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Abstract

In many real-order nonlinear systems, measuring the control performance decay of states seems quite puzzling and difficult via
the implementation of different control strategies. We introduce Mittag-Leffler asymptotic stabilization to random initial-time
nonlinear real-order systems defined in the sense of Caputo derivative by implementing a new linear affine state feedback
control law. Using the Caputo derivative quadratic inequality and comparison method, two new theorems deal with order-
dependent and order-independent results to conclude local and global Mittag-Leffler asymptotic stabilization under Lipschitz
nonlinearity are forward. Some sufficient criteria to develop simplified results for Mittag-Leffler asymptotic stabilization are
presented. We illustrate the applicability of our results by giving two examples.
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1 Introduction

Control of real-order systems has received much impor-
tance in design and analysis with adaptive to little calculus
operators dealing with orders not limited to integers [1, 2].
Although there are many different real-order derivative oper-
ators [3], the most basic one, the Caputo derivative, enables
a pathway to design many real-order control systems due to
the physically interpretable initial conditions. In the design
of many different real-order control systems (e.g., [4, 5]), it
is very important to consider the random initial time attached
to such systems instead of the ideal zero initial time. One can
think that it is not possible to control the complicated or non-
asymptotic dynamics of many real-order systems associated
with different orders as well as random initial- times. But this
is not the case, as we report at first glance in this paper with
the introduction of a new linear affine control strategy.
Stability is a fundamental concept in all kinds of control
systems. The problem of stabilization of random initial-time
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real-order systems seems crucial and a very promising topic
of research in advancing scientific engineering real-order
control theory. The issue of how to design suitable controllers
for such types of systems may bring many different challeng-
ing and complex mathematical problems to control theory.
In this context, random initial-time real-order control sys-
tems seem to be direct extensions of many investigated zero
initial-time real-order systems [6—8]. Consequently, it can
bring new importance to the formulation of new theories as
good conditions to measure performance analysis of con-
trolled responses to target control objectives [9-11].

In the literature, the issue of designing and controlling
the dynamics of real-order systems associated with fixed
zero initial time has been extensively investigated by many
researchers. The main reason for the consideration of such a
typical issue could be due to the fact that many mathemati-
cal methods are not known how to analyze and operate such
systems when associated abrupt initial times are placed on a
real number line. That is why Zhang et al. in [12] designed
a form of linear state feedback controller to zero initial-time
linear class of real-order systems with equal order lie in the
interval (0, 2) and provided sufficient conditions. Lenka and
Banerjee [8] discussed linear state feedback control strategy
and provided conditions to control for zero initial-time non-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40435-024-01480-x&domain=pdf
http://orcid.org/0000-0001-5780-1683

B.K. Lenka

linear class of real-order systems associated with different
orders in the interval (0, 2). In [13], Thuan and Huong have
designed a linear state feedback controller and identified LMI
conditions to control responses of nonlinear real-order sys-
tems associated with the same order in (0, 1]. In [14], Badri
and Sojoodi designed a dynamic output feedback controller
for a linear class of zero initial-time real-order systems asso-
ciated with different orders in (0, 2) and established LMI
conditions to track the non-trivial responses to zero. In [15],
Peng et al. introduced a switching controller along with elec-
trical experiments to stabilize the responses of discontinuous
zero initial-time nonlinear real-order systems associated with
equal order in (0, 1]. Lenka and Upadhyay in [16] designed
time-varying linear state feedback control law and proposed
new order-dependent conditions for time-varying nonlinear
uncertain real-order systems associated with different orders
that lie in (0, 1] and random initial time. In [17], Tavazoie
and Asemani studied the robust stability of zero initial-time
class of linear real-order systems with uncertainties and intro-
duced new stability conditions via the Nyquist-based method.
Later, in [18] Tavazoie and Asemani provided finite gain
L, stability and asymptotic stability to the linear class of
zero initial-time real-order system with time-varying inter-
val uncertainty. By using the linear state feedback form of
the controller, Gholamin et al. [19] provided some condi-
tions to control trajectories of zero initial-time nonlinear
class of real-order systems associated with different orders.
Chen et al. [20] designed a linear state feedback controller
to a class of zero initial-time nonlinear real-order systems
associated with different orders in (0, 1] and developed LMI
conditions in order to control obtained responses. Lu et al.
in [21] designed linear state feedback control to some class
of zero initial-time interval uncertainty linear real-order sys-
tems associated with different orders in (0, 1] and established
some LMI conditions. Lenka and Upadhyay in [22] have
designed a dynamic output control strategy for some class of
random initial-time nonlinear real-order systems associated
with different orders in (0, 1] and established order depen-
dency conditions to measure controlled responses. In [23],
Ding et al. investigated nonlinear Mittag-Leffler stabilization
of zero initial-time nonlinear real-order systems with equal
order by the use of fractional Lyapunov direct method.
However, due to limited knowledge of available math-
ematical tools [24-26], Mittag-Leffler stability/asymptotic
stability of random initial-time real-order control systems
has become the most important problem in engineering con-
trol theory look to future potential applications. It has been
noticed that measuring of controlled response of such types
of systems seems very difficult and the issue has not been
reported in the literature. Roughly, Mittag-Leffler asymp-
totic stabilization to random initial-time real-order systems
associated with different orders seems very challenging. In
this context, no theoretical conditions have been reported yet
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on how to control trajectories of such real-order systems to
some target unknown dynamics.

Motivated by aforementioned important issues, it is the
purpose of this paper to design a new linear affine state
feedback control law to control the unpredictable or non-
asymptotic trajectories of random initial-time nonlinear
real-order systems to any given constant vector that may be
present or absent within the system.

