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PERSONAGE IN SCIENCE

Academician A.A. Martynyuk

to the 80th Birthday Anniversary

March 6, 2021 marked the 80th anniversary of the birth and 57 years of scientific
activity of the famous Ukrainian scientist, Head of the Department of Process Stability
of the S.P. Tymoshenko Institute of Mechanics of the National Academy of Sciences of
Ukraine (NAS of Ukraine), Doctor of Physical and Mathematical Sciences, Professor
Anatoliy Andriyovych Martynyuk.

A.A. Martynyuk was born in 1941 in the village of Ganzhalivka, Cherkasy region, in
the family of a railway worker. He graduated from the Faculty of Physics and Mathe-
matics of Cherkasy State Pedagogical Institute.

He has been working at the Institute of Mechanics of the National Academy of Sci-
ences of Ukraine as the Head of the Department of Process Stability from 1978 to the
present (in 1973 - 1977 A.A. Martyniuk worked at the Institute of Mathematics of the
National Academy of Sciences of Ukraine).

He defended his Ph.D. (1967) and doctoral (1973) theses and was awarded the title
of professor (1985).

He was elected a Corresponding Member of the National Academy of Sciences of
Ukraine (1988), and then Academician of the National Academy of Sciences of Ukraine
(2009).

Detailed biographical data are given in article E| and book EL

During 2011 — 2020, A.A. Martynyuk was carrying out significant work related to the
preparation for publication of generalized monographs and books. Namely:

* Books XX VI, XXVII present the results of the development of the direct Lyapunov
method - the stability study of systems with uncertain values of parameters, which are
described by continuous, pulse and singularly perturbed equations, as well as dynamic
equations on a time scale;

* Book XXVIII describes the methods of qualitative analysis of the perturbed motion
of systems, the behavior of which is described by equations containing a small parameter;

* In book XXIX, on the basis of the matrix-valued Lyapunov function, a direct
method for studying the motion stability of systems described by nonlinear equations
under structural perturbations of parameters has been developed;

* Book XXX is the second edition of the book of the same name, published in 1989
by Marcel Dekker Inc., USA. The second edition is supplemented by the estimation of
solutions to nonlinear systems on the basis of nonlinear integral inequalities, the criterion

L Academician A.A. Martynyuk (to the seventieth anniversary of his birth) // Nonlinear Dynamics
and Systems Theory. — 2011. — 11, 1. — P. 1 - 5.

2A.A. Martynyuk. Revisiting the Past with Neither Indifference nor Resentment. — Kiev: Phoeniz,
2014. — 139 p.

(© 2021 InforMath Publishing Group/1562-8353 (print)/1813-7385 (online)/http://e-ndst.kiev.ua225


http://e-ndst.kiev.ua

226 PERSONAGE IN SCIENCE. AKADEMICIAN A.A. MARTYNYUK

of asymptotic stability for nonlinear autonomous comparison systems and the replace-
ment of Chapter 5, which is devoted to the application of general methods described in
the book;

* Monograph XXXT is the first in the world mathematical literature, which deals with
the development of methods for studying the stability of solutions of dynamic equations
on a time scale;

* In monograph XXXII, the equations of perturbed motion with multivalued right-
hand parts are considered. To study the stability of the set of solutions of such systems, a
new variant of the direct Lyapunov method was developed on the basis of a matrix-valued
auxiliary function;

* Book XXXIII presents the results of the stability analysis of hybrid systems: on a
time scale, with aftereffect, in metric space. The dynamics of shock systems is studied
on the basis of new qualitative methods of analysis of such systems;

* Book XXXIV is an educational and encyclopedic edition, 12 chapters of which
contain a summary of classical and modern results of the theory of motion stability and
their application in mechanics. The book is based on the original results of the authors,
which were published in 1969 - 2019.

Along with his intensive scientific research (A.A. Martynyuk is the author (co-author)
of more than 450 journal publications and 34 monographs and books in English, Chinese
and Russian), he is active in publishing. He did a great job as the editor of the Inter-
national Series of Scientific Monographs ”Stability and Control: Theory, Methods and
Applications” at Gordon and Breach Science Publishers (UK). Between 1992 and 2002,
22 volumes of scientific monographs by the scientists from 10 countries were published
in this series.

In 2001, A.A. Martynyuk founded the International Scientific Journal ”Nonlinear
Dynamics and Systems Theory” and is its editor.

In 2006, he founded a new International series of scientific monographs, textbooks
and lecture courses entitled ” Stability, Oscillation and Optimization of Systems” at Cam-
bridge Scientific Publishers (UK) and is its editor together with Professor P. Borne
(France) ) and Professor C. Cruz-Hernandez (USA). So far, 11 volumes of this series
have been published.

A.A. Martynyuk is a member of the editorial boards of three Ukrainian journals: ” Ap-
plied Mechanics”, ”Nonlinear Oscillations” and ” Electronic Modeling” and two English-
language journals: ”Journal of Applied Mathematics and Stochastic Analysis” (USA)
and ” Differential Equations and Dynamical Systems” (Germany).

A.A. Martynyuk prepared 28 candidates and 4 doctors of physical and mathematical
sciences. He is the Deputy Chairman of the National Committee for Theoretical and
Applied Mechanics of Ukraine.

In 2008, A.A. Martynyuk was awarded the State Prize of Ukraine in the field of
science and technology.

The editorial board of the Journal ”Nonlinear Dynamics and Systems Theory” sin-
cerely congratulates Anatoliy Andriyovych on his jubilee, wishes him health and new
successes in his multifaceted activity.

)

List of Monographs and Books by A.A. Martynyuk (Continued)ﬁ

3 The titles I-XXV were published in the Journal Nonlinear Dynamics and Systems Theory, Vol. 11,
issue 1, 2011.
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XXVI. Uncertain Dynamical Systems. Stability and Motion Control, (with Yu.A.
Martynyuk-Chernienko and Sun Zhen qi), Bending: Science Press, 2011. — 237 p. (trans-
lation from Russian into Chinese).

XXVII. Uncertain Dynamical Systems. Stability and Motion Control, (with Yu.A.
Martynyuk-Chernienko), Boca Raton: CRC Press, 2012. — 296 p.

XXVIII. Weakly Connected Nonlinear Systems. Boundedness and Stability of Mo-
tion, (with L. Chernetskaya, and V.Martynyuk), Boca Raton: CRC Press, 2013. — 212
p-

XXIX. Stability Analysis of Nonlinear Systems under Structural Perturbations, (with
V.G. Miladzhanov), Cambridge: Cambridge Scientific Publishers, 2014. — 253 p.

XXX. Stability Analysis of Nonlinear Systems, Second Edition (with, V. Lakshmikan-
tham and S. Leela), Cham: Springer International Publishing Switzerland, 2015. — 329
p-

XXXI. Stability Theory for Dynamic Equations on Time Scales, Cham: Springer
International Publishing Switzerland, 2016. — 223 p.

XXXII. Qualitative Analysis of Set-Valued Differential Equations, Cham: Springer
Nature Switzerland, 2019. — 198 p.

XXXIII. Dynamics and Stability of Motion of Shock and Hybrid Systems, (with B.
Radziszewski and A. Szadkowski), Warsaw: de Gruyter/SCIENDO, 2019. — 193 p.

XXXIV. Stability: Elements of the Theory and Applications with Examples, (with
B. Radziszewski and A. Szadkowski), Warsaw: de Gruyter/SCIENDO, 2020. — 328 p.

List of Papers by A.A. Martynyuk (Continued)lﬂ

146. Asymptotic stability criterion for nonlinear monotonic systems and its applica-
tions (Review). Int. Appl. Mech., vol. 47, No. 5, 2011. — pp. 475-534.

147. On stabilization of systems with aftereffect by impulse disturbances. Dopov.
Nat. Acad. Nauk Ukr. — 2012, No. 9. — pp. 62-65.

148. Instability of motion under interval initial conditions. Dopov. Nat. Acad. Nauk
Ukr. — 2013, No. 11. — pp. 55-60.

149. On the stability of motion under interval initial conditions. Dopov. Nat. Acad.
Nauk Ukr. — 2013, No. 1. — pp. 47-52.

150. On the stability of an impulse system with aftereffect with respect to two
measures. Nonlinear Oscillations. — 2013. — 16, No. 4. — pp. 538-556.

151. On the stability of the trajectories of the set of difference equations. Dopov.
Nat. Acad. Nauk. — 2014, No. 5. — pp. 65-69.

152. Direct Lyapunov method on time scales. Communications in Applied Analysis.
— 2013, 17, No. 3 and 4. — pp. 483-502.

153. Novel bounds for solutions of nonlinear differential equations. Appl. Math. —
2015, No. 6. pp. 182-194.

154. On stability with respect to two measures of a system of equations with fractional
derivatives. Nonlinear Oscillations. — 2015. — 18, No. 2. — pp. 238-244.

155. Elements of the theory of stability of hybrid systems (Review). Int. Appl.
Mech., vol. 51, No. 3, 2015. — pp. 243-302.

4The titles 1-129 were published in the Journal Nonlinear Dynamics and Systems Theory, Vol. 6,
issue 1, 2006, and the titles 130—145 were published in the Journal Nonlinear Dynamics and Systems
Theory, Vol. 11, issue 1, 2011.



228 PERSONAGE IN SCIENCE. AKADEMICIAN A.A. MARTYNYUK

156. Analysis of a set of trajectories of generalized standard systems: Averaging
technique. Nonlinear Dynamics and Systems Theory. — 2017 — 17, No. 1. — pp.
29-41.

156. Constructive estimates of Lyapunov V-function for perturbed equations of mo-
tion. Int. Appl. Mech., vol. 53, No. 5, 2017 — pp. 588-594.

157. Deviation of a set of trajectories from a state of equilibrium. Dopov. Nat. Acad.
Nauk Ukr. — 2017, No. 10. — pp. 10-15.

158. Invariance of solutions to a family of regularized equations. Dopov. Nat. Acad.
Nauk Ukr. — 2017, No. 12. — pp. 3-T.

159. Fractional-like derivative of Hukuhara and its properties. Dopov. Nat. Acad.
Nauk Ukr. — 2019, No. 4. — pp. 10-16.

160. On application of mixed Minkowski volumes in qualitative theory of set dif-
ferential equations. Global and Stochastic Analysis. — 2018. Vol. 5. No. 1. — pp.
39-44.

161. Hyers-Ulam-Rassias-stability conditions for families of equations. Dopov. Nat.
Acad. Nauk Ukr. — 2017, No. 8. — pp. 11-16.

162. Comparison principle and estimates of Lyapunov functions for nonlinear systems.
Dopov. Nat. Acad. Nauk Ukr. — 2018, No. 9. — pp. 3-11.

163. Dynamic analysis of the set trajectories of a family of equations of motion based
on Minkowski mixed volumes. Int. Appl. Mech., vol. 54, No. 4, 2018 — pp. 418-430.

164. Estimation of the Lyapunov function on solutions of quasilinear fractional-like
systems. Dopov. Nat. Acad. Nauk Ukr. — 2020, No. 11. — pp. 3-8.

165. A.M. Lyapunov’s direct method based on matrix auxiliary functions: 40 years
of development (review). Int. Appl. Mech. — 2020, No. 3, vol. 56, — pp. 3-75.

Editorial board of the Journal
Nonlinear Dynamics and Systems Theory



Nonlinear Dynamics and Systems Theory, 21 (3) (2021) 237 [ @%{FDR'%—I|
)

Publishing

Umwp/

Design and Analysis of Continuous Positive Airway
Pressure Valve Using a 3D Printing and
Computational Fluid Dynamic
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Received: March 10, 2021;  Revised: May 5, 2021

Abstract: The non-invasive ventilatory support in the Coronavirus (COVID-19)
treatment uses also a mask as an interface between the medical device and the pa-
tient. The choice of this interface is one of the fundamental elements for the successful
implementation of these techniques. The use of suitable equipment is also essential
for their success, especially in continuous positive pressure with the mask (CPAP-
continuous positive airway pressure) or during non-invasive two-level pressure venti-
lation. The criteria such as the ease of use and the required performance must be
brought together in the medical equipment. With this aim, we will design a new
version of the CPAP valve using the 3D printer, we used also the ANSYS software
for the analysis and computation of the flow (CFD).

Keywords: continuous positive airway pressure system; mon-invasive ventilation;
3-dimentional printing; computational fluid dynamic.
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1 Introduction

Ventilation is the only known treatment available for people with pulmonary failure
caused by COVID-19. The resuscitation machines, that are at the disposal of hospitals,
are complex and very expensive. Their availability is far from being close enough to meet
the large number of patients received. For example, in our intensive care unit (in Medea,
Algeria) we have around 7 machines that are currently functioning. So, given a large
number of coronavirus patients that threaten to overwhelm our medical services, critically
ill patients without ventilation treatment are at risk of losing their lives. To prevent this,
we have designed CPAP (Continuous Positive Airway Pressure) valves, which help with
artificial ventilation. The ventilatory assistance applied to patients in acute respiratory
distress by NIV (non-invasive ventilation) is a very effective technique to avoid tracheal
intubation [1,[2]. In this pandemic situation, the decathlon face mask (diving mask) is
transformed to be used for medical purposes. We used it as the interface between the
patient with coronavirus (Covid-19) and the valve we designed. It is therefore integrated
in the kit shown in Figure 1. This valve is used to maintain continuous positive pressure
throughout the respiratory cycle (during inspiration and expiration), which keeps the
lungs open. NIV is an essential therapeutic mode in resuscitation and the evaluation of
its practical use is very important and gives good results when controlling APE (Acute
Pulmonary Edema) [3H5].

Figure 1: Yellow CPAP valve integrated in the kit, including, in particular, a pressure gauge
(OHMEDA) and a ball flow meter which can vary from 0 to 30 1/min.

For the operation of the CPAP breathing valve, the quantity of oxygen arriving
in an annular chamber is accelerated to the speed of sound as it passes through the
microcannulas. This generates a high velocity flow in the center of the tube, which
creates a zone of turbulence with the effect of separating the patient’s respiratory volume
(lungs and dead volume) from the outside air, without creating an airflow for the patient.
It is the patient who will call for an air-oxygen mixture during inspiration. As we can
see in Figure 2, the CPAP valve, which we manufactured in our laboratory using a 3D
printer, is open on the atmospheric air side and works according to the Venturi effect.
The turbulence zone acts as a virtual two-way valve that keeps the lungs under pressure
during inspiration and creates a brake at expiration @

Finally, in this work, we will design a new version of the CPAP valve using the 3D
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Figure 2: Diagram of the Boussignac CPAP System.

printer, the ANSY'S software will be used for the analysis of the flow and the optimization
of the parameters of this valve.

2 The CPAP Treatment Principle

For respiratory failure, the CPAP offers pupil oxygen levels, so it is attached to a flow
of Og, see Figure 3. In our case, O9 is delivered to the patient by means of a diving
mask, and the expiratory pressures are set above atmospheric pressure, therefore patients
will breathe spontaneously during CPAP. The therapeutic use of CPAP is based on
the delivery of high Oy flow (FiOy from 35% to 90%) creating positive pressures of
the respiratory tract which attract the open alveoli during the expiratory phase of the
respiration allowing a longer time for exchanged gases. This results in physiological
effects at high flow .

& P'ressure (emHO)

exniration

{ngpiration

l —
1 .............W-uuu--.u.-......

Pressure shove atimosphenic controlled
by driving gas Now rite

P TS
-

Figure 3: Profile of CPAP [7].
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3 The CPAP Valve Design

CPAP is a ventilatory mode allowing to maintain in the airways a pressure higher than
atmospheric pressure at the end of expiration @ In spontaneous ventilation, the
name is CPAP. In pre-hospital care, spontaneous positive pressure ventilation is indicated
mainly in hemodynamic pulmonary edema (OAP) when it is not possible to obtain
a correct haematosis despite the FiOy of 100% (at least 70% ) and when one wishes
to avoid the tracheal intubation, and it is also indicated in patients with coronavirus
(Covid-19). The non-invasive ventilation mode of this CPAP valve makes it possible to
maintain airway permeability under positive pressure throughout the respiratory cycle,
thus improving haematosis and decreasing respiratory work, this technique was first
described and applied in 1930 for the treatment of OAP . As you can see in Figure
4, the CPAP valve, which we made in our laboratory using a 3D printer, is open and
works according to the Venturi effect . Figure 5 shows a section view of the CPAP
valve.

Figure 4: Representation of the CPAP valve that we manufactured (the left image: before
assembly, the center image: complete assembly of the valve, the right image: comparison with
the original valve).

Figure 5: Detailed section view of the CPAP valve.

4 CFD Simulation

In this study, a finite volume method with ANSYS CFD is used to solve the set of equa-
tions system. We use one phase fluid flow instead of 3 phases (air, Oz, CO3) in order to
simplify the calculations. The fluid flow is considered to be turbulent. The standard k—e
turbulence model has been widely used by researchers in many flow phenomena. The
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k — € model is based on the Reynolds averaged Navier-Stokes (RANS) model. Supple-
mentary terms of the Reynolds stresses are obtained, which require additional equations
to solve them. This model uses two transport equations for turbulent kinetic energy (k)
and its dissipation (¢) to solve for these terms. The governing equations for unsteady
incompressible flow of a Newtonian fluid are given by

8’ui o
il sbathe EAES — (== — Z8ij =) 2
6a:j 81‘1 + 8$j [N(axj + 0.% 3 ]8xi )] ( )

The equations of the turbulent kinetic energy (k) and its dissipation (g) are shown in
Equations (3) and (4) as below:

0 0 &) Ok

0 I e O € e?
%j(psuz) = @[(u + G—E)amj] + C’1€E(Gk + C3eGy) Cgazp.s. (4)

The term G}, represents the generation of turbulence kinetic energy due to the mean
of velocity gradients, which is given as G}, = p;S? for the standard (ke) model, where the
modulus of the mean rate of strain tensor S is given as S = 2Si2j. Sij is the symmetric
deformation tensor equal to 17 (uij + uj;) The term of Gy is the generation of turbulence
produced by buoyancy. On the other hand, C., Cs,, C,,c, 0}, and 0. are constants whose
values are 1.44, 1.92, 0.09, 1, and 1.3, respectively, .

4.1 Boundaries and boundary conditions

Figure 6 shows the mesh of the domain of interest and the different boundary conditions.
There are two inlets. The turbulent intensity was set at 5% and the turbulent viscosity
ratio was set as 10 (default values of fluent). The outlet was set as a pressure outlet,
and the gauge pressure was set at 0 Pa, which means that the static pressure is equal to
ambient pressure. In addition, the backflow turbulence intensity is 5% and the turbulent
viscosity ratio is 10. The walls assumed no slip conditions and they were set to be
stationary, as they do not move during the fluid flow.

o
t+

LUARRRARERL )

Figure 6: Mesh with boundary conditions.
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4.2 Discretization schemes and algorithms

For this CFD problem, the finite volume method (FVM) scheme was implemented and
utilised. A structural meshing technique is used to discretize the fluid domain. The set
of the obtained RANS equations with boundary conditions are solved at each node of the
mesh. The SIMPLEC algorithm (Semi-Implicit Method for Pressure Linked Equations-
Consistent) is adopted in this study to calculate the pressures and velocities for the
solution [18+21]. The solution is also affected by spatial discretization. For this purpose,
the second order is used for pressure and momentum, and the first order is used for
turbulent kinetic energy and its dissipation rate.

4.3 Numerical analysis results

Results of numerical simulations are presented in the following figures. Figure 7 shows
the stream lines at the central plane at 4s.

Figure 7: Streamlines at central plane at the time of 4s.

Figure 8 shows the simulation result of the pressure generated by the CPAP valve
using the ANSYS CFD software. The pressure evolution during one cycle of breathing
is presented here. A lot of physical parameters are introduced with a really very long
computation time just to have this curve. So, we can see clearly the pressure which rises
to around 15cmH50, then drops back to 5ecmH,O. However, in practice (Figure |§|(b))7
the pressure remains stable at around 7.5 cmH2O during the inspiration stage.

5 Experimental Test of CPAP

As shown in Figure 9, in the resuscitation service in our region, we are testing our CPAP
valve at the MEDEA hospital with pure oxygen via a ball flow meter that can vary from
0 to 20 1/min of brand (MedilineR), a manometer pressure (OHMEDA) indicating the
pressure variation between inspiration and expiration to measure the positive expiratory
pressure (PEEP).

To pass to expiration, the pressure of the gases exhaled by the patient must exceed the
adjustment pressure of this valve indicated via the manometer. In fact, this pressure is
proportional to the flow of oxygen. Hence, we have chosen to carry out our measurements
by varying different O levels in order to have a simple approach close to clinical values,
Table 1 below indicates the Os flow rate required to achieve the desired PEEP pressures.
We have compared, in Table 1, the practical results between the original Boussignac
valve and our designed valve made in the laboratory using a 3D printer. First, we notice
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Figure 8: Pressure history at the outlet.

that the third column (our valve) reports good results. It is very important to note that
the ICU doctors affirm that these results are very important at breathing difficulties.

— T

Figure 9: CPAP valve integrated into the kit including a Decathlon mask, a flowmeter con-
nected to the wall-mounted Oz and a pressure gauge (the left image (a) with the original valve),
(the center or the right image (b) and (c)) is indicating the variation in expiratory and aspiratory
pressure).

Ooflow required(lit/min) | PEEP original valve(cmH20O) | PEEP obtained(cmH;0)
10 3 2
15 8 5.5
20 10 7.5

Table 1: Comparison of PEEP for experimental and numerical results for different Oz flows.
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6 Conclusion

In the present work, we have designed and fabricated a CPAP valve. In addition, a
numerical study by the ANSYS software is done. The turbulent fluid flow is analysed in
order to optimize the parameters provided by the valve. The tests that we have carried
out experimentally in the MEDEA hospital, have given a satisfactory result. Finally,
the valve we designed is easy to use in the intensive care unit with the advantage of
providing proven respiratory support in VIN with a positive pressure. The PEEP is
adjustable from 2 to 7.5 ecmH0 corresponding to the oxygen flow of 10 to 201/min,
respectively, according to the needs of patients with coronavirus (Covid-19).
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Abstract: The problem of asymptotic stability for some class of nonlinear control
systems, where the relative degree of the system is well defined, with relative degree
being 1 and n — 1, n is the dimension of the system, is addressed in this paper. To
solve the problem, we will design an input control. For the design of input controls,
the system will be transformed through partial feedback linearization such that the
zero dynamic of the system with respect to a new state is asymptotically stable and
the new state is a linear combination of state variables.
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1 Introduction

In the analysis for nonlinear control systems, there is no general method which can be
applied to any nonlinear control system in designing the control input for solving the
stability problems. Therefore, in general, the researchers describe some particular non-
linear classes only. Recently, stability problems for nonlinear control systems have been
intensively investigated. J. Naiborhu and K. Shimizu [1] proposed a dynamic feedback
control for the asymptotic stability of a nonlinear class, where its unforced dynamic is
asymptotically stable. In 2004, P. Chen et al. |2] and L. Diao et al. [3] introduced the
problem of stability through system transformation, where the transformation of the
system is made through dynamic feedback. One of popular methods for solving stability
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problems is the input-output linearization method. Some researchers studied the stabil-
ity problems of a nonlinear control system using the input-output linearization method,
for example, Ricardo Marino and Patrizio Tomei [4] discussed the stability of a lower
triangular nonlinear control system. Its stability control was the dynamic feedback of
order n 4 2(r — 1) (n is the system order, r is the relative degree). Results on stabiliza-
tion of nonlinear lower triangular systems with uncertainties in the output feedback form
have been presented in [5] and [6]. In [7], J. Naiborhu et al. discussed the asymptotic
stability problem for a nonlinear class, where its control’s design used exact lineariza-
tion. Furthermore, in [8], the authors have addressed the problem of stabilization for a
class of nonlinear control systems with the relative degree of the system being not well
defined. Then, in [9], the authors have introduced the problem of stabilization for a class
of nonlinear systems with uncertainty.

