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Abstract - Frequency responses are frequently referred to in the stability analysis of fractional order control systems. Frequency
response-based methods have been introduced in the literature to reduce complex fractional order systems. However, the
magnitude and phase response improvement is not handled by these techniques. The optimization methods are utilized to improve
the approximation of fractional order filters in the desired frequency range. The article discusses the ideal Fractional-Order
Butterworth Filter (FOBF) configuration by utilizing integer-order rational approximations to achieve a precise magnitude and
phase response. Additionally, this study utilizes optimal FOBF magnitude and phase characteristics to minimize errors and
expands the approximation bandwidth to cover multiple decades in both pass and stop bands. Optimized fractional order
Butterworth filter designs have been implemented in biomedical signal processing, audio engineering, telecommunications, and
control systems, enhancing performance in noise reduction and signal fidelity across these applications. It is essential to
precisely determine these transfer functions regarding frequency and time responses. Therefore, there is room for further
enhancements in these approximation methods to reduce errors and enhance the accuracy of real-world implementations. In
pursuit of this goal, the study introduced a powerful metaheuristic optimization technique called Enhanced Colliding Bodies
Optimization (ECBO), which not only showcases better precision in modelling but also exhibits a higher level of stability when
compared to existing methods. This process guides all entities towards an optimal solution in each successive round, boosting
the likelihood of finding a superior solution and thoroughly examining the full range of potential solutions. This technique better
fits the BF filter function to a fractional-order continuous filter. The digital integrator is optimized in the frequency domain
using the Coyote Optimization Algorithm (COA) because of its effectiveness, ease of use, and strength in tackling various
complex optimization challenges. This optimizes the magnitude and phase reaction of the low-pass BF filter depending on the
Minimum Square Error (MSE). Expanding the scope of the ECBO ’s search range allows the enhanced filter to closely replicate
the frequency behaviour of fractional order continuous filter functions.

Keywords - Fractional Order Butterworth Filter, Magnitude response, Phase response, Enhanced Colliding Bodies
Optimization, Fractional-Order Continuous filter, Coyote Optimization.

1. Introduction

Models built using the mathematical techniques of
Fractional Calculus (FC) have successfully explained various
phenomena in engineering and other research fields. Various
science and engineering disciplines use FC as a powerful and
common technique for better modelling. The positive number
is known to be interpreted by FC more precisely than by
conventional integer-order numbers because the systems are
naturally categorized. An order that is not a whole number is
referred to as fractional in calculus. The integration and
differentiation of partial orders are made simpler by FC [1].
Every scientific sector has seen an increase in the use of
fractional order calculus in the design of control applications
due to its adaptability and superiority in several situations.
Nevertheless, the primary challenge lies in incorporating
fractional order elements. Current approximation methods

often rely on integer order elements to implement these
elements. The existing approaches do not address integrating
a fractional element into a robust fixed-structure synthesis
method [2].

The filter’s behaviour in the frequency sphere can be
roughly predicted using an effective curve-fitting technique,
which also transcribes the Fractional-Order Transfer Function
(FOTF) into the integer-order domain. A rational integer-
order Transfer Function (TF) is produced as a result of the
approach, and it may be implemented using standard integer-
order filtering methods [3]. Physical processes are typically
represented by huge, complicated mathematical models.
Model simplification techniques are required because large
systems are difficult to get right in the workplace.
Implementing complex models, such as fraction-order TF, in
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the workplace is particularly challenging. By refining to an
integer-order transfer function, the FOTF can be streamlined
to an estimate [4]. The history of the FC topic spans more than
three centuries. Numerous science and technology areas are
currently using it as a developing subject. Designing
Fractional Order-based Control systems (FOC) that can
enhance the dynamic characteristics of the process is the goal
of applying FC in control theory [5, 6].

Fractional order differentiators and integrators are
essential in improving the efficiency of physical processes by
providing additional parameters for precision control.
However, integrating these components directly can be
challenging, requiring them to be converted into integer order
functions before being utilized effectively with active or
passive components [7]. A novel method for reducing
equivalent fractional-order single-input-single-output systems
was given by Mahata et al. [8]. The F-plane is used to
minimize the Reduced Order Model’s (ROM) frequency
response inaccuracy compared to the original system. A
limited optimization technique is presented to enable the
suggested ROM to meet the angle requirements for F-domain
stability. Numerous numerical examples show how the time-
and frequency of responses have significantly improved. The
development of several fixed-pole methods is presented in [9].
To begin, new schemes for approximating fractional operators
are created, each with a distinct relative degree. The instance
of a > 1 isthen included in the fractional order.

These tried-and-true FO techniques become onerous for
large-scale (high-order) systems, resulting in an impractical
solution. The ideal low-order model is developed using the
Big-Bang, Big-Crunch optimization technique to solve this
problem. The IMC architecture is utilized to establish a control
framework using the obtained simplified model [10, 11]. The
use of fractional-order compensators is demonstrated using a
different method in [12, 13]. For a more accurate estimation
of the compensator’s TF, it is best to utilize a curve-fitting
approach. To make use of several methods to approach a broad
TF with double exponent fractional order. Different kinds of
filters can result from properly choosing this function’s two
fractional orders. The approximation techniques examined in
the study are either based on curve fitting or the Padé
approximation method, leading to approximate TF that can be
readily implemented in electronic systems as rational whole-
number polynomials [14, 15].

In reference [16, 17], a novel metaheuristic optimization
technique is presented to estimate an integer-order TF based
on the Fractional-order Band Pass Butterworth filter (FBPBF)
with symmetrical roll-off properties. Modelling a variety of
biochemical components and biological tissues requires the
use of double-exponent fractional-order impedance functions.
It is possible to acquire the well-known Cole-Cole, Havriliak-
Negami, Cole-Davidson, and Debye relaxation models as
special examples by choosing the two exponents (fractional
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orders) properly [18, 19]. One major drawback of using an
imperfect fractional order controller implementation in
control applications is that it can hinder the efficiency of
practical tuning methods for achieving optimal control [20].
The act of differentiating brings out the dynamic, fast-paced
elements within the signal. A fractional-order differentiator
can extract crucial signal information compared to an integer-
order differentiator. Utilizing rational modelling results in
highly efficient simulations compared to direct numerical
convolutions.

Integrating these models into a general simulation
environment can easily be done through recursive
convolutions or equivalent electrical circuits. However,
existing techniques do not address improvements in
magnitude and phase response. Butterworth Filters (BF),
known for their maximally flat response, achieve sharp roll-
off without introducing peaking in Bode plots for a given
order. Therefore, a new approach is required to optimize the
design of fractional-order differentiator operators to enhance
magnitude and phase response. Existing approximation
methods for fractional order Butterworth filters often struggle
with limited magnitude and phase response accuracy, leading
to suboptimal performance in real-world applications. They
may also exhibit poor stability and higher computational
complexity. This research addresses these limitations by
introducing a more effective hybrid optimization approach for
improved results.

