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This study proposes an Aquila optimization—based tilt acceleration
derivative filter (AO-TADF) controller for robust regulation of blood
glucose (BG) levels in patients with type-I diabetes mellitus (TIDM) using
an artificial pancreas (AP). The primary objective is to develop a controller
that ensures normo-glycemia (70-120 mg/dl) while enhancing stability,
accuracy, and robustness under physiological uncertainties and external
disturbances. The AO algorithm tunes the control gains of the TADF
controller to minimize the integral time absolute error (ITAE), ensuring
optimal insulin infusion in real time. The AO-TADF controller introduces a
filtered structure to improve the dynamic response and noise rejection
capability, effectively handling the nonlinear nature of glucose-insulin
dynamics. Simulation results demonstrate that the proposed approach
achieves a faster settling time (230 minutes), lower peak overshoot
(3.9 mg/dl), and reduced noise (1%) compared to conventional proportional
integral derivative (PID), fuzzy, sliding mode (SM), linear quadratic
gaussian (LQG), and Hoo controllers. The closed-loop system achieves a
stable glucose level of 81 mg/dl under varying meal and exercise
disturbances, validating the superior performance and robustness of the
AO-TADF approach.
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NOMENCLATURE
Nomenclature Description Nomenclature Description
1,(t) Plasma insulin concentration G(t) BG level
Lops(t) Insulin absorption rate Ch Carbohydrate
V; Volume of distribution of insulin in deciliter per kg. Cherie Critical value of carbohydrate
I,(t) Active insulin concentration Ggut (1) Glucose absorption by the gut
K, Delay rate of insulin action for I, Gin () Glucose intake rate to the VB from the gut
K, Delay rate of insulin action for /, Kgaps Glucose absorption rate constant from gut
oo () Effective active insulin Tascg,e Rising time from 0 to V max,
Lep (D) Effective plasma insulin Tdesy, Falling time from V max,, to 0
Sy Specific peripheral insulin sensitivity Ipasal Basal value of plasma insulin
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Nomenclature Description Nomenclature Description
Sh Specific hepatic insulin sensitivity Gren(t) Renal excretion of glucose by kidney
Goue (1) Total glucose utilization rate for all GM organs. K, Tilt gain
Giiver(t) NHGB rate of the liver K; Integral gain
Vi Glucose distribution volume in the VB K, Derivative gain
n Coefficient of tilt N Pre-filter gains

1. INTRODUCTION

According to the World Health Organization (WHO), one of the most prevalent diseases is diabetes
mellitus, which results from pancreatic dysfunction. It lowers insulin sensitivity, which has an impact on a
person's blood glucose (BG) level's normo-glycemic range. To cope with this challenge, a number of
researchers are currently developing cutting-edge medical devices like a micro insulin dispenser (MID)
which is automated. After the open-loop control approach was put into place, the BG concentration was
manually maintained. Hypoglycemic or hyperglycemic conditions may arise as a result of difficulties in
applying the control loop technique to manage external interruptions and internal system changes. The
creation of implanted artificial pancreas (AP) devices that enable the patient's body to get an appropriate dose
of insulin based on sensor readings could pave the path for the use of closed loop control techniques.
Combination of type-I diabetes mellitus (TIDM) patient model with AP in a closed loop is shown in Figure 1.
Three parts constitutes the AP are a MID, a controller, and a sensor. The glucose sensing device monitors the
level of blood sugar of the patient model and transfers detailed input to that controller. The control unit
delivers a controlling signal using the data from the sensing device. Signal from the controller imparts a
signal to the MID for pumping suitable dosage of insulin. To build an optimal solution for the AP, a number
of obstacles and limitations must be addressed. These include the influence of non-linear properties, time-
based dynamics, various forms of interaction, uncertainties, and an inability to sense glucose.
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Figure 1. Standard realistic illustration of an AP with TIDM patient

