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ABSTRACT

Visceral Leishmaniasis (VL) is a prevalent vector-borne disease that affects both human and animal
populations in subtropical and tropical regions, contributing to a substantial mortality rate. Establishing
efficient control policies is crucial to eradicating the VL epidemic. The VL epidemic system, containing
reservoirs, vectors, and human populations, can be accurately modeled through differential equations.
Managing the VL epidemic under multiple control policies can be considered a high-order nonlinear
feedback control challenge. This study explores the application of Terminal Synergetic Control (TSC) to
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eradicate Zoonotic Visceral Leishmaniasis (ZVL). Notably, Synergetic Control (SC) is one of the suitable
feedback control methods for manipulating high-order nonlinear systems, providing practical control
inputs because of their chattering-free behavior. Additionally, the convergence properties of the control
system can be enhanced through terminal attraction. Optimization of control parameters within the system
is achieved through the integration of control mechanisms by the Dragonfly Algorithm (DA). The results
demonstrate that the multiple control policies synthesized by the TSC method effectively regulate
subpopulations in alignment with the specified control objectives. Furthermore, the enhanced convergence
rate achieved by the TSC method, in comparison to the SC method, serves as evidence of TSC's
effectiveness in guiding the dynamics of ZVL epidemic eradication. This research underscores the potential
of the TSC method, utilizing optimal control parameters provided by the DA, to achieve targeted outcomes

with improved convergence properties.

Keywords-terminal synergetic control; feedback control; dragonfly algorithm; swarm-based algorithm;
metaheuristic algorithm; zoonotic visceral leishmaniasis; epidemic system; vaccination

I.  INTRODUCTION

Leishmaniasis is an epidemic disease that has become a
significant concern, especially for impoverished populations
[1]. The disease is caused by Leishmania, an intracellular
flagellated protozoan that belongs to the family
Trypanosomatidae, order Kinetoplastida [2, 3]. Leishmaniasis
is transmitted by the bite of the female phlebotomine sandfly.
Depending on the host's immune response and the virulent
factors of the parasite, leishmaniasis can cause different forms
of clinical manifestations, including Cutaneous Leishmaniasis
(CL), Mucocutaneous Leishmaniasis (MCL), and Visceral
Leishmaniasis (VL). Among these symptoms, the most serious
is the visceral infection known as kala-azar [1, 4]. According to
the mode of transmission, visceral leishmaniasis is classified as
Anthroponotic Visceral Leishmaniasis (AVL) and Zoonotic
Visceral Leishmaniasis (ZVL) [5]. Both human and vertebrate
animals, especially dogs, cats, and rodents, can serve as
reservoir hosts for transmission [1, 4]. In terms of
epidemiology, leishmaniasis is endemic in subtropical and
tropical regions in 98 countries [1, 4, 6]. WHO records showed
that up to 350 million people were at risk of leishmaniasis
contraction [1], with 0.7-1 million incidents of such infection
[7]1 and 20,000-30,000 casualties yearly [6]. At present, the
development of a vaccine for humans is still in progress [8].
The effectiveness of eradication of the leishmaniasis spread
depends on the control of the sandfly vector and any reservoir
hosts along with early diagnosis and appropriate treatment [7].

Epidemic models of VL for both anthroponotic and
zoonotic modes have been developed and represented in
previous works [9-14]. The growth rates of different
subpopulations and control policies were included in the
models to describe the dynamic subpopulations of the
leishmaniasis epidemic systems. These dynamic epidemic
models include multiple groups of populations, such as
reservoir, vector, and human populations. The growth rate of
the subpopulations in one group of population is affected by
other subpopulations in both the same and other groups. Each
population group consists of various subpopulations, for
example, susceptible, exposed, infected, recovered,
hospitalized, etc. Thus, popular models and their modified
versions, such as SI, SIR, SEIR, SEIHR, and others, were used
to construct VL epidemic models [9-14]. Typically, the control
policy can be obtained by formulating a dynamic optimization
problem. Then, optimal control can be determined by
Pontryagin's maximum principle [9-14].