In this paper, we will investigate asymptotic stability of some class of affine nonlinear
control systems, with the relative degrees of the system being 1 and n— 1. For the design
of input controls, the system will be transformed through partial feedback linearization.

2 Problem Formulation

Consider the affine nonlinear control system

2(t) = fi(z(t) + fa(x(t))u, (1)

where z(t) € R", u(t) € R. fi: D — R™, f(0) =0 and f, : D — R™ are sufficiently
smooth in a domain D C R".
Let a state y(t) = f3(x(¢)), fs : D — R be sufficiently smooth in a domain D C R™ ,

f3(0) =0.
According to [10], if we have

y (1) = L?l fa(z)+ Ly, L]pcl_lfg (2)u, (2)

with Lf2L];c1f3(l‘) =0,k=0,1,2,--- ,p—2, szLfcl_lfg(l‘> # 0, for all z € Dy, then the
relative degree of the system with respect to the state y is p, 1 < p < n, in a region Dy C
k (L}, fs) k k-1 (L fs(@))
D, where Lf2Lflf3(ac) = =3 fo(x), Lflfg(.%') = LJclLf1 3(x) = ——5—= fi(2),
O(Ly, f3(z) dfs(x
1% f) = 2B 0, Ly, () = 5 1y (), 1, fole) = fole).

Let the relative degree of the system with respect to the state y be p. By partial
feedback linearization, the system with respect to the state y can be transformed to

Zk = Zk+1,k:1,2,-"7p—1, (3)

Zp = f(2)+9(x)u, (4)

Zop1 = Qp+1(2)7 (5)

with the Jacobian matrix of z(z) being nonsingular at a point xg, z = (21,22, - , 2n),

Yy=z.
Consider the system (5)-(6). If z; = 0 for all ¢, then the system ()—(6) is said to be
zero dynamic with respect to the state y = 2.
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The following theorem describes the asymptotic stability of the nonlinear system
(see [11]).

Theorem 2.1 Consider a system

X = flov), (7)
v o= g(v) (8)

and suppose that v = g(v) has an asymptotically stable equilibrium at v = 0. If x =
f(x,0) has an asymptotically stable equilibrium at x = 0, then the system (@—(@ has an
asymptotically stable equilibrium at (x,v) = (0,0).

In order to use Theorem 1, we need to choose the state variable such that the zero
dynamic of the system is asymptotically stable. In this paper, we present asymptotic
stability of some class of affine nonlinear control systems, where the relative degree of the
system is well defined, with the relative degree being 1 and n — 1, n is the dimension
of the system. For a class of affine nonlinear control systems with the relative degree of
the system being 1, the input control design is needed so that the zero dynamic of the
system is asymptotically stable. Next, for a class of affine nonlinear control systems with
the relative degree of the system being n — 1, to achieve the stability, we will design an
input control when the zero dynamic of the system is asymptotically stable.

3 Main Results

First, we will investigate the asymptotic stability for an affine nonlinear control sytem
in the following form:

t=Ax+7u, z(t)eR", TER", u(t)eER, 9)
with
01 ... 0
A=
0o o0 ... 1
1 0 0
and T =1 =---=0,7T1=—aq,a1 >0, 7, = as+ ¢(z1),a2 > 0, ¢(0) = 0.

The following theorem states that the new state variable of the system @D can be
chosen such that the zero dynamic of the system @D is asymptotically stable.

Theorem 3.1 Suppose the nonlinear system as in equation @ Then there exists a
state variable y = agx1 + a1x2 + -+ + Gn_2Tn_1 + an_12, such that the relative degree
of the system (@ with respect to the state y is 1. Furthermore, the zero dynamic for the
system @ with respect to the state y is asymptotically stable.

Proof. Let y =apx1 + a122 + asx3 + ...+ apn_o2Tp_1 + ap_1x,. We have
U =aoTa+ a123+ asty + ...+ an_op + an_121 + (an_1(cz + &(21)) — an_201) u.

Thus, the relative degree of the system @D with respect to the state y is 1, with
an—1 (02 + ¢(x1)) — an—20a1 # 0.
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Furthermore, the partial feedback linearization is

y = v, (10)
o=, (11)
N2 = 13, (12)
(13)
ﬁn72 = MNn-1, (14)
-1 = Tn—aiu, (15)
where M =21, N2 =2, ..., M1 = Tp—1-

We will choose the input control u such that the zero dynamic is asymptotically stable.
Next, we choose v = —kiapr1 — koa1x2 — kzasxs — ... — kpny_12,, with a,,_1 = 1. We
have

ao1 (—]ﬁ - %01) + a122 (—k2 - _a?o) + ot an—12n (—kp — an—2)
U
s+ (z1) — o
_ —Blagz1 + arze + agws + -+ -+ xy,) (16)
az + ¢(x1) — ap—201 ’
Whereﬁ:klﬂ-%:kg—f—%:kg-’-%:...:kn-ﬁ-an,Q.

Next, if y(t) = 0, Vt, then the zero dynamic of the system @D with respect to the
state y is

o= ne, (17)
772 = 13, (18)
(19)
ﬁn—2 = TNn-1, (20)
Tno1 = —GoN1 — Q172 —a2M3 — *** — Ap_2Mn—1- (21)
From Egs. 7, it can be written
7.7 = Alna
where n = (11,12, ..,7,-1)7 and
0 1 0
A = : : - :
0 0o ... 1
—ap —a1 ... —Qp-2
If we choose ag, a1, ..., a,_o such that all the root of the characteristic polynomial of the

matrix A; p(A) = ag + a1 A + - + a,_2A""2 + A"~ ! have negative real part, then the
zero dynamic of system @ with respect to the state y is asymptotically stable. Hence,
there exits the state variable y = agz1 + a1x2 + - - - + an—12, such that the zero dynamic
of the system @D with respect to the state y is asymptotically stable.
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Proposition 3.1 Consider system (@ with the state y = apx1 +a1x2+ -+ Ap_1Tp-
Chose a,—1 =1 and ag,ay,...,a,—2 such that the polynomial

p()‘) =agt+aA+...+ an_2)\n*2 41 (22)

is Hurwitz. If we choose the new input v as in Eq. (@/ such that y = v has an asymptot-
ically stable equilibrium at y = 0, then at using the input control in Eq.@, the system
@)- has an asymptotically stable equilibrium at (y,n) = (0,0)). Furthermore, the
system (9) has an asymptotically stable equilibrium at z = 0.

Next, the affine nonlinear control system is considered in the following form:
& =Mz+71u+0(x1),2(t) € R", u(t) € R, (23)

with (z1) € C*(R"™), 6(0) =0, 7 = (0,0,...,0,7_1,7n)T, Tn_1 # 0,

01 0 ... 0
0O 0 1 ... 0
Tn1=—Tp, M= | .1 |, 0i(x1)+02(x1) + -+ bp(x1) =0.
o0 o0 ... 1
0 0 O 0

Theorem 3.2 Suppose the nonlinear system as in equation . Let the state vari-
ables y = axy + 22 + - -+ + xp, a # 1. Then the relative degree of the system with
respect to the state y is n — 1. Furthermore, the zero dynamic for the system with
respect to the state y is asymptotically stable.

Proof. Let y = az, a = (a,1,...,1), . = (v1,72,...,2,), a # 1. We have

Yy = ax=aMzx+ab(z), (24)

j = aMQm—i-aMO(xl)—Fa%, (25)

: (26)

y " = aM D 4 aM™G(zy) + -+ aM(0(x1) Y + a(f(z) ), (27)
y Y = aMO Ve 4 aM20(z) + -

+aM(0(z1) " + a(0(x1) " +b,(1 — a)u. (28)

Thus, the relative degree of the system with respect to the state y is n — 1.
Furthermore, the linearized input state for system with respect to the state y = 2z;
is

G = e k=1,2,...,n—2, (29)
o1 = flzm) +9(z,n)u, (30)
N o= Iy tdgttd,=n—1 (31)

with f(z,1) = aM ™ Do 4+ aM™=20(x1) 4 - + aM(0(21)) ") + a(f(z1)) =2,
g(z,m)=by(1—a),a#1, 2= (21,22, -, Zn—1)-
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Furthermore, we will investigate the stability of the zero dynamic of the system
with respect to the state y = z;. Consider

. 21—1
mo= nn—z)=n"—n(=—"). (32)
a—1
If 27 =0and 0 < a < 1, then
L (33)
M=

Therefore, the zero dynamic of the system with respect to the state y = 2z is
asymptotically stable.
Consider the system —. If we choose the input control

1
g(z,m)

U= (—f(z,m) —coz1 —c122 — ... — Cn—22n-1) (34)

then we have the normal form of the system with respect to the state y = 21

2 = Bz, (35)
o= q(z,m), (36)
with
0 1 0
B= : : - : 7
0 0o ... 1
—Cp —C ... —Cp_2

7 =q(z,n) in Eq.. In particulir, the matrix B has a characteristic polynomial
PN =co+ A+ Fcp oA AT (37)

Because the zero dynamic of the system with respect to the state y = 2; has an
asymptotically stable equilibrium at w = 0 and if we choose cg,c1,- - , ¢,—2 such that all
the roots of the polynomial p(\) have negative real part, then the system — has
an asymptotically stable equilibrium at (z,7) = (0,0).

Proposition 3.2 Consider the zero dynamic of the system with respect to the
state y = z1. Let all the roots of the polynomial in Eq. have negative real part. Then,
at using the input control in Eq. , the system (@)— has an asymptotically stable
equilibrium at (z,m) = (0,0).

Example 3.1 Suppose the nonlinear control system is

.’E.1 = T2, (38)
Q;'Q = I3 — u, (39)
T3 = w1+ (042 + x%) u. (40)

Let y = coz1 + c122 + x3. Then § = cowa + c1o3 + 21 + (0 + 22 — c1aq)u.
Thus, if @y > ciay, the relative degree is one for all z. Then, according to , the
input control is
—B (cox1 + c1ao + coxs + x4)
as + 22 — cra

u(t) = (41)
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with g = k1 + é =ky + 2—‘1) = ks + cq. If we choose ki, ko, ks > 0 and cg, ¢; such that all
roots of the polynomial p()\) = ¢y + 1A + A? are Hurwitz, then the system - has
an asymptotically stable equilibrium at (z1, 22, 23) = (0,0,0).

Simulation result is shown in Fig.la for constants k1 = 5—5, ko = 4—;,14;3 =35 ¢ =
6,c1 = 5. The initial value z1(0) = —1,5, 22(0) = 2,5, 23(0) = —3.
Example 3.2 Suppose the nonlinear control system is
1 = x9+ m%, (42)
Ty = x3—u+ (43)
Z

= u— 212 (44)

3
The relative degree of the system (42]) with respect to the state y = axy + x2 + 23
is 2, 0 < @ < 1. The system l) can be transformed to

21 22,
. zZ1—n
n o= n- (Oé 1 ) )

with y = 21, f(2,1) = azz + (o — 2)2} + 2(a — w122 + 2(0 — 1)25,
9(27 7’) =1l-a

Thus, the zero dynamic of the system |) with respect to the state y = 21 is
asymptotically stable. Then, according to (34)), the input control is

1
_ _ _ _ . 46
=14 (—a(z,n) — coz1 — c122) (46)
If we choose c¢g,c; such that all roots of the polynomial p(A) = ¢o + 1A + A% have
negative real part, then the system — has an asymptotically stable equilibrium at

(21,22, 23) = (0,0,0).

T T
L 2|7 Ll ‘-/-“\ """ 1 1

i £} awr |

\
20r | \

| 20F 4 /

f
At 2
\/ aor A

40 2

Figure 1: a) simulation result for Example b) simulation result for Example

Simulation result is shown in Fig.1b for constants a« = 0,5, ¢y = 6,¢; = 5. The initial
value z1(0) = —3, 22(0) =5, 23(0) = —6.
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4 Conclusion

In this paper, we have investigated asymptotic stability of some class of affine nonlinear
control systems through partial feedback liearization. For a class of affine nonlinear
control systems with the relative degree of the system @[) with respect to the state y
being 1, the input control is designed so that the zero dynamic of the system @[) is
asymptotically stable. Next, for a class of affine nonlinear control systems with the
relative degree of the system with respect to the state y being n — 1, the input
control is designed when the zero dynamic of the system (ED is asymptotically stable,
where the state y is the linear combination of the state variables.
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Abstract: In this work, we study the dynamics of a fractional-order Selkov model,
which is a classical mathematical model describing glycolysis, and its corresponding
discretized version. First, non-negativity, existence and uniqueness of the solution for
the model are discussed. We also investigate the local stability and the existence of
a Hopf bifurcation. The discrete fractional-order model is shown to exhibit very rich
behaviors and when considering the step size as a control parameter, a flip bifurcation,
Neimark-Sacker bifurcation and chaos are obtained. Finally, numerical simulations
are carried out to verify the correctness of the theoretical results obtained.

Keywords: fractional order; Selkov model; local stability; bifurcations; discretiza-
tion.
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1 Introduction

Glycolysis is the first step in the breakdown of glucose to extract energy for cellular
metabolism, it is present in nearly all living organisms. After many years of experimental
observations, Higgins [1] was the first to use mathematical modelling to understand the
process, he presented a model to explain sustained oscillations in the yeast glycolytic
system. His model, however, has no limit cycle for those values of its parameters with
which self oscillations are observed experimentally. In 1968, Selkov [2] introduced an
alternative mathematical model able to well reproduce the glycolytic oscillations in yeast,
it was shown that the Selkov model exhibits a Hopf bifurcation and thus there exist
parameter values for which it has a periodic solution. This model has sparked a number
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of further complementary studies. Results on the uniqueness and global attractivity of
the glycolytic oscillations were obtained by d’Onofrio [3]. Verveyko et al. [4] studied
the influence of periodic influx of glycolytic oscillations within the forced Selkov system,
in this work the quasi-periodic oscillations and chaos were obtained. In [5], several
properties of the dynamics of the solutions of the model were established, an analysis
of the Poincaré compactification of the system was given to study unbounded solutions.
Artés et al. [6] described the global dynamics in the Poincaré disc of the Selkov and
Higgins-Selkov models.

On the other hand, fractional calculus, defined as a generalisation of ordinary dif-
ferentiation and integration to arbitrary non-integer order, has ganed a considerable
importance during the past four decades and longer due to its use in many fields in
natural science and engineering applications such as neurons [7], finance systems [8,(9),
biological systems [10L[11], chemical systems [12], nuclear magnetic resonance [13] and so
on. The main advantage of fractional-order differential equation models is that they are
naturally related to systems with memory, which exist in most biological systems, and
it allows greater degree of freedom than integer-order systems. Moreover, it was shown
that the stability region of the fractional-order models is greater than the stability region
of the integer-order ones.

In this paper, we investigate the dynamic behaviors of the fractional-order Selkov
model and its corresponding discretized version. First, we prove different mathematical
results such as non-negativity, existence and uniqueness of the solution for the model. We
also study the local stability of the unique equilibrium point and the existence of a Hopf
bifurcation. We implement a predictor-corrector scheme to do numerical simulations
and to illustrate our analytical findings. The discrete fractional-order model is shown to
exhibit very rich behaviors. A flip bifurcation, Neimark-Sacker bifurcation and chaos are
obtained.

2 Description of the Model

In [2], Selkov proposed the following simplified system:

1 —
?3 xy’, (1)
o~y =1)

with the initial conditions z(0) > 0, y(0) > 0. The quantities z(t) and y(t) repre-
sent dimensionless concentrations of ATP and ADP at time ¢, respectively, while ¢ is a
dimensionless time variable. v > 1 is the stoichiometric parameter of the reaction

YADP + FF « P,

the parameter « is a positive real number.
Selkov showed that the above planar system has only one equilibrium E = (1,1) in a
finite part of the (x,y) phase plane, the characteristic equation in the neighbourhood of

FEis
e R\ —y

a aly—1)—A =0,

its roots are

Mo = glaly 1)~ 1+ V/aly — 1)~ 1 — da}.
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Then FE is a stable node at 0 < a < a1, a stable focus at a; < a < ag, an unstable focus
at ag < a < ag and an unstable node at as < a < o0,

where )
==t
ﬁ \’/)/7—1> s (Oél < O[Q). (2)

Moreover, if we consider the real part of the eigenvalues as a function of «, then it passes
through zero when a = « and its derivative with respect to « at that point is non-zero.
Thus a Hopf bifurcation occurs. The first Lyapunov number o of the bifurcation is found

Bm(y—1)°
1

g = and a19= (

to be o = (v2(y—1)+1) < 0. Thus the Hopf bifurcation is non-degenerate

and supercritical [5].

Remark 2.1 Selkov showed that the investigation of system in infinity by means
of the Poincaré transformations [14] provides that this system has, in a positive quadrant
of infinity, two more equilibrium states: E; = (00,0) and E2 = (0,00), which explains
that some orbits may be unbounded. Here, we will consider only the equilibrium F =
(1,1) in a finite part of the (x,y) phase plane.

The system considered in what follows is

(C)Dgx:]-*zy’yv (3)
§6Dfy = ay (zy~' —1),

where §D{ is the Caputo fractional derivative with the fractional order ¢ (0 < ¢ < 1).
The main advantage of Caputo’s approach is that the initial conditions for the fractional
differential equations with Caputo derivatives take the similar form as for the integer-
order differential equations. We therefore study the system with the same initial
conditions z(0) > 0, y(0) > 0 as in ().

3 Non-Negativity, Existence and Uniqueness

Since x and y are the concentrations of ATP and ADP in living cells, respectively, we
are only interested in solutions that are non-negative. To prove the non-negativity of our
system, we shall use the following results.

Lemma 3.1 [15] Suppose that z(t) € Cla,b] and Diz(t) € C(a,b] with 0 < g < 1.
The Generalized Mean Value Theorem states that

1 q —a)?
(t) = z(a) + m(l)aw)(&(t ),

where a < & <t, Vt € (a,b).

Corollary 3.1 [15] Suppose that x(t) € Cla,b] and ¢ Dixz(t) € C(a,b] with 0 < q <
1. Then the following conditions hold:

1. If ¢ Dix(t) > 0, Vt € (a,b), then x(t) is a non-decreasing function for each
t € la,b].

2. If ¢ Dix(t) <0, YVt € (a,b), then x(t) is a non-increasing function for each
t € [a,b].
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We can now state the following theorem.

Theorem 3.1 All solutions of system (@ with the initial conditions x(0) > 0 and
y(0) > 0 are non-negative.

Proof. We will proof that z(t) > 0 for all ¢t > 0. Suppose that the statement is not
true, then there is a constant ¢; > 0 such that

xz(t) >0, 0<t<ty,
z(t1) =0, (4)

Substituting the second equation of system into the first equation of gives
oDz (t)|e=t, = 1. (5)

According to Corollarywe have x(t]) > 0, which contradicts the fact that z(t]") < 0.
Therefore, we have x(t) > 0, V¢ > 0. Using the same argument we show that y(t) >
0, vVt > 0. O

Now, we study the existence and uniqueness of the solution of our system .We
have the following lemma due to |16].

Lemma 3.2 Consider the system
to Dia(t) = f(t,x), t>to,

with the initial condition xz:,, where 0 < ¢ < 1, f : [tp,00) x Q@ = R", Q C R".
If f(t,x) satisfies the locally Lipschitz condition with respect to x, then there exists a
unique solution of the above system on [tg, 00) X 2.

We also need to use the following technical lemma.

Lemma 3.3 Let z and y be two positive real numbers and v > 1, then
|27 = y7] < y(sup(z, )" o — yl.

Theorem 3.2 We consider system @ with the initial conditions x(0) =
y(0) = yo in the region [0,00) x Q, where Q = {(x,y) € R?/max{|z|,|y|} < M} for
sufficiently large M. This initial value problem has a unique solution.

Proof. Let us define the functions fi(z,y) = 1 — 2y” and fo(x,y) = ay(zy? =1 —1).
Further, we define F' = (fi, f2)7 and X = (z,y)7, then the differential equation can be
written as §D{X = F(X).

We show that the function F' : Q — R? is locally Lipschitz. Denote X; = (x1,y;) and
Xo = (z2,y2). Then for any X;, X5 € Q we have

|1F'(X1) — F(X2)| |fi(z1,91) — fi(@2,y2)| + [f2(z1,91) — fa(m2, 92)]
|x1y¥ - x2y3| + almy? - fﬂzy; —y1 + Yo

< (1+a)|zry] —zoys| + alyr — yal,

noticing that

lz1y] — 22y | = 5 (@1 — 22)(y] +93) + (z1 4+ 22)(y] —v3)]

N | =
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and using the triangle inequality and Lemma [3.3] we have

[1F(X1) = F(Xo)| <

1+«
< —— w1 —xally] +ya |+ |21 +22ly] — y3|] + alyr — y2
1+a _
< 21 = @a2lly? + v3 |+ v(sup(y1,92) o + zallyr — 2l + alyr — va
< T+ )Mz — x| + (1 + a)yMY + a)lyr — yo
< L)Xy - Xaf|,

where L = (1 + a)yM?" + «. Thus F(X) satisfies the Lipschitz condition with respect
to X, following Lemma , there exists a unique solution X (t) of system with the
initial condition X (0) = (2(0), y(0)). O

4 Local Stability and Hopf Bifurcation

The system has only one equilibrium state F with coordinates = §y = 1. Linearising
the system about this point leads to the Jacobian matrix

_| -1 -
/= [ a  aly-1) } /
the characteristic equation is then

:O’

—1-2A —y
! al(y—1)—X

its roots are

Mo = yla(—1) 1% Valy — 1)~ 17 —da).

The system is said to be locally asymptotically stable [17] around the equilibrium
point (z,y) if

arg() > T =12
Hence it follows that

o If 0 < a < ay: A are real negative eigenvalues, F is asymptotically stable for all
q € (0,1].

o If oy < a < az: Ai are complex conjugate eigenvalues, E is asymptotically stable
if and only if | arg(A12)| > %, that is, 0 < g < ¢*, where

q*:g
i

4o
arctan \/W —1].

o If o > ag A1 2 are real positive eigenvalues, E is unstable for all ¢ € (0,1],

where ag, a1 and as are defined as in .
Stability region of the fractional-order Selkov model for v = 2 in the (« — ¢) plane is
shown in Fig. [I} The stable and unstable regions are separated by the curve of equation
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0.8 Unstable
06
Stable

04

02

Figure 1: Stability region of the fractional-order Selkov model for v = 2.

2 4
q(a) = — |arctan \/ —a2 — 1' . A Hopf bifurcation occurs when the system has
m laly=1) - 1]

a pair of complex conjugate eigenvalues of the Jacobian matrix at an equilibrium point
and when the stability of the equilibrium point changes from stable to unstable as the
bifurcation parameter crosses a critical value. From the results of local stability, we
observe that the order of derivatives has an effect on the stability of model . Thus,
we can choose the order to be the bifurcation parameter. There are some studies that
considered the existence of the Hopf bifurcations in fractional-order systems [18-20]. In
this study, we use the conditions for the existence of a Hopf bifurcation which were
introduced by Xiang Li and Ranchao Wu [20].