The control challenges include monitoring and assessment of food intake, significant delays in
glucose estimation, prolonged insulin uptake after infusion, insulin action generated internally, fluctuations in
parameters of the model, risk of extreme BG variations due to its asymmetry, and time-based control
requirements [1]-[5]. The aforementioned problem has seen significant technological advancement, but the
control algorithm still has to be much improved. The PID controller was suggested by several writers as a
workable method for evaluating glucose excursions after AP insulin dosage modifications [6]-[9]. The
inability to achieve the necessary performance to provide good robustness, precision, and reliability was
caused by non-variable gain factors, insulin action, and the interval between glucose detection. Among the
best control strategies to address problems with glucose monitoring are genetic algorithm (GA) [10]-[14],
fuzzy [15]-[18], sliding mode (SM) [19]-[22], linear quadratic gaussian (LQG) [23]-[25], Hoo [26]-[28] and
model predictive (MP) control [29]-[31]. When patients with normal blood sugar were monitored with the
aforementioned controllers, their performance was somewhat enhanced compared to PID controllers. The
preceding controllers perform better, but they are not impervious to uncertainty and interruptions in the
model. There is no assurance of stability provided by these controllers. They do not have a particularly wide
operational frequency range (bandwidth). They do not have as quick control dynamics. Furthermore, they
lack complete robustness. In order to prevent slow reaction following a meal disturbance and to enhance
performance, the present analysis offers a different innovative method basing on the suggested adaptive
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controller (AO-TADF). With the use of this AO approach in this proposed method, the controller
specifications of AO-TADF are adjusted for better control execution. Following are some justifications for
taking into account AO technique:

- AOA exhibits a quicker rate of convergence.

- AOA maintains more accurate and consistent outcomes.

- In contrast to other optimization strategies, installation of AOA is simpler and quicker

- AOA increases the algorithm's global and local searching capabilities.

- AOA works with greater accuracy for nonlinear performance indexes like ITAE.

Regarding the aforementioned, the AOA is employed to analyze the value of parameters for control
of the recommended controller (AO-TADF) in order to regulate blood sugar in individuals suffering from
type I diabetes. This design employs an inventive idea by adding a filter to the TID controller. The filtering
process is used to calculate the system states, which are then rapidly drawn towards the point of equilibrium.
Consequently, it attains enhanced precision, heightened resilience, superior noise-cancellation effectiveness,
and better handling of uncertainty. Secondly, the filtering strategy is used to create a stabilizing control law.
Numerous control options are available for system parameters using the recommended controller
(AO-TADF). To maintain patient normo-glycemia, the proposed controller adjusts to all potential disruptions
and patient circumstances. In contrast to other modern, widely recognized approaches for BG level
management of TIDM patients, the suggested approach guarantees a more resilient controller under
mismatched and matched uncertainty. The proposed approach introduces a novel AO-TADF controller for
robust blood glucose regulation in TIDM patients. The conceptual novelty lies in integrating the AOA to
optimally tune the control gains of the TADF controller, ensuring superior noise rejection, robustness, and
dynamic adaptability. Unlike traditional methods, AO-TADF handles nonlinearities, uncertainties, and
disturbances efficiently, achieving better glycemic control and faster system response under varying
physiological conditions. The manuscript's novel contributions include the development of a new AO-TADF
controller that integrates AOA with a Tilt Acceleration Derivative Filter to dynamically adjust insulin
infusion for TIDM patients. This is the first application of AOA for tuning TADF parameters in artificial
pancreas systems, ensuring robustness, precision, and adaptability under physiological uncertainties and
meal/activity disturbances. Here is a highlight of the major contributions made by the suggested patient
framework with AO-TIDF controller:

- Development of a numerical model to monitor BG levels is based on the patient's glucose metabolism
(GM) process.

- To design an AO-TADF controller for a TIDM patient to track BG levels to achieve normo-glycemia.

- Using the AO-TADF controller to examine the patient's features under abnormal circumstances to support
its improved performance.

- A comparative analysis is carried out to verify that the recommended technique is superior.

The purpose of this research is to address the challenge of robust BG regulation in TIDM patients,
particularly under nonlinear dynamics, uncertainties, and external disturbances, where traditional controllers
(PID, LQG, and Hoo) fall short in maintaining stable glycemic control. To fill this gap, we propose the AO-
TADF controller, which combines AO with a Tilt Acceleration Derivative Filter to enhance adaptability and
precision. The main findings demonstrate that AO-TADF achieves faster settling time, reduced overshoot,
undershoot, minimal noise, and strong robustness against parameter variations and meal disturbances. These
results imply that the proposed controller offers a more effective and reliable control strategy for artificial
pancreas systems, improving clinical outcomes for TIDM patients and advancing the design of intelligent
insulin delivery systems.

The following is the article's consistent structure: The GM process's possible explanations are
displayed in section 2. Section 3 outlines some specifics of the recommended controller's (AO-TADF)
method for BG level maintenance. Section 4 shows the simulation and numerical outputs of the AO-TADF
controller. Section 5 illustrates the findings from the observations.

