU 100))  era(vi(0 m B EZ E
JREAEE

1 1
02(0) 0 —-0.5 e21(v2(0))  eaz(va(0
N {hum(e)) 12(v1 (0 ))} { g1(v1(0 —d(0
ho1(v2(0))  haz(v2(0))] [J2(v2(0 — d(6
In this section, let us consider extended part of switched case to continuous
case for known (normal or fixed actuator) and unknown (time-varying) cases
of the model (43) simulations for three different actuator cases, obtained by
implementing the stabilizing control law for the essential outcomes based on

)
)
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Figure 5: (e) Passive trajectories of switched un-fixed actuator (4) under reliable
controller. (f) Passive trajectories of switched un-fixed actuator (4) not under
reliable controller (representation of actuator fault when 0 < R < 1)

Theorems 3 and 4. The initial values of the state variables are chosen in the
random manner. The activation functions are chosen to be the same as given in
Ezample 1. Owing to its property of continuity, the system inherently disregards
the previous values of the memristive connection weights and updates only the
new values, as this is shown in equations (44) through (46).

4.1. (i) Continuous normal actuators

Let us design an ideal controller for the proposed system (43), to observe the
known continuous normal actuator fault performance

6 -
07 ] ) [

0.2sin(vy(0))  —0.3cos(v1(0))
+{—().531[1(@(9)) 0.4 cos(ve(0) )} {

) 03608(01(9)) [91
) 2 92

-

0
)
( d(6)
(v2(0 — d(0))

1
(0
17
92
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0,6)

Figure 6: Chaotic behavior of switched un-fixed actuator fault

Basing on Lyapunov theory, we constructed system (44) in the compact
form. As the continuous normal actuator is obvious, as shown in the switched
case, we calculate the numerical values for known actuators as R = I, derivative
o = 0.04, time-varying bound d = 0.7 and uncertain delay §; = 0.03. With the
help of LMI constraints from Theorem 3, we get the passivity performance index
equal A = 1.0180. Then, the plausible results can be obtained for the applied
controller gain matrices as

—2.5371 —0.1733

K= _g2001 —27715 |-

The state response of the trajectories vq(f) and v(€) are shown in Fig. 7
(g) under passive continuous setting for MNNs under control and in Fig. 7 (h)
without control.
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Figure 7: (g) Passive trajectories of continuous normal actuator (44) under
reliable controller. (h) Passive trajectories of continuous normal actuator (44)
not under reliable controller (representation of actuator fault R = I)

(ii) Continuous fixed actuators

Let us design an ideal controller for the proposed system (43), in order to observe
the known continuous fixed actuator fault performance in nature

i) -
{ 0 0. 5} HZH + |:0021blslllrzvzlé g) _0031022&112(92;)} [ﬁ;&gzgﬂ
+ { 0.2sin(v1(0))  —0.3 cos( 'U1 } F v1(0 —d(0)))
0.5sin(v2(0)) 0.4 cos(va(0 G2(v2(0 —d(0)))
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Figure 8: Chaotic behavior of continuous normal actuator fault

By choosing the parameters for continuous fixed actuators with the values of
derivative o = 0.04, the time-varying bound d = 0.7 and uncertain delay §; =
0.03, we obtain the actuator, capable of handling the partial shortages. Further-
more, the fixed actuator fault lies in the range of values of R = diag{0.67,0.55}.
By solving the LMI constraints in Theorem 3, we obtain the passivity perfor-
mance index equal A =1.0180, where the feasible solutions are calculated using
the MATLAB LMI control toolbox with a reliable state-feedback controller, as
follows

—3.7867 —0.2587

K=1 _03638 —5.0390 |

The graphical simulation for state response of the trajectories vy (), vo(0) is
obtained under reliable controller of MNNs for continuous passive system as
shown in Fig. 9 (i), while Fig. 9 (j) demonstrates the results, obtained when
controller is not applied to the system.