In short, the innovation and contribution of this work are
highlighted as follows:.

(1) The idea of designing an affine controller for real-order
nonlinear systems with arandom initial time has been first
developed. Our motivation comes from an important no-
equilibrium chaotic system proposed by Wei in [27]. The
real-order extension of such a system has no equilibrium
points and causes memory chaos.

(i1) In control theory developments, the standard linear state
feedback approach does not permit well-designed con-
trollers to control systems like Wei where the target
control objectives are widely unknown. A novel linear
affine state feedback controller is designed in this con-
text to control the system’s response if given any arbitrary
vector that may not be present with the system.

(iii) In order to make the control system workable, the con-
cept of Mittag-Leffler stabilization has been introduced
to achieve control performance and enable the estimation
of the rate of decay associated with energy responses.

(iv) We use the ideas of the comparison principle method [28]
and establish order-dependent and order-independent
Mittag-Leffler stabilization results that give sufficient
conditions to conclude convergence of responses to a con-
trolled system. In short, our results provide a distinctive
approach to constructing some Metzler and nonnegative
matrices under Lipschitz nonlinearity conditions to estab-
lish possible bounds for controlled trajectory to measure
optimum performance.

(v) In the demonstration, the importance of positive initial-
time and negative initial-time cases is examined to control
the trajectories of real-order nonlinear systems with the
implementation of the proposed affine control strategy.
‘We have shown that the theoretical results suggested are
effective in taking decisions while operating control sys-
tems to achieve control goals for target vectors that may
be present or absent within the systems.

Paper structure: In Sect. 2, key tools for real-order con-
trol systems are recalled. In Sect. 3, we give the description of
random initial-time real-order systems. In Sect. 4, a new form
of affine controller has been designed to control systems. In
Sect. 5, the main control theory results are established. In
Sect. 6, application to trajectory control and measurement of
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controlled performance are illustrated. Conclusions close to
this paper are discussed in Sect. 7.

Notations: N: natural numbers, Z_; : positive integers, Q. :
positive rational numbers, R : positive real numbers, R: real
numbers, C: complex numbers, arg(z): principal argument
ofzeC,2zT: transpose of Z € R™*", R": Euclidean space,
gced: greatest common divisor, /cm: least common multiple,
II-]l: Euclidean norm. Let x, y € R"” and we mean x < y the
difference x; — y; <Ofori =1,2,--- ,n.

2 Preliminary tools

Here we present some basics that will be used throughout the
paper.
Definition 1 [29, 30] The Caputo derivative of some n-times

continuously differentiable function & : (t*,00) — R is
defined by

1 ! d"
Cgt):,;é(f) = T .[* (t—7) ! mé&(f)dlﬂ (H

whenever y € (n — 1,n) and C@t):ﬁté(t) = %S(I) when

y = n, where order y € Ry, initial time t* € R, n € Z,
and I'(p) = [;~ P~ e~"dr with p € Ry.

Definition 2 [31] We say a square matrix S(¢) = [s;;(t)] €
R™ on [t*, 00), t* € R is time-dependent Metzler if the
off-diagonal entries s;; () > 0, j # i, forall ¢ > 1*.

Definition 3 [32] We say a vector function

qg=(q1,q2, ,qn)" : RxR" — R"is of Class W if, for
every t € R, we have gy (t,u) < q; (t,u),k =1,2,--- ,n,
for all u,w € R" such that u; < uj, ux = uy for k =
1,2,---,nwithk # j, where u; denote the kth component
of u.

Lemma 1 [28](Nonnegative comparison principle) Let t* €
R and B1,---,B, € (0,1]. Consider the comparison
inequality

ol ) < oL £, £*) = (") = 0, 2)

where (1) = (11 (1), -+ . ()T € R, and °TL (1) =
(Cgﬁ{tnl @®, -, C@ﬁflnn (). Then, the inequality hold:
0<n(t) <&@, vt = 1" A3)
Lemma 2 [33] Let & be a real-valued continuous function on
[t*, o0) and differentiable on (t*, 00). Then, the “t — t*”-

Caputo derivative inequality

oL &2 1) < 26D &), Vi > 1", VB (0,11 (4)

Theorem 1 [34] Consider the system
CoP _ x
D 5() = Q&(1), §(17) =&, 5

where 7). £(t) = (CD0 &), ... DL 6. (0))T. 1" € R,
B1, B2, ..., By € (0, 1], and constant matrix Q = [q;;] €
R™ ", If every root of

det [diag (sﬂ‘,sﬂz, ,sﬂ") — Q] =0 (6)

lies in the sector |arg(s)| > %, then the geometric solution
& =010 (5) is globally asymptotically stable.

3 Random initial-time real-order system

This section gives a description of a random initial-time non-
linear real-order system associated with different orders.

In particular, we consider the random initial-time nonlin-
ear real-order system given by

g8 () = M@On@) + gt n®), G =1, (D)

where state vector 1(z) € R”,
operator C@ggtn(t) = (CQOﬁ{tnl(t), o C@fﬁ’f,nn T e
R”, initial time t* € R, order index @ = (a1, @2, - -+ , ay) €
0,1] x (0, 1]--+ x (0, 1], matrix M (t) = [m,-j(t)] e R
is continuous on [t*,00) and g : [t*,0) x R" — R" is
piecewise continuous function.

Note that when M (t) = M and g(¢, n(t)) = g(n(z)), the
system (7) is called autonomous (time-invariant); otherwise,
it becomes non-autonomous (time-varying).