Despite advancements in filter design, existing
Butterworth filters often fail to optimize both magnitude and
phase response simultaneously, leading to suboptimal
performance in various applications. This research addresses
the gap by proposing an optimal design for a fractional-order
Butterworth filter, focusing on enhancing both characteristics.
The study aims to improve signal processing outcomes in
communications and control systems. This research
contributes a novel hybrid optimization framework for
designing fractional order Butterworth filters, significantly
improving magnitude and phase response. It provides
comprehensive performance evaluations against traditional
methods, demonstrating stability and error minimization
enhancements. By addressing limitations in existing
approaches, this work offers a robust solution for applications
in communications and control systems, ensuring better signal
fidelity. The subsequent parts of this study are structured in
the following manner: Section 2 delves into existing literature,
Section 3 establishes the problem and driving force, and
Section 4 lays out the planned research approach. The
discussion of the experimentation and results are presented in
Section 5, and the study’s conclusion is presented in Section
6.

2. Literature Survey
This literature survey reviews advancements in fractional
order Butterworth filters, focusing on optimization techniques
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for enhancing magnitude and phase response. Goswami et al.,
[21] conducted an in-depth investigation into the performance
of fractional-order Butterworth filters in various digital signal
processing applications. Their research revealed that
fractional-order filters achieved a notable 20% improvement
in phase linearity compared to traditional integer-order filters.
This enhancement is crucial, as phase linearity directly affects
the fidelity of the signal processing. The study pointed out a
significant gap in practical applications, emphasizing the
urgent need for real-time implementation techniques for these
fractional-order filters. Despite their advantages, transitioning
from theoretical models to real-world applications remains
challenging, necessitating further research to bridge this gap.
Duddeti et al. [22] focused on developing an optimized design
method for fractional-order Butterworth filters utilizing
genetic algorithms. Their proposed approach yielded a 15%
reduction in the mean square error of the filter’s response,
showcasing the potential of evolutionary algorithms in filter
design. However, the study fell short of providing a
comprehensive analysis of the robustness of the genetic
algorithm against noise and variability in design parameters.
This limitation highlights the need for further exploration into
the reliability of such optimization techniques, particularly in
dynamic environments where signal integrity is paramount.
Abdel Aty et al. [23] explored how fractional order affects the
frequency response characteristics of Butterworth filters.
Their findings indicated that increasing the fractional order
enhanced the filter’s selectivity by as much as 30%, making
these filters more effective in isolating desired signals from
noise. Despite these promising results, the study did not
address the impact of fractional order on the stability of filter
designs, suggesting an important area for future research.
Stability is a critical factor in filter design, and understanding
how fractional order influences this aspect could lead to more
robust applications. Mahata et al. [24] proposed an adaptive
design approach for fractional-order Butterworth filters
tailored specifically for communication applications. This
adaptive design demonstrated a remarkable 25% improvement
in signal fidelity in a simulated communication environment,
underscoring the effectiveness of adaptive techniques in real-
world scenarios.

However, the study did not evaluate the performance of
the adaptive design under non-ideal conditions, indicating a
gap in understanding how these filters would perform in
diverse and challenging environments. Further exploration
into the adaptability of these filters in practical situations is
essential for validating their effectiveness. Nako et al. [25]
implemented fractional-order Butterworth filters in the
context of biomedical signal processing, particularly for ECG
signals. Their implementation revealed a substantial 40%
enhancement in noise reduction while successfully preserving
the integrity of the ECG signals. This is particularly important
in medical applications, where signal fidelity can directly
impact patient outcomes. However, the study highlighted a
significant gap in the lack of extensive testing on various types
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of biomedical signals. Expanding the applicability of
fractional-order filters across different biomedical contexts
would provide valuable insights into their versatility and
effectiveness.

Albarawy et al. [26] conducted a comparative analysis of
fractional-order Butterworth filters against conventional
filters in audio processing applications. Their research
concluded that fractional-order filters offered a significant
improvement of 10 dB in signal-to-noise ratio compared to
conventional designs. This improvement is especially
beneficial in audio applications with critical clarity and
fidelity. Nevertheless, the study provided a limited exploration
of the computational efficiency of fractional-order filters in
real-time  audio  applications.  Understanding  the
computational demands of these filters is crucial for their
adoption in live audio processing environments. Amgad et al.
[27] assessed the optimization of fractional-order Butterworth
filters using machine learning techniques. Their application of
machine learning led to optimized filters that exhibited a 35%
enhancement in magnitude response stability. While the
results were promising, the study did not address the
interpretability of the machine learning models used for filter
design. This lack of interpretability poses a challenge for
engineers and practitioners who need to understand the
decision-making process of these models to trust their outputs.
Future research should focus on developing more transparent
models that provide insights into the underlying mechanisms
of filter design.

Swain et al. [28] developed a fractional-order Butterworth
filter design integrating phase response optimization
techniques. Their proposed design achieved a phase response
15% closer to ideal linearity across a wider frequency range,
which is essential for many applications requiring precise
phase control. However, the long-term stability of the
optimized phase response over extended usage was not
explored. This oversight suggests the need for further studies
to understand how these filters maintain performance under
prolonged operation, especially in critical applications. Yang
et al. [29] evaluated the effects of filter order on the transient
response of fractional-order Butterworth filters. Their findings
indicated that lower fractional orders significantly improved
transient response characteristics, achieving a reduction in
settling time by 20%. While these results are promising, the
study did not consider how different implementations of
fractional-order filters could affect system dynamics in real-
world scenarios. Investigating the real-world implications of
filter design choices is crucial for ensuring that theoretical
improvements translate into practical benefits. Tungtragul et
al. [30] created a simulation framework for analyzing the
performance of fractional-order Butterworth filters under
varying environmental conditions. Their simulations indicated
optimized filters could maintain performance despite
environmental variability of up to 30%. This finding is
encouraging, but the framework requires validation with
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empirical data to substantiate its findings. Real-world testing
is essential to confirm that these filters perform as expected
under practical conditions, emphasizing the necessity for
comprehensive evaluation in future studies.

3. Research Problem Definition and Motivation
The field of fractional order circuits and systems offers
the opportunity to use powerful dynamics to discover more
ideal solutions to many engineering problems. The
unconventional characteristics of fractional order dynamics
bring about surprising capabilities within systems that operate
with fractional orders. It is necessary to increase the
understanding of their features to use these dynamics more
effectively in various applications, including electrical circuit
design, biology, control system design and practice, signal and
image processing, secure communication, and robotics. Many
studies have been conducted in recent years on the properties
of fractional order circuits and systems. Some of these
research investigations include oscillatory behaviour analysis,
time-domain response analysis, frequency-domain response
analysis, and stability analysis. More specifically, frequency
response analysis is important in control systems engineering
design. Several techniques have been developed for designing
and fine-tuning fractional order controllers based on
frequency responses. In the world of literature, methods based
on frequency response have been created to streamline
intricate systems with fractional orders by simplifying them

Integer-Order Rational

Approximations

Fractional-Order
Butterworth Filter
(FOBF)

Enhanced Colliding
Bodies Optimization

(FCBO)

Frequency Domain
Optimization

Coyote Optimization
Algorithm (COA)

using integer order systems and to simplify integer order
systems with complexity by approximating them with
fractional order systems using a few key parameters. This
motivates the study to present the fractional order integer
transform function using an optimization algorithm.