Theorem 4.1 [20] When the bifurcation parameter q passes through the critical
value ¢* € (0,1), fractional-order system (@ undergoes a Hopf bifurcation at the equilib-
rium point if the following conditions hold:

(a) the Jacobian matriz of the system (@ at the equilibrium point has a pair of complex
conjugate eigenvalues A1 2, where Re(A1,2) > 0;

(b) m(g”) =0, where m(q) = 5 — min [arg(A)|;

) D) 2o

q=q*

If ap < a < ag, then the Jacobian matrix of the system at the equilibrium point
has a pair of complex conjugate eigenvalues A1 2, where Re(A1,2) > 0. Hence, condition
(a) in Theorem holds. Moreover, when the bifurcation parameter takes the critical
value ¢ = ¢*, we obtain m(g*) = 0 which is the condition (b) of the theorem.

d
Finally, from the definition of m(q), we have Tz(q) = g 2 0. This implies that
7 lg=q*
condition (c) holds. Therefore, from Theoremmodel undergoes a Hopf bifurcation
at the equilibrium point £ = (1,1) when the bifurcation parameter passes through the

critical value ¢*, where ag < a < as.
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0.9
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Unstable E
0.7
0.6
Stable E

0.4 *
0.3
0.2

01

Figure 2: The Hopf bifurcation curve ¢ = ¢* separates the stability region of E into the stable
and unstable regions for v = 2 and ap < @ < @a.

Remark 4.1 An important difference between the Hopf bifurcation in the integer-
and the fractional-order system is that in the integer-order system the limit cycle can be
a solution for this system, but in the fractional-order system, the limit cycle can not be
a solution of the system and the trajectories approach a limit cycle. In [21], the authors
proved that there are no periodic solutions in fractional-order systems. Thus, there is no
self-sustained solutions in the fractional-order Selkov model.

5 Discretized Fractional-Order Selkov Model and Its Analysis

In this section, we investigate some dynamical behavior of the discretized fractional-order
Selkov system . The discretization process can be done in the following manner [22}23].
Assume that z(0) = o and y(0) = yo are the initial conditions of system (3). The
discretization with a piecewise constant argument is given as

6Diw =1 —a([t/s]s)y ([t/s]s), (6)
6Dy = ay([t/s]s) (x([t/s]s)y> 1 ([t/s]s) — 1)

We suppose that ¢ € [0, s), hence ¢/s € [0,1). So, we have

§Dlx =1 —zoyg,
cnNg,, — y—1
6D{y = ayo (ffoyo - 1) ;

whose solution becomes

xl(t)

To + Iq (1- zoyg)
=To+ —~ tq (1- Oyo)
qT'(q)
yi(t) =vyo+ 1§ (a (xoyo - 1)) , (8)
(

3 1
-1)).
=Y + == e (ayo <sc0y0
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1 t
where I = m/ (t—7)1Ydr, ¢>0.
q) Jo

In the second step, we assume ¢ € [s,2s) so that ¢/s € [1,2) and obtain

cDg'r =1- I(S)y7($)7
gD?y = ay(s) (z(s)y?(s) — 1). (9)

The solution of this equation is

za(t) = mi(s) + I% (1 _q'T’l(S)yl (s)),
=)+ Lo 1)
ql'(q) (10)
vat) = wi(s) + 12 (an(s) (w(s)yi ()~ 1)),
(t—s)1 1
=1(s) i (@) (w9 1))
I -1
where I? = @/s (t—7)"dr, ¢>0.
Repeating the discretization process n times, we have
=xz,(ns M —xp(ns)yl(ns
Tas1(t) = >+(tq_F , (1 = xa(ns)y3 (ns)) .
Yn+1(t) zyn(ns)—kw

(ayn(ns) (xn(ns) 7~ 1(ns) — 1)) ,

where t € [ns, (n+ 1)s). Making t — (n + 1)s, we obtain the corresponding fractional
discrete model of the continuous fractional model as

57
Tn =z, + 1_1'713/% 5
i QF(Q) ( ) 12
" (o (™ 1) "
Ynt1 = Yn + AYn (TnYy ~ — .
" qI'(q)

It should be noticed that if the fractional parameter ¢ converges to one in equation ,
we have the forward Euler discretization of system .

5.1 Stability of the fixed point of the discretized system

In this subsection, we study the asymptotic stability of the fixed points of the model
(12). By solving the equations x,+1 = x, =  and yp4+1 = yn = y, we can easily find
that has the same unique fixed point as in the fractional-order system given by
E = (1,1) for every parameter value o and step size s. To investigate the stability of the
fixed point of model , we need the following lemma [24].

Lemma 5.1 Let F(\) = A2 — Tr\ + Det. Suppose that F(1) > 0, A1 and \y are the
two roots of F(X). Then

(i) |A1]l <1 and |X2| <1 if and only if F(—1) > 0 and Det < 1.

(i) |A1] <1 and [A2] > 1 (or|A1] > 1 and |A2] <1 ) if and only if F(—1) < 0.
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(i1i) |A1| > 1 and |X2| > 1 if and only if F(—=1) > 0 and Det > 1.
(vi) A\ = =1 and Ao # 1 if and only if F(—1) =0 and Tr #0,2.
(v) A1 and Ay are complex and |\1| = |X2| if and only if Tr*> — 4Det < 0 and Det = 1.

To distinguish between the different topological types for the fixed point F, we need
the following lemma [25].

Lemma 5.2 (i) A fized point E is called a sink if |M1| < 1 and |X2| < 1, so the
sink is locally asymptotically stable.

(ii) A fized point E is called a source if |A1| > 1 and |A2| > 1, so the source is locally
unstable.

(i1i) A fized point E is called a saddle if |\1| < 1 and |Aa| > 1 (or|A1| > 1 and |X\2] < 1),
the saddle is locally unstable.

(iv) A fixed point E is called non-hyperbolic if either |A\1| =1 or |As| = 1.
Theorem 5.1 For all 0 < g <1 we have the following results:

o If 0 < a < ay, then the fized point E is a sink if 0 < s < s1, a saddle point if
$1 < 8 < 89, and a source if $ > ss.

o If oy < a < v, then the fixed point E is a sink if 0 < s < sg, non-hyperbolic if
s = sg, and a source if s > sg.

o If a > «ag, then the fized point E is a source for all s > 0,

where

o= |01 -y - 1y] ™

s1,0 = {qFa@) ((1—a(7—1))i\/(o<(v— )—1)2—404)]1/q, s1 < sa.

Proof. The Jacobian matrix of system at the fixed point F is

7 17@ T4 (g) .
am 1+a(7—1)m

The characteristic equation of the Jacobian matrix can be written as
A’ —TrX+ Det =0,

where T'r is the trace and Det is the determinant of the Jacobian matrix J*, they are
given as
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a 0 aq ap o)

Selkov Stable Stable Unstable Unstable
model Node Focus Focus Node
FO Selkov LA Stable LA Stable iff Unstable

model Vg € (0,1] 0<g<q* Vg € (0,1]
a Sink for 0 < s < 51 a Sink for s < s a Source Vs > 0
Discritized
FO Selkov| a Saddle for 51 < s < s9 a Source for s > sg Vq € (0,1]
model
a Source for s > s Vq € (0,1]
Vq € (0,1]

Table 1: Comparison of dynamical behaviors of the Selkov model (1) with its corresponding
fractional-order system and discretized fractional-order system (|12))

Hence, the eigenvalues are

q

Ma=1t g rs (el =1) =12 ab =1 =17 —da).

We have )
54
Fl)=a|——| >0, forala>0,s>0,
M (qF(Q)>

and

FEN =42y @D =Dt (qF(q)) '

Applying Lemmal5.1] with some algebraic manipulations, one can obtain the results. O A
comparison table on dynamical behaviors of the Selkov model with its corresponding
fractional-order system and discretized fractional-order system has been given
in Table [l

5.2 Bifurcation analysis

The necessary and sufficient conditions ensuring that |A;| < 1 and || < 2 are
F(1) >0, F(-1)>0and Det > 1.

The violation of one of these conditions, with the other two being simultaneously fulfilled
leads to:

(i) a fold or transcritical bifurcation (a real eigenvalue that passes through +1). This
local bifurcation leads to the stability switching between two different steady states;
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(ii) a flip bifurcation (a real eigenvalue that passes through -1). This local bifurcation
entails the birth of a period 2-cycle;

(iii) a Neimark-Sacker bifurcation (i.e., the modulus of a complex eigenvalue pair that
passes through 1). This local bifurcation implies the birth of an invariant curve
in the phase plane. The Neimark-Sacker bifurcation is considered to be equivalent
to the Hopf bifurcation in continuous time and is indeed the major instrument to
prove the existence of quasi-periodic orbits for the map.

In [25], the author presents a complete study of the main types of bifurcations for two-
dimensional maps.
Now, we study the bifurcation types of the fixed point F.

Theorem 5.2 The fized point E loses its stability

(i) via a flip bifurcation when 0 < a < vy and s = sy.

(ii) via a Neimark-Sacker bifurcation when an < a < ag and s = sg.
Proof.

(i) When 0 < o < g, the Jacobian matrix J* has a pair of real eigenvalues. At s = sy,
we have A\; # 0 and Ao = —1, thus the model undergoes a flip bifurcation which
entails the birth of a period 2-cycle.

(ii) When a7 < a < ap, the Jacobian matrix J* has a pair of complex conjugate
eigenvalues. At s = sp, the modulus of A; 2 is equal to 1, thus the model
undergoes a Neimark-Sacker bifurcation. O

6 Numerical Simulation

In this section, we perform numerical simulation to confirm the above theoretical anal-
ysis and to illustrate the dynamics of both the fractional-order Selkov model and its
discretization.

There are many numerical methods for solving nonlinear fractional differential equa-
tions such as the Adomian decomposition method [26], variational iteration method [27]
and homotopy perturbation method [28]. In this study, we use the Adams-type predictor-
corrector method [29] for the numerical solution of system . This method is a very
effective tool to give numerical solutions of fractional-order differential equations.

Without loss of generality, we fix v = 2, which gives ag = 1, a3 = 0.17157 and
ag = 5.8284, we choose o = 1.2 (in the interval (o, @2)) and we vary the order ¢, the
step size is considered as 0.01 and the initial point z(0) = 1.5, y(0) = 1.3. Note that
for « = 1.2, there exists a critical value ¢ = ¢* = 0.9418 below which the equilibrium
point E is asymptotically stable and above which unstable. The stable behavior of the
system is presented in Figlf[a)-(b) for ¢ = 0.92 (< 0.9418) and the unstable behavior
of the system for ¢ = 0.98 (> 0.9418) is presented in Fig[5|c)-(d). A Hopf bifurcation
occurs at ¢ = g*.

To illustrate the corresponding discrete system of the fractional-order Selkov
system , we consider ¢ = 0.85. Stability of the fixed point depends on the step size
s. First, we take « = 0.1 (in the interval (0, 1)), then the step size s should be less
than s; = 2.8775 for E to be stable and otherwise unstable. The fixed point undergoes
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(c) (d)

Figure 3: Phase portraits and the time series fractional-order Selkov model for (a),(b) ¢ = 0.92,
(c), (d) ¢ =0.98.

a flip bifurcation (Fig[#{(a)) at the critical step size s = s;. Now, we take o = 0.9 (in the
interval (a1,aq)), the Jacobian matrix J* has a pair of complex conjugate eigenvalues
A1,2 = 0.99409+40.11203¢, where | A1 2| = 1, for the value of step size s = sg = 0.07597 this
implies that the system undergoes a Neimark-Saker bifurcation at the fixed point
E. The bifurcation diagram (Fig}4{(b)) represents it succinctly. The maximal Lyapunov
exponents corresponding to Fig) are computed and plotted in Figc), from which
we deduce that chaotic behaviors may arise when the step size s is increasing. Some
phase portraits are displayed in Fig[f] It clearly depicts the process of how a smooth
invariant closed curve (Fig[5(b)) bifurcates from the stable fixed point E (Figl5[a)).
When s exceeds so = 0.07597 (for example, s = 0.08), a simple closed curve enclosing
the fixed point E appears. When s increases, the simple closed curve disappears. The
strange attractor of system for s = 0.305 is shown in Figf).

7 Conclusion

In this work, we have introduced a fractional-order Selkov model and its discretized
counterpart. For the fractional-order system we have proved some mathematical results
such as non-negativity, existence and uniqueness of the solution. We have also studied
the local stability of the equilibrium point and proved the existence of a Hopf bifurcation
with respect to the fractional order. Discretization of the fractional-order system was
done with piecewise constant arguments and the corresponding dynamics was explored.
It is observed that the dynamics of the discrete system depends on both the step size and
the fractional order. Existence of the Neimark-Saker and flip bifurcations has been shown
both analytically and numerically. It is also observed that the discrete fractional-order
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o 0.06 01 s 015 0z 0.25 03

Largest Lyapunov Exponent

(c)

Figure 4: (a) Bifurcation diagram of the discrete fractional-order Selkov system for ¢ =
0.85 and a = 0.1, a flip bifurcation occurs at s = s; = 2.8775; (b),(c) Bifurcation diagram
and the corresponding maximal Lyapunov exponent of system for ¢ = 0.85 and o = 0.9, a
Neimark-Saker bifurcation occurs at s = sg = 0.070591.
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(a) s = 0.06 (b) s = 0.08
(c) s=0.2 (d) s =0.25
(e) s =10.29 (f) s =0.305

Figure 5: Phase portraits of the discretized fractional-order Selkov model for some values of
the step size s.
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system shows more complex dynamics as the step size becomes larger. Our simulation
results revealed that the discrete system exhibits chaotic dynamics for a larger step size.
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Abstract: This paper deals with the study and analysis of the five-phase induction
motor (FFIM) sensorless control based on the combination of the direct torque control
(DTC) technique and the space vector modulation (SVM) technique. Indeed, this
sensorless control applied to the FFIM is achieved using two different rotor speed
estimation approaches. The first approach is based on the adaptive flux and speed
observer for ensuring the estimation of the rotor speed and rotor flux at once. The
second approach is performed based on the model reference adaptive system estimator
for ensuring the estimation of the rotor speed. The applications of both estimation
approaches with the combined techniques for ensuring the sensorless control of the
FFIM are presented and analyzed to shed light on their main performances compared
with each other based on the main predominant constraints such as the processor
computation time and memory size costs, robustness against the machine parameter
variation and the accuracy of estimation. The analysis of the results obtained by
simulation allows the validation of both approaches in ensuring the sensorless control
of the FFIM using the DTC-SVM with some limited differences.
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1 Introduction

Multiphase drives have recently gained interest due to their advantages over traditional
three-phase drives for high-power applications (e.g., locomotive traction, electric ship
propulsion) and/or high-current applications (e.g., electric and hybrid vehicles). Indeed,
there are plenty benefits of a greater number of phases such as reducing the inverter per
leg power, decreasing the amplitude of torque pulsations in motor drives and lowering the
dec-link current harmonics [1]. Another very interesting feature of this kind of machines
is their capability to start-up and run even with one or two non-adjacent stator phases
under open or short circuit. Hence, it provides high reliability, especially in industrial
applications where the stop of the machine has to be avoided during working process.

The technique of torque control of induction motors was developed and presented by
I. Takahashi as a direct torque control (DTC) |2]|, and by M. Depenbrock as a direct self
control (DSC) [3|. It is possible to enhance the operating characteristics of not only the
motor but also the voltage source inverter (VSI) supplying such drives by using the direct
control of the stator flux and torque instead of the traditional current control technique.

The basic principle behind a three-phase ac drive’s DTC is to directly and indepen-
dently control the electromagnetic torque and flux linkage by using six or eight voltage
space vectors saved in a lookup table. Since the DTC approach has additional advantages
when applied to multiphase machines, in recent years the application of the DTC tech-
nique for multiphase machines has received a widespread attention [4-6]. The five-phase
induction motor direct torque control can minimize successfully the ripple amplitude of
both the stator flux and the torque, allowing a more reliable flux and torque control [7].

The use of the space vector modulation (SVM) retains the transient performance
and robustness of the DTC, and decreases the torque ripple of the steady state. At
the same time, the switching frequency can also be kept constant and controllable [g].
It can be said that the five-phase inverter can give more flexibility due to its ability to
provide 32 space vector voltages, hence the elaboration of the desired torque and flux can
be obtained in a more flexible and accurate way compared to its counter-part of three
phases.

A large number of studies have been carried out focusing mainly on sensorless drives
on a three-phase induction machine to increase the efficiency and reduce cost. Although
the cases of the sensorless control of a multiphase motor drive are limited in the literature,
nevertheless few documented research activities treat the sensorless control of a five-phase
motor as a three-phase case extension. B. S. Khaldi et al. [9] have presented a comparison
between a new sensorless method and an adaptive observer for the DTC applied on the
five-phase IM. H. Echeikh et al. [10] have proposed an improved sliding mode observer
for the sensorless control of a five-phase induction motor. O. Gonzalez et al. [11] have
proposed a speed sensorless control of a five-phase induction machine by using an inner
loop of the model-based predictive control. In [12], the authors have described the use of
02 speed observers system planes for a five-phase machine supplied by the current source
inverter.

It is known that the most popular speed sensorless control is the MRAS technique
because of its simple implementation. In some previous works, the MRAS speed estimator
is applied for the five-phase induction machine with several schemes such as the scalar
control [13], the vector control [14], and the SVM-backstepping control [15]. However,
a limited number of works have investigated the direct torque control of a five-phase
induction machine.
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In this paper, the authors present an extension of the application of the MRAS
technique for a three-phase machine to be incorporated with the application of the DTC
for a five-phase induction motor for ensuring its sensorless control and compare it with
a speed and flux full-order adaptive observer which is used for the same purpose.

The following part of this paper is organized in five sections. Section 2 focuses on
the presentation of the modeling of a five-phase induction machine; Section 3 describes
in details the direct torque control of a five-phase induction motor and the space vector
PWM. In Section 4, the authors present the first observer used for the estimation of
the rotor speed and the rotor flux called a speed and flux full-order adaptive observer.
Further, in Section 5, the extended application of the MRAS to a five-phase induction
motor is presented. Section 6 is dedicated to the results obtained via simulation. This
paper ends with a conclusion.

2 Modeling of a Five-Phase Induction Machine

In the present paper, the modeling of the five-phase induction machine will be based on
some simplifying hypotheses, which can be presented as follows:

— The motor has an unsaturated symmetrical armature.
— The hysteresis and eddy currents are negligible.
— The air gap is of uniform thickness, the slotting effect is neglected.

— The proper and mutual inductances are independent of the currents flowing in the
different windings.

— The distribution of the flux along the air gap is assumed to be a sine waveform.
— The skin effect is negligible.

— Considering regular phase shifting between each two sequenced phases, the windings
in all phases are supposed to be identical.

The model of the machine is presented in a common reference frame, rotating at an
arbitrary angular speed as shown in Fig[l]

The model of the five-phase squirrel cage induction machine can be written in matrix
form as follows |16]:

Vabede] = [Bs] Lapeae) + % [Dabedels
T _ r d r _ (1)
Vabedel = [Br] Lipeae) + 17 [BPapeac) = 0,
[¢2bcde] = [LS} [I;bcde] + [LST] [IgbcdeL
[Dbede) = [Lr] Uapeae] + [Lrs] gbeqe]

where

. s ) . : . 17T
V; bede — V; VES ‘/c‘S ‘/dkS Vve6 ( 3 )
Vieaw | LV Ve Ve v v ]

a a C

S S S S S S T
Iabcde — Ia Ib Ic Id Ie (4)
Lipede Iy Iy 10 I IZ |7
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Figure 1: Park transformation applied to the five-phase induction machine.

[ hcde } _ [ o o or oy o] )
Pabede b P Pe Pa P |

For the simplification of the model of the machine under study, which is presented in the
natural frame abc, the following matrices of transformation are used for the stator and
the rotor to obtain the model of the machine in biphase frames while keeping the power
invariant. These matrices are presented as follows:

cosf;  cos(fs —a) cos(fs —2a)  cos(fs+2a)  cos(fs + )
5 | —sin 0y —sin(fs —a) —sin(fs —2a) —sin(0s +2a) —sin(0s + @)
w2
5

1 cos(2a) cos(4a) cos(4ar) cos(2a) ,
0 sin(2a) sin(4a) — sin(4a) — sin(2a)
1/v2 1/V2 1/V2 1/v2 1/v2
(6)
cosf  cos(f—a) cos(B—2a) cos(B+42a) cos(B+ «)
5| — sinf —sin(f—a) —sin(f—2a) —sin(f+2«a) —sin(f+ a)
A, = R 1 cos(2a) cos(4a) cos(4a) cos(2c)
0 sin(2a) sin(4a) — sin(4a) —sin(2a)
1/v2 1/v/2 1/v2 1/v2 1/V2
(7)
Here
05:/wadtandﬁzt%—0:/(wa—w)dt, (8)

where @ = 27/5, [ is the instantaneous angular position of the d-axis of the common
reference frame, w, is the arbitrary speed of the selected common reference frame, w is
the rotor angular (electrical) speed and 6 is the instantaneous rotor position. Using these
transformations, the equations in the d — ¢ — d; — ¢ — 0 domain can be written as

[Vdsqdlqlo} = [AS] [Vasbcde] ’ [¢£qd1q10] = [AT’] [Q/)(szcde} ) (9)
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[Vdrqdlql[)] = [A7] [ arbcde] ’ [I(;qdlqlo} = [Aé] [ jbcde] ’ (10)

[(qudlqu] = [AS] [ Zbcde] ) [ngdlqlo] = [AT] [ ;bcde} . (11)
The stator and rotor voltage equations for the machine in arbitrary reference frame can
be written as (the symbol p stands for d/dt)

Vds = RsIds - wa(bqs +p¢dsv les = RsIdls +p¢d1sv
V;;s = Rqus + Wadds +p¢q57 Vvqls = Rquls +p¢qlsv
Vir = Ry 1y — (wa - w) (bqr + p¢dr7 ler = Rrjdlr +p¢d1m (12)
Vvqr = RrIqr + (wa - W) d)dr +p¢qrv V:]lr = Rr-[qlr +p¢q1r«
Vbs = RSIOS +p¢087 VOr = RT‘IO’I" +p¢07"

The flux linkages ¢qs, @gs, Par and ¢4 can be written after transformation as

¢da - (Lls + Lm) Ida + LmIdm ¢dls = LlSIdlba
d)q@ - (Lls + L ) qs +L Iqm ¢q19 Lls q1 8y
¢dT - (Llr + L )Idr +L Idsa ¢d1r = LlrIdl'r‘; (13)
(bqr (Llr +L )Iqr +L Iq57 ¢q17‘ = LlrIq1r~
¢ = LlSIOS7 ¢07‘ = Ly 1o,

In the stationary reference frame, the stator and rotor equations of the five-phase IM can
also be obtained as follows:

Vas = RsIas +p¢asa les = RsIdls +p¢d157
Vﬁs - Rslﬁs +p¢)ﬁsa V:]ls = Rquls +p¢q187
Vbs = RSIOS +p¢087

Var = RrIozr + w¢,@r + p(bary ler = RrIdlr + p¢dlra (14)
Vﬂr = RTI,BT - W¢a7' +p¢ﬂ7'7 ‘/qlr = RrIqlr + p¢q17'7
VO’I" = RT‘IOT’ + p¢OT7
d)as = (Lls + Lm) Ias + LmIara ¢d15 = LlsIdlsa
¢ﬁs = (Lls + Lm) Iﬁs + Lmlﬁra (bqls = Lls-[qlsa
¢o¢7‘ = (Ll'r‘ + Lm) ]ar + LmIasa (bdlr = LlrId1r7 (15)
¢5T = (Llr + Lm) IBT + Lmlﬂsa ¢q1r Llr qims
QSOT = Ll7"10r7 (bOs - LlsIOs
The torque equation can be written as
T, = PLy (LirIys — Lusy) - (16)

Therefore, the difference between the model of the five-phase machine and the model
of the three-phase machine is the existence of d; — ¢ components in —.From
equations and , it is clear that the components of the rotor and stator in the
dy — ¢q1 frame are completely decoupled from the components of d — ¢ and one from
each other. On the other side, the rotor and stator components in dy — g1 are totally
decoupled, hence these components do not contribute to the production of the flux or
the electromagnetic couple, however they can produce more losses in the machine. Due
to the short-circuited rotor winding and star connection of the stator winding, it is
supposed further that the five-phase components are balanced in the stator and rotor,
the zero sequence components of both the stator and the rotor can be omitted from
further consideration.