As the dynamics of the ZVL epidemic systems can be
represented in the form of various compartment models, it is
feasible to set the control strategies or policies to control the
epidemic disease by using the optimal control according to
Pontryagin's maximum principle, as shown in [10, 13, 14].
However, finding the control for biological systems based on
optimal control requires an accurate model, and it is complex to
find the control policy in analytical form for a high-order
system [15]. Feedback control can be applied to establish the
epidemic control policy. Using feedback control for setting the
policy can be performed under the effects of uncertainties and
disturbances [15]. Moreover, formulating the control policy in
analytical form using a feedback control approach is
comparatively more straightforward compared to employing
the optimal control approach [15]. Consequently, formulating
the control policy for eradicating epidemic systems, as
represented by the corresponding compartment model,
becomes both effective and efficient [15].

Feedback control theory has been used successfully to
formulate control policies for eradicating different epidemic
diseases, such as SARs, Influenza, Ebola, Tuberculosis,
Hepatitis-B, HIV, and COVID-19 [15-35]. In this approach, the
procedure for designing feedback controllers from widely
recognized nonlinear control techniques, such as sliding mode
control, feedback linearization, and synergetic control, was
employed to formulate the control policies [15-36]. Related
knowledge is also utilized to achieve the desired characteristics
or enhance the performance of the control system, such as
control of an epidemic system with time delay, observer-based
control, and robustness, which were also considered in this
approach [23, 30, 31, 33, 34, 37, 38]. Synergetic Control (SC)
theory, following the Analytical Direct Aggregation Regulator
(ADAR) method, can be effectively employed for vector-borne
epidemic systems. This is particularly applicable as these
systems pose high-order control problems involving multiple
inputs and multiple outputs. The SC method, formulated in [39-
41], allows the designer, using an appropriate set of macro
variables, to establish a control law ensuring global stability.
This method is capable of addressing issues arising from noise
and parameter sensitivity [42, 43]. In the design process of the
SC method, the control inputs are solved simultaneously [39-
46]. Previous works have presented various applications of the
SC method, such as power systems [42, 43, 46], mechanical
systems [47-49], biomedical systems [51], and epidemic
systems [21, 22]. According to [36, 50-52], the Terminal
Synergetic Control (TSC) scheme has the potential to improve
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the convergence properties of the control system. However,
designers face the challenge of the singularity problem that can
arise in the control input signal [53]. To address this problem,
the combination of the terminal attraction approach with the
integral expression has been proven to be an effective solution
[53, 54].

In this study, the optimal set of control parameters is
determined using the swarming behavior of dragonflies. The
Dragonfly Algorithm (DA) is a nature-inspired optimization
technique, classified as a metaheuristic algorithm within the
broader range of swarm intelligence algorithms, originally
introduced in [55]. The algorithm mimics the collective
behavior and communication strategies observed in dragonfly
swarms, demonstrating its efficiency in exploring solution
spaces and identifying optimal solutions for numerical
problems. The versatility of DA extends to various
applications, including control systems [56]. When applied to
tuning control parameters, the DA automatically fine-tunes the
parameter values in a control system, contributing to the
optimization of its performance. In the field of statistical
modeling, the DA serves as a powerful tool to fine-tune control
model parameters, ensuring that the system performance is
optimized based on real-world data. Since control systems
often involve nonlinearity, noise, and uncertainty, DA provides
an effective solution by offering a robust mechanism to identify
optimal control policies. It also aligns with the broader trend in
research towards using bio-inspired algorithms to address
complex optimization problems across various fields, including
control engineering and machine learning [57]. Based on the
benefits of employing the TSC method and DA, the primary
focus of this study is to determine control policies capable of
eradicating the epidemic of the ZVL system. This is achieved
by using the proposed TSC method coupled with the DA to
adjust the control parameters. The integral expression is
introduced to avoid the singularity issue in the control input.
Simulations were employed to illustrate and validate the
performance of these control policies. The improvement in
convergence rate can be assessed by comparing the proposed
TSC method with the conventional SC method. The highlights
of this study are as follows:

e The TSC method has not been used to establish a policy
with multiple measures for the ZVL epidemic system.
Implementing the TSC method in this epidemic disease,
which involves 16 state variables with 3 control inputs,
proves more complex compared to previous works with 4
state variables and 1 control input in [21], as well as 7 state
variables with 3 control inputs in [35]. Additionally, the
ZVL epidemic disease involves the dynamics of vector-
borne and reservoir subpopulations along with their
corresponding measures.

e This study introduces an integrated approach that combines
the TSC method with DA, aiming to enhance the
performance of control mechanisms for disease eradication.
This integrated approach is designed to strengthen both
techniques, contributing to a more effective control
strategy.

e The significant improvement in convergence rates achieved

by the proposed TSC method, compared to the conventional
SC method, highlights improved convergence properties.
This suggests the potential for more efficient control of
ZVL through the integrated approach.