4. Proposed Research Methodology

Numerous engineering specialities make substantial use
of FC theory. Fractional Calculus (FC) extends integer order
calculus and is also mentioned as non-integer order calculus.
Put simply, fractional order derivatives and integrals are a
broader concept that includes integer order derivatives and
integrals as a subset. Due to their superior performance to their
integer-order equivalents, fractional order systems have
grown significantly for applied science and engineering
challenges in recent years. Thanks to the latest developments
in fractional order Linear Time-Invariant (LTI) systems, can
now create filter functions with fractional orders. This
involves figuring out the fractional orders and filter

coefficients, providing greater control over the frequency
response than designing filters with only integer orders.
Consequently, using a metaheuristic optimization approach,
the research-proposed fractional-order filter design with
symmetric roll-off characteristics is approximated as an
integer-order TF. Figure 1 illustrates the procedure flow
diagram of the proposed work.

Fractional Laplacian Operator
With Fourth Order Integer
Transfer Function

Reduced Transfer
Function

Accuracy
Realizations

Fitting The Fractional
Order Continuous Filter

Improves Magnitude and
Phase Response of BF

filter

Fig. 1 Flow diagram of the proposed work
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The realization of digital filters has grown to be a crucial
area of study in signal processing. The generalization of
classical filters is thought to be fractional-order filters. This
study breaks free from the traditional method of rounding
fractional orders to whole numbers when designing a BF,
instead opting for rational approximations of integer orders for
a more precise filter design. The transfer purpose is then
modified using the fractional Laplacian operator to create a
fourth-order integer TF. To improve accuracy, an ECBO
metaheuristic optimization approach is recommended. It
results in a larger stability margin and exhibits greater
modelling precision. Using the COA, a frequency domain
optimization is carried out to fit the fractional order
continuous filter. It improves both the magnitude and phase
response of the BF filter.

4.1. Fractional-Order Transfer Function (FOTF)
Passive and active components are utilized to achieve the
numerical method-based FOTF approximations of the FOBF.

c
st+aias@tp’

H*%(s) = @

Where the approximant’s coefficients are a, b, and c. The
following equation is used to formulate the cost function for
the proposed two-variable optimization (minimization) issue.

f =TT Gwy)| — [H™* < (jw, X)1)? @)

Where, ¢ = 1,w € [1073,10%]rad/s, w, = 1rad/s,
|[H*%(jw)]| is the magnitude of the proposed FOBF, and the
decision variables vector is indicated by X = [a b]. Within
the design bandwidth, the sampled frequency points are
linearly spaced. The optimization process strives to uncover
the perfect X value that minimizes the amount of error. The
FOBF model for any o € (0,1) is obtained using the following
two-step design process. The proposed FOBF finds its optimal
coefficients through FPA by varying a from 0.01 - 0.99 in
increments of 0.01. To provide the a-dependent expressions
of a and b for the proposed FOBF model, the coefficients are
optimized by applying the polynomial fitting.

4.1.1. Fractional-Order Butterworth Filter (FOBF)

The magnitude-frequency characteristics of the FOBF are
mostly shaped by BF responses. Here, introduces the best
design method for the FOBF rational approximation. A FOBF
of order (n+ a) has a theoretical magnitude-frequency
response as shown in Equation (3).

B+ (jw)| = ——, ®
1+(W1C)2(n+a)

Where, w, is the cut-off frequency articulated in radians
per second (rad/s), and w is the angular frequency. The

suggested design process consists of the two steps listed
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below. The transmission function, as stated in (4), is
determined by the optimal weighting of elements.

Dniq

C
Hn+a — “nta
(s) + Bn+1(s)

Bn(s)

Q)

The classical Butterworth polynomials of order n and n +
1 are B,(s) and B,,,(s), respectively, and the weighting
factors C,,, and D,,, are real and positive values. By
minimizing the cost function, as stated in Equation (5), the
optimal values of C,,, ., and D, ., are found for a desired order
of the normalized FOBF w, = 1 rad/s in the first phase.

2

f :% L |20logyo|B™ % (jw;| — 20log,o|H™ % (jw;, X||
®)
Where, X = [Cp1oDn+] is the vector of design variables,
and L is the total number of frequency points sampled with
logarithmic space in the bandwidth of @ € WminWmaxlrad

Following the process of optimization, H"**(s) may be
expressed as shown in Equation (6).

U ST by s U 42

H""4(s) = (6)

S2MF Ly 4382 Uy 1452 U3
Where, u;(i = 1,2, ....,3n + 3) gives the coefficients of

H™%(s). Equation (7) describes the best way to determine the

constants for the FOBF approximant.

p(s) _ X1 b x, sT A Up g2

Q(s) 2 xy 352y 442 T X0 g3

T (s) = )

Where, x;(i = 1,2, ....3n + 3) denotes the coefficient of
T™t%(s). To find the ideal values of the coefficients of
T"™**(s), the coefficients of H""%*(s), i.e., w(i=
1,2,....,3n+ 3) are considered as an initial point for the
second minimization method, whose fitness function (MSE)
is given in Equation (8).

Table 1. Optimal FOBF modelling algorithm

Algorithm 1: Pseudocode of the Proposed Optimal FOBF
Modelling Technique

Inputs: n, «
Outputs: X,X,,
begin
Set Woin, Wmay, L, LOwer bound(Lb) for X and X,,
for k=1to 100 do
Xy (Initial point of X) «— rand(0,1)
Minimize (5)
Store f,and X,
fmin < min{fk}
X « X, corresponding to f,.in
Calculate u;(i = 1,2, .....,3n + 3)

Minimize (8) and display X,
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2
MSE = %ZLI |20log10|B“+"‘(]'wi| - 20log10|H"+“(jwi,Xp|| (8)

Where, X,, = [x;,X; ..... X3n43] represents the vector of
design variables comprising the coefficients of T+ (s).

The inequality constraints, as stated by (9), are introduced
into the optimization method to ensure the creation of stable
approximants.

Ay Ay Agy e Ay> O(N = 20+ 1) ©)
Where, A= dy_;, A,= dg‘l Z"H :
N N-2
dy-1 dy-3 dy-s
A3= dN dN—Z dN—4- PR 5
0 dy-1 dy=s
| dy-1 dy_3 dy_s .. 0 |
dy dy-; dy-4 0
A= 0 dy-1  dy-s 0
0 0 0 0 dg

Avre the Hurwitz determinants, and Q(s) = Xh_, ds*.

Table 1 displays the pseudocode of the suggested FOBF
design technique. As a result, the fifth-order FBPF becomes
converted to a fourth-order one by the cancellation of the pole-
zero pair occurring at s = —1. Hence, it can be concluded that
only even values of N are suitable for the design of FBPFs.

4.1.2. Generalization of Power-Law Filter Transfer Function

The optimal way to approximate the frequency-domain
properties of the theoretical FO filter is to minimize the mean
absolute relative magnitude and phase errors between

HE* (jw) and HYP" (jw), where N is a positive integer. The
Integer order Transfer Function (ITF) is defined based on the
following Equation (10).

a,p,N _AB) _ 2:Iiv=o a;st
HP (S) T B(s) SN+21}¥=_01 bysk (10)
To achieve this, the suggested optimization

(minimization) routine’s objective function is defined by (11),
subject to nonlinear inequality constraints that guarantee that
the zeros and poles of H,‘f’ﬁ'N (s) lie strictly on the left-half s-
plane.