This means that the five-phase induction machine model would be identical to the
three-phase induction machine model. Therefore, as with a three-phase induction ma-
chine, the same DTC concepts can be used.
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3 Direct Torque Control of a Five-Phase Induction Motor

The direct torque control approach was found to be a powerfull technique for ensur-
ing a quick dynamic response in the three-phase induction motor, hence it is expected
to achieve the same features when applied to the five-phase induction motor which is
presented in this section. The DTC approach is based on the vector theory of space volt-
age [2,3]. The decoupling of the flux and the torque can be accomplished based on the
merits of the used five-phase inverters, which allows obtaining of suitable space voltage
vectors among the available switching patterns offered by this kind of inverter.

The DTC control technique was demonstrated in several previous works to be more
simple compared to the conventional control techniques such as the field-oriented control,
which have been used intensively for the control of many machine topologies. Indeed,
the DTC does not use the current controller and PWM signal generators, in contrast,
the torque response is greatly improved [17], which makes this technique more attractive
to be applied within many topologies of electrical motors such as multi-phase machines.

The five-phase motor is fed by a five-phase voltage source inverter as shown in Fig[2]
In this kind of inverter, 32 switching states can be obtained, there are two zero voltage
states associated with either, all upper switches are “on” or all bottom switches are “off”.
At the same time, there are thirty non-zero active vectors, which are distributed in three
concentrated regular decagons, where these active vectors are presenting the difference
vertices. The difference between the three decagons is the length of their vertices with
constant rations referring to the inner decagon vertices that can be defined as the golden
ratio ¢, 1:1.618 : 1.618% (Fig[3).

The SV-PWM is used to produce almost the best sinusoidal phase output voltages,
where the most low frequency dominant harmonics have neglected amplitude compared
to the fundamental component. In this paper, it is proposed to use only the active
vectors, which are located in the two outer decagons presenting the large and medium
active vectors. In each switching period, the use of two adjacent medium space vectors
with two large active space vectors makes it possible to maintain a zero average value [18],
and consequently, providing almost sinusoidal output.

Rectifier 5 phase Inverter

i
D01 D03 D05 L T1 D1 T3 D3 T5 D5 717 D7 Tt D9
Y Y »{zs »%zs r—%zs %zs %zs
g_—‘ ::C
®o02] oal oog T p2| T4 D4 | T6 D6 | T ] D8 |11 D10
X & A iy iy 7 i\% 7y iy

NN

Figure 2: Five-phase pulsewidth-modulation inverter.

1=l

The stator vector control or the stator flux oriented control (SFOC) is applied to the
five-phase induction machine. It is based basically on two types of estimators, which
are used to ensure the estimation in real time of the stator flux and the rotor speed.
The first one is the adaptative flux and speed observer, and the second one is the MRAS
estimator. The principal of the SFOC presented in this paper is illustrated in Fig[4] where
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A Braxis

(00110)

Figure 3: Thirty non-zero switching vectors for the five-phase IM motor drive in the
« — (8 plane.

the control can be achieved based on the use of one of the aforementioned estimators as
it is indicated in Fig[]

mains
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Figure 4: Schematic block diagram of the speed sensorless five-phase induction motor.

The mechanical equation of the motor can be expressed as follows:

J d T
{ Ldo T, - Ty — How,

dt

T.=P (¢dqus - d)qs-[ds)a

where T, is the electromagnetic torque developed by the motor in (N.m), T}, is the load
torque in (N.m), T is the friction torque in (N.m) and w is the rotor speed in rad/s.

(17)
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The voltage stator equation presented in equation can be rewritten in the stator
flux coordinate, where the stator linkage flux is aligned with the d axis, which means
that the ¢ component will be equal to zero (¢4s = ¢s, ¢qs = 0). Hence, the voltage stator
equations become as follows:

Vis = Rslas + d:lisa
V;]s == Rqus + wa¢sa (18)

Te = pdslys.
From , the motor can be expressed as follows:

(19)

dj;s P: Vis — Rslas,
T, = qus (Vqs - Wa¢s) .

Indeed, the DTC-SVM is based mainly on the stator flux oriented control (SFOC) and
benefits from the use of two PI controllers, the first one is used for the torque control
and the second one is used for the flux control. These controllers contribute within a
closed loop to providing the reference stator voltages in the (d — ¢) frame as shown in
Fig[5] Then these obtained voltages are used as the input for the SVPWM technique to
generate the different switching patterns [§].

Control Machine model e

Figure 5: Block diagram of the flux and torque loops.

As shown in Fig@(a), four active space vectors (two medium vectors and two large
vectors) in each sector, will be applied for the production of the desired reference voltage
at each sampling time step. Therefore, the main task of the SVPWM techniques is the
determination of the times of application of each vector in each sector to synthesize the
output voltage vector as required. The four times of application of the four vectors are
nominated as a1, tpr, tam, tom |18]. These times are calculated based on the following
equations and are shown in Fig6|b).

L "75*|§in(kﬂ/5 —a) b - Vs sini(a — (k—=1)m/5) (20)
¢ Vi|sin(x/5) |Vi| sin(m/5) S’
where k is the sector number (k= 1 to 10),
\d Vo]
la ay tam = =75 Tlas
: Iw\|+,\‘v | | lf|‘|/m| (21)
‘/l ‘/;Yl
R 1 o K [T

The zero space vector application time is given by tg = ts — ta; — tam — tor — tom.-
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Figure 6: (a) Vector time calculation for the five-phase VSI in the first sector, (b)
SVPWM switching pattern (the 15 sector using large and medium space vector) |18].

4 Speed and Flux Full-Order Adaptive Observer

The stator and rotor equations of the five-phase IM model in the a— 3 stationary reference
frame can be obtained by applying only the Clark transformation to equation . The
new resulting ones can be written as follows:

{ Vocs = RsIas +p¢a57 Vﬂs = RSIBS +p¢ﬁs,

22
0= RTIQT + w¢ﬁ7‘ + p¢ara 0= RTI,BT - w¢o¢r + p(bﬂr- ( )

In the same manner, the magnetic equations of the stator and rotor flux can be rewritten
as follows:
{ ¢as = LsIas + LmLxrv d)ocr = Lrlar + LmLxsz (23)

¢Bs = LSIBS + LmI,Bra ¢57‘ = LTIﬂT + LmIBs

The obtained model of the five-phase IM can be written further in the canonical space
state form as follows:

X = AX + BU, (24)
where .

X = [Iasa 1587 (bara (bﬂr] ) U= [Va87 V,Bs] ; (25)

a 0 b bl w I 0

0 a —bLw b 0 L
A= B= oL 26
I’ir: LO _%r _Lf ; 0 0 ) ( )

0 = w — 7 0 0

1 12 L 12 L

=— R, mo), b= =1-—" T,==". 27
“= 5L, ( +’LT7;> oL, L, ° L.L, R, (27)

A full-order observer is proposed and can be build based on the system of equations ,
where the rotor speed is supposed to be constant within each sampling period, which is
considered in this work as an additional assumption to be taken into account. Further-
more, it is important to clarify that this assumption is very realistic and practical as the
mechanical time constant is relatively larger compared to the electrical time constant.
The operating model of the obtained full-order observer can be presented as follows [19]:

&:AX+BU+G(&—@) (28)
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a 0 b )

. 0 a —bT.w b T

A= Ly, 1 ~ s As = |las, Is]” - 29
7 LO _:Tr _Lf [ B ] (29)
0 TT w _T7r

The symbol (X) denotes the estimated values, G is the observer gain matrix, which is
determined by the following equation such that the observer poles are proportional to
those of the induction motor (the proportionality constant is k, and k >=1) [19]:

G — g1 92 93 94 7 (30)
—92 91 —94 G3

where R R
g1 = (k - 1) (a/ - 1/T7‘) ’ g2 = (k - 1)wa g4 = —C(k? - 1)&1,

g3 = (kK*—1)(ca+ Ly /T,) —ck—1) (a = 1/T,), c= 5.

By using and , it is possible to implement a speed estimator, which is able

to estimate the rotor speed in real time by using the adaptive state observer shown in

Fig[7 [19].

(31)

W= Kp <eia5¢3[3r - eiﬁsq;ar) + Kl/ (eiasqgﬁr - eiﬁséar) dtv (32)
where K, and K; are arbitrary positive gains.
€ias — Ias — fas and €ips = IBS — fgs. (33)

In this observer, only d and ¢ voltage components of the five-phase machine are used since
dy and ¢, components do not present any significant contribution in the estimation.

|
5Ph Induction Motor Is—l

Error

\ r Calculation

Observer model

Vus

vV V

Vs

A\ AN 4

Figure 7: Block diagram of the adaptive flux and speed observer.

5 Model Reference Adaptative System MRAS

In this section, the model reference adaptive system technique (MRAS) is used to perform
the sensorless direct torque control of the five-phase induction motor using the values
resulting from the estimation of the rotor flux and the rotor speed based on the available
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measurements of stator currents and voltages. Indeed, this technique possesses simple
process of programming and implementation, where it benefits mainly from the advantage
of using two decoupled models of the motor under study to ensure the estimation of the
required states [15,/20]. The first estimation model called the reference model does not
require the computation of the rotor speed, it is rotor speed independent, and it serves
in the estimation of the rotor flux based on two inputs, that is, the measured stator
current and the controlled stator voltage (measured or computed based on the SVPWM
process) at the output side of the inverter. The second model is a tuning model which is
called the adaptive (adjustable) model, it requires as an input only the stator measured
current and uses the estimated rotor speed to adjust the output which is the adjustable
rotor flux. A defined error between the two outputs of the aforementioned model will
be used via a PI controller with a simple gain which performs the adaptation process of
the proposed MRAS for obtaining the estimated rotor speed. It is worthy here to clarify
that the MRAS process is based on the components of the stationary frame a-f.

Based on the equations of rotor flux in and the equation of stator voltages in
, the derivative of the rotor flux components can be written as follows:

(1) .
d¢ar /dt fr (Vas - (Rs + ULsP) Zas) y

e o . (34)
¢5r /dt = L,; (VBS - (Rs + O'Lsp) Zﬁs)v
where 0 =1 — LLEE .

This equation presents the first model, where it is clear that from the measured
stator currents (ias,igs) and the stator voltage components (vqs,vgs) obtained from
the output controlled inverter, the two components of the rotor flux (¢as,¢ss) can be
calculated (estimated) as shown in Figfs] Based on the equations of rotor flux in
and the equation of rotor voltages in , the derivative of the rotor flux components
can be written as follows:

(2) 2 . (2 .
d(bar /dt = 7'1% gz'r? - WrQsEgT. + %Zasa
N (2) L. -

) (35)
d¢5’" /dt = _TLT(bEaQT) + WrPar + #Zﬁsa

where T, = 1%'

This equation presents the second model, where it is clear that from only the measured
stator currents (iqs,%gs), the previous estimated rotor speed (&) at the MRAS output
and the two previous estimated components of the adjustable rotor flux (¢qas, ¢gs), the
actual two components of the estimated flux can be obtained as shown in Fig[8] The
error which is used at the input of the PI controller is defined as follows:

eo = 05) 02 — o). (36)

Finally, the estimated actual speed is obtained as follows:

— kp6¢ + ki/e(ﬁ. (37)
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Figure 8: Block diagram of the MRAS speed estimator.

400 Lo 10 (e)

" 200 ) 5

i Wy (radis)
(=}
T, T, (N.m)
5 (=

o 1 2 3 4 o 1 2 3 4
time(s) time(s)
b d
& (b) 3 (d)

time(s) ¢, (web)

Figure 9: Adaptive observer (speed reverse condition): (a) reference speed, estimated

speed, (b) stator current, (c) electromagnetic torque, (d) « and [ axes stator fluxes
versus each other.

6 Results

In this section, the two investigated speed estimation approaches in combination with the
DTC-SVM, which have been presented in the previous sections to ensure the sensorless
control of the five-phase induction machine, have been performed via simulation under
MATLAB/Simulink. Indeed, the main aim of the presented simulation is the evaluation
of the effectiveness and the performances of both approaches in ensuring the dynamic
stability of the speed control of the machine being studied under two specific speed
profiles within the rated speed range and low speed range.

In these simulations, a profile of the reference speed variation is proposed and contains
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the reverse of the speed direction as shown in FigsEka) and a) under no-load torque
application. The main characteristics of the five-phase induction motor used in these
simulations are presented in Table

\
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Figure 11: Zoom at the point of speed changes for (a) ASO and (b) MRAS.

It can be seen clearly from Fig[9|a) and Fig[10[(a) that the reference of the rotor speed
profile is the same for both approaches and it includes four main steps, two transient
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Figure 12: Under the load and speed reverse condition 1- MRAS estimator: (a) reference
and estimated speed, (b) load and electromagnetic torque; 2- Adaptive observer: (c)
reference and estimated speed, (d) load and electromagnetic torque.
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Figure 14: Harmonic Spectrum for output voltage using the MRAS estimator.
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steps and two steady steps. The first step takes place from 0 s to 1 s, it is the start-up
step which is a transient step in the forward direction, where the speed changes from 0

rad/s to its nominal rated speed 1500 rpm (314.15 rad/s electrical).
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Figure 15: Speed reverse condition at low-speed operation: (a) Reference and estimated
speed (ASO), (b) Reference and estimated speed (MRAS).

The second step takes place from 1 s to 2 s, it is a steady step where the speed is kept
constant at its nominal rated value in the forward direction. The third step is the second
transient step in which the speed changes from its nominal rated speed in the forward
direction to the same value of speed but in the reverse direction (backward direction)
within the interval of time from 2 s to 3 s. The last step is the second steady step, where
the speed remains constant in the reverse direction at the nominal rated speed from 3
s to 4 s. It is obvious from Fig[0fa) and Fig[l0j(a) that in both cases of application of
the adaptive speed observer (ASO) and the MRAS, respectively, the rotor speed of the
five-phase induction motor follows accurately the reference speed profile with neglected
errors within the two steady steps among the imposed four steps of the reference speed
profile, while very small errors are noticed during the transient steps for both sensorless
control approaches used.

Fig[|b) and Fig[I0|(b) show the waveforms of the stator current of phase (a) for both
approaches. It is clear that both currents follow the dynamics of the speed profile, where
increased currents are noticed during the start-up and speed reverse due to the required
electromagnetic torque developed by the induction motor in both cases.

Fig@(c) and Figc) show the developed electromagnetic torque in both cases. It
is obvious that within the start-up step in the case of MRAS approach, the developed
torque reaches the required torque with neither remarkable overshoot nor oscillations.
Meanwhile, in the case of ASO, a remarkable overshoot and oscillations can be noticed
clearly, which presents a bit drawback compared to the MRAS approach. However,
during other steps both approaches dynamics behave in the same way.

Fig[|d) and Fig[10|d) present the S-axis flux function of the a-axis, where it can be
seen clearly that it has a circular form in both cases with less oscillations due to neglected
harmonics components in the flux components following both axes. On the other side,
there is no observable impact of the variations of the speed, mainly during the transient
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steps, which confirms the enhanced dynamics of both sensorless control approaches used,
except the one observed during the start-up for the ASO approach which makes the curve
in the flux plan reach the circle a bit later compared to the MRAS approach.

Fig[T1] shows the zooms of three regions within the reference profile speed and the
estimated rotor speed at the instant of their changes under both approaches of ASO and
MRAS, respectively. It can be noticed clearly that the ASO has a little more accurate
tracking of the reference speed compared to the MRAS. However, this difference is too
limited and it does not affect the real dynamic of the motor in tracking the profile speed.

Fig[12] shows the rotor speed dynamics under the application of both sensorless con-
trol approaches with the same aforementioned reference speed profile as in the previous
simulations, however, in this simulation a load torque, which is chosen to be equal to the
rated nominal load torque of 8.33 N.m, is applied during the first steady step from 1.4
s to 1.8 s. As there is no change in the profile of the reference speed profile, the same
dynamics is obtained in the regions where there is no load torque. Indeed, it can be
noted that the rotor speed decreases lightly when the load torque is applied in the case
of MRAS, and this decrease is neglected in the case of ASO.

Figs[T3 and [14] present the waveforms and harmonic spectrums of the inverter output
voltage of phase “a” applied to the five-phase induction motor, which are obtained by
the application of the SVPWM technique under the ASO and MRAS approaches, re-
spectively. It is clear that the low frequency harmonics have less values in the case of
the MRAS approach compared to the ASO approach. This issue does not affect really
the stator currents and the developed electromagnetic torque due to the fact that the
inductance in each phase serves good enough as a low-pass filter for damping the current
ripples and, consequently, the torque ripples. Hence, it can be said that the quality of
both obtained voltages is acceptable in practical applications.

The last simulation is dedicated to the low-speed profile within a very limited range
from -10 rad/s to 10 rad/s, which is shown in Fig It can be observed that both
approaches possess high dynamic performances in ensuring the tracking of the reference
speed without failure during all step changes. Hence, it can be concluded that both
approaches are valid in ensuring the sensorless control of the five-phase induction machine
within a wide range of speed variation with a very little advantage of the MRAS compared
to the ASO.

Rated voltage U,=220v Stator Resistance Rs = 1092

Rated Current I,=21A Rotor Resistance R, = 6.3
Stator inductance L,=046 H Mutual Inductance L,=042H
Rotor Inductance L.=046 H Number of poles pairs p=2
Moment of Inertia | J = 0.03kg.m? Friction coeflicient fr =0.008 N.m.s/rd

Table 1: The Parameters of the Five-Phase Induction Machine.

7 Conclusion

In this paper, the sensorless control of the five-phase induction motor using the direct
torque control combined with space vector modulations (DTC-SVM) is presented and
analyzed. Indeed, the main aim of the application of this control is to ensure the accurate
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control of the rotor speed with improved dynamic performances following an imposed
reference rotor speed profile which includes speed variation and direction inversion under
torque load variation. This paper investigates the use of two different speed techniques for
the estimation of the rotor speed used in the applied DTC-SVM, namely, the adaptive flux
and speed observer and the model reference adaptive system (MRAS). Both sensorless
control approaches are tested in this work based on the proposed profile of the rotor speed
using simulation. The obtained results show that the application of both approaches has
ensured the desired control performance and it can be said that their dynamic behaviors
are the same as at their application to the three-phase induction machine. However, the
analysis of the application of both estimation approaches shows that the sensorless control
approach based on the MRAS has rather simple structure, easy implementation and
requires less time of computation compared to the adaptive flux and speed observer, these
features make the MRAS more advantageous in practical implementation and industrial
applications for the sensorless control of the five-phase induction motor.

References

[1] Z. Liu, Y. Li and Z. Zheng. A review of drive techniques for multiphase machines. CES
Transactions on Electrical Machines and Systems 2 (2) (2018) 243-251.

[2] 1. Takahashi and T. Noguchi. A new quick response and high efficiency control strategy of
an induction motor. IEEE Trans. ind. Applicat. IA (22) (1986) 820—827.

[3] M. Depenbrock. Direct self control of inverter-fed induction machines. IEEE Trans. Power
Electron. 3 (1988) 420--429.

[4] Y. Tatte and M. Aware. Direct Torque Control of Five-Phase Induction Motor with
Common-Mode Voltage and Current Harmonics Reduction. IEEE Transactions on Power
Electronics 32 (11) (2017) 8644-8654.

[5] Y. Chedni, DJ. Boudana, A. Moualdia, L. Nezli and P. Wira. Sensorless Two Series Con-
nected Quasi Six-Phase IM Based Direct Torque Control for Torque Ripples Minimization.
Nonlinear Dynamics and Systems Theory 20 (2) (2020) 153-167.

[6] T. Djellouli, S. Moulahoum, A. Moualdia, M. S. Bouchrit and P. Wira. Speed Sensorless
Direct Torque Control Strategy of a Doubly Fed Induction Motor Using an ANN and an
EKF. Nonlinear Dynamics and Systems Theory 20 (4) (2020) 374-387.

[7] H. Xu and H. A. Toliyat. A novel direct torque control (DTC) method for five-phase induc-
tion machines. In: Proc. Applied Power Electron. Conf. Exp., APEC 1 (2000) 162-168.

[8] Y.S. Lai and J. H. Chen. A new approach to direct torque control of induction motor drives
for constant inverter switching frequency and torque ripple reduction. IEFEE Transactions
on Energy Conversion 16 (3) (2001) 220-227.

[9] B.S. Khaldi, H. Abu-Rub, A. Igbal, R. Kennel, M.O. Mahmoudi and D. Boukhetala.
Comparison study between a simple sensorless method and adaptive observer for DTC-SVM
five-phase induction motor drive. IEEE International Conference on Industrial Technology,
Athens, (2012) 743-748.

[10] H. Echeikh, R. Trabelsi, A. Igbal, R. Alammari and M. F. Mimouni. Sensorless indirect rotor
flux oriented control of a five-phase induction motor based on sliding mode observer. In:
International Conference on Sciences and Techniques of Automatic Control and Computer
Engineering (2015) 471-479.

[11] O. Gonzdlez, J. Rodas, R. Gregor, M. Ayala and M. Rivera. Speed sensorless predictive
current control of a five-phase induction machine. In: IEEE Conference on Industrial Elec-
tronics and Applications, (2017) 343-348.



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

NONLINEAR DYNAMICS AND SYSTEMS THEORY, 21 (3) (2021) 279

M. Morawiec and F Wilczynski. Sensorless Control of Five-phase Machine Supplied by
the Current Source Inverter. International Conference on FElectrical Power Drive Systems.,
(2020) 1-6.

A.S. Morsy, A.S. Abdel-Khalik, S. Ahmed and A. Massoud. Sensorless V/f control with
MRAS speed estimator for a five-phase induction machine under open-circuit phase faults.
7th IEEE GCC Conference and Ezhibition, Doha, (2013) 268-273.

H. Abu-Rub, M. R. Khan, A. Igbal and S. M. Ahmed. MRAS-based sensorless control of a
five-phase induction motor drive with a predictive adaptive model. In: IEEE International
Symposium on Industrial Electronics, Bari, (2010) 3089-3094.

S. Khadar, A. Kouzou, A. Hafaifa and A. Igbal. Investigation on SVM-Backstepping sen-
sorless control of five-phase open-end winding induction motor based on model reference
adaptive system and parameter estimation. Engineering Science and Technology, an Inter-
national Journal 22 (4) (2019) 1013-1026.

E. Levi, M. Jones, S.N. Vukosavic and H. A. Toliyat. A novel concept of a multiphase,
multimotor vector controlled drive system supplied from a single voltage source inverter.
IEEFE Trans. Power Electron. 19 (2) (2004) 320-335.

D. Casadei, F. Profumo, G. Serra and A. Tani. FOC and DTC: two viable schemes for
induction motors torque control. [EEE Trans. Power Electron. 17 (5) (2002) 779-787.

A. Igbal and S Moinuddin. Comprehensive Relationship Between Carrier-Based PWM and
Space Vector PWM in a Five-Phase VSI. IEEE Trans. Power FElectron. 24 (10) (2009)
2379-2390.

P. Vas. Sensorless Vector and Direct Torque Control. London: Oxford Univ. Press. 2003.

A. Pal, S. Das and A. K. Chattopadhyay. An improved rotor flux space vector based MRAS
for field-oriented control of induction motor drives. IEEE Trans. Power Electron. 33 (6)
(2018) 5131-5141.



Pap SRR S
4

| ok
Nonlinear Dynamics and Systems Theory, 21 (3) (2021) [280H302 | @%{FDR'%W
|I I|
\ @ am |

Publishing

Umwp/

A Dynamic Contact Problem for Elasto-Viscoplastic
Piezoelectric Materials with Normal Compliance,
Normal Damped Response and Damage

L. Maiza !, T. Hadj Ammar?* and M. Said Ameur 2

Y Department of Mathematics, Laboratory of Applied Mathematics, Kasdi Merbah University,
BP 511, Ouargla 30000, Algeria.
2 Departement of Mathematics, El Oued University, 39000 El Oued, Algeria.