2. MATERIALS AND METHOD
Section 2 addresses the clinical background, mathematical model of the non-linear physiological
process, and BG profiles of the different organs of the TIDM patient.

2.1. Clinical history

A group of clinical conditions together referred to as diabetes mellitus or hyper-glycemia are
characterized by a consistently increasing amount of arterial glucose (AG) exceeding 144 mg/dl. It may be
the consequence of insulin activity, insufficiency, or both. The incapacity of the body to utilize glucose
correctly is the cause of diabetes. Whether a body is type I or type II depends on the amount of insulin it
takes. When a patient has type I diabetes, their body is incapable of producing any insulin at all. In type II
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insulin is released more slowly and has a smaller range of action. The body appropriately monitors glucose
levels despite the differing demands of meals, fasting, or exercise [32], [33]. That first energy source is
glucose. Glucose is required by the human body for every activity. Glucose is taken up and absorbed by the
venous blood (VB) from the gastrointestinal tract. Carbohydrate diets deliver glucose into the gastrointestinal
region. It is the glucose that is in circulation from an “external” source. The intestine supplies glucose, which
the VB then moves to the liver. The liver stores BG as glycogen and while the BG level becomes low
enough, it returns to VB. It provides the “internal” glucose. The process of glucose metabolism with oxygen
generates energy, carbon dioxide, as well as water inside the cell.

Insulin, which controls BG levels, is produced by the pancreatic B cells. In a normal person with
high blood glucose levels, insulin performs two main functions: It first facilitates the liver to take up glucose
and transform it into glycogen. which is particularly crucial while consuming meals. Thus, excess “internal”
glucose can no longer be produced by the muscles or liver. Secondly, insulin helps the body use glucose in
the muscles to meet its peripheral energy requirements. Due to anomalies in the kinetics of metabolic
processes, it has been shown that each of these two acts is either completely or partially hindered in diabetic
individuals. An uncontrolled blood glucose level is noted in diabetes patients when their cells cease using
glucose and the liver generates internal glucose. Kidney function removes extra VB glucose when blood
glucose level surpasses 162 mg/dl.

2.2. Structure of the patient

Over the past few generations, glucose-insulin (GI) dynamics demonstrated how the GM process
controls glucose, and the authors have offered numerous models to explain this mechanism. Due of its close
resemblance to human metabolic processes and structural simplicity, Lehmann et al. [32], [33] developed a
model which has extensive application in the modelling and testing of various control schemes. During the
current investigation, this model has been utilized to evaluate how well the recommended glucose levels to
be controlled by the controller. Figure 2(a) shows the six compartments that make up the GM process with
AP: the kidney, stomach, liver, brain, and heart.

This model has been employed in the present study to assess the suggested controller's effectiveness
in regulating the level of sugar in the blood. Figure 2(a) highlights a six-part structure of the gastrointestinal
system's correlation with the assimilated insulin dosage controller: peripheral, kidney, stomach, liver,
brain and heart. The liver produces blood glucose, which is then absorbed with the help of the intestinal tract.
The AG must be continuously observed in order to provide input to the AP. With the MID placed, the insulin
was administered inside the VB is computed in every five minutes, much like the data transmitted to the AP.
However, the sample interval is determined by the sensor mechanism and the support mechanism that is used
here. This model depicts eating and exercise as unsettling the peripheral and the stomach, respectively. After
evaluating insulin, glucose flow, and their attributes, the full GM process in a diabetic patient is synthesized.
A simplified model of the TIDM patient's GM process is provided in light of the demonstrated insulin and
glucose actions as in Figure 2(b). Solid arrows reflect the transmission of glucose flow patterns. The rise and
suppression of blood sugar passage with insulin are shown by 1+ and 1-, correspondingly.
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Figure 2. Overall illustration of the GM process in a TIDM patient: (a) compartmental model of the GM
system showing the interaction among the kidney, stomach, liver, brain, heart, and peripheral tissues; and
(b) simplified representation of the patient structure and the GI dynamics across different body compartments
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2.3. Effects of insulin
As the BG level rises, the AP injects the ideal quantity of insulin within the VB stream. The VB's
insulin action is described as in reference [32]:

dlp(t) _ labs(®)
Zt = I:/I — K1, (1) (1

The value of K, and V; are assumed as 0.123 min~! and 99.4 dl separately. The differentiation of I,(t) in the
VB is stated as:

dlg(t
0 = Kyl (£) = Kyla(t) @
The value of K; and K, are interpreted as 0.00042 min~! and 0.021 min~! separately. The I,,(t) and Lep (1)
within the VB and is mentioned in (3) and (4) accordingly.

leq(t) = Sp(KZ/Kl)[a(t) (3)
Iep(t) = (Sh/lbasal)lp(t) “4)

The acceptable range for both insulin sensitivity values (S, and Sj) are taken as from 0 to 1.0, and value of
Ipasar 18 taken as 1.0mU/dl. All insulin action's dynamic conditions during the genetic modification
procedures are conveyed in (1) - (4).