HE PN Gw ) aBN, .

PR VY | O D RS
L Hp" (jwy) <HZP (jwy)

(11)

Subject to: a; >0k =0,1,...,N); b,>0(k=

0,1,....,N — 1); Real parts of roots of A(s) andB(s) < 0.

Where L denotes the number of log-spaced sample points
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in the bandwidth [w,,;,, Wyax]rad/s; and X denotes the
vector of decision variables, i.e.,
l[ayay_q - aoby_1by_> b,]; the dimension (D) of the
issue is 2N + 1. Metaheuristics have demonstrated promising
results when applied to the best approximation of FO filters
and systems. For this task, the constrained composite
differential evolution (C?0DE) the technique can be used to
tackle the optimization problem. The fundamental structure of
composite differential evolution is integrated into the
constraint-handling mechanisms based on the feasibility rule
and the e-constrained method by C20DE. The user-defined
inputs to the optimization procedure are the FO exponents
{a, B} of the theoretical filter TF, order of the proposed
rational approximant (N), length of data sample points (L),
and lower and upper limits (w,,,;,) and (w;,,4,) of the desired
bandwidth. These values are then used to minimize the
suggested objective function. These values are then used to
minimize the suggested goal function. After independent
testing, the best possible solution (Xx) is the vector of decision

variables (coefficients of H;,’“B N (s)) that achieves the lowest
value of f while similarly sustaining the design constraints.
This is determined by the C20DE metaheuristic exploration

procedure.

As a result, after the suggested search optimization
process, X * is deemed the nearly global optimal solution.

The proposed restrictions safeguard that the real
component of all roots of the numerator and denominator

polynomials of Hﬁ"B'N(s) attains an undesirable value, but the
coefficients a, and b, must be positive. The proposed
fractional-order stop filter (FBSF) and fractional-order high-
pass filter (FHPF) have stable inverse filter properties when

-1
the TF. Ho#" (s), is inverted, resulting in [H*" (s)] . This
is because the zeros of the suggested approximant must be
entirely on the left side of the s-plane.

4.2. Enhanced Colliding Bodies Optimization (ECBO)
Algorithm

The fractional integrator circuit unit is implemented using
the decreased TF. The approximate ITF are used to implement
the indirect realizations. Several metaheuristic techniques try
to get better realization results in this regard. Proper a, b, and
k values must be identified to develop a better approximation
model that matches the time response of the FO derivative
operator, a technique provided in this paper. An
approximation model that can deliver a more precise time
response is produced by fine-tuning the proposed ECBO
algorithm on the MSBL method’s initial model. The Enhanced
Colliding Bodies Optimization (ECBO) and Coyote
Optimization Algorithm (COA) are applied to the fractional
order Butterworth filter design by optimizing filter
parameters, such as order and cutoff frequency, to achieve
desired magnitude and phase responses. This research
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improves performance metrics compared to existing methods,
enhancing accuracy and stability in real-world applications.

For this motive, the analytical time domain expression of
the precise value of the step response for an FO derivative
operator is given in Equation (12).

YFO (t) = T (12)

(1—-a).te

Where the Gamma function is denoted as ', the definition

of the approximate error function, which represents the

variance between the analytical and approximate value, is
given as follows.

e, = Ypo(£) =Y (1) (13)

The cost function, which will be reduced using ECBO, is
then expressed as.

1 ym

om &i=1 €

J (14)

Where the number m denotes the sampling points in time
t. Solution points are sampled from 0.001s to 100 s with
0.001s time steps to produce an accurate model. Accordingly,
the ECBO method must optimize these coefficients, and it is
essential to determine the partial derivatives of the cost
function for each parameter. The following equations contain
the estimated partial derivatives for each coefficient.

aJ by+a,b te®1t—p et aJ 171

— = 5 ey =—.e,

daq —-af dbq -aq
aJ by+a,byte®2t—p,ed2t aJ e®2-1
= - e ="—.,  (15)
6a2 —az abz —ax

8] _ bstagbgte®3t-pzed3t  g; %371 e

6a3 —a% e 6b3 —asz T

8] _ batasbste4t-be®st g et e

day -a2 AT —a, "~ T

The step responsiveness of the resulting TF, which was
represented in Equation (16), significantly improved after the
proposed ECBO algorithm was used.

b1

-aq

b3

s—ay

b3

s—az

ba

S—ay

ngo —msbl (s) = 3

+

*

+

*

+

*

- (16)

The pole vector is represented as P* = [atazaiasai]
when the optimal morals of these coefficients are R*
[bibib}bybi], and the term k* for all residues and poles is
negative as a finding of the partial fraction expansion. The
momentum and energy conservation law for a one-
dimensional collision serves as the foundation for the
optimization of the colliding bodies. Some of the solutions in
this algorithm are considered colliding bodies with specified
mass and velocity. Each CB changes positions after the
collision while considering the current velocity, mass, and
restitution coefficient. The ECBO harnesses the power of
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memory to preserve the expertise of legendary CBs from the
past, boosting CBO’s capabilities while devising strategies to
break free from the constraints of local optima. The ECBO
procedure is given as follows.

Step 1: The initial positions of all solutions are chosen
randomly in the search space.
Step 2: The mass m, value for CB, is evaluated using
Equation (17).
1
m = sznLk}k =1,22,..2n  (17)
=1

Where fit(i) denotes the CBi’s objective function value,
and the population size is 2n.

Step 3:  Some historically most effective methods are saved
using Colliding Memory (CM). The memory size is
CM. Memory solutions are used to replace the same
amount of the worst solutions or CM. The
populations are then arranged in ascending order by
mass.

The answers are separated into two equal groups, one
for the stationary group and the other for moving
ones. A better group are considered the stationary
group and a moving group.

Step 4:

Step 5: Calculate the velocities of stationary and moving
bodies before the collision, which is evaluated using

Equation (18).

_{ 0 i=1 }
vi = x—x i=23,..2n

Evaluate the velocities of moving bodies following a
collision using Equation (19).

(18)

Step 6:

0
v] = {(mi—eml)

m;+mq

i=1
=23, ....,Zn} (19)

Step 7: Calculate each CB’s new position using Equation

(20).

i=23,..2n

new _

Lo {xi + rand. v; (20)

X

Step 8: The quest for optimization comes to a close once the
entirety of the NECBO flowchart depicted in Figure
2 has been thoroughly investigated through the
highest possible number of evaluations.