Received: March 23, 2021; Revised: May 29, 2021

Abstract: This work studies a mathematical model involving a dynamic contact
between two elasto-viscoplastic piezoelectric bodies with damage. The contact is
modelled with a combination of a normal compliance and a normal damped response
law associated with friction. We derive a variational formulation of the problem and
we prove an existence and uniqueness result for the weak solution. The proof is based
on the classical existence and uniqueness result for parabolic inequalities, differential
equations and fixed-point arguments.
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1 Introduction

In this paper we study a contact problem which involves viscous friction of Tresca type
described in [1]. A nonlinear elasto-viscoplastic constitutive law is used to model the
piezoelectric material. The piezoelectricity can be described as follows: when mechani-
cal pressure is applied to a certain class of crystalline materials (e.g., ceramics BaT%iOs,
BiFeOs3), the crystalline structure produces a voltage proportional to the pressure. Con-
versely, when an electric field is applied, the structure changes its shape producing dimen-
sional modifications in the material. Different models have been developed to describe the
interaction between the electrical and mechanical fields, see, for example, [5}/17] and the
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references therein. For contact problems involving elasto-piezoelectric materials see |15].
Different models of viscoelastic piezoelectric problems have been studied in [3}/14}20],
contact problems for electro-elasto-viscoplastic materials were studied in [5}[11].

The damage is an extremely important topic in engineering since it affects directly the
useful life of the designed structure or component. There exists a very large engineering
literature on it. Models taking into account the influence of the internal damage of the
material on the contact process have been investigated mathematically. General models
for damage were derived in [6] from the virtual power principle. The models of mechanical
damage, which were derived from thermodynamical considerations and the principle of
virtual work, can be found in [8]. The new idea of [7] was the introduction of the damage
function B¢ = B%(x,t), which is the ratio between the elastic moduli of the damage and
damage-free materials. In an isotropic and homogeneous elastic material, let Ef, be
the Young modulus of the original material and E* ¢ be the current modulus, then the
damage function is defined by ¢ = E* £f / Ef} Clearly, it follows from this definition that
the damage function f3° is restricted to have values between zero and one. When ¢ = 1,
there is no damage in the material, when $¢ = 0, the material is completely damaged,
when 0 < 8¢ < 1, there is partial damage and the system has a reduced load carrying
capacity. Contact problems with damage have been investigated in [12]. The differential
inclusion used for the evolution of the damage field is

B — KA+ 0 (B") 3 S (0 — Ale() —(€')V' (5), e(u’), ),
where K* denotes the set of admissible damage functions defined by

K={¢ecV’% 0<£<1, ae in QY (1)
k! is a positive coefficient, dp ¢ represents the subdifferential of the indicator function
of the set K*, and S’ is a given constitutive function which describes the sources of the
damage in the system. The paper is structured as follows. In Section [2] we present
the physical setting and describe the mechanical problem. In Section [3} we introduce
some notation, list the assumptions on the problems data, and derive the variational
formulation of the model. In Section [d] we state our main existence and uniqueness
result, Theorem [} The proof of the theorem is based on the arguments of nonlinear
evolution equations with monotone operators, a classical existence and uniqueness result
for parabolic inequalities and fixed-point arguments.

2 The Model

We describe the model for the process and we present its variational formulation. We
consider the following physical setting. Let us consider two electro-elastic-viscoplastics
bodies, occupying two bounded domains Q', Q2 of the space R%(d = 2,3). For each
domain Qf, the boundary I'? is assumed to be Lipschitz continuous, and is partitioned
into three disjoint measurable parts I'{, T4 and Fg, on one hand, and into two measurable
parts 'Y and Fg, on the other hand, such that measT'$ > 0, measT'Y > 0. Let T > 0
and let [0,7] be the time interval of interest. The Qf body is subject to f§ forces
and volume electric charges of density gj. The bodies are assumed to be clamped on
% x [0, T]. The surface tractions f5 act on I'4 x [0, T]. We also assume that the electrical
potential vanishes on I'Y x [0, T] and a surface electric charge of density ¢4 is prescribed
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on I'f x [0, T]. The two bodies can enter in contact along the common part 'y = T3 = T'3.
We use an electro-elastic-viscoplastic constitutive law with damage given by

o' = Ale(u’) + Gle(u’)+ () V' +

t 2
/0 F(ot(s) — Ale(i () — (€)' V", e(ul(s))) ds, ?

D' = &fe(uf) — BV, (3)

where D’ is the electric displacement field, w’ is the displacement field, o and e(u’)
represent the stress and the linearized strain tensor, respectively. Here A’ is a given
nonlinear function, F* is the relaxation tensor, and G represents the elasticity operator.
E(¢%) = =V’ is the electric field, £ = (e;j;) represents the third order piezoelectric
tensor, (£)* is its transposition. It follows from that at each time moment, the
stress tensor o‘(t) is split into three parts: o‘(t) = i (t) + o4 (t) + o%(t), where
ol (t) = Ale(u’(t)) represents the purely viscous part of the stress, a4, (t) = (£¢)* V! (t)
represents the electric part of the stress and U%(t) satisfies a rate-type elastic-viscoplastic
relation

t
‘ £_(, 0 0 0 ¢
ot = Gle(u' (1)) + / F(0h(s), e(ul(s))) ds. (4)
Various results, examples and mechanical interpretations in the study of elastic-
viscoplastic materials of the form can be found in [6,[9] and the references therein.
Note also that when F* = 0, the constitutive law becomes the Kelvin-Voigt electro-
viscoelastic constitutive relation

a'(t) = Ale(i(t) + G'e(u’ (1)) + (£°)" V' (1). (5)

Dynamic contact problems with the Kelvin-Voigt materials of the form can be found
in [3]. The normal compliance contact condition was first considered in [12] in the study
of dynamic problems with linearly elastic and viscoelastic materials and then it was used
in various references, see, e.g., [11,/17]. This condition allows the interpenetration of the
body’s surface into the obstacle and it was justified by considering the interpenetration
and deformation of surface asperities.

We need to introduce some notation and preliminary material. Here and below, S¢
represents the space of the second-order symmetric tensors on R?. We recall that the
inner products and the corresponding norms on S¢ and R? are given by

wof =ufof, o= (w2, vul vl e RY,
ot = afj.rfj, 17| = (', Vol vl es?

Here and below, the indices ¢ and j run between 1 and d, and the summation convention
over repeated indices is adopted. With these assumptions, the classical formulation
of the dynamic problem for the friction contact with normal compliance and normal
damped response between two elasto-viscoplastic piezoelectric bodies with damage is the
following.

Problem P. For / = 1,2, find a displacement field u’: Qf x [0,7] — R?, a stress
field o : Qf x [0,T] — S%, an electric potential field ¢’ : Qf x [0,T] — R, a damage
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field B° : Qf x [0,7] — R and an electric displacement field D : Qf x [0,T] — RZ
such that

ol = Ale(u’) + Ble(u’)+(E°)* Vi +

t in QY x (0,7), (6
/O G' (o'(s) — A'e(i'(s) ~ (€)' V", e(u'(5)), 8'(5)) ds <00,

D' =&l (u’) — B'Vy® in Q° x (0,7), (7)
B~ KAB' + 8..(8Y) 3 S (o’ — Ale(a) — (1) V!(s), e(u?), B, (8)
plitt = Divel + £ in Qf x (0,7), (9)
divD* — g5 =0 in Qf x (0,T), (10)
u’=0 onT¥x(0,T), (11)
o'v! = f5 onT% x (0,7), (12)
0‘1 = O'2 = O,
vooor oy n 'y x (0,7), 13
{ v = pullw] — ) +a i)y O 19)
0'1 = —0’2 =0
T T ” I's x (0,7), 14
{ ol < pr(fur] — 9) + gl T2 @) (4
] #0= 0, = ~(r(fur] — ) + - ()2 onTax OT). (15)
/4
% on I'* x (0,7T), (16)
©'=0 onT¥ x(0,7), (17)
D'V =¢f onTyx(0,7), (18)
D'v'=D*1v? =D,
n I's x (0,7), 19
{D—¢([uv]—g)¢z(s@1+¢2—s@o) on s > (0.1 19

uf(0) = uf, B(0)=p; inQ" (20)

First, equations @ and represent the electro-elastic-viscoplastic constitutive law with
damage, the evolution of the field is governed by the inclusion of parabolic type given
by the relation , where S is the mechanical source of the damage growth, assumed
to be a rather general function of the strains, and the damage itself, Oy, is the sub
differential of the indicator function of the admissible damage functions set K*. Next,
equations @D and are the steady equations for the stress and electric-displacement
field, respectively, in which "Div” and ”div” denote the divergence operator for tensor
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and vector-valued functions, i.e.,

Dive! = (¢}, ;), divD"’= (D).
We use these equations since the process is assumed to be mechanically dynamic and
electrically quasi-static. Conditions (11) and are the displacement and traction
boundary conditions, whereas and (18) represent the electric boundary conditions;
the displacement field and the electrical potential vanish on I'{ and T | respectively,
while the forces and free electric charges are prescribed on I's and T'f , respectively.
We turn to the boundary conditions and which describe the mechanical and
electrical conditions on the potential contact surface I's. The normal compliance function
Pu in is described below, and g represents the gap in the reference configuration
between I's and the foundation, measured along the direction of v*. When positive, [u,]—
g represents the interpenetration of the surface asperities into those of the foundation.
This condition was first introduced in |10] and used in a large number of papers, see, for
instance, [417/8,[14] and the references therein. Condition is the associated friction
law, where p, is a given function. According to , the tangential shear cannot exceed
the maximum frictional resistance p.([u,] — g), the so-called friction bound. Moreover,
when sliding commences, the tangential shear reaches the friction bound and opposes the
motion. Frictional contact conditions of the form , have been used in various
papers, see, e.g., [5,6L|17] and the references therein.

The relation describes a homogeneous Neumann boundary condition, where
dB°|9v’ is the normal derivative of 8°. (T7) and (18)) represent the electric bound-
ary conditions. Next, is the electrical contact condition on I's, introduced in |11].
It may be obtained as follows. First, unlike the previous papers on the piezoelectric
contact, we assume that the contact surface is electrically conductive and its potential
is maintained at ¢,. When there is no contact at a point on the surface (i.e., [u,] < g),
the gap is assumed to be an insulator (say, it is filled with air), there are no free electri-
cal charges on the surface and the normal component of the electric displacement field
vanishes. Thus,

[uy] <g = D'vf=0. (21)

During the process of contact (i.e., when [u,] > ¢) the normal component of the electric
displacement field or the free charge is assumed to be proportional to the difference
between the potential of the foundation and the body’s surface potential, with k as the
proportionality factor. Thus

[w] > g = D' = k(o' +¢* — o). (22)
‘We combine , to obtain
D v’ = ky, ., ([w] - 9)(@" +¢” = 20), (23)

where X[0,c) is the characteristic function of the interval [0, 00); that is,

0 ifr<o,
X)) =1 e s 0.

Condition describes the perfect electrical contact and is somewhat similar to the
well-known Signorini contact condition. Both conditions may be over idealizations in
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many applications. To make it more realistic, we regularize condition and write it
as (19), in which kyi0.00) ([uy] — g) is replaced with t which is a regular function and
which will be described below, and ¢; is the truncation function

-1 if s < —I,
d(s)=<s if —1<s<,
l if s >1,

where [ is a large positive constant. We note that this truncation does not pose any
practical limitations on the applicability of the model, since [ may be arbitrarily large,
higher than any possible peak voltage in the system, and therefore in applications ¢, (¢*+
02 —g) = P! +p?—o. The reasons for the regularization of are mathematical.
First, we need to avoid the discontinuity in the free electric charge when the contact is
established and, therefore, we regularize the function ky, _ in with a Lipschitz
continuous function . A possible choice is

0 if r <0,
P(r)q kor if0<r<Ii/6, (24)
k if r > 9,

where d > 0 is a small parameter. This choice means that during the process of contact
the electrical conductivity increases as the contact among the surface asperities improves,
and stabilizes when the penetration [u,] — g reaches the value §. Secondly, we need the
term @, (! + p? — o) = o' + % — g to control the boundednes of [¢] — ©g. Note that
¥ =0 in , then

D'v'=0 onT3x(0,7), (25)

which decouples the electrical and mechanical problems on the contact surface. Condition
models the case when the obstacle is a perfect insulator and was used in [3}/141/19,20].
Condition , instead of , introduces a strong coupling between the mechanical
and the electric boundary conditions and leads to a new and non-standard mathematical
model. Because of the friction condition , which is non-smooth, we do not expect the
problem to have, in general, any classical solutions. Finally, in equation uf is the
initial displacement, and ,66 is the initial damage. To obtain the variational formulation
of the problem @,We introduce for the bonding field the set

Z={0eL>®(0,T;L*(T3)); 0<0(t) <1 Vt€[0,T], ae. onTs}.

For this reason, we derive in the next section a variational formulation of the problem
and investigate its solvability. Moreover, variational formulations are also starting points
for the construction of finite element algorithms for this type of problems.

3 Variational Formulation and the Main Result

We use the standard notation for the LP and the Sobolev spaces associated with Q¢ and
I'* and, for a function ¢¢ € H'(Q2°), we still write (¢ to denote its trace on I'*. We recall
that the summation convention applies to a repeated index. For the electric displacement
field we use two Hilbert spaces

W =L2Q%4,  W!={D'eW’:divD" e L*(0)},
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endowed with the inner products
(D', E )yyr = N D;.Edz, (D' E") = (D" E)y + (div D" div E) 2 (g0,

and the associated norms ||.[[,ye and |.[|,y¢ , respectively. The electric potential field is
to be found in
Wi={¢' e H'(QY): £€=0 on T%}.

Since measT% > 0, the Friedrichs-Poincaré inequality holds, thus,
IV (&) Iwe > CFngHHf(Qf) veh e W, (26)

where cr > 0 is a constant which depends only on Q¢ and I'Y. On W* | we use the inner
product

(" )we = (Vo . Vi )y
and let ||.||ye be the associated norm. It follows from that [.|| g1 (qey and ||.[|ye are
equivalent norms on W* and therefore (W, ||.|ly¢) is a real Hilbert space. Moreover, by

the Sobolev trace theorem, there exists a constant ¢y depending only on Q¢ T and I',
such that

1€ L2 ry) < coll€’lwe V&' € WE (27)
We also introduce the spaces
Ef = L2(QY), Ef=H'(Q.

We recall that when D* € WY is a sufficiently regular function, the Green type formula
holds:

(DY, VE Y e + (div D, €Y ype = / D v'¢tda, VE' € HY(QY). (28)
T¢
For the stress and strain variables, we use the real Hilbert spaces

Q' ={r"= (Tﬁj); Tf)j = Tﬁi € L*(0Y)} = L2(Qf)dxd

sym>
¢ ¢ ¢ VAT ¢ ¢
Q1 ={0"=(0;;) €Q :dive” = (0j;;) e W'}
endowed with the respective inner products

(0,7 = /m Uﬁj.Tﬁjdx, (O'Z,TZ)Qf = (o', 7% ¢ + (dive’. Div 1)y

and the associated norms ||.[|ge and |[|.||ge. For the displacement variable we use the real
Hilbert space

HY = {u’ = (u) e W' s e(u) € Q)
endowed with the inner product
(u’,0) e = (w0 ) + (e(u’), e(v")) e

and the norm |.[[z¢. When o' is a regular function, the following Green’s type formula
holds:

(ve,s(vz)Qe + (Divet, v') e = / o’ v'Vida, wo'e HY. (29)
14
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Next, we define the space
Vi={v'cH :v=0 on I'{}.
Since measT'{ > 0, Korn’s inequality (e.g., [5, pp. 16-17]) holds and

le(@O)lige > exllv’llay Vo' €V, (30)

where cg is a constant which depends only on Qf, and I'{ is a constant which depends
only on V¥, we use the inner product

(u, v )y = (e(u),e(v)qe, [0 lve = [[v"]lge, (31)

and let ||.||y¢ be the associated norm. It follows from that the norms ||.[[5¢ and

|.llye are equivalent on V¢ Then (V¥ (.)y¢) is a real Hilbert space. Moreover, by the
Sobolev trace theorem and , there exists a constant ¢y > 0 depending only on Qf, T'%
and I's such that

[0y < Follotlye Vot € VE. (32)
In order to simplify the notations, we define the product spaces
Eo=Ej x E}, E; =E] x E.
Finally, for a real Banach space (X, ||.||x) we use the classical notation for the spaces
LP(0,T; X) and W*P(0,T; X), where 1 < p < 0o, k = 1,2...; denote by C(0,T; X) and

C(0,T; X) the spaces of continuous and continuously differentiable functions on [0, T]
with values in X, with the respective norms

) = a; t
Il = mas la(0)]x.

vy = t () x.
]l 0,75x) o, z(t)]lx + o, 2 (t) [ x

We complete this section with the following version of the classical theorem of Cauchy-
Lipschitz (see, e.g., [18] p. 48]).

Theorem 3.1 Assume that (X, ||.||x) s a real Banach space and T > 0. Let F(t,.) :
X — X is an operator defined a.e. on (0,T) satisfying the following conditions:

1. There exists a constant Lp > 0 such that

|E(t,x) — F(t,y)||lx < Lp|lz—yllx Vr,y€e X, ae te€(0,7T).

2. There exists p > 1 such that t — F(t,x) € LP(0,T; X) Vz € X.
Then for any x¢ € X, there exists a unique function x € WP(0,T; X) such that

z(t) = F(t,z(t)), ae. te(0,T),
z(0) = xo.
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Theorem [3.1] will be used in Section [3] to prove the unique solvability of the interme-
diate problem involving the bonding field. Moreover, if X; and X5 are the real Hilbert
spaces, then X; x X; denotes the product Hilbert space endowed with the canonical
inner product (.,.)x, xx,. Recall that the dot represents the time derivative.

In the study of the Problem P, we consider the following assumptions: we assume
that the wiscosity operator A’ :Qf x S — S? satisfies:

a ere exists ¢ > 0 such that
Th ists L 4¢ > 0 such th
A (@, &) — A'(x,&,)| < Lacléy — &
V£17£2 S Sd7 a.e. & € Qe.
(b) There exists m 4¢ > 0 such that
(A, &) — A2, &) - (€1 — &) > macléy — & (33)
VEL € €S ae x el
(c) The mapping x +— Af(x, €) is Lebesgue measurable on QF,
for any & € S%.
(d) The mapping x — A‘(x,0) belongs to Q°.

The elasticity operator BY:QFf x S¢ — S? satisfies:

(a) There exists Lge > 0 such that
B (2, &) — B (x, &) < Lpe|€; — &
VE € €S ae x € Q.

(b) The mapping x — B*(x, £) is Lebesgue measurable on ¢,
for any ¢ € S°.

(c) The mapping x + B*(x,0) belongs to Q.

The wviscoplasticity operator G*: Q¢ x S% x S x R x — S? satisfies:

(a) There exists a constant Lge > 0 such that

|G (z,01,€1,01,61) — G, 02, €2,02,62)|| <

Lg:(lloy — o2l + [ler — 2| + 161 — 2| + lls1 — s2l]),

Voi,09,€1,€2 € Sd7 V91,02,C17C2 €R ae x el (35)
(b) The mapping x + G*(x, 0, €, 0,¢) is Lebesgue measurable on QF,

for o,e € %, for all §,¢ € R.
(c) The mapping x +— G*(x,0,0,0,0) belongs to Q.

The electric permittivity operator B = (bfj) :Qf x R4 — R? verifies:

(a) B (z,E) = (b},(x)E;) VE=(E;) €R? ae xel
(b) bf; = b, bf; € L(QY), 1<i,j<d.

jis 36
(c) There exists mge > 0 such that B'E.E > m g:|E|? (36)
VE = (E;) € R, ae. x € Q.
The piezoelectric tensor E°: Qf x S* — R satisfies:
(a) E(x,7) = (efjk(m)Tjk), V1 = (1;5) €S ae. x € QL. (37)
(b) efj = €fp; € LX(Q), 1< j k< d.
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The damage source function SE 0l xSt xSt xR x — S? satisfies:

(a) There exists a constant Mge > 0 such that
I8 (@, 01, €1,8,) — S (@, 09,2, 85) | < Mge ([l — s + [le1 — &2
+ 1By = Ball), Voi,02,e1,62€8",VB,8, €Rae. x e

(b) The mapping x — Sz(a:, 0,¢,3) is Lebesgue measurable on 0,
for any o,e € S%, and, 3 € R.

(¢) The mapping & — S*(x,0,0,0) belongs to L2(Q).

The normal damped response function ¢, :T's x R = R, (r = v, ) satisfies:

(a) There exists a constant C7, C% such that
g-(z,d)| < CT|d| + C5, VdeR?ae x€ls;.
(b) (¢-(z,dy) — gr(2,d2))(dy —d2) >0, Vdi,dy € R ace. x €. (39)
(c) The mapping x + ¢,(, d) is measurable on I's for any d € R
(d) The mapping x ~ ¢,(z,d) is continuous on RY a.e. x € I's.

The normal compliance functions p, : T3 x R = Ry, (r = v, 7) satisfies:

(a) There exists a constant C7, C% such that
Ipr(z,d)| < CY|d|+C3, VdeRae zeTls.
() (pr(x,dy) — pr(z,d2))(dy —d2) >0, Vdi,dy €R? ae. z€Tl3  (40)
(c) The mapping @ ~ p,.(z,d) is measurable on I's for any d € R%.
(d) The mapping  ~ p,.(z,d) is continuous on RY a.e. z € I's.

An example of a normal compliance function p,, which satisfies conditions (40), is
pu(u) = cyuy, where ¢, € L>(I'3) is a positive surface stiffness coefficient, and v, =
maz{0,u}. The choices p; = up, and p, = pp, (1—0p, )4 in (14)), where p € L°°(I'3) and
0 € L>(T'3) are positive functions, lead to the usual or modified Coulomb’s law of dry
friction, respectively, see [5,/6,[21] for details. Here, u represents the coefficient of friction
and § is a small positive material constant related to the wear and hardness of the surface.
We note that if p, satisfies condition , then p, satisfies it too, in both examples.
Therefore, we conclude that the results below are valid for the corresponding piezoelectric
frictional contact models. The surface electrical conductivity function ¢ : I's x R — R
satisfies

(a) 3Ly > Osuch that |[(x, u1) — Y(x,72)|| < Lyllur — us|
Vuy,up € R, a.e xels.
(b) 3 My, > 0such that ||(x, u)|| < Lyllur —usl], Yu€eR, ae.xels. (41)
(¢) The mapping « — 9 (x,u) is measurable onT3, Vu € R.
(d) ¥ (x,u) =0, for all w <0, ae. x€l;3.

An example of a conductivity function, which satisfies condition , is given by ,
in which case My = k. Another example is provided by ¢ = 0, which models the contact
with an insulated foundation, as noted in Section 2. We conclude that our results below
are valid for the corresponding piezoelectric contact models.