2.4. Digestive system's glucose concentration rate

The term “gastric emptying rate” refers to the rate at which the gastric emptying subsystem (GES)
forms glucose Gepmpe(t), and presented in the Figures 3(a) and 3(b). Gy (t) attains peak value of Vmax,,
(360 mg/min), and eventually drops to 0. The comprehensive plan of Ggp,:(t) plot is contingent upon the
quantity of Ch ingestion. Figure 3(a) portrays the triangle shape of Gy, (t) under such circumstances of Ch,
when the consumption is below the recommended level of Ch..;; (10.8 gm). Again Ch,,;; can be assessed
by the help of (5). The Tascy, and Tdesg, are defined by the (6). Figure 3(b) illustrates a trapezoidal shape
of Gemp (t) plot in the situation, wheneverCh consumption is same or greater as compared to that of Chyye,
Values of Tascg, and Tdes,, are reserved as 30 min in this approach. T max,, is the period of time during
which Gepype (t) accomplishes V maxg,. It is referenced in mathematical (7) [32], [33].

Cherie = [(Tascge + Tdesge)V maxy,] /2 5)
Tascye = Tdesy, = Ch/V maxg, 6)
Tmaxg, =[Ch — (1/2)V maxy.(Tascy, + Tdesy,)]/V maxy, @)

The Gepmpe () with Ch intake higher than Ch,.is categorized as (8):

Gempt(t) =
{ (Vmaxge/ Tascge)t if t <Tascye
i Vmaxg, if Tascye <t <Tascge + T maxg, )
Vmaxge — (Vmaxg./Tdesge)t if Tascye +Tmaxg, <t <Tascy, +Tmaxg, +Tdesy,
0 if otherwise

where, t is how much time has passed after a previous meal was taken in. The Ggpe (t) plots in both triangle
and trapezoidal forms are recognized and anticipated for computational purposes as indicated in (8). The
Ist order filter production is used to determine the gut's glucose preoccupation rate in relation to the input

Gempt (t)

dGgue(t)
gd—tt = Gempt(t) — G (1) )
Gin(t) = Kgabngut(t) (10)
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The value of Kyqps presumed to be 0.017 min~!. Figure 3(c) shows how quickly the stomach absorbs
glucose with 10 and 60gm Ch consumption. It can be achieved by the application of Gy, (t) and appears
from first order filter depicted in Figures 3(a) and 3(b) distinctly in each of the two situations. Adaptable
factors which are listed in (5)-(8) are examined and carried out for the GES. Furthermore, as shown, the
dynamic circumstances by (9)-(10) suggested for the stomach are also looked into and as well as employed.
The gut's numerical organization is displayed in Figure 4(a).
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Figure 3. Overall representation of the gastric emptying process and glucose absorption dynamics in response
to carbohydrate (Ch) intake in a TIDM patient (a) Plot of Gy, (t) with 10 gm Ch absorption (Ch < Cheyyt)
and (b) Plot of Gempe (t) with 60 gm Ch absorption (Ch > Che,yyt); (c) Gut response with 10 and 60 gm Ch
absorption

2.5. Glucose profiles in the liver, central nerves system, cells, and red blood cell

Liver is responsible for delivering and using the carbohydrates and is defined as net hepatic glucose
balance (NHGB). There are two factors that limit the liver's glucose profile I, (t) and AG. The look-up table
is used to estimate it. The relevant data is gathered by taking the literatures for consideration [32], [33]. The
liver's computational configuration is replicated in Figure 4(a). Glucose utilization by the cells is dependent
on l,q(t) and I,(t). The lookup table shows how glucose is metabolized by cells, and relevant data is
gathered from that literatures. Cell's mathematical structure can be witnessed in Figure 4(a). Red blood cell
(RBC) and Brain are the organs that are insulin-autonomous. central nerves system (CNS) and RBC consume
carbohydrate of 72 mg/hr/kg and 12.96 mg/hr/kg correspondingly. CNS and renal threshold glucose (RTG)
numerical configurations were represented in Figure 4(a).