The study assumes that new solutions are always
established between a particle and the best particle
formed thus far to give local adjustments for the best
particle and have a high possibility of enhancing the
fitness value. This mechanism’s formulation is as

follows:

Step 9:
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Initialization and Randomized
Generation of population

Evaluate Cost Function and
Calculate the Mass of Each
Body

Update the Memory of
Collision

Divide Solutions into Two
Group, Stationary

Update the Velocity of Each
Body After Collision

Update the Position of Each
Body After Collision

Is the Terminating
Condition Satisfied

Report the Best Solution

Fig. 2 Flowchart of the NECBO method

Bt
iter .
Xpest.j+ (1 - (uzrm,u)é> * (xjvmi" +rand. (x,-vmax - x,-v,m-n)) if r1 <pro,r2<0.5

1
i )5
itermax

l xf,l-“ ifrl > pro |

)

(21)

* (xjvmi,, +rand. (x,-vmax - x,-v,m'")) if r1<pro,r2<0.5

It is preferable to assume that the Colliding Memory
(CM) is equivalent to 2, 0.3 in NECBO, respectively, where
i =123,.,2n and j = 1,2,..,nVar. If a structure’s
stability coefficient was discovered to be 0.1 or less, the
designer would disregard the second-order analysis.
Alternately, it is acceptable to multiply member forces and
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displacements by 1.0/ (1- 6). Applying the suggested
formulation Equation (21) combines local and global
searching for all options, and in the final iterations, it produces
a superior answer.

4.3. The Charef Approximation

The Charef Approximation method, coupled with the
Hybrid FMINCON-MAYFLY Optimization algorithm,
presents a promising alternative to the conventional COA for
the optimal enterprise of Fractional Order BF with optimized
magnitude and phase response. By leveraging the
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computational efficiency and robustness of the Hybrid
FMINCON-MAYFLY Optimization algorithm, this approach
aims to enhance the precision and convergence speed of the
design process. It seeks to achieve superior performance
regarding filter response characteristics through iterative
optimization and fine-tuning, thereby advancing the state-of-
the-art in fractional order filter design methodologies. The
Charef approximation enables us to approximate the fractional
order TF (22) using the ITF. G.,-(s) defined below (see
[22]):
1'[{";01(1+Zii)
S
Hliv=0(1+p_i)

Genar(s) = (22)

In (23) N denotes the order of the filter, z; and p; denote
zeros and extremes of the filter. They can be calculated with
the usage of TF (22) pole p,, and fractional order a:

_ 1
Pa = T,
po = paVb
p;i =polab),, i=1...N (23)
z; = apy(ab)! i=1...N—1
Where,
A

a = 101°G-q) (24)

A

b = 1070

In (25) A denotes a maximal permissible error of
approximation, defined as the maximal difference between the
Bode magnitude plots model and plant, articulated in [dB].
The Charef approximation is allocated an order N to minimize
the expected maximum approximation error A.

+1 (25)

_ [log (®wmax)
log(ab)

In (26) w,,q, denotes the pulsace for which the maximal
error is achieved. If the value of N concerning (26) is a non-
integer, it should be rounded to the nearest integer. Denote the
step response of approximation (5) by ycpqr ().

Yenar () = L71 {% Genar (S)} (26)

The Charef Approximation method offers improved
accuracy and efficiency in approximating FOTF, enabling a
more precise representation of complex filter responses. This,
coupled with the Hybrid FMINCON-MAYFLY Optimization
algorithm, facilitates the fine-tuning of filter parameters to
achieve desired greatness and phase responses with enhanced
precision and speed. Performance comparisons between the
Hybrid FMINCON-MAYFLY Optimization algorithm and
the COA are essential to determine their respective strengths
and weaknesses in optimizing employee work management
and scheduling. Analyzing factors such as convergence speed,
solution quality, robustness, and computational efficiency can
provide valuable insights into which algorithm is better suited
for addressing the complexities of scheduling in knowledge-
intensive organizations, thereby guiding future research and
practical implementations Table 2.

Table 2. Charef approximation method with hybrid Fmincon-mayfly
optimization

Algorithm 1: Charef Approximation Method with Hybrid
FMINCON-MAYFLY Optimization
1. Initialize parameters and settings for the Charef
Approximation method and Hybrid FMINCON-
MAYFLY Optimization algorithm.
Apply the Charef Approximation method to
approximate the fractional-order BF.
. Utilize the Hybrid FMINCON-MAYFLY
Optimization algorithm to optimize the magnitude and
phase response of the filter.
Iterate between the Charef Approximation method and
the optimization algorithm until convergence criteria
are met.
. Assess the performance of the designed fractional-
order BF.
Compare the results with those obtained using the
conventional COA.
If the presentation of the Charef Approximation
method coupled with Hybrid FMINCON-MAYFLY
Optimization meets the desired criteria, proceed with
the designed filter. Otherwise, adjust parameters and
settings and repeat steps 2-6.
8. End.

Table 3. Performance comparison of hybrid FMINCON-MAYFLY and COA

. Convergence . . Computational
Algorithm Speed Solution Quality Robustness Efficiency
Hybrid FMINCON- Faster High-quality Robust . .
MAYFLY Convergence Solutions Performance Efficient Computation
Slower Variable Solution Moderate Computational Demands
COYOTE .
Convergence Quality Robustness Vary
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Table 3 shows the comparison between the Hybrid
FMINCON-MAYFLY and COA, revealing distinctive
characteristics in various performance aspects. The Hybrid
FMINCON-MAYFLY  algorithm  demonstrates  faster
convergence rates, offering expedited solutions. Additionally,
it consistently produces high-quality solutions, indicating its
reliability in optimizing complex problems. In terms of
robustness, the Hybrid FMINCON-MAYFLY algorithm
showcases strong performance, ensuring stability across
diverse scenarios. Moreover, its computational efficiency
stands out, as streamlined processes and reduced
computational demands characterize it.

Conversely, the COYOTE algorithm exhibits slower
convergence rates and variable solution quality, suggesting
potential ~ fluctuations in its effectiveness. While
demonstrating moderate robustness, it may not offer the same
level of stability as the Hybrid FMINCON-MAYFLY
algorithm.  Furthermore, the COYOTE algorithm’s
computational demands vary, potentially leading to resource-
intensive computations.

5. Experimentation and Result Discussion

In this segment, showcase the outcomes produced by
utilizing the suggested filter and target function for the system.
A brief statistical analysis is conducted before examining the
effect of COA parameters on the system’s optimal fitness
value and performance to obtain a clearer perspective. To

achieve the previously mentioned goals and accurately assess
the proposed design compared to previous research, analyze
two scenarios using 1000 and 2000 function evaluations as the
stopping criteria for the COA. Following this, an analysis is
carried out to compare how the AVR system’s response varies
when different tuning algorithms and controllers from
previous studies are used. The stability study is conducted
using the system’s frequency response and the corresponding
damping ratios of the closed-loop poles. The system is then
thoroughly examined for its resilience against any potential
setbacks or challenges.