4 Affine controller design strategy

Controlling the unstable or non-asymptotic dynamics of zero
initial-time real-order systems to a target zero response vector
using standard state feedback control techniques is com-
monly achieved in different research studies [10, 19, 20]. But
in many situations, it might happen that the target objective is
not present in the system under consideration. Consequently,
it poses a challenging problem: how to design a control strat-
egy to achieve control goals.

Here, suppose that the system (7) produces non-asymptotic
or complicated trajectories with system inputs. In order to
control the obtained trajectories for any target vector
v = (v, v, 0, vn)T, first we add a control input u(r) =
1 (0), uz(t), -+, un())T to system (7) that needs to be
designed. Then, the real-order control system becomes

CTE (1) = MO + g(t, n(0) + u(®), nGt*) =n*.
®)
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By using the state of (7) and control objective target v*, we
introduce a new variable & (f) = n(¢t) — v*. To implement the
control strategy, we introduce a linear affine state feedback
control law defined by

u(t) = K&(r) — g(,0), ©)

where the constant control matrix K = [k;;] € R"*" needs
to be identified. Substituting the affine control law (9) into
(8), we define the transferred control system by

P8 () = [M(1) + K16(0) + g(t, £() — g(1, 0),

10
E(t") = n(t*) — v, 1o

We introduce the below-mentioned definitions.

Definition 4 (Mittag-Leffler asymptotic stability) We say the
system (10) is Mittag-Leffler asymptotically stable if the non-
trivial solution satisfies

(i) €(t) > O0ast — oo,
(ii) the inequality

~ k
601 = €* [CEar (=2 = )| 1g@)I, 1 = 1,

(11)

where 6 € (0, 1], constants C* > 1, C > 0, » > 0,
ki > 0and kp > 0.

Definition 5 (Mittag-Leffler asymptotic stabilization) If there
exists a control input u(¢) € R" in (9) such that the control
system (10) is Mittag-Leffler asymptotically stable, we say
the system (7) is Mittag-Leffler asymptotically stabilizable
(ML-ASTZ) to v* via control input (9). That means, one must
have

(@) n() - v*ast — oo,
(ii) the inequality

~ ki
In@)] = €* [€Ea (=3t =) | I — o712

+ [[v*]], > 1",
(12)

where 6 € (0, 1], constants C* > 1, C > 0, A >0,
k1 > 0and kr > 0.

Note that the objective of controlling responses of (7) to
target v* reduces to Mittag-Leffler asymptotic stabilization
of system (10) via control input (9). That means the basic
way to conclude objective from (10) is to ensure £(f) — 0 as
t — oo and satisfy the inequality (11), by identifying some
suitable entries of control matrix K = [k;;] € R"*".
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5 Main results

Finding control conditions for the class of systems (7) sub-
ject to control input (9) is not easy. This section introduces
local and global results that give Mittag-Leffler asymptotic
stabilization and is presented in two separate subsections.

We begin by introducing the below-mentioned assump-
tions that will be used throughout the main results.

Assumption 1 (Local Lipschitz condition) The function
g(t, n) in system (7) satisfies Lipschitz condition:

g, x) — gt MII < Lgllx — yll, V¢ = 1%,

13
Vx,y € 2, CR", (13)

where §2, is a compact set and L, > 0 is the Lipschitz
constant.

Assumption 2 (Global Lipschitz condition) The function
g(t, n) in system (7) satisfies Lipschitz condition:

g, x) — gt Il < Lllx — yll, ¥t = ¢*, Vx,y € R",
(14)

where L > 0 is the Lipschitz constant.

We define a new time-dependent Metzler matrix by

Ag(t) =
[2 (ki1 +m11(0)) 0 0
0 2 (kap + maa (1)) - - 0
L 0 0 o 2 (kpp + mpy (1))
[~ n
Yo kim0 lki2 +m2(t)]
J=1j#1
n
i ka1 + m21(1)] > ko +maj(0)]

j=1ij#2

lkn1 + mu1 (1)) |kn2 + mp2(2)]

|k1n + mln(t)l
|k2n + may, (t)l

n
> lknj +myi@)]
j=15j#n
(15)

Assumption 3 Let the matrix (15), and suppose that there
exist a constant Metzler matrix .#Z " = [p; i1 € R™" such
that

Ap(t) < AT, Yt >t~ (16)
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Remark 1 In (16), we note that the entries of matrix Ag(¢)
are bounded above by matrix . ™.

Assumption 4 Consider Assumption 1. Define a matrix
e/Vy e Ril)(}’l by

2 2 2
1+12 L2 - L§
L§ 1+L§--- L;
Ny = , _ ) ) (17)
.2 2 . ) 2
L2 L - 1+1L3

Assumption 5 Consider Assumption 2. Define a matrix

Ny € RPN by
1+1%2 2 ... L2
L? 1+L1%--. L?
N = . ) . . (18)
L? L? ...1+412

5.1 Order-dependent results

Theorem 2 Consider the system (7). Let Assumptions 1, 3
and 4. If there exists a control matrix K = [ki;] € RV
in (9) such that the below-mentioned conditions hold for the
control system (10), then the system (7) is locally ML-ASTZ
to v*.

C;. Every root of
det [diag (s*1, 592, -+, s%) =Mt — Ny] =0 (19

satisfies |arg(s)| > 7.
Co. There exists a constant A > 0 such that

MY+ Ny < =M, (20)
where I € R"" is an identity matrix.