The microcrack diffusion coefficient verifies

K'>0, (42)
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and the initial damage field satisfies
B¢ € K*. (43)

Finally, we assume that the gap function, the given potential and the initial displacement
satisfy

g€ L*(T3) g>0.ae onTj, (44)
¢y € L*(Iy), (45)
ug € V. (46)
The forces, tractions, volume and surface free charge densities satisfy
£ e WhP(0,T; W), £5 € WP(0,T; L*(T'%)%), (47)
go € WHP(0, T3 L*(Q1), g5 € WH(0,T; LA(IY)). (48)

Here, 1 < p < 0co. We define the bilinear form a : H'(Q%) x H'(Q%)) — R,

2
=> K / vel Volda. (49)
=1 (Q)*

Next, we define the four mappings j; : VXV — R, jo : VXV — R h: VXW — W,
f:]0,7] = V and ¢: [0,T] = W , respectively, by

1 () = / pullin] = g)lunlda+ / prlfr) — g)for|da (50)
o, v) = / (Dl e + / s (]l (51)
(1) w = | bl(a] = g)on(lel = g, (52)

(£(t) va—Z/ £L(t) vda:—l—Z/ ) - v da, (53)
2
()¢ da — ()¢t da (54)
ZZ/ QO Z/ Q2

for all u, v’ € V¢ ¢f ¢ € W* and t € [0;T]. We note that the definitions of h, f and
q are based on the Riesz representation theorem moreover, it follows from assumptions

38)-([46) that the integrals in and are well-defined. Using Green’s formulas
1.) and (29)), it is easy to see that 1f {u ot D } are sufficiently regular functions which

satisfy @ (15) and ( . . then

(ih, v)vrxv +Z Dqr + i (u(t),v) + ja(u(t), v) = (f,v)v,  (55)

D (D), VE e — (a(t), w = (h(u, 9),  w (56)

{=1
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for all uf, v’ € V¢t & 6 We and t € [0;T]. We substitute @ in . in , we
use the 1n1t1a1 condition and derive a variational formulation of Problem P.
Problem Py. Find a displacement field w = (u!,u?) : [0,7] — V, a stress field
o= (o',0%):]0,T] = Q, an electric potential field ¢ = (o', ¢?) : [0,T] — W, a damage
field B = (B8',6%) : [0,T] — E;, and an electric displacement field D = (D', D?) :
[0,T] = W such that

1

ol(t) = Ale(i'(t)) + B'e(u’)+(£")" Vo +
t in Qf x (0,7), (57
/0 gl(aé(s) — Ale(a(s)) —(55)*%0‘,E(uZ(S))ﬁf(S)) ds <0, 6D

D' =& (u’) — B'Vy' in Q° x (0,7), (58)

(i, 0) vy + Y _(0Fe(0)ge + ji(w,0) + ja(,0) = (£, 0)vixy, YWeEV, (59
(=1

2 2
D BV, VE e =Y (E%e (), VE e + (h(uw, 9), we = (0, w, €W, (60)
=1

(=1

Bty e K, > (B(1),6" = B (1) p2(an) + a(B(), £ — B(E) >
=1

(61)
2
> — Ale(a(t)) —(E) Ve (), e(u’(1),€" = B () 2y, €€ K,
=1
uf(0) = uf, '(0)=nvf, BY0) =g} (62)
To study Problem Py, we use the smallness assumption
My < % (63)

0

where M., co and mge are given in , and , respectively. We note that only
the trace constant, the coercivity constant of B' and the bound of * are involved in ;
therefore, this smallness assumption involves only the geometry and the electrical part,
and does not depend on the mechanical data of the problem. Moreover, it is satisfied
when the obstacle is insulated since then ¢! = 0 and so My = 0. Removing this
assumption remains a task for future research since it is made for mathematical reasons,
and does not seem to relate to any inherent physical constraints of the problem.

4 Existence and Uniqueness Result

Now, we propose our existence and uniqueness result.

Theorem 4.1 Assume that — hold. Then there exists a unique solution
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{u,p,0,D, 3} to Problem Py. Moreover, the solution satisfies
we WrP(0,T; V)N CYH0,T; V), i € WP(0,T; V'), (
@ € WP (0,T; W), (65
o c WHP(0,T;Q), (Dive',Dive?) € WHP(0,T; W), (
D c W'P(0,T; W), (
B e W'2(0,T;Eo)) N L*(0,T; Eq). (68
The functions u, ¢, o, D and 3, which satisfy —, are called a weak solution
to the contact Problem P. We conclude that, under the assumptions — and ,

the mechanical problem @ has a unique weak solution satisfying .
The regularity of the weak solution is given by, and in terms of electric displacement,

D c WP (0, T; W). (69)

It follows from and that div D*(t) —g§(t) = 0 for all t € [0, T}, and therefore
the regularity of ¢, combined with , and , implies . In this section
we suppose that the assumptions of Theorenf.1] hold, and we consider that C'is a generic
positive constant which depends on Qf, T'{, T's, p,, pr, ¢v, ¢- and may change from place
to place.

Let an € L?(0,T; V') be given. In the first step, we consider the following variational
problem.

Problem PV:,. Find a displacement field w, = (u,,u?) : [0,T] — V such that

(it (D), V) vy + Y (Ale(@’(1)), e(v)pe + jala(t), v)

=t (70)
+(n(@),v)vxv = (E(t),v)vixv Vv e V,ae. t€(0,T),
uw’(0) = uf, 4°0)=0vf in Q- (71)

To solve Problem PV}], we apply an abstract existence and uniqueness result which we

recall now, for the convenience of the reader. Let V' and H denote real Hilbert spaces
such that V is dense in H and the inclusion map is continuous, H is identified with
its dual and with a subspace of the dual V' of V', ie., V. C H C V', and we say that
the inclusions above define a Gelfand triple. The notations ||.||v, ||.|lv: and (., )v/«xv
represent the norms on V' and on V'’ and the duality pairing between them, respectively.
The following abstract result may be found in [22| p.48].

Theorem 4.2 Let V, H be as above, and let A: V — V' be a hemicontinuous and
monotone operator which satisfies

(Av,v)yrxy > w|v]3 + X Yo eV, (72)

[Av|lv: < C([[v]lv +1) Vv eV, (73)

for some constants w > 0, C > 0 and \ € R. Then, given ug € H and f € L*(0,T; V"),
there exists a unique function w which satisfies

we L20,T;V)NC(0,T; H), @< L*0,T;V’),
u(t) + Au(t) =£(t) a.e. t € (0,7,
u(0) = uo.
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We have the following result for the problem.

Lemma 4.1 There exists a unique solution to Problem PV}, and it has its reqularity

expressed in .
Proof. We define the operator A: V — V' by

(Au,w)yrxy = Y (Ale(u’), e(v))pe +ja(u,v) Vu,we V. (74)
=1

Let w1,us € V, using and 7 we find

2
(Aur — Auz,ur — uz)yrxv = Z(Ala(uﬁ) — Ale(up), e(uf — uh))pet
=1

/F (g ([u1n]) — @ ([uzu]))([u1, — uav])da +/ (7 ([w17]) = g7 ([uz]) | [wir — u2-]|/da,

s
and keeping in mind , , we obtain
(AU1 — Auz,ul — ul)V’XV > m||u1 — ’U,QH%/ Vul,ul cV. (75)

Use again and , it follows that

(Auy — Aug, v)yruy = (Ale(uf) — A'e(uh), e(v"))ge+

(=1

/F' (g ([u1v]) = o ([u2s]))([v.])da +/ (g7 ([ur7]) = g ([uer)))[l[v-]llda, Vv eV,

'z
and by and , we deduce that
[Aur — Auslyr < Lgelur — uslv + colgu([un]) — go([u2w])|r2(ry)
+colgr([wir]) — g7 ([war])|L2(raya, Vo, uz €V,

and keeping in mind the Krasnoselski theorem (see [10, p.60]), we deduce that A: V —

V' is a continuous operator. Now, by , and (33)), we find where the positive
constant m = min{m 41, m 42 }. Choosing us = Oy in ([75)) we obtain

(Aur, )y v = mlwlly, — [|Aov [ Juallv
1

2m||AoVH%,/ Yu, €V,

1
> Smllully -

which implies that A satisfies condition withw = 2 and A = —5--||Ao||3,,. Moreover,
by and we find

||AU1HV/ < C1||U1||V + 02 Yu, € Vv,
where C' = max{CY,,CY.} and C? = max{C%,,C%,}. This inequality and imply

that A satisfies condition (75). Finally, we recall that by and we have f — 7 €
L2(0,T; V') and vy € H.
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It follows now from Theorem @ that there exists a unique function v,, which satisfies

v, € L*(0,T;V)NC(0,T;H), v, € L*0,T;V’), (76)
Uy (t) + Av, (t) +n(t) = £(t), a.e. te[0,T], (77)
v,(0) = vo. (78)

Let u, : [0,7] — V be the function defined by

w(t) = /0 Con(s)ds +uo Vit € 0,7 (79)

It follows from ([74)) and . . that u, is a unlque solution of the variational Problem
PVl and it satlsﬁes the regularity expressed in

In the second step, let n € L2(0,T; V"), we use the displacement field u, = (u,, u?)
obtained in Lemma and we consider the following variational problem.

Problem PV2 Find the electrical potential field ¢, = (@n, cpn) [0; T] — W such that

(B*Viy(t) = Ee(up (1)), VE e + (Aluy (), 00 (1), E)w = (a(t), Ow (80)

~
gl
I

forall £ e W, t € [0,T).
The well-posedness of Problem PV% follows.

Lemma 4.2 There exists a unique solution @, = (¢y, %) € W'P(0,T; W) which
satisfies . Moreover, if vy, and @y, are the solutions of . corresponding to
Oy s, € C(0,8,Q), then there exists ¢ > 0 such that

1@n, (8) = o W) lw < Cllueg, () — ug, ()|v VE € [0,T]. (81)
Proof. We define a bilinear form b(.,.) : W x W — R such that

2
=Y (B'Ve' , V) e Vg, €W (82)
(=1

We use , and to show that the bilinear form b(.,.) is continuous, symmetric
and coercive on W. Moreover, using the Riesz representation theorem, we may define an
element g, : [0,7] — W such that

Ow =Y _(Ee(up(1), VE) e — (hluy(t), 09 (t) + a(1), w, VE € Wit e (0,T).
=1

We apply the Lax-Milgram theorem to deduce that there exists a unique element ¢, (t) €
W such that

b(on(t),€) = (an(t), Ow  VE € W. (83)

We conclude that ¢, (t) is a solution to Problem PV%. Let t1,to € [0,T], it follows from

that

len(tr) = ent2)lw < C(llug(t) — wn(t2)llv + lla(tr) — at2)llw),
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and the previous inequality, the regularity of u,, and ¢ imply that ¢, € C(0,7;W). In
the third step, we use the displacement field u,, obtained in Lemmaf.T] and we consider
the following initial-value problem.

In the third step, we let 0 = (01,02) € L?(0.T; Ey) be given and consider the following
variational problem for the damage field.

Problem PVy. Find the damage field 85 = (84, 83) : [0; 7] — E; such that

2

Bo(t) € K, Z(ﬁﬂﬂ@e — B§)r2(ar) + a(Bo(t), € — Bo(t)) >

{=1

2
D (0°(t), 6" = BE()) r2(ary VEE K, ae te(0,T),
=1
54(0) = 5. (85)

The following abstract result for parabolic variational inequalities (see, e.g., [18| p.48])is
valid.

Theorem 4.3 Let X CY =Y C X bea Gelfand triple. Let F be a nonempty,
closed, and conver set of X. Assume that a(.,.) : X x X — R is a continuous and
symmetric bilinear form such that for some constants a > 0 and ¢y,

a(v,v) + collv|¥ > allv]%.

Then, for every ug € F and f € L%*(0,T;Y), there exists a unique function u €
HY(0,T;Y)N L*(0,T; X) such that u(0) = ug, u(t) € F vt € (0,T), and

(A(t),v —u(t)) x «x +alu(t),v—u(t) > (f(t),v —u(t)y YveF ae. te(0,T).
We prove next the unique solvability of Problem PVy.

Lemma 4.3 There exists a unique solution By of Problem PVy and it satisfies
By € H'(0,T;Eo) N L2(0, T; Ey).

Proof. The inclusion mapping of (Eq, ||.||g,) into (Eo, ||.||g,) is continuous and its
range is dense. We denote by E/ the dual space of E; and, identifying the dual of Eg
with itself, we can write the Gelfand triple

E, CEg =E, C E,.

We use the notation (., .)E/l «E, to represent the duality pairing between Eg and E,. We
have

(ﬂag)E;xEl = (ng)Eo \V/B € EOa § € El

and we note that K is a closed convex set in E;. Then, using , and the fact that
Be € K in 7 it is easy to see that Lemma is a straight consequence of Theorem
Now we use the displacement field u, obtained in Lemma y obtained in
Lemma [£:2] and Sy obtained in Lemma [£.3] to construct the following Cauchy problem
for the stress field.
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Problem PV, 4. Find the stress field 0,9 = (0 4,07 ;) : [0,T] = Q which is a solution
of the problem

O'f,’g(t) = B[s(uf;(t)) +/0 Qe(afhe(s),s(uf;(s)),ﬁg(s)) ds, £=1,2, a,ete (0.7). (86)

Lemma 4.4 There exists a unique solution of Problem PV, ¢ and it satisfies .
Moreover, if uf%, Bzi and O'fh,’(,l represent the solutions of problems PV%, PV, and
PV, 0., respectively, for (n;,0;) € WIP(0,T;Q x Eo), i = 1,2, then there exists C > 0
such that

Ho-fh,el t) U772ﬁ2( )”2) < C(Hum (t) = Up, (t)H%/—’—
t
[ T ) = s 1 s+ [ 180,60 = B9 )

Proof. Let Af;ﬂ cWEP(0,T; Q%) — WhP(0,T; Q%) be the operator given by

(87)

00! (1) = Belul0) + LG (o) el (). By ds, =12, (89)

for all o € W'P(0,T;Q%) and t € (0,T). For o, o5 € W'P(0,T; Q%) we use (35) and
to obtain for all ¢t € (0,T")

1A7 601 (2) — A, 90'2(>||Q<Lgl/ loi(s) = a5(s)lq, =12 (89)

It follows from this inequality that for n large enough, a power (Afhe)" is a contrac-

tion on the Banach space W!-P(0,T; Qe) and, therefore, there exists a unique element
ot € W?(0,T;Q" such that Ae 90' = o’. Moreover, o is the unique solution
to Problem PV, 4 and, when ublng , the regularity of u,, B¢ and the proper-
ties of the operators B£ and G, it follows that o; € W'P(0,T;Q). Consider now
(M1,01),(ny,02) € WHP(0,T;Q x Eg) and, for i = 1,2, denote u,, = u;, o,, = oy,
Bei = 51'7 $o; = Pi- We have

oi(t) = B'e(u;(t)) + /t G (oi(s),e(ui(s)), B (s)) ds, £=1,2, Yt (0,T), (90)
0

and, using the properties (35| and of G* and B¢, we find

lo1(t) = o2()IE < C (Jlur () — ua ()3 +/ los(s) = o2(s)|3 ds
(91)

/ s (5) — wa( )] ds + / 181(s) — Bals)[2,ds). vt € (0,T).

We use a Gronwall argument in the obtained inequality we deduced in , which con-
cludes the proof of Lemma [£.4] Finally, as a consequence of these results and using the
properties of the operator G, the operator £, the functional S and the function for
t € [0,T], we consider the element

A(n, 0)(t) = (A1 (1, 0)(t), A(n, 0)(1)) € Q x Eo (92)
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defined by the equations

2
(A (0,0)(1),v)q =D ((E) Ve (t) e(v")) o+

. - (93)
; (/o G (ol o), e(ul(s)), B4(s)) ds, 6(1;4))@ + 1 (uy,v) Yo eV,
A2(n, 0)(t) = (S (orh 4 (1), e(ud (1)), B (1), S2(02 o), c(u2 (1), B2(H) . (94)

Here, for every (n,0) € W'?(0,T;Q x Ey) the element A(n,8) € WhP(0,T;Q x Ep). w,,
o, By and oy, g, represent the displacement field, the potential field, the damage field
and the stress field obtained in Lemmas and

Lemma 4.5 The mapping A has a unique fized point (n*,0%) € WIP(0,T;Q x
L2(Q).

Proof. Let t € (0,T) and (n1,61), (12,02) € WHP(0,T;Q x Eg) . We use the notation
e = Wi, Uy, —ul,go —gozanda 0, = o for i = 1,2. Let us start by using (3 ,

hypotheses 35), (37 and we have

AT (1, 00)(8) — A} (12, 82) HQ<Z|| (E) V() — () Vs (1)|[2

+Z/ 1G° (% (), £(uf (5)), BL(5)) — G* (orh(s), e (u(s)), Bh(s)) |50 ds

+C|pu ([w1y (1)) (w1 ()]) — pu([ulu(t))([ulu(t)])IIiZ(FS)
+C|[pr ([ (1)) ([ur7 ()]) = pr([wrr (1)) ([wr- (1)) ||2L2 (T's)

<C(lp0 - w20l +/ Jus(s) = ua(o) ds
/ lors(s) — oa(s)) I ds + / 181(5) = Ba(5) 3, ds + llua () — wa®) 3, ). (95)
We use estimates , . ) to obtain
IAL (7, 00)(8) — AL (2, 02) (1) < C(Ilul<t) —w ()]}
[ (o)~ ool ds + / 181(5) — Ba(s)]13, ds)- (96)
By similar arguments, from (94 E, . ) and (| we obtain

14201, 02)(8) — A2 (e B2) (D13 < c(||u1<t> — ) (o7)

t
+ / s () — wa()If3 ds + Ba(6) — Ba(B)|3, + / 1Ba(s >||E0ds)
Also, since

¢
ul(t) :/ vi(s)ds +uly, te[0,T], £=1,2,
0
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we have
w1 (t) — ua(t)|lv S/ [[v1(s) — va(s))[lv ds,
0

which implies

Jur ) = wa Ol + [ fua(s) = wa) s < [ or(s) — oo as. (09)
Therefore,
403, 00)(0) = A2, 62)(0) e, < (s (6) = wal) o+ (99
[ Tus) = wa)IRy ds -+ 13:0) = Ba(0), + [ 15:(5) ~ o), ds).
0 0

Moreover, from we obtain

2

(61 — b2, 01 — v2)vrny + ) (Ale(v]) — Ale(v), e(v] — vh))pe

o (100)

+j2(v1,v1 — v2) = jo(v2,v1 — V) + (N1 — N2, v1 — V2)yrxy = 0.
We use to deduce that
J2(v1,v1 — v2) — ja(v2,v1 —v2) > 0. (101)

It follows from (100 and (101)) that

2
(61— 2,01 — v2) vy + 3 (Ale(v]) — Ale()), (v — vh))e
— (102)
< —(m —m2,v1 —v2)vixv.
We integrate this equality with respect to time, use the initial conditions
v1(0) = v2(0) = vo and condition to find
t
min(m a1, m) [ o1(s) — vals)) ds <
0
t
= [ ns) = mas),01(5) = (o)) v ds
0
for all ¢ € [0, T]. Then, using the inequality 2ab < ‘:n—z + mb?, we obtain
t t
/O [v1(s) = va(s)) |3 ds < C/O lm (s) = n2(s)|[3 ds vt €[0,T]. (103)

Form (84), we deduce that

(B — Ba, B1 — B2)g, + a(B1 — Ba, f1 — B2) < (61 — 01,51 — Ba)r, V€ [0,T).
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Integrating the previous inequality with respect to time, using the initial conditions
B1(0) = B2(0) = Bo and inequality a(B1 — B2, f1 — B2) > 0, we find

S181(5) = B2 B, ds < [ (B1() = 6a(5).61(5) = oo, s, (104)
0

which implies

181(5) — Ba(s)) 2, ds < / 104(5) — 0(5) 3, ds + / 11(5) — Ba(s))I[2(cy ds.

This inequality, combined with Gronwall’s inequality, leads to

181(s) = Ba(s)) I, ds < C/O 161(5) = 02(5) [, ds V[0, T]. (105)

Form the previous inequality and estimates (103]), (105) and it follows now that

A (1, 01)(t) — A(n2, 02) ()G g < C/O 1(n1,61)(s) — (112, 62)(5) |5 x i, -

Reiterating this inequality n times we obtain

crTm
A" (n1,01) — An(772792)||%/V1ap(0,T;Q><EO) < TH(Ul:el) - (772a92)||%/l/1vp(0,T;Q><E0)'
Thus, for n sufficiently large, A" is a contraction on W1?(0,T;Q x Ey), and so A has a
unique fixed point in this Banach space.

Now, we have all the ingredients to prove Theorem

Existence. Let (n*,0%) € WYP(0,T; Q x Eg) be the fixed point of A defined by —,
and denote

Uy = Up+, Px = Pp*, B« = Bo, (106)
ol = Ale(il) + () Vel + obey., =12, (107)
D! =&(ul) — BV, (=1,2. (108)

We prove that {w., o, @, By, D} satisfies f and the regularitiesf.
Indeed, we write for n* = n and use (106) to find

(it (8), V)vrxv + Y _(Ae(@l()), e(v”))ge + (it (t), v)

=1
+(*(t),v)vixv = (£(t),v)vxy Vv €V, ae. t€[0,T]. (109)
For the equalities A(n*,0*) = n* and A%(n*,0*) = 0* it follows that

2

O (). v)gxv = Y (Ee(u! (1), =(v) g+ Y ( / G' (' (s) - A'e('(s))  (110)
(=1

l=1
19" (3), 2w (5)). 8(s) ) ds. £(v)) 41 (wa(0),0)
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=D (8'(a"(t) = Ale(a’ (1)) — (€)" V' (1), e(u’ (1)), 5(2)). (111)

=1
We now substitute (110]) in (109) to obtain

2

(@ (8), 0)vrev + ) (Ae(@l(1), () + ol (t), )

=1
2 2
+ Y (Ble(ul(t), e(v)), + D (€)' VL, (v)),,
/=1 =1
> ( / G (4 (s) = A'e(il(s)) = (€)Vipl(s), 2wl (), BL(s) ds. (")) |
+i1(us(t),v) = (£(t),v)v'xv, YvEV (112)
and we substitute in to have
Bty € K, D (BL(), & = BL)) L2y + alB(1),6 — B(E) >
=1
2
; (¢>‘ (h(t) — Ale(il (1) — ()" V' (1), e(ul(t)), Bi(t)), £ — Bf(t))mm),
V¢ e K, ae. t€[0,T]. (113)
We write now for n = n* and use to see that
2 2
D (BVEL(), VE e = Y (E'e(ul (1), VE) e = (a(1), w, (114)
=1 £=1

VEe W, ae. tel0,T].

The relations (106)- , (1112)), , and allow us to conclude now that
{Us, 04,04, Bu, D } satlsﬁes 1.) Next7 (162) and the regularltles (164), , ) fol-
low from Lemmas [4.1] ﬂand Since u, and p, satisfy (64) and (68)), it follows from

Lemma [1.4] and 1”' that
0. € L?(0,T;H). (115)

We choose v = (v!,v?) with v! = w’ € D(Q%)? and v3~* = 0 in (112)) and by (106])
and

plitl = Divel + f§, ae. t€[0,T], £=1,2.

Also, by , and (|115)) we have

(Divel,Dive?) € L2(0,T; V).

Let t1,t2 € [0,7], by (26), (36). and (108)), we deduce that

[D+(t1) = Dulta)|ln < C([lox(tr) — ult)lw + [Jus(t1) — wa(t2)llv) -
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The regularity of u, and ¢, given by and implies

D. € C(0,T; H). (116)

We choose ¢ = (¢!, ¢%) with ¢ € D(Q)? and ¢3¢ = 0 in (T14), and using (54)), (108)

we find
divD (t) = ¢5(t) Vte[0,T], £=1,2,

and, by , (116]), we obtain
D, € C(0, T;W).

Finally, we conclude that the weak solution {u., o, ¢, Bx, D.} of the piezoelectric con-
tact Problem PV has the regularities 7, which concludes the existence part of
Theorem (411

Uniqueness. The uniqueness of the solution is a consequence of the uniqueness of
the fixed point of the operator A defined by (93)-(94) and the unique solvability of the
Problems PV, PV2, PVy and PV, 4.