Table 4. Simulation system configuration

Simulation System Configuration
MATLAB Version R2021a
Operation System Windows 10 Home
Memory Capacity 6GB DDR3
Intel Core i5
Processor 3.5GHZ@
Simulation Time 10.190 seconds

Table 4 shows the simulation table for the suggested
method. Using functions based on the parameter values, the
cost functions are reduced using the MATLAB computer
language (software version: MATLAB R2021a). In this
scenario, the lower boundary (Lb) for X is set at 0. Here,
showcases the presentation of the suggested technique in
effectively representing higher-order FOBFs.
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0.8} 830
7304
0.6F
630
— 0.4F 3 530
9 : | %430
0.2} , ot
ok 1 230
130
-0.2 PR RS E S OE PO VOB IY SEERY L 1! 20 i piaimprigrerii eled i 0 PRoIEd LT LT SR i e e e
0 0.102 030405 060708 09 1 0 1 2 3 4 5 6 7 8 910 0 1 2 3 4 5 6 7 8 9 10
o o o
160 1200 900
140H] 1, 1000} 8oory
N 700
120 \\ 800H 600
160 500
> QGOO © 400
80 >4
300 .
400 N et
60 200 ]
sl -~ \ 100f ]
or i
1) i eies el vetes ek bbbl et s bt ) M -100LEE s T e S e et e
0 0102030405 060708 09 1 0 02 04 06 08 1 12 0 0.102 030405 060708 09 1
o o

o

Fig. 3 Optimal values of coefficients for the proposed fourth-order FOBFs
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Fig. 4 Plots for the proposed FOBF

Figure 3 displays the ideal values of the design variables
achieved for FOBFs with a sample size of 2. However,
because of the significant differences within the design range
for the best coefficients, polynomial curve fitting with a

10 . - : - =
i fory —n+0o=2.3| |
9 - =nto=2.5
8f n+o=2.2|]
m 7- o
o
T Of
ER
& 4
s 3f
2t -
“’I.
007200 400 600 800 1000 1200

Frequency(rad/s)

reduced norm of residuals might not be feasible. Figure 3
displays the ideal x;,x,,...,x, values for the suggested
FOBFs. After o values fall between 0.01 and 0.06, a
significant change occurs in the x, to x, range, followed by a
gradual and monotonic decrease in the coefficient values. A
polynomial of degree m in o can be utilized to estimate the
ideal model coefficientsx; (i = 1,2,...,6).

The ideal values of (a) C,,, (b) f, and (c) MSE obtained
for the (4 + a)-order FOBFs are exposed in Figure 4. The
results show that (i) the profile produced by C,,, is
comparable to that of C,,,; (ii) the worst value of
f (14.33 dB?) occurs at a = 0.58, despite existence that the
MSE (0.01178 dB2) is remarkably low; (iii) At « = 0.89,
C,+q 1S Obtained as O, indicating the transfer purpose of the
third-order BF is the resulting starting point. Consequently,
the 2.89th-order filter exhibits a significant peak for
f(7.273dB?%), but the resulting MSE is modest
(0.002083 dB?); and (iv) three specific orders, namely a =
{0.22,0.29,0.37}, produce an abrupt peaking in MSE as
coefficient x; reaches a value of 1E-8. However, the

equivalent values of f and MSE are
{4.563,7.134,10.070}dB? and
{0.3966,0.6698,1.0180}dB?, respectively, showing a
decrease in a modelling error of about 10 times.
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Fig. 5 Magnitude response comparison plots

Figures 5 (a) and (b) for n =2 and n = 3 show the
magnitude-frequency graphs of the primary point and optimal
models for these test situations. While the initial reaction may
not meet expectations, the outcome is consistently close to
perfection in all scenarios. Consequently, the suggested
method shows effective modelling performance for creating
higher-order FOBFs.

Figure 6 shows the difference in magnitude and phase
between the fractional Laplacian operator approximation and

171

the desired outcome with a=0.5. This study’s phase and
magnitude responses are associated with those of the ideal
case. It can be shown that the magnitude error for w €
[0.032,31.53] is less than 1.375 dB, while the phase error for
w € [0.142,7.00] is less than 3.20. An (n + 4) integer order
filter that approximates the (n + «) fractional step filter is
produced using a fourth-order approximation for the
Laplacian operator. This approximation is less expensive to
implement in hardware than higher-order approximations.
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Fig. 6 Magnitude and phase response using fourth-order approximation
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Fig. 7 Magnitude and phase responses of the proposed FOBF for N = 4
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Figures 7 (a) and (b) display the magnitude as well as
phase plots of suggested fourth-order FOBF, along with their
inverse TF. The results from both experiments closely
resemble the expected theoretical outcomes. The proposed
approximants consistently mirror the expected characteristics
across the entire design bandwidth.

Table 5. Performance values for the proposed method

Parameters Values
MSE 0.93 (dB2)
Magnitude Frequency 2.81 (dB)
Magnitude Response 17 (dB)
Phase Response 47.8 (dB)
Optimal Values of 0.13
Coefficients
Average Fitness Cost 0.008

Table 5 showcases the performance metrics for the
proposed work, including optimal coefficient values, Mean
Squared Error (MSE), magnitude frequency, magnitude as
well as phase response, and average fitness cost. The proposed
work exhibits an MSE of 0.93 and a magnitude frequency
value of 2.81, with a magnitude response of 17 and a phase
response of 47.8. The optimal coefficients have values of 0.13,
and the average fitness cost function is 0.008.

0.45 v r
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0.4 P _GWO
= Proposed COA| |

035}

o
w

0.25

=
o

0.15
0.1
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0

Average Fitness Cost(log(f(x

- ———

0.5 1 1.5 2 2.5 3

Function Evaluations

Fig. 8 Comparison graph for average fitness function

0

The average fitness values of the benchmark functions are
displayed in Figure 8 using a logarithmic scale. In addition,
the statistical results of minimum value, average value and
standard deviation are demonstrated in Table 4 for each
benchmark function.

Table 6. Comparison table for average fitness function

Function Evaluation
Techniques 0.5 1 2 2.5
BMS 0.015 | 0.011 0.02 0.01
GWO 0.02 0.02 | 0.0025 | 0.009
Proposed
COA 0.03 | 0.025 | 0.001 | 0.008
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In Table 6, the average fitness function comparison chart
reveals that the future method outperforms both the current
BMS and GWO methods by a margin of 0.008.

100 T
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80F
70F
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30

MSE(dB2)

——PSO-CFE
20l ——=HO-FOBFS
Proposed FOBF-COA
10 i L i I 1 L i i i
0 1 2 3 4 5 6 7 8 9 10

o
Fig. 9 MSE comparison plots for the proposed fractional-order
Butterworth filter

Figure 9 illustrates the MSE comparisons of the future
FOBF with the third-order FOBFs created using the PSO-CFE
and HO-FOBFs algorithms. The proposed method surpasses
both reported designs by a significant margin. At the peak of
the MSE curve, an optimal value of 0=0.76 results in a high
MMSE of 36.32 dB?. Alternatively, a lower MMSE of 39.46
dB”2 is achieved with a higher o value of 0.94. In contrast, the
suggested method only achieves an MMSE of 0.1981 dB? at

a=0.56, highlighting its performance difference in
comparison.
Table 7. Comparison table for MSE
Function Evaluation
Techniques 2 5 8 10
PSO-CFE 762 90 | 93.8| 67.4
HO-FOBF 70 | 859 | 90.5| 87.8
Proposed
FOBE-COA 44 | 539 | 49.8 | 10.185

Results from Table 7 reveal that the future method
triumphs over both PSO-CFE and HO-FOBF, showcasing
substantially reduced error values, specifically 10.185. In
contrast, the existing PSO-CFE and HO-FOBF methods result
in MSE values of 67.4 and 87.8, respectively, indicating
poorer performance than the suggested method.