Proof Take £(t, ) = (e1(t, &1), 2(t, &), -+, en(t, &))"
where ¢;(¢,&;) = él.Z fori = 1,2,---,n. We apply gov-
erning inequality Lemma 2 along the solution to (10) and
obtain

€% E,6) < [ M+ NP EW D)), 1)

where Assumptions 1, 3 and 4 were utilized. Then, we define
a new comparison system

CPE, Y (1.20) = [MF + N |V (1.20)),

R (22)
(™, Z(1t") = E*, E()),

Where g(t’,i) = (wl(tv?l)’ WZ(t,/Z\Z), Tt w—n(t,/Z\n))T~
Since f = [.#+ + Ny | uisof Class W, applying Lemma 1
for (21) and (22), it is immediate that

0<&, 1) <% t,21), ¥t > 1" (23)

Note that when condition C; is satisfied, then by using The-
orem 1 for (22), one concludes that

lim % (¢t,72(t)) = 0. (24)
11— 00

Then, it is immediate from (23) and (24) that

lim &(tr) = 0. (25)
11— 00

It implies that tlim n(t) = v*. On the other hand, when
—00

condition (5 is satisfied, one has from (22) that

QLW (1,2() < —MY (1.201)),

- R (26)
Y1, Z2(1h) = £ EW).
Then, we consider an associated comparison system
CPE X (1, v(1) = —ALZ (1, v(1)), o
2 v(h) =X, 7(17),
where 27(1,v) = (51(t,v1), 2(t,v2), -+, Gu(t, )T

Subsequently, application of Lemma 1 for (26) and (27) gives
0<%t,z21) < 2 (t,v(1), Yt = 1*. (28)
The explicit solution to (27) is given by

Gi(t,vi(1)) = Eqp 1 (=Mt — 1Y) 6 (1%, vi (1Y), Vi =17,
(29)

fori =1, 2,---, n. By adding the set of inequalities in (29),
it follows from (23) and (28) that

IEON* < Eapa (=2 — %) [IEE)2, Ve > 1.
i=1
(30)

Since the Mittag-Leffler function satisfies
0 < Eg; 1 (—A(t —1t")%) < 1,¢t > t*, when A > 0 and

O<a; <l1,fori =1,2,---,n (refer, [29]), one has

IE@N? < C* [nEp1 (=t — )] NEEHI?, Vi = 17,
31)
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where C* > 1,0 € {og, a0, -
estimate:

, &, }. In what follows, the

IE@ < CT\/nEg 1 (=t — ) IEEH, V1 = 1%, (32)

where CT = /C* > 1 and 6 € (0, 1]. As a result, it follows
from (32) that

In®Il < €\ nEq (=1 - 17)°)

In @) — o™l + ™I, ¢ =17, (33)
where CT = /C* > 1 and 6 € (0, 1]. Thus, the system (7)
is ML-ASTZ to v*. This completes the proof. O

Solving (19) in Theorem 2 seems quite challenging and
remains an open problem in stability theory. We find some
patterns that reduce the complexity of solving (19) to some
simplified polynomial equations addressed in the below-
mentioned corollaries.

Corollary 1 Consider the system (7). Let Assumptions 1, 3
and 4. Assume that there exist numbers N1, N>, --- , N, € N.
If there exists a control matrix K = [k;;] € R™" in (9)
such that the below-mentioned conditions hold for the control
system (10), then the system (7) is locally ML-ASTZ to v*.

Ci. Every root of

det [diag (er, AT ,rN”> -t —JVy] =0

(34)
satisfies |arg(t)| — kaak >0 Vk=1,2,---,n
Co. There exists a constant A > 0 such that
M+ Ny < =M, (35)
where I € R is an identity matrix.
Proof Use the transformations s%/Yi = tfori = 1,2,--- , n.
Then, the result follows from Theorem 2. O

Corollary 2 Consider the system (7). Let Assumptions 1, 3
and 4. Assume that there exist numbers N1, N>, --- , N,, € N.
Set B = max{%—‘l, ;’\‘,—22, e ,R’,—”’,}. If there exists a control
matrix K = [k;j] € R"™" in (9) such that the below-
mentioned conditions hold for the control system (10), then

the system (7) is locally ML-ASTZ to v*.
C;. Every root of

det[diag <1N1,1N2,~- ,TN”) —at —JVy] =0

(36)
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satisfies |arg(t)| — 5B > 0.
Co. There exists a constant A > O such that

MY+ Ny < =M, 37)
where I € R"™" is an identity matrix.
Proof The proof follows from Corollary 1. O

Corollary 3 Consider the system (7). Let Assumptions 1, 3
and 4. Let oj = 8 € (0,11, yi = f)— e Qi with
ged(i, pi)) =1, fori =1,2,--- ,nand 0 < § € R. Set
Y =lem (p1, p2, -, pn). If there exists a control matrix
K = [kij] € R™" in (9) such that the below-mentioned
conditions hold for the control system (10), then the system
(7) is locally ML-ASTZ to v*.

Ci. Every root of

det [diag (IZV‘, R R ‘L'ZV") — M= Ny] =

(38)

satisfies |arg(t)| — 556 > 0.
Co. There exists a constant » > 0 such that

MT+ Ny <=0, (39)

where I € R™" is an identity matrix.

Proof Use s%/% = t. Then, the proof follows from Theo-
rem 2. O

Corollary 4 Consider the system (7). Let Assumptions 1, 3
and 4. Let ; = y; € (0,1], y; = % e Qi with
gedi, pi)=1,fori =1,2,--- ,n.