II. THE DYNAMIC OF ZOONOTIC VISCERAL
LEISHMANIASIS

As feedback control and optimal control approaches have
been successfully applied in various epidemic contexts [13-35],
the ZVL epidemic model proposed in [13], among other ZVL
mathematical models developed in previous works [9, 12-14],
attracted significant research attention in this study. One reason
is that the proposed control policies are implantable in practical
situations such as vaccination control for dogs and human
hospitalization [13, 14]. Instead of applying the annihilation or
culling policy on the animal reservoir, the vaccination control
policy was employed to avoid ethical concerns [13]. This study
used the model developed in [13] to employ the TSC method to
define multiple control policies for the ZVL epidemic system.

According to [13], three populations, vectors (sandflies),
animal reservoirs (dogs), and humans, are contained in the
leishmaniasis  transmission model. The subpopulations
corresponding to each population are defined as follows. First,
the dog population consists of four subpopulations of dogs
which are Susceptible (S), exposed (E), infectious (I), and
recovered (R) subpopulations, denoted as S;, E;4, I; and Ry,
respectively. Second, three subpopulations of the sandflies are
susceptible, exposed, and infected subpopulations, defined as
Sy, Ef and Iy, respectively. Third, the human population is
divided into five subpopulations including susceptible,
exposed, infected, Hospitalized, and recovered subpopulations,
represented by S, Ej, I, H;, and Rjrespectively. The dynamic
transmission of ZVL, representing the interaction among the
dog, sandfly, and human populations, is presented in (1), (2),
and (3) as follows [13]:

Dog population:

: b 1¢Sq(1-

Sy =Aq+ pN, _%‘(“M_M&\

. braBral FSa(1—us (t))

Eq = e A fNZ — - TaEq — MaEq (1)

id =TqEy —1rglyg — dgly — palg

Ry =14lqg — paRa

N———

Sandfly population:
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~ _ braBaflaSy
B == ~ Uk —mEs )

—(q + U NP Ep — 1oup (0 Ef
_rouz(t)lf

Human population:
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where Nd=5d+Ed+Id+Rd’ Nf=Sf+Ef+If’ and
N,=S,+E,+1,+ H,+R,. The parameters of the ZVL
epidemic system in (1), (2), and (3) are defined as follows. The
birth rates corresponding to the dog, sandfly, and human
populations are denoted by 4,4, As and A, respectively. The life
span of the dog, sandfly, and human populations are
represented by py, s, and p,,, consecutively. The parameters
of the average biting rate per infected sandfly to dog and
human are defined by bs; and by, , successively. The
parameters, Brq , Bqr and By, represent the transmission
probabilities from infected sandfly to dog, from infected dog to
susceptible sandfly, and from infected sandfly to susceptible
human, respectively. The death rates caused by the visceral
leishmaniasis of dog, sandfly, and human populations are
denoted by d;, d; and dy, consecutively. The incubation
periods of dog, sandfly, and human populations are represented
by 74, 75 and 75, successively. The recovery rate of infected
dogs is r; . The recovery rate of recovered humans from both
natural and hospitalized recovery are r; and 1, respectively.
The parameter § is referred to as the rate of hospitalization for
humans. Three control policies were applied in this model
based on [13]. u, (t) represents the effectiveness of vaccination
as a preventive measure, U, (t) indicates the effectiveness of
the insecticide used at breeding sites for the sand fly
population, and ug(t) reflects the effectiveness of personal
protection measures designed to reduce sandfly-human
interactions in the human population. All control policies are
constrained as 0 < u;(t) < 1, Vi = {1,2,3}.