2.6. Kidney glucose outlines
A portion of the VB's glucose is excreted via the kidney, whenever the BG content G (t) exceeds the
RTG. That is denoted as Gy (t). The G, (t) is dependent on the G (t) and creatinine clearance rate (CCR).
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This is expressed logically in (11). G,.,(t) decreases to zero, when the value of G(t) is smaller than or
identical to RTG as exposed in (12). As per the investigation, CCR and RTG are reserved as 1 dl/min and
160 mg/dl correspondingly. Kidney activity is characterized in accordance to the function [32], [33]:

Gren(t) = CCR(G(t) — RTG)

if G(t)>RTG (11)

Gren(t) = 0 (12)

if G(t) <RTG
An illustration of the kidney's analytical organization is shown in Figure 4(a). It is expressed in relation to the
terminology used in mathematics as indicated by the (11) and (12).

2.7. VB's blood glucose level
Following is the dynamic expression for the BG level within VB [32], [33]:

aG(t) — [Gin(£)+Giiver(t)—Gout (£) —Gren(t)]
dt Ve

(13)

In the present study, V;; is taken as 175 dl. Patient's anatomy is displayed in the Figure 4(a). It is explained
according to the mathematical terminology as indicated in (1) - (13).

2.8. Micro insulin dispenser

The references [34]-[37] suggested a specific kind of MID for this investigation. The theory of
variable pumping rate governs its operation. The most crucial components of this device are the pump return
valve, accumulator, micro pump, storage capsule, and suitable electrical control. Additional sensing and
controlling components include an accelerometer to determine whether or not the patient is awake, and
a pulse monitor used for measuring the heart rate, and a chromatograph to assess blood glucose levels.
A microprocessor compiles all of this data and decides whether to provide the VB with the appropriate
dosages of insulin. In Figure 4(b), MID's simulation architecture is displayed.
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Figure 4. Overall schematic of the AP system and its integration with the TIDM patient model
(a) MID simulation framework corresponding to the patient and (b) Simulated structure of MID
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2.9. Study of dynamic behavior of the patient

In this section, several variables related to changes in BG metabolic processes during the time-
domain responses are illustrated using a 60.00 gm eaten food at 600 minutes and exercising at 1,300 minutes
in a Gaussian environment. This study used the insulin dosage that is set fixed, known as the basal insulin
dosage. Figure 5(a) shows the insulin dose and brief fluctuations in the plasma glucose concentrations of VB.
Figure 5(b) demonstrates anomalies in NHGB rate, gut rate, renal excretion rate and glucose uptake by cells
and the CNS.

The liver and peripheral cells in the VB are the only organs that depend on insulin to regulate blood
glucose levels. When insulin is absent, they consume comparatively less glucose. Under these conditions, the
blood glucose level becomes too high, above the recommended 144 mg/dl. The result is the problem of
hyper-glycemia. The kidney eliminates a part of glucose from the VB, when BG level reaches the renal
threshold glucose (RTG). The kidney's excretion of glucose in relation to BG levels is shown in Figure 5(c).
The implications in Figures 5(a) to 5(c) shows a patient system exhibiting a variety of fleeting responses with
the patient's blood glucose levels which consistently exceeds normal values. It illustrates the degree to
which the patient's dynamics are susceptible to uncertainty and instability. It is necessary to design an AP
using a novel control approach, in order to manage these ambiguities and disturbances in the patient's
framework.
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Figure 5. Characteristic curves for the patient model (a) BG level in relation to insulin, (b) rate of glucose
synthesis and utilization in GM organs, and (c) rate of glucose excretion by the kidneys

2.10. The mechanisms of control

Addendum subsections clearly establish the AO-TADF control mechanism. Using the AO-TADF
controller, the patient's performance is examined for stability, precision, and durability. Indexes of control
like settling time t; (min), steady-state error egs(%), peak overshoot Op,qi, and peak undershoot Up,,, are
evaluated and the AO-AIDF controller examined closely.
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2.10.1. AO-TADF controlling device
Figure 1 depicts the structure of the patient with the AO-TADF controller. Recommended
controller's transfer function (TF) is expressed as [38]-[41]:

TF = Kis™ + Ky (2250) + K, (325 Nys? ) (14)

Ni+s% Ny+sY/ \Ng+sh

where, the control parameters are represented by tilt gain (K} ), acceleration gain (K,), derivative gain (K ),
coefficient of tilt ( 72 ), pre-filter gains (N,, N,, N3), coefficient of accelerations (y and ) and coefficient of
derivative (a). The evaluation of control parameters is based on the response of proposed model for the
lowest value of the fitness function (ITAE). Equation (15) highlights the mathematical equivalence of ITAE

The lowest value of fitness function is responsible for better performance such as less overshoot, undershoot,
and better monitor glucose levels of proposed model.