Set ¥ = lem (p1, 02, -+, pn). If there exists a control
matrix K = [kj;] € R™" in (9) such that the below-
mentioned conditions hold for the control system (10), then
the system (7) is locally ML-ASTZ to v*.

Ci. Every root of

det [diag (.L-EJ/I’ R ‘EEV") — M= JVy] =0

(40)
satisfies larg(t)| — 55 > 0.
Co. There exists a constant A > 0 such that
MY+ Ny < =M, (41)
where I € R"™" is an identity matrix.
Proof Take § = 1 in Corollary 3. O
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Corollary 5 Consider the system (7). Let Assumptions 1, 3
and 4. Let ; = y € (0,1], fori = 1,2, ,n. If there
exists a control matrix K = [k;;]1 € R"™" in (9) such that
the below-mentioned conditions hold for the control system
(10), then the system (7) is locally ML-ASTZ to v*.

Ci. Every root of

det[diag(r,r,~--,r)—///+—</Vy]=0 42)
satisfies larg(t)| — Fy > 0.

Co. There exists a constant A > O such that
MY+ Ny < =M, (43)
where I € R"™" is an identity matrix.

Proof Use the transformation s¥ = 7 in Theorem 2. O

Next, we introduce global Mittag-Leffler stabilization
results addressed as follows. These results provide conditions
associated with the Metzler matrix and nonnegative matrix.

Theorem 3 Consider the system (7). Let Assumptions 2, 3
and 5. If there exists a control matrix K = [k;;] € R"™"
in (9) such that the below-mentioned conditions hold for the
control system (10), then the system (7) is globally ML-ASTZ
to v*.

Ci. Every root of

det [diag (s"”,s“z, e ,s“”) -t - Ji{g] =0 (44

. T
satisfies |arg(s)| > 7.

Co. There exists a constant A > O such that

MY+ Ny < =M, (45)
where I € R"™" is an identity matrix.
Proof The proof is immediate. We thus omit it here. O

Corollary 6 Consider the system (7). Let Assumptions 2, 3
and 5. Assume that there exist numbers N1, N2, --- , N,, € N.
If there exists a control matrix K = [k;;] € R"™" in (9)
such that the below-mentioned conditions hold for the control
system (10), then the system (7) is globally ML-ASTZ to v*.

Ci. Every root of

det[diag (er,er,-n ,‘L’N") —at —JVg] =0

(46)

satisfies |arg(t)| — Z”Tkak >0,Vk=1,2,---,n.

Co. There exists a constant A > 0 such that

M+ Ny < =0, 47)
where I € R"™" is an identity matrix.
Proof Use the transformations s%/Vi = zfori = 1,2,--- , n.
Then, the result follows from Theorem 3. O

Corollary 7 Consider the system (7). Let Assumptions 2, 3
and 5. Assume that there exist numbers N1, N2, --- , N, € N.
Set B = max{;‘,—ll, ?\‘]—22, e ’%_Z}' If there exists a control
matrix K = [kij] € R"™" in (9) such that the below-
mentioned conditions hold for the control system (10), then
the system (7) is globally ML-ASTZ to v*.

Ci. Every root of

det [diag (tN‘, N2 L ,‘L’N”) —a" —Wg] =0

(48)
satisfies |arg(t)| — T8 > 0.
Co. There exists a constant A > 0 such that
MY+ Ny < =M, (49)
where I € R"™" is an identity matrix.
Proof The proof follows from Corollary 6. O

Corollary 8 Consider the system (7). Let Assumptions 2, 3
and 5. Let i = y;6 € (0,1], yi = % € Qi with
gedi,pi) =1, fori =1,2,--- ,nand 0 < § € R. Set
Y =lem (p1, p2, -, pn)- If there exists a control matrix
K = [kij] € R"™" in (9) such that the below-mentioned
conditions hold for the control system (10), then the system

(7) is globally ML-ASTZ to v*.
Ci. Every root of

det [diag (12”', R R rEV") — M — Ny =0

(50)

satisfies larg(t)| — 556 > 0.
Co. There exists a constant A > 0 such that

MT+ Ny < =M1, (51)

where I € R"™" is an identity matrix.

Proof Use s%/* = t. Then, the proof follows from Theo-
rem 3. o
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Corollary 9 Consider the system (7). Let Assumptions 2, 3
and 5. Let ¢j = yi € (0,1}, y = % € Qp with
gedi, pi)=1,fori =1,2,--- ,n.

Set ¥ = lem (p1, 02, -+, pn). If there exists a control
matrix K = [kjj] € R"™" in (9) such that the below-
mentioned conditions hold for the control system (10), then
the system (7) is globally ML-ASTZ to v*.

Ci. Every root of

det [diag (IEV', R B ‘L'EV") — M= Ny]=0

(52)

satisfies larg(t)| — 55 > 0.
Co. There exists a constant . > 0 such that

MY+ Ny < =M, (53)
where I € R is an identity matrix.

Proof Take § = 1 in Corollary 8. O

Corollary 10 Consider the system (7). Let Assumptions 2, 3
and 5. Let ; = y € (0,1], fori = 1,2,---,n. If there
exists a control matrix K = [k;;] € R in (9) such that
the below-mentioned conditions hold for the control system
(10), then the system (7) is globally ML-ASTZ to v*.