Conclusion

We presented a model for the dynamic process of frictional contact between two elasto-
viscoplastic piezoelectric bodies with damage response. The contact was modeled with
a normal compliance and a normal damped. The existence of the unique weak solution
for the problem was established by using arguments from the parabolic inequalities,
differential equations and fixed-point arguments.
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Abstract: This paper proposes a centralized and decentralized nonlinear model pre-
dictive control (NMPC) for multiple robots in the trajectory tracking problem with
collision avoidance. The kinematic model of mobile robot is employed to implement
these concepts. The path of each robot is constructed such that there exist some in-
tersections between some paths of the robots. Additionally, the initial conditions and
parameters of the model are taken so that the robots will collide on the intersections
of their paths. Based on the simulation results, both centralized and decentralized
schemes can avoid collision between one robot and another one by satisfying the in-
equality constraints. All solutions of the optimization problems in both schemes are
feasible as well, so this indicates that local minimum solutions are found. According
to the simulations, the decentralized scheme is better than the centralized scheme in
terms of the computational complexity and error tracking.

Keywords: nonlinear optimization; multiple robots dynamics; nonlinear model pre-
dictive control; centralized and decentralized schemes.
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1 Introduction

During the last years, the research interests in robotics area have grown exponentially
from some publications (refer to [1H3]), but are not limited to those. Nowadays, to employ
a robot for many kinds of tasks is very common in various fields such as agriculture,
logistics, and even service for some of Covid-19 patients in hospital [4-6]. In those
applications, it is expected that the robot can be navigated in different situations and
environments [7]. The strategy can be done by controlling its position, so that it can
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move from its current position to the final destination. This concept is usually called the
point stabilization control. When the robot has to follow the given path, it is commonly
known as the trajectory tracking.

To address many ways in controlling the robot, several techniques have been im-
plemented such as the PID controller [8], sliding mode control [3], sliding PID [9] and
others. Two mentioned methods specifically do not use multivariable controls, whereas
most robots are a system with multivariable inputs and states usually called the multi-
input-multi-output (MIMO) type. Especially for these cases, we have to design many
controllers for each input and state by assuming a decoupling control. Through this
approach, the system can be treated as the single-input-single-output (SISO) type, so a
single loop controller can be developed as well [10].

One of the controllers having a capability to deal with the MIMO systems is a model
predictive control (MPC). A version of the MPC for nonlinear systems is a nonlinear
model predictive control (NMPC). Because of its ability to handle the limitation of a
system, this controller becomes the most popular control method in some sectors such
as chemical processes [11], autonomous vehicles [12], and others. As time goes by, the
NMPC was also implemented for multi-object systems. Some approaches were proposed,
namely, centralized [13], decentralized |1415], and distributed [13]. Based on the previous
study, in this paper, we implement the centralized and decentralized scheme-based NMPC
in trajectory tracking, where each path of the robots has some intersections. The aim
is to examine our proposed method by defining collision avoidance constraint in the
optimization problem of NMPC.

This paper is constructed as follows. The kinematic model of nonholonomic robots in
terms of a MIMO system is defined in Section 2. Next, Section 3 explains the centralized
and decentralized scheme-based NMPC for multi-agent systems. In this section, the
collision avoidance constraint is defined to avoid collision among the robots. Then,
Section 4 contains some discussions based on our simulation results. Lastly, Section 5 is
the conclusion and development of the future research.

2 Kinematic Model of Mobile Robot

Kinematics is the fundamental study that learns about how an object can move from one
position to other positions without considering the forces working on the object. In order
to design mobile robots for some purpose, it is essential to understand the mechanical
behavior of a robot [16]. The behavior of a mobile robot can be expressed in the following
mathematical model [16]:

T = vcosy,
y = vsiny, (1)
)= w,

where (x,y) represents the position of a mobile robot in the X-axis and Y-axis, respec-
tively, ¢ is the heading angle of a mobile robot, v and w, respectively, denote the linear
and angular velocity.

Model is a nonlinear system and it can be written in a state space form as follows:

x = fx;u), (2)
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where x = [z,y,1]" denotes the state variables and u = [v,w]” indicates the input or
control variables for the system. Equation is a continuous-time system, so it can be
converted into a discrete-time system using a discretization method. Based on the Euler
approach, equation is stated as

x(k+1) = x(k) + Ts f (x(k), u(k)), 3)

where Ty is the sampling time used to transform the continuous-time system into a
discrete-time system.

3 Nonlinear Model Predictive Control

The NMPC is an optimization-based method for nonlinear systems [17]. Generally, the
difference between the MPC and the NMPC lies in their systems. However, it is not
limited to those, since the MPC can be implemented on the nonlinear systems by using
the linearization method around operating points (refer to [18]).The idea of the NMPC is
to predict the future system behavior by utilizing the model . The aim of the NMPC
is to minimize an objective function subject to its constraints, so it is possible to obtain
the optimal inputs along the prediction horizon.

Assuming that the prediction horizon is equal to the control horizon at every discrete-
time k, the optimization formula of the NMPC can be written as follows:

N
Vn (k) =lem(k) — 5 (R)llg + lluia (k) 7 (4)

subject to

Xi-i—l(k) = fa(x;(k),ui(k)), i=0,1,--- N -1,
9:(k) =g(x;(k)), i=12,---,N,

Xo(k) = x(k),

X" < x(k) < x™**, i=0,1,--- N,

u™" <aui(k) <u™®, i=0,1,---,N -1,

where Vjy is a quadratic cost function, IV is the prediction horizon, @ and R are the
weighting matrices being positive semi-definite and positive definite, where their sizes are
appropriate to the dimension of outputs and inputs, 7 is the reference or desired value,
1 is the predicted outputs of the system, x™", x™, u™" w™® are the lower and
upper bounds for the states and inputs, respectively, and the notation in is given as
follows:

[[ri(k) — gl(k)||2Q = [ri(k) — @z(k’)}T Qlri(k) —9;(k)],
i1 ()| = (wi—1 (k)" Rui_1(k).

By solving the optimization problem , we obtain a sequence of optimal inputs
{u§(k), ui(k), -+ ,ui_;(k)}, but only the first element of the sequence, i.e., us(k), is
injected to the system.

To implement the NMPC for multi-robot systems, it is important to formulate the
constraints appropriately to avoid collision among the agents. The following approach is
used to manifest the concept.
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Collision avoidance among the robots: to ensure safety during the trajectory execu-
tion, it is necessary to formulate the following inequality constraints using the Euclidean
distance in optimization problem . By considering the discrete system for each pre-
diction window, we define the constraint as follows:

, , 1 . .
V) = w02 + (5 (0) = gl (R))2 > S+ 78, G AL,
vi,l=1,2,--- N, Vi=0,1,--- | N, (5)

where (z;(k),y;(k)) is the position of robots at time k, r4 is the diameter of robots, N,
represents the number of robots, and the superscript denotes the robot index.

To design the NMPC controller for multiple robots, some schemes that can be utilized
are the centralized and decentralized schemes. The explanation about the schemes is
discussed in the following subsection.

3.1 Centralized NMPC

The centralized scheme is a classical control scheme, where the whole system is controlled
by one controller [13]. Since we treat all robots as a single entity, the system can be
written as a large-scale system as follows:

AR
FaO3 k), u?(k _
g+ = | T — Fax().alk)). ©)

Y G (k). (k)

where the state and input variables are defined as x(k) = [x'(k), x?(k),--- ,xN" (k)]
and @(k) = [u'(k),u?(k), - ,u™"(k)]T, respectively. These changes also influence the
formula of objective function and constraints for our optimization problem. The new
objective function and constraints can be stated as

N
Vn (k) =D |7 (k) = 5 (1)) 5 + @i (B) |5 (7)

Xo(k) = x(k),
)—(min § Xz(k) S Xma:x:’ ? ] 7N7
ﬁmingﬂi(k)gﬁmaa:’ i:0,1,~~~,N—1,
- X 1 .
\/(xi(k) = zi(k)? + (i (k) = yi(k))? = 5 (rg +ry), §ALYLL=1,2,-- | Ny,

Vi=0,1,---,N,

where #(k) = [r1(k),--- , vV ()T, §(k) = [§*(k),--- , 9" (k)]T and the weighting ma-
trices Q@ and R are defined as Q = diag(Q, @, --- ,Q) and R = diag(R, R, --- , R) with
respect to the size of 4 and @, respectively.

At each sampling time, Algorithm [3.1]is used to obtain the optimal input in the case
of the centralized NMPC scheme.
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Algorithm 3.1 The Centralized NMPC for Multi-Agent Systems.

1: Predict future outputs g;(k), i =1,2,---, N, as a function of future inputs u;(k),
i=0,1,---,N — 1, using the current states x (k).

2: Solve the optimization problem using a fmincon MATLAB function by
utilizing an anonymous function to obtain the sequence of optimal inputs

{’l_l,o(k),’l_l,l(k‘), T 717‘N*1(k)}'

3: Only the first element of the optimal input sequence g (k) is applied to the systems

by extracting it into {ud(k),u2(k), - ,u)"(k)} for each system.

4: Save the data and update the current states.
5: At time-k + 1, repeat step 1.

The drawback of this scheme is the computational complexity that grows significantly
when the number of agents increases, so it is not suitable for the case with too many
agents. Next, the alternative scheme will be presented to control multi-agent systems.

3.2 Decentralized NMPC

In this architecture, the optimization problem is solved in parallel, i.e., each robot solves
the optimization separately [15]. As in , to avoid collision among robots, each opti-
mizer needs other robots’ future states information. By using communication, this study
assumes that all robots can share required information such as the current states and
optimal inputs over the prediction horizon in the previous calculation at every sampling
time [14]. If the communication is failed, the current and one-step previous states are
used by each optimizer to estimate the last input commands of other robots, then it
is used to predict other robots’ future state information by reduplicating it over the
prediction horizon [15]. The illustration of this method can be seen in [13||15]. In the
decentralized control, there are multiple NMPCs for each robot. Algorithm [3:2] shows
the process to obtain the sequence of optimal inputs for each agent by using information
from other agents.

Algorithm 3.2 The Decentralized NMPC for Multi-Agent Systems.

1: Guess the suitable initial inputs over the prediction horizon to check the inequality
constraints for collision avoidance by using current states information from
other agents via communication.

2: Predict future outputs 'gf(k)7 1=1,2,---, N, as a function of future inputs uf(k),
i=0,1,---,N — 1, using the current states x? (k) for the j-th agent.

3: Solve the optimization problem by adding for every agent using fmincon
MATLAB by utilizing an anonymous function to obtain a sequence of optimal

inputs {uf(k), w] (k), -, ul_(k)}.

4: Only the first element of the optimal input sequence u{)(k:) is applied to the system
of the j-th agent.

5: Save the data and update the current states.
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6: At time-k + 1, the obtained optimal input over the prediction horizon from (3)
and updated current states are needed to check the inequality constraints by other
agents via communication.

7: Repeat step 2.

Algorithm is used by every agent to obtain its optimal inputs. This scheme is
more efficient than the centralized one w.r.t both computational time and control design.

4 Simulation Results and Discussion

In this paper, both centralized and decentralized NMPC use the same prediction horizon
N and sampling time T. The weighting matrices in the objective function and simulation
1 0 05 0

0 1 ],R— 0 05 and teng = 400 s. The
initial conditions and references of all simulations are shown in Table [1} the diameter of
all robots is assumed 0.3 m and the upper and lower bounds of the inputs are defined as

v € [-0.6,0.6] for linear velocity and for angular velocity w € [—7, 7], respectively.

time for each robot are given by Q =

Table 1: The initial conditions and references of each robot.

Robot | Initial conditions References
Trer (D 0]
1 [-2,3.5,0]T —1+2sin(0.02t) | 1+ 2cos(0.02¢)
2 [—2,-3.5,0]T —14 2sin(0.02t) | —1 — 2co0s(0.02¢)
3 [2,3.5, 7] 1 —25in(0.02¢) 1+ 2cos(0.02t)
4 [2,—3.5, 7|7 1 —2sin(0.02¢) | —1 — 2cos(0.02¢)

All simulations are performed in MATLAB 2019b on a computer with 8GB RAM
and a core i5-1035G4. For the first running simulation, we use 75 = 0.5 s and N = 8
(equal to 4 s) with the initial conditions as in Table The simulation result of the
centralized scheme to follow the specified references can be seen in Figure [[] while for the
decentralized scheme it is shown in Figure

Figures [1| and [2| show all robots can follow their references using both centralized
and decentralized schemes from the initial conditions of each robot. The tracking errors
of each robot are caused by avoiding the collision among them, so these results are
appropriate to our desire. From the figures, we can see the decentralized scheme is better
than the centralized one if it is seen from the tracking error between their trajectories
and references. The intersections among references are constructed to verify whether the
proposed approach through the algorithms can work perfectly.

To ensure that the inequality constraints for collision avoidance are satisfied by each
robot, we show the distance between one robot and other robots. The results of our
simulation about this idea are presented in Figures |3| and 4| for each proposed scheme.

In Figures |3| and |4 the requested minimum distance so that the collision does not
occur is a half of the total diameter of each robot, i.e., 0.3 m. The symbol of Dj;(k)
represents the distance between the i-th and j-th robot at time k computed by the
following formula:

Dyu(k) = /(2 (k) — 2t (k) + (3 () — ' ()2, G #L j.1=1,2,34,
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Figure 1: Trajectory Tracking for Each Robot using the Centralized NMPC.
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Figure 2: Trajectory Tracking for Each Robot using the Decentralized NMPC.
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Figure 3: The Distance Between One Robot and Other Robots Based on the Centralized
Scheme.
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Figure 4: The Distance Between One Robot and Other Robots Based on the Decentralized
Scheme.
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Based on Figures [3]and [4] it can be seen that the distance among the robots satisfies
the safe distance to avoid collision. It can be realized since we defined inequality con-
straint (5)) in our optimization problem based on the NMPC approach at every discrete-
time k. The optimal inputs of each robot shown in Figures[5| and [§] also satisfy the lower
and upper bounds that we defined previously. This indicates that the solutions of our
optimization problem are feasible at every discrete-time k. Figures [f] and [6] also inform
that the NMPC tries to keep the inputs to be convergent to 0 in order to minimize costs
when the robots move away from each other.

To compare the computational time for the centralized and decentralized schemes,
the different groups of prediction horizon and sampling time (N, T;) are shown in Table
This is used to show which method is more effective to control and guide all robots
in order that they are on their trajectories.

Table 2: Parameters for different simulations.

Parameters Scenario 1 | Scenario 2
Prediction horizon (IN) 5 8
Sampling time (T) 1s 0.5s

Based on Table[2] the complexity of computational time for both proposed schemes in
the case of controlling 4 robots can be investigated. The results of this idea are presented
in Table [B

Table 3: The computational time between the centralized and decentralized schemes.

Scenario | Centralized | Decentralized
1 59.7629 s 39.3990 s
2 244.6630 s 184.7699 s

Based on Table|3] it is clear that the increase of prediction horizon implies the increase
of computational time for both centralized and decentralized schemes. The suggestion
of this issue is needed to choose an appropriate prediction horizon and sampling time to
reduce the complexity time while satisfying a desired performance. Table [3|also gives an
information that the decentralized scheme is more effective than the centralized one in
terms of computational time since the decentralized scheme provides fast computational
time with good performance as shown in the previous simulation in Figures [2] and [4

5 Conclusion

In this study, two different schemes are proposed, namely, a centralized and decentralized
NMPC to control multi-robot systems. These schemes are implemented for the trajectory
tracking problem where there are some intersections among the robot paths. Based on our
simulation, both schemes give satisfying results as all robots can follow their references
without a collision between one robot and another robot. In addition, the distance
between one robot and another robot is greater than or equal to the safe distance, so this
ensures that all robots can avoid collision between each other. For control inputs, the
NMPC also guarantees that the actuator saturation limits are satisfied. In our simulation,
it can be concluded that the decentralized scheme is better than the centralized scheme.
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Figure 6: The Control Inputs of Each Robot Based on the Decentralized Scheme.
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This is shown in the computational complexity that gives the fast computational time
as the prediction horizon increases. For the future research, we will include disturbance
and consider some obstacles in the more complex cases such as unmanned aerial vehicles
(UAVs) and autonomous surface vehicles (ASVs).
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Abstract: In the present paper the effect of a non-linearly permeable stretching
sheet on the solution profile in the presence of thermal radiation and aligned mag-
netic field has been investigated. A drive has been undertaken to thus highlight the
effects of heat and mass transfer of a non-Newtonian power-law fluid over a stretching
sheet when the equations are transformed into ordinary differential equations using
similarity variables. The transformed equations have been solved numerically using
the Runge-Kutta method coupled with the shooting technique. These results are pre-
sented graphically for various values of power-law index and for different parameters,
viz the stretching parameter, suction parameter, Prandtl number radiation parameter
etc.
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1 Introduction

The study of the heat and mass transfer of a fluid over a stretching sheet has attracted
many researchers these days due to its various applications in industry, for example, man-
ufacturing of rubber sheet and plastic sheet. Fluids are used in making polymers, blowing
of glass, petroleum productions, polymer extrusion, crystal growing fiber spinning and
many more. Schowalter[I7] was the first one who applied the boundary layer theory to
the power-law pseudo-plastic fluid. After that, Schowalter and Collins [9] studied the
behaviour of non-Newtonian fluid in the entry region of pipe. Crane [§] was the first to
study the fluid flow past a stretching plate. Crane and Carragher [I2] have studied the
heat transfer on a stretching sheet instead of a plate.

After that, various researchers studied the effect of a fluid flow on a stretching sheet.
Gupta and Gupta [1] studied the heat and mass transfer on a stretching sheet with suction
or blowing. Vajravelu and Hadjinicolaou [7] analysed the heat transfer on a stretching
sheet in the presence of dissipation and heat generation. Dandapat and Gupta [4] studied
the flow and heat transfer in a viscoelastic fluid over a stretching sheet. Mahapatra and
Gupta [I6] have contributed on the heat transfer in the stagnation point flow towards a
stretching sheet. Many researcher applied MHD flow and heat transfer over a stretching
sheet due to its applications in the industries. Andersson [5] first of all studied the
effect of MHD flow of a viscoelastic fluid. Andersson, Bech and Dandapat [5] studied a
magneto-hydrodynamic flow of a power-law fluid over a stretching sheet. Siddheshwar
and Mahabaleswar [I3] studied the effects of radiation and heat source on the MHD flow
of a viscoelastic liquid and heat transfer over a stretching sheet. Cortell [I4] researched
on a viscous flow and heat transfer over a nonlinearly stretching sheet. Fang et al. [15]
found out about a slip MHD viscous flow over a stretching sheet.

Researchers discussed several models to analyse the non-Newtonian behaviour of flu-
ids. Among these models the power-law model gained much popularity due to its suc-
cessful applications of boundary layer assumptions. Till date, the power-law fluid model
is the most widely used model to describe non-Newtonian fluids behaviour. Andersson
[B] was the first to study the MHD flow on the power-law fluid model.

Various researchers have discussed the power-law fluid model to study various effects
on a continuously stretching sheet under different circumstances. However, all of them
discussed the presence of magnetic field in transverse direction. But to the best of the
authors’ knowledge no one has studied the effect of aligned magnetic field on the power-
law model. Zhong et. al. discussed explicit solutions of a class of linear partial difference
equations with constant coefficients. Aleksandrov and Platonov [2] studied the conditions
of ultimate boundedness of solutions for a class of nonlinear systems.

Based on the review of the above studies, the main objective of this paper is to
analyze the effects of variable thermal conductivity on the power-law fluid flow and heat
transfer over a non-linearly stretching sheet in the presence of aligned magnetic field and
considering suction and radiation.

2 Formulation of the Problem

The model being considered here consists of a steady two-dimensional flow of an incom-
pressible non-Newtonian fluid following the power law over a permeable stretching sheet.
The origin is located at the slit, through which the sheet is drawn through the fluid
medium. The velocity of the model is denoted by ..
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Equations related to the power-law model for the non-Newtonian fluid, with allowance
for the viscous dissipation and aligned magnetic field, are given by

ou Ov
9 oy =" (1)
ou v 109p K 0 (0u\" o(Bysina)u
—_— —_— —= ——— _—— —_— __— 2
Yor Ty T Tpos T p oy <3y) P ’ @
or  orT 9°T ou\""  oq,
< (v %) ~rar K (%) )

Here u and v are the components of fluid velocity in « and y directions, respectively.
p, k and K represent the density of fluid, thermal conductivity and consistency coefficient,
n is the power law index, By is the magnetic parameter, T is the temperature of the fluid,
C), is the specific heat at constant pressure, o is electrical conductivity, o, is the Stefan-
Boltzmann constant and ¢, is the radiative heat flux approximated by the Rosseland
approximation as

_ —do, or*

r = 4
q oy (4)
Boundary conditions for the model are
U= Uy(x) = ce™ +ug, T =Ty, when y =0, (5)
u—U=0bx", T — Ty, when y — o0.
Applying the boundary conditions in (5) to the model equation (2), we get
UdU _—1dp a(Bo sinoz)zu. ()

%_pax P

Eliminating ’71% from equations (2) and (6), we get

ou v ou Ka<8u>”0(Bosina)2(“U)_ (7)

“or oy T "ar T pow \oy P

For further analysis we introduce similarity variable n with dimensionless variables f and
0 as

_1 1
c—n B m(2—n)—1 K\ 2n-1 m@En—1)41 T - T
n= [ % r it Y v\II(n) = (p) Cnitz nt f(n)? 9(77) = T — Tw .
(8)

With all the above similarity variables, the equations (7) and (3) reduce to

m(2n—1)+1

— }fﬂ—mUY—H@m®ﬂf—»+mv:a (9)

(f//)n—l f///+ l:

3+4R i” 1+m(2n—1)
3 Pr n+1

The transformed boundary conditions are

] [0 —rf'0+ Ec (f”)"+1 =0. (10)

F(0) = s, £(0) = 1,4+af"(0),6(0) = 1 when 5 = 0, (11)
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f(00) = X, 0(00) — 1 when n — oo, (12)

2 n+l
where Pr = % ((if) c(3m_1)(”_1)) is the non-Newtonian Prandtl number and

2,.2m B2 . . .
Ec = fhfr o is the Eckert number and H = UPCT"_M, s is the suction parameter, a is the
P

constant and A is the ratio of free stream velocity parameter and stretching parameter.

3 Solution of the Problem

To analyze the above flow model for the equations (9) and (10) along with boundary
conditions (11) and (12), the fourth-order Runge-Kutta method with the shooting tech-
nique is used. With the help of the Newton-Raphson shooting method estimates for
J"(0)and 0(0) have been done so that the equations can be integrated with the help of
the fourth-order Runge-Kutta method. The process of these iterations does not stop
until the boundary conditions at infinity become zero. This iteration process has been
performed for each value.

4 Results and Discussion

In this section the fourth-order Runge-Kutta method with the help of shooting
method has been used to solve equations (9) and (10) for the various values of
P.,n,m,r,R,\,a,s,a and H. Values of f”(0) and 6(0) have been evaluated correctly
up to 8 decimal places so that stability and accuracy of the study can be shown. It
is observed from Table 1 that the numerical values of f”(0) in the present paper for
different values of power-law index n, when A = 0,a = 0,s = 0,s = 0,m = 1, are in
good agreement with the results obtained by Andersson and Kumaran [6], Mahmoud
and Megahed [I1] and Megahed [10].