562 R. SUVETHA AND P. PRAKASH

[0)

States

10 I I I I I
0 2 4 6 8 10 12

Time(6)
0

-10 1 1 1 1 1
0 2 4 6 8 10 12

Time(0)

Figure 9: (i) Passive trajectories of continuous fixed actuator (45) under reliable
controller. (j) Passive trajectories of continuous fixed actuator (45) not under
reliable controller (Representation of actuator fault, when 0 < R < 1)

(iii) Continuous un-fixed time-varying actuator

Let us design a controller for the proposed system (43), to observe the unknown
continuous un-fixed actuator fault performance in nature

)
- [_8'5 —8.5] [Zgzﬂ * [0021;;?1(21(2)%) _Oo?’fﬁiﬁ?é

N 0.2511.1(1)1(9)) —0.3 cos(v1(6)) Q:I(U( (9)))
{—0-58111(112(9)) 0.4 cos(v2(0)) } {9 (v2(6 — (9)))]
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By applying the Schur complement in conjunction with the stabilizing law,
we demonstrate that the model achieves effective results in the case of a con-
tinuous un-fixed time varying actuator. In order to validate theoretical results
via simulation, we select the parameter values as follows: derivative o = 0.03,
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Figure 10: Chaotic behavior of continuous fixed actuator fault

time-varying bound d = 0.34 and uncertain delay d4 = 0.04, corresponding to
the un-fixed actuator failure matrix. The actuator faults are assumed to occur
within the bounded fault intervals, defined as 0.56 = r; <7y < 7; = 0.66 and
0.76 = ry <719 < 7y = 0.86, with R = diag{0.66,0.76}. A feasible solution is
then obtained by solving the LMI constrains, presented in Theorem 4, yield-
ing the passivity performance index value A = 1.3025. For these conditions,
using the MATLAB LMI control toolbox package with reliable state-feedback
controller the gain matrix can be obtained in the following form

| —2.8850 —0.1630

K= —0.1584 —2.9803 |-

By fixing the controller to the system (46) as this is shown in Fig. 11 (k),
even when an unfixed actuator malfunction occurs, the system can be kept in
a stable state, while Fig. 11 (1) presents the trajectories in the unstable case.
In general, we found that continuous passive system has a stronger convergence
compared to that of switched passive systems.

The chaotic behavior of continuous actuators is also shown in Figs. 8, 10 and
12, respectively. The effects of actuators failures can be noticed in the examined
simulation results based on memductance approach. Therefore, we highlight the
importance of employing a reliable state-feedback controller in the presence of
actuator failures, as it provides an effective way to ensure the internal stability
of the considered closed-loop system.
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Figure 11: (k) Passive trajectories of continuous un-fixed actuator (46) under
reliable controller. (1) Passive trajectories of continuous un-fixed actuator (46)
not under reliable controller (representation of actuator fault, when 0 < R < 1)

REMARK 9 The computational complexity of the proposed model is assumed to
be assessed by neglecting the uncertain element, in order to check the variations
of performance index for actuators of memductance functions. When the un-
certain element d4 is removed from the time-varying delay for the switched case
of LMIs (10), the performance index values for the known case, (40) and (41),
get increased, while the index values for the unknown case, (42), gets decreased.
At the same time, neglecting d4 in the continuous case of LMI (29) makes the
performance index increase for known (44), (45), and unknown case (46), which
ensures adequate passivity index results.

5. Conclusion

In this article, we analyzed the problem of reliable passivity for the class of
MNNs with uncertain time varying delay. By implementing LMI technique, LKF
and congruence transformation we procured the passivity criteria for both state-
dependent switched system and state-dependent continuous system by utilizing
differential inclusion theory using Lyapunov stability method. Furthermore, we
derived some sufficient conditions for known, as well as unknown, actuator fault
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Figure 12: Chaotic behavior of continuous un-fixed actuator fault

matrix using the designed reliable state-feedback controller. Finally, numerical
examples are shown for the proposed results to show their validity and effec-
tiveness. On the other hand, future research can be extended to the actuator
fault exponential stabilization on memductance function.
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