Ci. Every root of
det [diag (r,7, -, 1) — M — Ny]=0 (54)

satisfies larg(t)| — Fy > 0.
Co. There exists a constant A > 0 such that

M+ Ny < =), (55)
where I € R"" is an identity matrix.
Proof Use the transformation s = 7 in Theorem 3. O
5.2 Order-independent results
Theorem 4 Consider the system (7). Let Assumptions 1, 3
and 4. If there exists a control matrix K = [k;;] € R"™" in
(9) such that the inequality
MY+ Ny < =M, (56)
where constant ). > 0 and I € R™*" is an identity matrix,

holds for the control system (10), then the system (7) is locally
ML-ASTZ to v*.

@ Springer

Proof Take &'(1,§) = (e1(1,§1), 2(1,62), -+, enlt, &))"
where ¢;(t, &) = éf fori = 1,2,---,n. We apply gov-
erning inequality Lemma 2 along the solution to (10) and
obtain

COR L EW) < [ M + Ny EGEWD), (57)

where Assumption 1, Assumption 3 and Assumption 4 were
utilized. Then, by using inequality (56), one obtains from
(21) that

Cg% £, E1) < —IE1,E®)). (58)
We let an associated comparison system

€L, 2 (1, v(1) = =L X (1, v(1)),

(59)
Z (", v(th) = £, EW™)),

Where ‘%'(ta V) = (§1(l, vl)v §2(ta V2),"' 7§i1(t1 vl’l))T'
Subsequently, application of Lemma 1 for (58) and (59) gives

0=<&W &) <= Z(t,v(1), YVt =1" (60)
The explicit solution to (60) is given by

Gi(t,vi(1)) = Eqp 1 (=Mt — 1Y) i (1%, vi (1Y), V& = 1,
(61)

fori = 1,2, .-, n. Since the Mittag-Leffler functions
Eg; 1 (—=A(t — t*)%) tends to 0 as ¢+ — oo (see Theorem 1.6
[29]), one gets from (61) that £(r) — 0 as t — oo. On the
other hand, by adding the set of inequalities in (61), it follows
from (60) that

n
IEDI® <Y Eapr (A = %) [P, Ve = 1.
i=1
(62)
Since the Mittag-Leffler function satisfies

0 < Eq 1 (=Mt —1t")%) < 1,¢t > t*, when A > 0 and
O<oa; <l1,fori =1,2,---,n (refer, [29]), one has

IE@I* < C* [nEg1 (—x(t — )] IEEHI?, Vi = 17,
(63)

where C* > 1,0 € {og, a2, ---
estimate:

, &, }. In what follows, the

1) < CF\nEg. (<A — ) IEGDI. Ve = 1, (64)

where Ct = /C* > 1 and 0 ¢ (0, 1]. Thus, the system (7)
is ML-ASTZ to v*. This completes the proof. O
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Theorem 5 Consider the system (7). Let Assumptions 2, 3
and 5. If there exists a control matrix K = [k;;] € R"™" in
(9) such that the inequality

MY+ Ny < =M, (65)

where constant ). > 0 and I € R is an identity matrix,
holds for the control system (10), then the system (7) is glob-
ally ML-ASTZ to v*.

Proof One gets the result by following the proof strategy of
Theorem 4. o

Remark 2 In Theorem 4 and Theorem 3, it is not needed to
verify additional conditions on orders as found in Theorem 2
and Theorem 3. The merit of Theorems 4 and 5 provides
convergence directly from the Mittag-Leffler function. On
the other hand, in Theorem 2 and Theorem 3, one required
an external system to conclude convergence associated with
system orders.

6 Applications

In this section, we illustrate the novelty of the proposed con-
trol method approach by applying some theoretical results.
In contrast to the demonstrated performance of control sys-
tems [10, 19, 20], the below-mentioned discussions sharpen
improved performance with the inclusion of random initial
time and selected control objective.

Example 1 Consider the random initial-time real-order exten-
sion of Wei system [27]:

7L m@) = —m@),
G2 () = emi(1) + n3(1), (66)
CTL () = any (1) + mOn3 (1) —d.

where a1, a2, @3 € (0, 1], a, ¢ and d are real parameters.

The system (66) is known to give rise to zero equilibrium
chaotic Sprott-D system when t* = 0, 1 = a2 = a3 = 1,
a =3,c=1andd = 0. The Wei system (66) is also known
to be chaotic with no equilibrium when t* = 0, @] = ap =
a3 = 1,a =2,¢c =1and d = 0.35. Here we consider a
case when t* = —50, o1 = 0.995, ap = 0.999, o3 = 0.997,
a=2,c=1,d =0.35.

The simulation [35] shows that the system (66) has mem-
ory chaos presented in Fig.1 starting from initial values
1n(—=50) = (m(=50), 72(=50), n3(—50))"
= (—1.6,0.82, 1.9)T. Suppose we wish to control the mem-
ory chaos of the real-order Wei system (66) by using the
proposed affine control strategy discussed in Sect. 4 to a tar-
get vector v* = (—100, 50, lOO)T thatis absent in the system

Fig. 1 Memory chaos in real-order Wei system (66) where t* = —50,
a; =0.995, 02 =0.999, 03 =0.997,a =2,c=1,d =0.35

(66). First, notice that the system (66) can be represented in
0-10

c 0 1]and

000

g, 1) = (0,0, an3(t) + m(0)n3(1) —d)T- Let (1) =

n(t) — v* = (m )+ 100, n2(t) — 50, n3(t) — 100)". By
adding the linear affine controller (see (9)):

the form (7), where M (t) =

u(t) = K&(r) — g(,0) (67)

where entries of K = [k;;] € R3*3 needs to be determined,
to the system (66), we obtain (see (10)):

g (1) kit k-1 ki3 £1(1)
Do | =|ctkn kn 1+ks||&0)
RZMR =100 kst ka2 k33 &(1)
0
+ 0
a&3 (1) + &1 (D& (1)
(68)