The mathematical model in (1), (2), and (3) can be arranged
in the affine nonlinear state space form containing state
vector, x = [Sd Ed Id Rd Sf Ef If Sh Eh Ih Hh Rh]T . and
control vector, u = [U1 Uz U3]T, as:

x=f(x)+gx)u “

where:

[ f1() T
f2(x)
f3(x)
fa(x)
f5(x)
_ fe(x) _
T0=1re0 |7
fa(x)
fo(x)
fio(x)
fi1(x)
L f12(x)]
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with g,(x) = LT g () = - 2O g () =
—(roxs + A:Np) s ge(X) = —1o%X6 , g7(x) = —19%7 , gg(X) =
bthfhx7x8’ and go(x) = — brnBraXx7Xg )
N, Ny,

For further details of the ZVL epidemic system, readers can
consult [13].

III. THE CONTROL POLICY FOR THE ZOONOTIC
VISCERAL LEISHMANIASIS EPIDEMIC SYSTEM

A. Terminal Synergetic Controller (TSC) Design

Considering the formulation of the optimal control
presented in [13], the control objective to determine the
multiple control policies using the feedback control approach is
defined such that the exposed dog subpopulation x,, the total
sandfly population Nf, and the exposed human subpopulation
X9 approach to zero as time increases. Consequently, the
corresponding reference signals are set as X, = 0, N, = 0,
and xq, = 0.

This study employed the TSC method proposed in [50]. In
this approach, the Proportional and Integral (PI) type macro
variable was defined so that the terminal attraction is satisfied.
Importantly, it is beneficial to use this macro variable, since the
singularity in the control input can be prevented by the integral
expression [53, 54].
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Based on [39, 42, 43, 45, 47, 50, 51], the process of
synthesizing the TSC method to regulate the subpopulation can
be presented as follows.

First, to improve the convergence properties of the control
system, the macro variables were selected as follows [50]:

t
Yy = kpaex(t) + kip fa e,92/P2 (v)dr)
l/)f = kpfef(t) + kl.f fat equ/pf('[)d'[ } (5)
t
o = kpoeo(t) + kis |, €%/ (2)d )
where e, ef, and e are tracking errors denoted as: e, = x, —
Xor> € = Np — Npp., and eqg = Xg — Xqr. The coefficients, ky; ,
kiz , kpr, ki, kpo and k;q are positive real numbers. The
exponent terms, p,, 4z, Py »qs> Po and qq are positive real odd
numbers with 1 < Pic2, Vi={2,f,9}.

controller parameters Thelr selection affects the convergence
rate of each tracking error to zero.

These are the

Second, the dynamic evolutions of the macro variables in
(5) are expressed as (6) [42, 43, 45,47, 50, 51]:

Tzll:)z +¢, =0
T9lp9 +9Yy=0

where T, Ty, and Tq are positive numbers. The convergence
rate of each macro variable to the corresponding dynamic
evolution depends on these parameters.

After substituting macro variables in (5) into (6), the
dynamic evolutions become (7):

Ty (kpaé, + kize,92/P2) +1p, = 0

Tf(kpfef + kifequ/pf) + lpf =0 (7)

T9(kp9é9 + ki9e9q9/p9) +Py=10

Based on the ZVL epidemic system in (4) and dynamic

evolution in (7), the multiple control policies can be obtained
as (8):

u; = go(x)” 1{kp2 Tz_llpz - kLZeZqZ/pZ fz(x)}

U, = gr(x)” 1{kpf_1[_Tf YW — kipepUPF] — fr ()}

uz = 99(x)_1{kp9_1[_T9_11/)9 — kigeg19/Po] — f9(x)}
(®)

where f¢(x) £ fs(x) + fe(x) + f7(x)
9e(x) + g7 (x).
B. Control System Stability

and gr(x) £ gs(x) +

The proof of stability of the control system is referred to in
[50] and is divided into two parts. The first part is to prove the
stability of the dynamic evolution. Then, the stability of each
tracking error corresponding to the control objective is proved
in the second part. To investigate the stability of the set of
dynamic evolutions, the Lyapunov function is defined as (9):

Vi = 0.5¢,% + 0.5 + 0.5¢9° ©)

The derivative of V can be found in (10):

Vi = Yoty + ety + oy (10)

Considering the dynamic evolution in (6), the derivative of
the Lyapunov function can be expressed as (11):

Vi =,(-T ;) + wf(_Tf_llpf) + Yo (=T~ "1hg)
= =T, ," =T " =T " <0 (1D)

The derivative of the Lyapunov function in (11) shows that
the macro variables converge to zero by the control input in (8).