ITAE = [” |e(t)| tdt (15)
The AOA method is used to analyze control parameters for the purpose of monitoring glucose levels.

2.10.2. Optimization technique

The hunting habits of Aquila serve as an inspiration for AO. A potential solution array (X) in AO is
created by taking the overall count of candidates (V) and the dimension (D). The dimensions of the array are
NxD. Each candidate's selection is determined by [13], [42]-[44] (16).

where, X;;, rand, UB;, and LB; represents candidate of it" row and j** column in X, an arbitrary value
between 0 and 1, Upper limit of j®* dimension, lower limit of j** dimension accordingly. Here, i changes
from 1 to N, j changes from 1 to D. The hunting technique is usually classified into four stages. These are:
i) vertical stooping, high soars, or expanded exploration. ii) short glide or focused investigation during
contour flight. iii) reduced flight having brief descent or extended exploitation. iv) walking and catching prey
or narrowly focused exploitation.

The aquila soars high to survey the hunting area during the high soar and vertically stooping stages
of progression Expanded exploration is the mathematical word for this. This stage is symbolically
represented as X;. Mathematical expression for the expanded exploration stage is explained in (17).

Xyt +1) = Kpest(8) X (1= 1) + K (8) = Xoest () X rand) a7)

where, the maximum number of iterations is shown by T, momentary iteration is illustrated by t, the
upcoming iteration's resolution is depicted by X;(t + 1), the best option or the location of the prey is
exhibited by Xp: (t) and Xy, (t) represents the mean location of the current iteration. In its second phase, the
aquila begins hounding and cornering its prey. This stage is referred to as narrowed exploration or contour
flying with brief glide. A mathematical expression of the narrowed attempt stage is used to symbolize the
narrowed exploration by the (18).

Xo(t+ 1) = Xpose () X L(D) + Xz(t) + (y — x) X rand (18)

whereas the second mode's answer for the subsequent iteration is X,(t + 1), L(D) indicates the levy
propagation for D, Xx(t) signifies the arbitrarily chosen solution for i iteration, y and x clarifies the
Aquila's spiral descent shape. The AO moves into its exploitation stage in the third mode. At this point, the
aquila transitions to low flight with either extended exploitation mode or a brief descent state. Aquila watches
how prey behaves in this mode of state. This phase is denoted symbolically as X;. A mathematical expression
for the expanded exploration phase is explained by (19).

Xs(t+1) = a X Xyps:(t) —a X Xg(t) —rand + 6 X rand X (UB — LB) + 8§ X LB (19)

whereas, the second mode's answer for the subsequent iteration is X3(t + 1), a and § depicts the parameters
for the exploitation stage adjustment. Aquila mimics its landing in the final mode while bringing down its
prey. This stage is characterized as walking and grasping prey, or limited exploitation. This phase is denoted
symbolically as X,. Mathematical expression for the expanded exploration phase depicted by (20).
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Xyt + 1) = QF X Xpest(t) — Gy X X(t) X rand — G, X L(D) + rand X G, (20)

where, the second mode's provided solution for the subsequent iteration is X,(t + 1), QF represents with the

quality function to achieve equilibrium between search approaches, X(t) represents the outcome at it"

iteration, G; and G, illustrates Aquila's motion during the hunting technique. The parameters of the

optimization method are set such that the optimum control parameter values are promptly attained. Until to

the halt point (maximum iteration), the optimization process continues to be carried out once again. The

values of the optimal control parameters are chosen in accordance with the lowest value of ITAE. The

optimal controller gains are chosen on the basis of the AOA as mentioned in Table 1. Further TADF's overall

architecture is depicted in Figure 6(a), which has been developed on the basis of (14) to (20). An intricate

flow chart that illustrates the AOA technique's operation is shown in Figure 6(b). The following 6-steps are

required for connection of AOA to the TADF controller:

a. Initialization: define the search space, including upper and lower bounds for each TADF controller
parameter.

b. Population generation: generate an initial population of candidate solutions randomly.

c. Fitness evaluation: evaluate each candidate using the ITAE as the performance index.

d. Optimization phases: apply the four AOA hunting strategies (exploration and exploitation) iteratively to
update solutions.

e. Convergence check: repeat the optimization until the maximum number of iterations is reached or
convergence is achieved.

f. Optimal selection: choose the best candidate solution (with minimum ITAE) as the final set of controller
parameters for TADF.