Here we wish apply Corollary 1 to the system (68). First, we
set 2 = (1. 12 13)" < I 2+ Imal? + I3 < 1% < o0).
Then, based on the boundedness of attractor shown in Fig. 1,
we setup |n;| < 5fori = 1,2, 3. Note that

lg1(t, %) — g1(t, I* < Ilx =y,

lg2(t, x) = g2(t, I < lIx — yII%, (69)
183(,) = g3(, I < (100a% +50) f1x — y[%.
Consequently, Assumption 1 holds with Lipschitz constant
Ly = V/524+100a2. Set 2 = {(n,m,m)" : Im|* +

Im21% + |n3]2 < 25). Next, we define the Metzler matrix
(15) by
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AEg(t)
2ki1 + k12 — 1] + |ki3]
= lk21 + c]
k31l
|k13]
|k23 + 1]
2k33 + lk31| + |k32|

lk1p — 1]
2k + k21 + c| + |koz + 1]
k32

(70)
Then, we let the Metzler matrix

j/+
2ky1 + k12 — 1] + [k13]
= |k21 + ¢
k31l
|k13]
ko3 + 1]
2k33 + lk31| + |k3z

lk12 — 1]
2k + ko1 + c| + |koz + 1]
|k32]

(71)
Since a = 2, the nonnegative matrix (17) becomes

453 452 452
452 453 452
452 452 453

Ny = (72)

Here, we select a control matrix

—1000 1 0
K = -1 —-1000 -1
0 0 —1000

(73)

Then, one gets the matrix

—1547 452 452
M+ Ny =| 452 —1547 452
452 452 —1547

(74)
Set Ni = 13, N = 17 and N3 = 19. Then, the equation
(34) reduces to

7 + 1547730 + 1547732 + 1547730 + 2188905710

+ 218890577 + 2188905713 + 2569428643 = 0.
(75)

Solving (75), one has
min{larg(z1)], larg(z2)], - - -, |arg(za9) [} = 0.1692.  (76)

It can be observed that the obtained estimate in (76) is greater
than the below-mentioned estimates:
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Fig. 2 Controlled memory chaos of real-order Wei system (66) to
v* = (=100, 50, 100)” under action of affine control law (67) with
(73) where t* = =50, o; = 0.995, ap = 0.999, a3 = 0.997, a = 2,
c=1,d=035

) -1 = (0.995) ~ 0.1202,
i) osan = 3(0.999) ~ 0.0923,
iii) 5%-a3 = %£(0.997) ~ 0.0824.

Therefore, the condition in C; of Corollary 1 is satisfied.
On the other hand, one gets A; = —643, A, = —1999 and
A3 = —1999 are the eigenvalues of .#Z T 4.4 . Set A = 643.
Then, one has .#+ + .#o < —AI. Thus, the condition in
C, of Corollary 1 is satisfied. As a result, it is immediate
from Corollary 1 that the system (7) should be locally ML-
ASTZ to v* = (—100, 50, 100)T in £2. Thus, the controlled
trajectory must obey the bounds given by

Il < €F\/3Eq1 (—643( +500°) In(r*) — v*]
+ lv*|l, t = t* = =50,

(77)

where Ct = /C* > 1 and 6 € (0, 1].

The simulation is shown in Fig. 2 with the implantation of
control law (67) to (66) with the selection of control matrix
(73). It illustrates the convergence part of the effectiveness of
the theoretical result to control the trajectory to an achievable
target goal: v* = (—100, 50, 100)T.

Let ENM denote the Euclidean norm measure of con-
trolled trajectory obtained in Fig.2. Let MLE denote the
Mittag-Leffler estimate on the right-hand side of (77). The
simulations for ENM and MLE are presented in Fig.3. It
illustrates that ENM cannot exceed the Mittag-Leffler esti-
mate. Hence, Figs.2 and 3 show that the system (66) should
be Mittag-Leffler asymptotically stabilizable. This closes the
demonstration.

Remark 3 The new design of practical applications (e.g., [4,
5]), including hardware implementation, is out of the scope
of the current research facility at present. It is suggested that
engineers practice making circuit designs to demonstrate the
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Fig. 3 Euclidean norm measure (ENM) and Mittag-Leffler estimate
(MLE) of controlled trajectory shown in Fig.2, where t* = —50,
C* = 4, CT = 2 and & = 0.5. It demonstrates ML-ASTZ to
v* = (=100, 50, 100)”

feasibility of the performance of systems owing to theoretical
validations.

Remark 4 A bifurcation diagram may not give new informa-
tion about the structure of solutions when it comes to real-
or fractional-order systems. For instance, it is known that the
existence of periodic solutions in real-order systems seems
impossible [36, 37]. Thus, a bifurcation diagram may not tell
anything new even if one obtains similar-type phenomena
(e.g.,[38,39]) corresponding to ordinary differential systems
counterparts. The occurrence of observed visual periodic
motions like orbits may not be actually periodic. A ques-
tion of thought we address here for potential researchers is
as follows: Is it possible that the period-doubling route to
chaos is actually possible in real-order systems? On the other
hand, computing Lyapunov exponents for fractional-order
systems seems quite challenging. Although there is no rigor-
ous theory available so far in the current literature, the sign of
Lyapunov exponents may not give exact information about
system behavior. The basin of attraction of fractional-order
systems is not easy to compute due to the involvement of a
long memory of system behavior. The boundaries of clas-
sifications of various types of solutions in fractional-order
systems remain unknown to date. We believe that these use-
ful discussions might bring new challenges and light in the
direction of the achievement of surprising phenomena in the
field of the theory of real-order systems.