Next, the proof of the stability of the dynamic errors, e, (t),
er(t) and eq(t) when P, =0, Py =0 and 1Py = 0 can be
performed as follows. The Lyapunov of the error dynamic is
defined as (12):

V2 = 0.5922 + 0.5€f2 + 0.5692 (12)
and the derivative of (12) is founded in (13):
V, = €36, + epér + eqéy (13)

According to (5), with ¢, =0, Yy = 0 and 1o = 0, the
derivatives of the dynamic errors can be determined as (14):

ez(t) — __e qZ/pZ
& (6) = —@%W” (14)
éqo(t) = _k_:e Q9/P9J

Then, (13) can be written as (15):

ar 49
kiz k
V2=e2(——e21’2)+ef ——fe + 9(——19991’9)—
kp2 kps kpo
ar
42 k: <—)+1 . 49 q21p2
_&e (p )+1_ie pr _kieg(pg)-*‘l:_kie P2 —
kp2 kpr kpo kp2
ief(qf‘*‘pf)/pf _ "ieg(qgwe)/pg (15)
kpg kpo

The numerators of the exponent terms are even numbers
and can be written as (q, + p;) = 2s;, (qf + py) = 2spand
(qo + Do) = 259, where 5,5, and sq are positive integers.
Then, the derivative of V, can be found in (16):

V, = — X2 g 250/p2 L o 25p/py _ Kt o 250/p0
kp2 kpg ° kp9
s
s2 f
Kia ¢, o2 _ Kif o) pry2
— e, P2 — elf
o2 (e2r)? =L (e™)
k.
_;9(3959/179)2 <0 (16)
kpo

Equation (16) implies that all tracking errors converge to
zero when the macro variables are zero. Thus, according to (11)
and (16), the designed control policies in (8) can manipulate
the state variables corresponding to the control objective to the
desired levels.

Remark 1: For the boundedness of the rest states, from (16),
it is known that N is finite, hence x5, x4, and x, are all
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bounded since Ny = x5 + x¢ + x7 and the nonnegativity of the
states x; to xq, [13]. By considering (67) and (69) of [13], if
some suitable parameters and initial conditions are chosen, then
the boundedness of N; is guaranteed, thus the states x; to x,
are bounded by N; = x; + x, + x5 + x,. A similar argument
can be stated for the boundedness of states xg to x;, whenever
some suitable parameters and initial conditions are chosen.

Remark 2: The parameters ki;, kpy, kif, kpr, Kig, Kpo, T2,
T, and Ty are all responding to the tuning rate of convergence
of each variable that it corresponds with. To illustrate, from
(16), the parameters k;,, kyy, Kif, Kpf, kio, and kpq are related
to the rate of convergence of the Lyapunov function
ki,ki, and @, the faster the
kp2 " kpr kpo
Lyapunov function V, (e, e, €9) converges to zero. For T,, Ty,
and Ty, considering (6) Vi = {2, f, 9}

Tip; () + () = 0
Pi(t) =P;(0)e T

Hence, the parameters T, T, and Tq correspond to the rate
of convergence of ;(t) for i = 2, f, 9, respectively.

V,(ez €r,€9). The larger of

C. Controller Parameters Tuning Using Dragonfly Algorithm

In this study, the DA is applied to optimize the performance
of the ZVL control system by setting the optimal values of
control parameters. The original MATLAB code for the DA
was modified [58], and Figure 1 illustrates the modified DA.
The goal is to find the best combination of parameters to
minimize a specific objective function. The tuning objective
function (myObj.m) is defined to allow the DA to be called
with a set of varying tuning parameters for simulation in each
iteration. The objective function initiates the simulation,
subsequently returning the objective as the summation of u?2,
i.e. w32 + uy? + uz?. The main.m function of the original DA
has been edited to configure fobj=@myObj, and dim=9, as the
number of tuning parameters. The nine control parameters were
chosen as follows: k;5, kif.Kig, Kpzs kpr.Kpo, To, Tr, and To.