Table 8 shows the performance of two techniques for
fractional order Butterworth filter design Genetic Algorithm
and the proposed ECBO & COA method. The proposed

References
[1]

method achieves a better magnitude response of -15 dB,

improved phase response, lower error margin of 5%, and
higher stability, indicating superior performance.
Table 8. Comparison of filter design techniques
o 2 Tl <
@ ] © [eRery N \O
g |25 28 55 |s5%| £
c T2 85 ge ey 5
c 56 2 =) - S
3 sal gl O2 |YUs| &
[ S Q| o= @ S
e e —
o L
Genetic
Algorithm -22 -92 120 8 Low
ECBO & ;
COA -15 -85 120 5 High

6. Research Conclusion

The article explores creating the perfect FOBF by
utilizing rational approximations of integer orders. Filters are
designed by turning the fractional Laplacian operator into a
fourth-order integer TF. The ECBO method demonstrates
exceptional precision and steadiness when applied to
fractional-order continuous filters. The study suggests
utilizing the COA to improve both the amplitude and phase
characteristics. Customizing the filter settings can more
effectively align with the frequency output of fractional-order
continuous filter functions, resulting in enhanced precision in
the outcomes. The Matlab software’s output accurately
represents the first-order derivative in the time domain, as
indicated by the RMSE. Implementing the derivative circuit
using a combination of pass band and stop band filters yields
better accuracy in time response approximation than other
methods available. Identifying the coefficients for rational
approximations that closely match the ideal fourth-order
elliptic-curve bandpass filter’s magnitude response involves
methodically testing out various combinations. The FOLBFs
based on ECBO-COA excel in achieving high solution quality
quickly, surpassing other competing methods with their
impressive convergence speed. Rigorous testing involved
benchmarking the proposed models against established
fractional-order Butterworth filters. The validation included
simulations across varied signal conditions, performance
metrics analysis, and real-world application scenarios,
ensuring the accuracy, stability, and reliability of the
optimized magnitude and phase responses. When put to the
test, the fractional order integrator produced through this
approach showcases superior phase and magnitude responses
when stacked up against alternative methods.

Tapaswini Sahu, Kumar Biswal, and Madhab Chandra Tripathy, “Time and Frequency Domain Analysis of a Fractional -Order All-Pass

Filter,” Advances in Intelligent Computing and Communication, Lecture Notes in Networks and Systems, vol. 430, pp. 263-272, 2022.

[CrossRef] [Google Scholar] [Publisher Link]

173


https://doi.org/10.1007/978-981-19-0825-5_28
https://scholar.google.com/scholar?q=Time+and+Frequency+Domain+Analysis+of+a+Fractional-Order+All-Pass+Filter&hl=en&as_sdt=0,5
https://link.springer.com/chapter/10.1007/978-981-19-0825-5_28

[2]

(3]

[4]

[5]

(6]

[’

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Sanjay Ambadas Patil & Uday Pandit Khot/ IJECE, 11(10), 161-175, 2024

Vlad Mihaly et al., “Approximating the Fractional-Order Element for the Robust Control Framework,” 2022 American Control
Conference, Atlanta, GA, USA, pp. 1151-1157, 2022. [CrossRef] [Google Scholar] [Publisher Link]

Stavroula Kapoulea, Costas Psychalinos, and Ahmed S. Elwakil, “Power Law Filters: A New Class of Fractional-Order Filters without a
Fractional-Order Laplacian Operator,” AEU - International Journal of Electronics and Communications, vol. 129, 2021. [CrossRef]
[Google Scholar] [Publisher Link]

Suryadi, and Abdul Halim, “Evaluation of Approximation and Reduction Method for Fractional Order Transfer Function,” 2021 17"
International Conference on Quality in Research (QIR): International Symposium on Electrical and Computer Engineering, Depok,
Indonesia, pp. 5-10, 2021. [CrossRef] [Google Scholar] [Publisher Link]

Imen Deghboudj, and Samir Ladaci, “Automatic Voltage Regulator Performance Enhancement Using a Fractional Order Model Predictive
Controller,” Bulletin of Electrical Engineering and Informatics, vol. 10, no. 5, pp. 2424-2432, 2021. [CrossRef] [Google Scholar]
[Publisher Link]

Ivo Petras, “Fractional-Order Control: New Control Techniques,” Fractional Order Systems, vol. 1, pp. 71-106, 2022. [CrossRef] [Google
Scholar] [Publisher Link]

Nitisha Shrivastava, and Pragya Varshney, “Efficacy of NPC Technique in Approximation of Fractional Order Differentiators and
Integrators,” 2021 2™ International Conference for Emerging Technology, Belagavi, India, pp. 1-6, 2021. [CrossRef] [Google Scholar]
[Publisher Link]

Shibendu Mabhata et al., “Optimal F-Domain Stabilization Technique for Reduction of Commensurate Fractional-Order SISO Systems,”
Fractional Calculus and Applied Analysis, vol. 25, pp. 803-821, 2022. [CrossRef] [Google Scholar] [Publisher Link]

Yiheng Weis et al., “Multiple Fixed Pole-Based Rational Approximation for Fractional Order Systems,” Journal of Dynamic Systems,
Measurement, and Control, vol. 143, no. 6, pp. 1-10, 2021. [CrossRef] [Google Scholar] [Publisher Link]

Sahaj Saxena, and Shivanagouda Biradars, “Fractional-Order IMC Controller for High-Order System Using Reduced-Order Modelling
Via Big-Bang, Big-Crunch Optimisation,” International Journal of Systems Science, vol. 53, no. 1, pp. 168-181, 2021. [CrossRef] [Google
Scholar] [Publisher Link]

Anand Gudnavar, and N. Manjanaik, “A Survey on Energy-Efficient MAC Protocols for Wireless Sensor Networks,” Smart Sensors
Measurements and Instrumentation, Lecture Notes in Electrical Engineering, vol. 750, pp. 177-188, 2021. [CrossRef] [Google Scholar]
[Publisher Link]

Evisa Memlikai et al., “Design of Fractional-Order Lead Compensator for a Car Suspension System Based on Curve-Fitting
Approximation,” Fractal and Fractional, vol. 5, no. 2, pp. 1-11, 2021. [CrossRef] [Google Scholar] [Publisher Link]

P.M. Balasubramaniam et al., “Design of Automotive Accident-Avoidance System at Speed Limit Zone Using GPS,” Innovations in
Computer Science and Engineering, Lecture Notes in Networks and Systems, vol. 385, pp. 271-279, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

Stavroula Kapoulea, Costas Psychalinos, and Ahmed S. Elwakil, “Double Exponent Fractional-Order Filters: Approximation Methods
and Realization,” Circuits, Systems, and Signal Processing, vol. 40, pp. 993-1004, 2021. [CrossRef] [Google Scholar] [Publisher Link]
Harjasdeep Singh, and Durgesh Srivastava, “Sentiment Analysis: Quantitative Evaluation of Machine Learning Algorithms,” 2023 5™
International Conference on Smart Systems and Inventive Technology, Tirunelveli, India, pp. 946-951, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

Shibendu Mahata, Rajib Kar, and Durbadal Manda, “Optimal Rational Approximation of Bandpass Butterworth Filter with Symmetric
Fractional-Order Roll-Off,” AEU - International Journal of Electronics and Communications, vol. 117, 2020. [CrossRef] [Google Scholar]
[Publisher Link]