Example 2 Suppose we wish to control the non-asymptotic
trajectory of a real-order system

11
Tt = Zm (o) + sin’(t — i)
+ sin® (2 (6)) + w1 (1),

11 R
Dm0 = —m(0) +cos’(t = ()

% 10%03

—m(t)
— (1)

-10¢

15 ‘ ‘ ‘ ‘ ‘
50 60 70 80 90 100 110

t

Fig. 4 Non-asymptotic (unbounded) response of system (78) when
inputs u; (t) = 0,i = 1, 2, where t* = 50, o = 0.9 and op = 0.7

+ sin? (1 (1)) + u2(2). (78)

with n; (t*) = 7;(*) for i = 1,2, where a1, € (0, 1],
t* € R and u; () needs to be designed fori = 1, 2.

When control inputs u;(t) = 0 fori = 1, 2, the system

(7181) can be represented by the form in (7), where M (t) =
L sin?(r — 1) 0

|: ’ 0 D+ cos?(t — t*)] and

g(t, n(®)) = (sin® (n2(1)), sin’ (nl(t)))T. We let * = 50,

o; = 0.9 and ap = 0.7. The simulation [35] shows that the

system (78) has a non-asymptotic response indicated in Fig. 4

starting from initial values

n(50) = 1 (50), 12 (5ONT = (50, —100)7 with input

ui(t) =0fori =1,2.

Suppose we wish to control the obtained response to a
target vector v* = (0, O)T that is present in the system (78).
Based on the affine control strategy discussed in Sect. 4, we
design the control law

u(t) = (ui (1), ua())” = K&(t) — v* (79)

where entries of K = [k;;] € R2*Z peeds to be selected and
&(t) = n(t) — v* = n(t). Then, the control system becomes

<C@ﬂf,§1(t)> _ (sin2 (éz(t))>
Cgpliem) — \sin? (G10)

N [171 +sin(t — 1*) + ki1 ki }

ko1 % + COSZ(I — ")+ kxn
<§1 (t)>
&)

Here we wish to apply Theorem 5. Note that the function
g(t, n) satisfies global Lipschitz condition in Assumption 2

(80)
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Fig. 5 Controlled response of system (78) when implemented affine
controller (79) with (84), where t* = 50, «; = 0.9 and ap = 0.7

with constant L = 2. In view of Assumption 3, we take the
Metzler matrix

11 -2 *
Ap(t) = |:2 (5 + sin?(z |—kt |) + ki1) + k12|
21
(81)
k12|
2 (48 +cos?(t — 1*) + k) + lkai] |
and set the constant Metzler by
13 + 2k11 + |ki2] k12| ]
MY = : 82
|: k21| 13 + 2kon + [ka1 | 62)

Then, we let the nonnegative matrix in Assumption 5 by

Ny = [i ‘51 . (83)

Here we select the control matrix

—15 1
K = [_1 _20] (84)

Then, one gets the matrix

N [~ s
M +</Vj_[ s o1l (85)

Since A| = —16— 54/2 and A = 54/2 — 16 are the eigenval-
ues of AT + N, onehas At + Ny < —(16 — 52)1,
where I € R2*2, Therefore, the condition of Theorem 5 is
satisfied.

It can be concluded that the system (78) should be globally
ML-ASTZ to v* = (0,0)”. The simulation shown in Fig. 5
illustrates the effectiveness of the theoretical results owing to
the proposed control method. This closes the demonstration.

@ Springer

7 Conclusions

Mittag-Leffler asymptotic stabilization of random initial-
time incommensurate nonlinear real-order systems has been
developed to control the complicated or non-asymptotic tra-
jectories arising in such systems for any target constant
vector in Euclidean space. The approach provides new tools
to obtain precise theoretical measurements of the perfor-
mances of automatic controlled responses under the action
of the linear affine control law that has been implemented in
such class systems. New results introduce order-dependent
and order-independent local and global stabilization results,
which provide Mittag-Leffler decay associated with an exter-
nal order lie between (0, 1]. The results show that if there
exists a suitable control matrix associated with the afore-
mentioned control law such that one finds a scaling bounding
constant to the sum of a constant Metzler matrix and a non-
negative matrix, then it is possible to conclude the introduced
Mittag-Leffler asymptotic stabilization.

In the demonstration, at first glance, we discover com-
plicated memory chaos in a no-equilibrium real-order Wei
system that has been controlled to a vector (—100, 50, 100)”
under affine control law when the initial time is —50. Sec-
ondly, a nonlinear real-order system gives a non-asymptotic
trajectory controlled to a target vector (0, 0)” under the pro-
posed control methodology. We have successfully demon-
strated applicable theoretical results and shown that the
method is effective and practically convenient and could
apply to many different real-order systems whenever the ini-
tial time is not limited to 0.

The key advantage of this method is that it provides a way
to control any target constant vector via a linear affine state
feedback control law, although the original system may not
have any equilibrium solutions. In the absence of any other
simple methods, the current demonstration method provides
a new way to investigate the stabilization problems of real-
order systems associated with random initial time acting like
an ultimate intrinsic parameter. It has been discovered that
the limitations of the current demonstration are different. For
instance, the use of Theorems 2 and 3 in engineering control
technology remains an open exercise problem. It is suggested
that control engineers should practice the results to such an
extent in the direction of the achievement of developing real-
world stability theories for advancing control design systems.
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