By considering the numerical solutions for the various values of power-law index in the
range 0.5 < n < 1.5, the effects of various parameters on the velocity and the temperature
distributions are studied.
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n Andersson Mahmoud Megahed[35] | Present Paper
and and
Kumaran[24] | Megahed[32]

0.5 1.1605 1.1604 1.1604 1.16065620
0.6 1.0951 1.0951 1.0951 1.9512419
0.7 1.545 1.544 1.544 1.054660
0.8 1.0284 1.0284 1.0284 1.02841233
0.9 1.0113 1.0112 1.0112 1.01133117
1.0 1.0000 1.000 1.00000 1.000000
1.1 0.9924 0.9922 0.9922 0.992426994
1.2 0.9874 0.9874 0.9874 0.98737207
1.3 0.9840 0.9841 0.9841 0.9840342
1.4 0.9819 0.9819 0.9819 0.9818837043
1.5 0.9806 0.9806 0.9806 0.98056261
1.6 0.9798 0.9799 0.9799 0.979825441
1.7 0.979501 0.979503 0.979503 0.975007899
1.8 0.979468 0.979467 0.979467 0.971189942
1.9 0.9796 0.9796 0.9796 0.971189943
2.0 0.9800 0.97995 0.97995 0.97912466089

Table 1: Comparison of the values of f”(0) for the various values of n with the
parameters’ values A =0,a =0,s =0,s =0,m = 1.

n=0.3
n=0.8

n=0.5
n=0.8

n=0.5
n=0.8
n=1

319

Figure 1: Figure (a), (b), (c) show the effects of @ = 7/8,7/4 and 7/2 on the velocity
profile for different values of power-law index (1), respectively.
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Value of f, and 0 for different values of a with Pr = 0.71, Ec = 0.1,
H=1,R=1,5=02=027=1,m=0.5\=0.5
n 77 74

a=7/8 | a=7/4 | a=7/2 | a=7/8 | a=7/4 | a=7n/2
n=0.5 | -0.439502 | -0.506112 | -0.584217 | -0.565743 | -0.556586 | -0.546898
n = 0.8 | -0.445340 | -0.499400 | -0.563085 | -0.569565 | -0.562002 | -0.553820
n=1 -0.461656 | -0.510364 | -0.567860 | -0.568936 | -0.562320 | -0.555068
n=1.2 | -0.480821 | -0.525376 | -0.578055 | -0.567408 | -0.561607 | -0.555187
n=1.5 | -0.510534 | -0.550243 | -0.597283 | -0.564679 | -0.559882 | -0.554400

Table 2: Values of f”(0) and ¢'(0) for different types of fluid and different angle of
magnetic field.

Value of f' and 6 for different values of A with Pr = 0.71, Ec = 0.1,
H=1,R=1,s=02,r=1,m=0.5,A=0.5 and o = 7/3
n 77 7

A=0.8 A=1.5 A=2 A=0.8 A=1.5 A=2
n=0.5 | -0.1857688 | 0.6706540 | 1.685632 | -0.6306510 | -0.7615877 | -0.854726
n=10.8 | -0.2913153 | 0.6308961 | 1.440967 | -0.6360154 | -0.7734705 | -0.856978
n=1.0 | -0.2289438 | 0.6367480 | 1.352774 | -0.676532 | -0.7807228 | -0.859495
n =12 | -0.2495882 | 0.6429972 | 1.292932 | -0.6385992 | -0.7871893 | -0.862109
n=1.5 | -0.2803766 | 0.6575240 | 1.232879 | -0.6394543 | -0.7954666 | -0.865779

Table 3: Values of f’ and 8’ for various values of \.

The effects of magnetic field angle a on the velocity profiles by changing the values
of power law index between the range 0.5 < n < 1.5 are shown in Figures 1(a)-1(c). It
is seen that as the angle of magnetic field increases, velocity decreases for both values of
the power-law index, i.e, n < 1 and n > 1. But it can hardly make any difference for the
temperature distribution profile which is shown in Table 2.

The effects of parameter A, which is basically the ratio of free stream velocity to the

stretching parameter, on the solution profile are shown in Figures 2(a)-2(c).

that with the increase in the values of A, the velocity increases tremendously for the
power-law index between 0.5 < n < 1.5. The downfall of the temperature profile with
the increase in A is shown in Table 3.

It is seen
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Figure 2: Figure (a), (b), (c) show the effects of A = 0.8,1.5 and 2 on the velocity
profile for different values of power-law index (7)), respectively.

Figures 3(a)—-3(c) represent the velocity profile for the values of suction parameter
s = 0,1, 2, respectively.

The effects of the Hartmann number H on the velocity profile and temperature pro-
file are shown in Figures 4(a)-4(b). It is seen from the figures that the velocity and
temperature decrease with the increase of H.

The effect of the Prandlt number Pr on the dimensionless temperature profile is
illustrated in Figure 5(a). It is seen that the increase in the Prandlt number Pr decreases
the temperature distribution. Figure 5(b) shows the effect of change in the radiation
parameter R on the temperature profile. It is seen from the figure that the temperature
increases with the increase in radiation parameter for n = 0.5.



322 A. RANI, P. SINGH AND MANI MALA

0.9

d 0.9
n=0.5
¥ | n=0.8
0ns .
n=1
0.7 n=1.2
@' 0z =15
- B
0.6 .
0.6
0.5
05
0.4
@ 2 4 6 8 i 0.d
N [ 2 4 [ 8 10
U
(a) (b)

n=0.5
" n=0.8

(c)

Figure 3: Figure (a), (b), (c) show the effects of s = 0,1 and 2 on the velocity profile
for different values of power-law index (7)), respectively.
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Figure 4: Figure (a), (b), (c) show the effects of different values of H on velocity profile
and temperature profile, respectively.
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Figure 5: Figure (a), (b), (¢) show the effects of different values of Pr and R on the
temperature profile, respectively.

5 Conclusion

The first aim of the paper is the solution of the problem on a two dimensional flow of an
incompressible non-Newtonian fluid following the power law over a permeable stretching
sheet in the presence of thermal radiation. The second one is the transformation of
the governing equations into a system of non-linear ordinary differential equations by
using similarity transformations, which have been solved numerically using the fourth-
order Runge-Kutta method coupled with the shooting technique. During the study the
following observations have been achieved:

e Increase in the angle of magnetic field decreases the velocity of the fluid.

Increase in the stretching parameter increases the velocity distribution but de-
creases the temperature distribution.

As suction increases in the sheet, both velocity and temperature decrease.

Temperature decreases with the increase in the Prandlt number.

e As the effect of magnetic field increases, the velocity decreases.

e The radiation parameter increases with the increase of temperature.
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Nomenclature Greek symbols
By= magnetic field intensity n= similarity variable
c= stretching sheet parameter ¥ stream function
Cp= specific heat at constant pressure o = electrical conductivity
K= consistency coefficient v=kinematic viscosity
k’'= permeability of the medium 1 =coefficient of viscosity
k= thermal conductivity os=Stefan-Boltzmann constant
2
H= Hartmann number Uc]i” A = ratio of free stream velocity
Pr= Prandtl number parameter to stretching sheet
p-= radiative heat flux parameter.

qr= rate of heat transfer

R= radiation parameter(= (40,72)/Kk)
s=heat source/sink parameter

T= fluid temperature

Too= free stream temperature

T.,= temperature of stretching sheet

u, v= velocity components along x and y
axes, respectively

uqy (2)=velocity of stretching sheet
U(z)=free stream velocity(= bz™)

x,y= Cartesian coordinates along = and y
axes, respectively.
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Abstract: In this paper, a modified SEIR mathematical model for the coronavirus
infected disease-2019 (COVID-19) has studied. We named this model the SEIQRC
model and analyzed the stability mathematically. A qualitative analysis of the local
and global stability of equilibrium points is carried out. It is shown that the disease-
free equilibrium is globally asymptotically stable when the basic reproduction number
Ro < 1 and the disease-persistence equilibrium is globally asymptotically stable when
Ro > 1.
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1 Introduction

The novel Coronavirus was detected in China and a few months later it spreaded in the
countries all over the world. Covid-19 contamination can be transmitted to a person
from a contaminated person, a contaminated dry surface, through the nose or mouth. In
March 2020, the World Health Organization declared the Covid-19 a global pandemic.
For today, the novel Coronavirus caused tens of thousands of deaths and a few million
cases of infections. It can be classified as the third highly pathogenic human Coronavirus
appearing in the past two decades. Since its appearance, several scientific researchers have
been interested in studies of various problems related to this novel Coronavirus [2L[7}[13].
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In this paper, we study the following modified mathematical model of ODEs proposed
first in [5):

S = uNy — BSINy — (o + p)8S,

E = BSINy — (v + p)E,

[ =~E — (54 p)I, 1)
Q=01 — (A +p)Q,

R=MXQ — uR,

C =aS—puC

with the positive initial condition (S(0), E(0),1(0),Q(0), R(0),C(0)) € RS , where S is
the susceptible population, E is the exposed population, I is the infected population,
@ is the population under quarantine (reported infected cases), R is the recovered
population and C'is the confined susceptible population.

The outline of this paper is as follows. In Section 2, some properties of the system
are given. Section 3 is devoted to the calculation of the basic reproduction number
Ry using the next generation matrix method to assess the transmissibility of the novel
Coronavirus Covid-19. The analysis of the local and global stability of equilibrium points
is presented in Sections 4 and 5, respectively. It is shown that the disease-persistence
(endemic) equilibrium is globally asymptotically stable when R > 1. However, when
Ro < 1, then the disease-free equilibrium is globally asymptotically stable. Finally,
Section 6 is done to present some numerical tests confirming the obtained theoretical
results.

2 Properties of the Mathematical Model

The parameters of the model are the protection rate «, the infection rate 3, the incu-
bation rate v, the quarantine rate J, the natural mortality rate p (which is proportional
to the birth rate) and the recovery rate A. Define P = (%, 0,0,0,0, %) as the disease
free equilibrium point.

Proposition 2.1

1. For every given initial condition (S(0), E(0),1(0),Q(0), R(0),C(0)) in RS , system
admits a bounded solution with positive components defined for all t > 0.

2. The set Qi = {(S,E,1,Q,R,C) € RS /| S+ E+1+Q+R+C = Nr} is a positively
invariant attractor for system .

Proof.

1. The solution is positive due to the fact that since S = 0, one has S = uNp > 0;
it £ =0, then £ = BSINt > 0; once I = 0, then I = vFE > 0; if @ = 0, then
Q=401 >0;if R=0, then R=AQ > 0; and if C =0, then C' = a5 > 0.

The boundedness of solutions of system can be proved by adding all equations

of system 7 and then one obtains, for T = S+ F+1+Q + R+ C — N, the
following equation for the totality of individuals:

T=S8S+E+1+Q+R+C=uNp—puS—puE —pl — pQ — pR — puC = —pT.
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Then

S(t) + E(t)+1I(t)+Q(t) + R(t) + C(t) @)
= Nr+(S(0) + E(0) + 1(0) + Q(0) + R(0) + C(0) — Ng)e ™+

Then the boundedness of the solution of system holds since all compartments
of T are positive.

2. One can easily deduce from that the set € is a positively invariant attractor
for system .

3 Computation of the Basic Reproduction Number by the Next Generation
Matrix Method

For determining the reproduction number of , we use the next generation matrix
method proposed by Diekmann, et al. [3] and elaborated by van den Driessche and
Watmough [6] for an ODE compartmental model.

In 1D the disease free-equilibrium is P = (%, 0,0,0,0, %) and the compartments
containing infected individuals are X = (X1, X5, X3) = (E,1,Q). Using the generation
matrix method [3,6], consider these equations written in the form X; = F;(X) — Vi(X)
fori=1,2,3. -
Now define F' = | WilP)

i(P . .
97, ( )] and V = | ] for 1 <4,j < 3. Thus the reproduction

number Ry is the spectral radius of the matrix FV~! and we have
Ro = p(FV™H).
As in [6], we have the following theorem.

Theorem 3.1 If P is a DFE of the system X; = Fi(X) — Vi(X), then P is locally
asymptotically stable if Rog = p(FV 1) < 1, but unstable if Ro > 1.

Now, we have the following theorem for the reproduction number Ry.

Theorem 3.2 The reproduction number of is given by

B vBu
Ro= NT\/(wuxwu)(éw)' ®)

Proof. According to the next generation matrix method, we have

0 ZENZ 0 y+p 0 0
F=| 0 0 and V= 0 o+p 0
0 ) 0 0 0 A+ p
Then
BuNZ
B O wrmem Y
Fv=i=1| 0 0
a+pu
0 g 0

S+
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The basic reproduction number for model is given by the spectral radius of the matrix
FV~! and so

B YBu
Ro= NT\/(a+ﬂ)(v+u)(5+u)'

4 Local Stability

Theorem 4.1 (1) If Ro < 1, then the disease free equilibrium P is locally asymp-
totically stable.

(2) If Ry > 1, then the disease free equilibrium P is unstable.

Proof. The Jacobian matrix J evaluated at P = (‘;]iﬁ ,0,0,0,0, gi’;) is given by
—a—pu 0 — NG 0 0 0
0 —y—p FuNE 0 0 0
J= 0 0 —6—p 0 0 0
0 0 5 A—p 0 0
0 0 0 A - 0
« 0 0 0 0 —u
The characteristic equation is
PX) = (Xt+atmX+r+p)(X+p?| 771X s N
= 1 7 1 5 sk
— (Xt atn)OC+ A+ @R+ X006 o4 %) - 2t )
= (X +a+m)X +X+p)(X +p)?
(X4 (2 X+ (44 - )

= (X +oa+m)X +A+p) (X +p)?
(X4 (200X + (4 )64 (1 - R+ o))
= (X H+a+pX+2+p)(X +p)?
x <X2 +a1X+a0>,
where a; = (v +2u+6) > 0 and ag = (v + p)(d + p)(1 — Ro)(1 + Ro) > 0 if Ro < 1.
By the Routh-Hurwitz criterion, we deduce that all eigenvalues have negative real parts

and then P is locally asymptotically stable if Ry < 1. If Ry > 1, then ap < 0 and there
exists at least one non negative eigenvalue A of J*, therefore P is unstable.

Theorem 4.2 If Ry > 1, then the disease-persistence equilibrium P* is locally
asymptotically stable.
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Proof. Denote P* = (S*, E*, I*,Q*, R*,C*), then we have

pNr — (@ +p)S* _ pNr (et p) g

E* = —_— b
v+ Ytu o vtp
oo g owNe ety
o+ p G+m)y+p)  @+p)y+p)
o - S _ SyuNT B oy(a + p) g
A+ p A+p)@+pmr+r) A+p)@+p)y+p)
[ AQ*— AdyuNT B Ady(a + p) g+
[ pA+ )@+ p)(y+p) A+ )@+ )y +p)
(6%
cr = 257
"

From the third equation in , we obtain

5
pr= 0P
v

Replacing this in the second equation of , we get

) 0+
f(7+u)%l* +B8S*I"Nr =0 = (—(7+M)TM + BS*Np)I[* =0

)
— (1t w4 s N =0

+W@+p)

—— S* =
V6N

From the system given previously, and the value of Ry, we can write

YuNT v(a+ )

* — _ S*
D= GrwoTn Crmotm
_ YuNT _atp
(0+u)(y+up)  BNr
_atp

Now, we compute the characteristic equation of the Jacobian matrix evaluated at P*.
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We have
—a—p—pBI*Np — X 0 —BS*Np
PY(X) = —(X+p)*(X+A+p) BI* Ny —y—pu—X  BS*Np
0 v —0—pu—X
—a—p—pBI*Np — X 0 —BS*Np
= —(X+p)*(X+A+p) —a—p—-X —y—pn—X 0
0 v —d—pu—X
= (X + (X +X2+p)
x((—a—p—BI*Ny — X)(y+p+X)(6+p+X) + BS*Nr(a+ p+ X)7)
= (X +p*(X+X1+p)
x([—a—p—BI*Np — X][XZ+ (6 +v+20)X + (6 + p) (v + 1))
+BS*Nr(o+ p+ X))
= (X +p)*(X + A+ ) (X7 + a1 X? + a2 X + a3)
with
a1 = a+pu+BI"Nyp+d+~v+2u
= a+p+(@+p)(RE—1)+5+v+2u=(a+pRi+0+7v+2u,
az = (a+p+PBI"Nr)(6+v+2p) + (6 + p)(y+ p) — BvS"Nr,
az = (a+p+BI"Ny)(6+ p)(y+p) — By(a+ p)S*Nr.
Then
ag = (a+p+(a+p)(RG =10+ +2p) + (6 + p) (v + 1) — (v + p)(6 + p)

= [a+p+(a+@)(RE =10+~ +24

(o + p)[6 + v+ 2u]RE > 0,

ag = (a+p+(a+p)(RE—1))(0+m)(y+p) — (a+p)(y+ )0 + p)
(a+ )0+ p) (v + WRE — (4 ) (v + ) (8 + p)

(a+p) 0+ p)(y+p)(RE —1).

Thus ag > 0 if Ry > 1.
Now, we demonstrate that ajas > ag if Rg > 1.

aias —az = {(a+u)7€g+5+”y+2u} {(a+u)[5+’y+2u]7€§]

(o4 p) (0 + p)(y + ) (R — 1)

(a+u)[[(a+u)7€%+5+’y+2u] (5+7+2u)723]

(o4 1) (0 + p)(y + ) (R — 1)

v

(a+u)[(5+v+2u)27€3 — (0 + )y + WRE + (5+u)(7+u)}

Y

(a+u)[((5+v+2u)2 - (5+u)(v+u)>7€3+(5+u)(v+u)]-
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Since (6 + v + 2u)? — (6 + p)(y + ) > 0 for every positive parameters &, v and p, we
conclude that ajas — az > 0 and the Routh-Hurwitz criterion permits to conclude.

5 Global Stability

N
Lemma 5.1 Q, = {(S,E,I,Q,R,C) € Q1; S < a T} is a positively invariant
@

attractor for system ,

Proof. Tt is proved in Proposition [2.1|that the bounded set €2 is a positive invariant
N
attractor set of all solutions of system 1i Now, since S(t) < 0 for S(t) > AT , one
@

Nr
has liminf S(¢) < MT This completes the proof.
a+p

Theorem 5.1 If Ry < 1, then the disease-free equilibrium P is globally asymptoti-
cally stable.

Proof. Counsider the following Lyapunov function: Ly = vE + (v + p)I. Therefore,
Li = vE+(v+wi

= y(BSIND = (v + WE) + (3 + ) (vE — (0 + 1)1
YBSINT — (v + p) (6 + p)I

< O?IBM INZ — (v 4 ) (6 + p)I since S < N]—I\—[Tu
= (LEN -+ w0+m)I

VBu
SRt “)(<a+u><w+m<a+mN%‘1)f

= (r+ w0 +m)(RE 1)1, V(S B, 1Q,R,C) € 2.

It follows that ., < 0if Rg < 1 with £, =0 only if I = 0. Therefore, L, is a Lyapunov
function on 5. Moreover, Lemma |[5.1| implies that 5 is a compact, absorblng subset
of RS, and the largest compact 1nvar1ant set in {(S,E,I,Q,R,C) € Qy : Ly = 0} is
{P}. Therefore, by the Lasalle invariance principle (see, for example, |11, Theorem 3.1]
and [1,/4L[8H10L/14}/15] for other applications), we deduce that every solution of system
with the initial conditions in Rg converges to P as t — +00.

Now, we give a result of global stability for the disease-persistence equilibrium P*.

Theorem 5.2 The disease-persistence equilibrium P* is globally asymptotically sta-
ble if Ro > 1.

Proof. Consider the Lyapunov function

S E (v+n) I
L = (S-8(5))+ (- B () + 2 (1- ' In(5)).
2 = (S-8"m()+ n()) + n(+)
P* is the global minimum of L,. Indeed, P* is the unique internal stationary point of

system and the function Lo has its minimum value Lo, = S* + E* + (v +m) —I*
0
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when S =5* E=FE* I =1, Q=Q" R=R* C=C* and Ly(t) — +oo at the
boundary of the positive quadrant.
Now, we compute the derivative of Lo(t) along the solutions of system :

L - (- 5)8 (- B)s 0205

*

- (1- S—) (uNr = BSINT — (o + )S) + (1 - %) (BSINy = (v + 1) E)

5 (v +n) I*
+f<1 - 7) (7E— (6+u)1).

Since uNp = BS*I*Np + (o + p)S* and (v + p)E* = WI* = BS*I* Ny,

we can write

(1 - %) (ﬂS*I*NT + (o + p)S* — BSINy — (a + u)s)

+BSINy — (v + p)E — 5SINT% + (y+p)E*
(6 +p)(y+p) 0+ +u) .
¥

Lo

= E—
(v + W E— + Y *

S S
= BS*I*"Npr+ (a+ p)S* — BSINy — (a+ p)S — BS*I"Np— — (a + p)S*—

B o I

+BS"INT + (o + 1) S* + BSINg — BSINp— + 3S*I* Ny — 85" I*Nr 7

+(y + ) E —

*

EI
—BS*I*Nr

7 +BS Ny
. s s . S*  EBI*  SIE*
= (S (2- g =) BTN (35 - 5 - Gipg)
Using the fact that
SS§ . S EI"SIE®
5§ MG B ISTE

and the following inequality:

i=n

1
i=n n
Z%annxz] ) xlaanx?n"')ngOa (4)
i=1 i=1

we obtain the following inequalities:

S* 8 S* EI* SIE*

_2 2 < S )

2mg T st M - erp =0

Therefore, Ly < 0. With the help of the Lyapunov stability theorem, we deduce that

P* = (S*,E*,I*,Q*, R*, C*) is stable.

It remains to show that P* = (S*, E*, I*,Q*, R*,C*) is asymptotically stable using

the Lasalle invariance principle [11]. Denote
S* S S* EI* SIE*

Avi=2-5 - and Api=3- o — o - o

Then one has Ly(S,E,I,Q,R,C) =0 < A; = Ay = 0.
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With the above equations, we obtain the following implications:

A =0 = §=5"
(S=S* Ay, =0) = I[E*=IE.

Finally, we get

Lo(S,E,I,Q,R,C) =0« S=S* IE*=I*E. (5)

E 1
Let e = — = o then E = eE* and I = el*. Replacing S, I in the first equation

of at equilibrium yields

uNp = efS*I*Np + (o + p)S* = BS*I*Np + (o + p) S™.
Therefore, we get e = 1 and then I = I* and E = E*. Finally,

15(S,B,1,Q,R,C) =0« (S=S*E=E"T=1I*Q=Q"R=R*C=C".

Thus, the largest invariant set contained in {(S,E,I,Q,R,C’)‘Lg = 0} is

{(S*,E*,I*,Q*, R*,C*)}. Then the global stability of the disease-persistence equilib-
rium P* = (S*, E*, I*,Q*, R*,C*) follows according to the Lasalle invariance princi-
ple [12].

6 Numerical Simulations

We validate numerical simulations for system . We consider four cases; two of them
(Figure [1)) confirming the global stability of the disease-free equilibrium P when Rg < 1.
The other two tests (Figure confirm the global stability of the disease-persistence
equilibrium P* when Ry > 1.

QRO Y

o 20 40 60 80 100 120

Figure 1: (S(t), E(¢t),I(t),Q(t), R(t),C(t)) behaviours for (left) Ny = 20, p = 0.1, g =
A =05, Ro =049 <1 and for (right) Nr = 30, p = 0.1, 8

We remark that the solution of (1) converges asymptotically to P. Only susceptible
and confined susceptible compartments persist, the other compartments vanish.

In this case, the solution of converges asymptotically to P* and all compartments
persist.
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Figure 2: (S(t), E(t),I(t),Q(t), R(t),C(t)) behaviours for (left) Np = 70, p = 0.1, f =
01, a=3,~7=30=5 A=5 01, 8 =
01,a=3,~v=3 6=5 A=5, Ro

7 Concluding Remarks

There is a dearth of epidemiological information on the rise of the coronavirus, which
would be of critical importance to the structure and execution of auspicious, specially
designated, sustainable general welfare intercessions, isolation and travel limitations.
Infectious disease modelling is a tool that can be used to study the mechanisms by which
diseases spread, predict the future course of the disease outbreaks and evaluate epidemic
control strategies. A mathematical 6D dynamical system modelling an SEIQRC model
of transmissibility of the novel Covid-19 is studied. A profound study is given. The
analysis of the local and global stability of equilibrium points is presented. It is shown
that the disease-persistence equilibrium is globally asymptotically stable when Rg > 1.
However, the disease-free equilibrium is globally asymptotically stable when Rg < 1.
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