___Original DA’s MATLABCode S-function___
i - ~ o ——— \J ‘I
i \
i ( DA Main Script simulink : ftont Jit
with upper and Model : 14
i| lowerbounds o i L o Controller "

controller 3 ' t
parameters 4

i g Y L. : N o
: DA x MyObj.m Global
: < Algorithm im'nz u? Controller
| ) Function Obj. Parameters
4 i )
5 )

A ie. u?=(uj +uj + u3)

( Optimal Sets
(Minimum Cost)
of Controller
Parameters )

.S

Fig. 1. The diagram of the DA for TSC control parameters tuning.

IV. SIMULATION

Initially, the simulation example of the ZVL epidemic
system, controlled by the multiple policies outlined in (8), is

introduced. Subsequently, the second subsection presents the
simulation results and corresponding discussions.

A. Simulation Example

The mathematical model of the ZVL with the numerical
parameters was from [13] and the literature therein. Then, the
designed TSC method in (8) was employed to demonstrate the
feasibility and performance of the proposed method.

The numerical values of system parameters were from the
[13, 59-61] as follows: 44 = 0.02, A, =0.05, 4, =0.05,
ﬂd_l =700 N ‘uh_l = 12,000 . bfd =0.1 N bfh =0.1 N ‘de =
0.5, Bdf = 07, th = 05, dd = 001,df = 0, dI = 00067,
dy =3x107*, mf=1><10'4 , Tg 1 =10, Tf'1=6 ,
7,7 1=60, §,=08, r;, =001, ,=0.12, 1y, =095,
p=1x10"3%, 4, =002, pu, =5%x10"%, r,=0.2, and
y, = 2.85 x 1073,

The control inputs are constrained as 0 <u; < 0.6,
0<u, <05, and 0 < u3 < 0.6. The upper bound of each
control strategy was set based on [13], which assumes that the
effectiveness of each control strategy may not be fully
achieved.

Nine controller parameters are derived from DA. To
prevent singularity (when some parameter equals 0) in the
control calculations, the lower bounds are established as
follows: i) ki = kir = kig = 0.01, ii) ky, =
0.5, and iii) T, = Ty = Ty = 0.0003.

kpr = kpo =

The upper bounds are established as follows: i) k;; = k;r =
kig = 0.2 5 ii) kpz = kpf = kpg = 2.0 and iii) Tz = Tf =
Ty = 20.0.

After 18 iterations, DA yields the optimal set of TSC
control parameters as follows: k;; = 0.01, ki = 0.01,
kig = 0.2, kp, = 2.0, k,r = 2.0, kg = 1.1134, T, = 20,
T, = 20, and Ty = 0.04717. The cost function decreased
from 2840 to a minimum of 2660, as illustrated in the
convergence curve plot in Figure 2.

Convergence curve
2840 ‘ =
2820 4
2800

2780 b

ction

T 2760

"~
3
B
2
I

ost fun

2720

e

2700 - 1

2680

2660 - =
L L

0 5 10 15 20 25 30 35 40 45 50
Number of iterations

Fig. 2. The convergence curve of DA for TSC control parameters tuning.
e To present the improvement of the convergence rate, the
TSC method was performed and compared with the
conventional SC method. The conventional SC method was
synthesized in the same procedure as that of the TSC

www.etasr.com

Kumsaen et al.: Terminal Synergetic Control with the Dragonfly Algorithm for Zoonotic Visceral ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 6, 2024, 1856918578 18575

method. However, the macro variables were defined as
Yo = kpaea(t), Yy = kprens(t) and g = kpoeq(t). The
simulation time is from t = 0 to t = 300 days. In the
simulation, the Runge-Kutta method was used to solve the
state variable of the control system.

B. Simulation Results and Discussion

The example of the control system was simulated. Figure 3
shows a plot of state variables according to the control
objective including the exposed dog subpopulation x,, the total
sandfly population Ny, and the exposed human subpopulation
Xq . Figure 4 shows the time responses of all infected
subpopulations, including infected dogs x5, sandflies x,, and
humans x;o. Figure 5 shows the multiple control policies
consisting of the vaccination control for the dog population u,,
the annihilation or insecticide of the sandfly u,, and the
prevention control for the human population u;
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Fig. 3. Comparison of the convergence rates between the TSC and SC

methods for exposed subpopulations: (a) Exposed dog subpopulations,
(b) Total sandfly populations, (c) Exposed human subpopulations.