Once the AO-TADF controller is designed, it is integrated with the proposed TIDM patient model, as
illustrated in Figure 1. The output response plots of the AO-TADF controller and other compared controllers
(such as PID, Fuzzy, SM, LQG, and Heo) to demonstrate their respective performances. These plots include:

a. BG level responses under meal and activity disturbances.
b. Insulin infusion rate profiles.
c. Comparative visualization of overshoot, undershoot, and settling time for each controller.

Table 1. AO-TADF optimal control parameters

Parameter Optimal value Parameter Optimal value
K, (Tilt gain) 0.31 N, (Pre-filter gains 2) 9.70
K, (Derivative gain) 8.00 N; (Pre-filter gains 3) 2.40
K, (Acceleration gain) 0.05 a (Coefficient of derivative) 0.63
n (Coefficient of tilt) 0.06 B (Coefficient of acceleration) 0.31
N; (Pre-filter gains 1) 13.8 y (Coefficient of acceleration) 0.15
/ Tilt Gain__ K Tm Funcnon \
'
I Evaluate fitness function dnd determine best \()hlll()n
&S,
girr::l | Z ontrol
. 1 Signal  [Update best wluu by using|| Update hhl values by | U Pd"!‘ best values by [ Update best \1Incc by using
1 expanded exploration |using narrowed explorationf| ~ UsIng expanded narrowed exploitation
exploitation
No.
Return the optimized value ofhns! \uluuon and fitness function
(b)
Figure 6. Overall visualization of the AO-TADF control strategy: (a) An AO-TADF block diagram and

(b) An AOA flow chart
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3.  RESULT AND DISCUSSION

The performance of the patient model with AO-TADF in form of accuracy, robustness and stability
are fully clarified in the section 4.1, section 4.2, and section 4.3 respectively. Finally, the comparison analysis
has been done in detail in the section 4.4.

3.1. Dynamics of the patient under AO-TADF control

The patient model's AO-TADF controller examines every profile and pertinent piece of data that
contributes to disturbances and uncertainties, including erratic activity, haphazard glucose intake, noise from
sensors and actuators, and so forth. A 60.00 gm meal is consumed at 600 minutes, and 1,300 minutes of
exercise are taken to find the characteristic curve that correlates the amount of insulin to blood glucose level
as shown in Figure 7(a). Other profiles, including CNS, NHGB, peripheral, gut, and green rates, are
represented under the same conditions in Figure 7(b).

The controller's impact from the patient model is seen in Figures 7(a) to 7(c). The liver as well as
peripheral cells, which are two insulin-sensitive organs, utilize more glucose as compared to an unregulated
process, as the findings clearly demonstrates that in Figures 5(a) to 5(c). This impact causes BG level to drop
to 83.3 mg/dl in order to prevent the issue of hyper-glycemia. Now BG level has decreased below the RTG
threshold and no additional glucose extraction by the kidney occurs, as predicted in Figure 7(c). Consequently,
every patient profile attributes have increased with the usage of AO-TADF controller-based AP.
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Figure 7. Overall simulation results of the closed-loop TIDM patient model under AO-TADF control
() Insulin dosage versus BG level, (b) GM organ rates of glucose synthesis and utilization, and
(c) BG level versus renal glucose excretion rate

3.2. Robustness features of the AO-TADF controller
It has been established that the suggested controller is resilient against a variety of meal
interruptions and two distinct sets of uncertainty regarding the model parameters. Figures 8(a) and 8(b)
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exhibit how plasma glucose levels vary right through time with respect to s, and s, accordingly. Under
various meal disturbance scenarios, the TIDM patient model's BG level change is displayed as in Figure 8(c).
The closed loop patient structure exhibits slightly different transient reactions, as seen by the simulation
results. But with less settling time, the BG level always reaches 81 mg/dl (normo-glycaemia). As a result, the
controller technology used (AO-TADF) is totally impervious to disturbance and model parameter
uncertainty. This leads to robustness of a system.
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———BG level with Sh = 0.50 ~———BG level with Sp = 0.50
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Figure 8. Patient parameters and meal intakes in relation to a patient's BG levels within a closed loop design
(a) BG level verses Sp,, (b) BG level versesS,, (c) BG level and meal consumption