The plot of time responses in Figure 3 shows that the TSC
method could regulate the state variables according to the
control objective. The exposed dog subpopulation, total sandfly
population, and exposed human subpopulation converge to
zero as time increases. In addition, the TSC method provided
better convergence rates compared to the results of the
conventional SC method.

In addition, the time responses of the infected dog
subpopulation x; , infected sandfly subpopulation x,, and
human subpopulation x;, under the TSC method and the
conventional SC method were compared in Figure 4. Under the
multiple control policies given by the TSC method, all infected
subpopulations approached zero as time increased. Moreover,
the convergence rates of the infected subpopulations, when
controlled by the TSC method, surpassed those controlled by
the conventional SC method.
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Fig. 4. Comparison of the convergence rates between the TSC and SC

methods for infected subpopulations: (a) Infected dog subpopulations,
(b) Infected sandfly subpopulations, (c) Infected human subpopulations.
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In Figure 5(a), it is observed that the vaccination control for
the dog population, as per the conventional SC method,
remained at the maximum level from the initial time to the final
time. In contrast, the TSC method initiated at the maximum
level and experienced a reduction from 30 to 70 days, reaching
the minimum level of 0.22 at 60 days. In Figure 5(b), the
insecticide control for the sandfly population in both
approaches reveals an initiation from initial positive values,
stabilizing at different levels. Notably, for insecticide control,
the TSC method requires a faster increase toward a higher
maximum level than the conventional SC method. The personal
protections employed by both TSC and SC controllers reached
the same maximum levels, as shown in Figure 5(c).
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Fig. 5. Comparison of the control policies between the TSC and SC
methods: (a) Vaccination control for exposed dog subpopulations, (b)
Insecticide control of sandfly subpopulations, (c) Personal protection of
human subpopulations.

Although the TSC method required a higher control effort
than the conventional SC method, the time responses of all
target subpopulations with optimal controller parameters

converged more rapidly to the desired levels. This improved
efficiency is crucial for the eradication of the ZVL epidemic.
As expected, the multiple control policies adhered to the
chattering-free characteristic, an essential aspect for practical
policy application. Additionally, including terminal attraction
with integral expression in the synthesized control law
successfully avoided singularity in the control signal. Although
the TSC method requires greater control efforts, it facilitates
faster stabilization of key epidemiological variables at the
desired levels, making it more effective in situations where
rapid disease containment is essential. However, the method's
sustainability depends on balancing its increased control
demands with long-term feasibility, particularly in resource-
constrained areas. Compared to traditional approaches, such as
the SC method, the TSC approach is more responsive, offering
significant advantages in regions with high transmission rates
of vector-borne diseases, including ZVL. From a practical
perspective, integrating vaccine protection, sandfly control, and
personal protection into a comprehensive strategy can
significantly improve epidemiological outcomes, especially in
developing regions where the disease burden is high.

The proposed TSC controller could serve as a guideline for
implementing healthcare resource planning in real-world
situations, including strategies for vaccination, insecticide use,
and other interventions. The proposed control law can be
viewed as a lower-bounded controller for policymakers to
manage the infected population and achieve fixed-time
stability. Furthermore, this study suggests an optimal solution
by tuning the parameters using DA to enhance the controller's
implementability.

V. CONCLUSION

This research focused on the application of the TSC method
to determine multiple control policies for the eradication of
ZVL. These policies encompass vaccination for the dog
population, insecticide treatment of sandflies, and personal
prevention measures for humans. The integration of the DA
facilitated the optimization of the control parameters,
enhancing the performance of the TSC method. Singularity
prevention in control input signals was achieved through
terminal attraction with the integral expression. Based on
numerical simulations, the TSC method could manipulate the
state variables so that the control objective was satisfied. The
corresponding all-infected subpopulations converged to zero.
The selection of macro variables with terminal attraction could
enhance the convergence rate of the control leishmaniasis
epidemic system compared to the conventional SC method.
Furthermore, having chattering-free control inputs is beneficial
and practical when implementing epidemic prevention and
control policies. This research serves as a feasible strategy for
developing robust control mechanisms to eradicate vector-
borne diseases.
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