3.3. Patient model stability
The bode outputs for both closed and open systems are highlighted in Figure 9 for confirmation

regarding requirements for stability that are as follows:

a. Figure 9(a) represents the open-loop system, which exhibits lower gain and limited bandwidth, indicating
weaker control performance and slower system dynamics.

b. Figure 9(b) (closed-loop with AO-TADF) demonstrates improved gain margin and phase margin, both of
which are positive, confirming system stability.

c. The gain crossover frequency and phase crossover frequency indicate that the system maintains adequate
phase lag below —180° at the gain crossover point, ensuring no risk of instability.

d. Additionally, the wider bandwidth of the closed-loop Bode plot implies faster response and better
tracking performance, while the smooth roll-off in magnitude indicates good robustness and damping.

These points collectively confirm the stable and robust performance of the proposed AO-TADF controller.

3.4. Analysis with comparison
The control efficacy of several control methods is compared in this section with the AO-TADF
controller. Exercise and skipping meals have an impact on the level of blood glucose and rate of insulin
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infusion fluctuations in diabetic patients using this controller. These findings revealed in Figures 7(a)-7(c),
and Table 2 conveys certain critical parameters. The chosen controller's overshoot, undershoot, and settling
time are somewhat more stable and controllable than other applied optimum controllers, basing on patient
BG levels the suggested controller with a 60.00 gm ingested meal disturbance. An activity disturbance test
indicates that the BG level regulated by AO-TADF drops to 80.00 mg/dl, which falls inside the range of
normal blood glucose. Based on the results, the AO-TADF controller performs significantly more effectively
and consistently in lowering noise and solving hyperglycemia concerns. In contrast to other popular
controllers, this one lower insulin infusion rates while controlling blood sugar levels. The outcomes
demonstrated enhanced robustness, precision, stability, and dependability under various physiological
conditions and disturbances by using an AO-TADF based controller.

Bode Diagram
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Figure 9. Overall frequency-domain analysis of the TIDM patient model to assess system stability with and
without AO-TADF control (a) bode output graphs of the patient structure and (b) AO-TADF regulation and
the patient's structure's bode outputs

Table 2. Comparative evaluation using a range of cutting — edge control strategies

Control techniques PID [4] Fuzzy[20] SM[22] LQG[26] Hx[30] AO-TADF (Suggested)
Disturbance of carbohydrate (gm) 60 60 60 60 60 60
Dose of insulin (mU/min) 58.9 58.8 58.7 58.6 58.5 58.2
ts (min) 285 285 280 270 265 230
Opeai (mg/dl) 52 53 4.1 8.5 4.5 39
Upeqr (mg/dl) 3.1 2.1 1.5 1.8 1.2 1.0
Noise (%) 10 10 5 5 5 1
es(%) 0 0 0 0 0
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4. CONCLUSION

The new control method (AO-TADF) presented in this study helps TIDM diabetes patients to keep
their blood glucose levels within the normo-glycemic range. A thorough mathematical representation and a
Simulink model design have been provided for a patient model with MID, in order to facilitate testing and
simulation. Every computation was performed using a range of uncertainties and disruptions associated with
diet and activity, all of which were based on a typical human operating point. With a base dose of
22.3 mU/min and an operational point determined using a standard human body as a reference with the level
of plasma glucose of 81 mg/dl, the investigation was conducted with various uncertainties and disruptions
linked to meals and activities of insulin. The recommended control technique is evidently more precise,
stable, and robust for regulating the BG level when compared with other control techniques. The
consequences suggest that utilizing a fully integrated embedded system in conjunction with extra auxiliary
devices and real-time implementation of this type of control mechanism is possible including a MID and a
sensor in TIDM patients for BG management. Nevertheless, given the condition of the system at the moment,
the technique's associated parameters play a major role in the tuning strategy, which is used to determine the
optimal gain. At the same phase and level of the control strategy, this may be prone to vulnerability. Future
studies may be carried out to develop a more reliable, strong, and efficient controller for these circumstances,
while keeping in mind the aforementioned issues.

The future implications are significant: this approach lays the groundwork for real-time, intelligent
insulin delivery systems, and can be extended to other nonlinear biomedical control applications. It also
opens avenues for hardware implementation in wearable closed-loop insulin pumps, improving autonomy
and safety for diabetic patients.
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