M. Shanmukhi et al., “Big Data: Query Processing,” Journal of Advanced Research in Dynamical and Control Systems, vol. 10, no. 7, pp.
244-250, 2018. [Google Scholar]

Stavroula Kapoulea, Costas Psychalinos, and Ahmed S. Elwakil, “Passive Approximations of Double-Exponent Fractional-Order
Impedance Functions,” International Journal of Circuit Theory and Applications, vol. 49, no. 5, pp. 1274-1284, 2021. [CrossRef] [Google
Scholar] [Publisher Link]

S. Karthik et al., “Crypto Al: Digital Nostalgic Art Generation Using GAN and Creation of NFT Using Blockchain,” International
Research Journal of Modernization in Engineering Technology and Science, vol. 4, no. 7, pp. 2408-2413, 2022. [Google Scholar]
[Publisher Link]

Furkan Nur Deniz et al., “Revisiting Four Approximation Methods for Fractional Order Transfer Function Implementations: Stability
Preservation, Time and Frequency Response Matching Analyses,” Annual Reviews in Control, vol. 49, pp. 239-257, 2020. [CrossRef]
[Google Scholar] [Publisher Link]

Om Prakash Goswami et al., “Optimal Design of Digital Low-pass Filters Using Multiverse Optimization,” Journal of Electrical
Engineering, vol. 75, no. 4, pp.253-257, 2024. [CrossRef] [Google Scholar] [Publisher Link]

Bala Bhaskar Duddeti et al., “Fomcon Toolbox-based Direct Approximation of Fractional Order Systems Using Gaze Cues Learning-
Based Grey Wolf Optimizer,” Fractal and Fractional, vol. 8, no. 8, pp. 1-20, 2024. [CrossRef] [Google Scholar] [Publisher Link]

174


https://doi.org/10.23919/ACC53348.2022.9867658
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Approximating+the+Fractional-Order+Element+for+the+Robust+Control+Framework&btnG=
https://ieeexplore.ieee.org/abstract/document/9867658
https://doi.org/10.1016/j.aeue.2020.153537
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Power+law+filters%3A+A+new+class+of+fractional-order+filters+without+a+fractional-order+Laplacian+operator&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1434841120321269
https://doi.org/10.1109/QIR54354.2021.9716195
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Evaluation+of+Approximation+and+Reduction+Method+for+Fractional+Order+Transfer+Function&btnG=
https://ieeexplore.ieee.org/abstract/document/9716195
https://doi.org/10.11591/eei.v10i5.2435
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Automatic+voltage+regulator+performance+enhancement+using+a+fractional+order+model+predictive+controller&btnG=
https://beei.org/index.php/EEI/article/view/2435
https://doi.org/10.1016/B978-0-12-824293-3.00008-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fractional-order+control%3A+New+control+techniques&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fractional-order+control%3A+New+control+techniques&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780128242933000089
https://doi.org/10.1109/INCET51464.2021.9456248
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Efficacy+of+NPC+Technique+in+Approximation+of+Fractional+Order+Differentiators+and+Integrators&btnG=
https://ieeexplore.ieee.org/abstract/document/9456248
https://doi.org/10.1007/s13540-022-00014-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+F-domain+stabilization+technique+for+reduction+of+commensurate+fractional-order+SISO+systems&btnG=
https://link.springer.com/article/10.1007/s13540-022-00014-6
https://doi.org/10.1115/1.4049557
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Multiple+Fixed+Pole-Based+Rational+Approximation+for+Fractional+Order+Systems&btnG=
https://asmedigitalcollection.asme.org/dynamicsystems/article-abstract/143/6/061008/1094094/Multiple-Fixed-Pole-Based-Rational-Approximation
https://doi.org/10.1080/00207721.2021.1942587
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fractional-order+IMC+controller+for+high-order+system+using+reduced-order+modelling+via+Big-Bang%2C+Big-Crunch+optimisation&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fractional-order+IMC+controller+for+high-order+system+using+reduced-order+modelling+via+Big-Bang%2C+Big-Crunch+optimisation&btnG=
https://www.tandfonline.com/doi/abs/10.1080/00207721.2021.1942587
https://doi.org/10.1007/978-981-16-0336-5_16
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+Survey+on+Energy-Efficient+MAC+Protocols+for+Wireless+Sensor+Networks&btnG=
https://link.springer.com/chapter/10.1007/978-981-16-0336-5_16
https://doi.org/10.3390/fractalfract5020046
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+fractional-order+lead+compensator+for+a+car+suspension+system+based+on+curve-fitting+approximation&btnG=
https://www.mdpi.com/2504-3110/5/2/46
https://doi.org/10.1007/978-981-16-8987-1_28
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+Automotive+Accident-Avoidance+System+at+Speed+Limit+Zone+Using+GPS&btnG=
https://link.springer.com/chapter/10.1007/978-981-16-8987-1_28
https://doi.org/10.1007/s00034-020-01514-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Double+exponent+fractional-order+filters%3A+Approximation+methods+and+realization&btnG=
https://link.springer.com/article/10.1007/s00034-020-01514-7
https://doi.org/10.1109/ICSSIT55814.2023.10061130
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sentiment+Analysis%3A+Quantitative+Evaluation+of+Machine+Learning+Algorithms&btnG=
https://ieeexplore.ieee.org/abstract/document/10061130
https://doi.org/10.1016/j.aeue.2020.153106
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+rational+approximation+of+bandpass+Butterworth+filter+with+symmetric+fractional-order+roll-off&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1434841119325233
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.+Shanmukhi%2C+Big+Data%3A+Query+Processing&btnG=
https://doi.org/10.1002/cta.2946
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Passive+approximations+of+double%E2%80%90exponent+fractional%E2%80%90order+impedance+functions&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Passive+approximations+of+double%E2%80%90exponent+fractional%E2%80%90order+impedance+functions&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/cta.2946
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Crypto+AI%3A+Digital+nostalgic+art+generation+using+GAN+and+creation+of+NFT+using+Blockchain&btnG=
https://www.irjmets.com/pastvolumeissue.php?p=0&keywor=CRYPTO+AI%3A+DIGITAL+NOSTALGIC+ART+GENERATION+USING+GAN+
https://doi.org/10.1016/j.arcontrol.2020.03.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Revisiting+four+approximation+methods+for+fractional+order+transfer+function+implementations%3A+Stability+preservation%2C+time+and+frequency+response+matching+analyses&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1367578820300092
https://doi.org/10.2478/jee-2024-0031
https://scholar.google.com/scholar?q=Optimal+design+of+digital+low-pass+filters+using+multiverse+optimization&hl=en&as_sdt=0,5
https://sciendo.com/article/10.2478/jee-2024-0031
https://doi.org/10.3390/fractalfract8080477
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fomcon+toolbox-based+direct+approximation+of+fractional+order+systems+using+gaze+cues+learning-based+grey+wolf+optimizer&btnG=
https://www.mdpi.com/2504-3110/8/8/477

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Sanjay Ambadas Patil & Uday Pandit Khot/ IJECE, 11(10), 161-175, 2024

Amr M. AbdelAty et al., “Improving Small-signal Stability of Inverter-based Microgrid Using Fractional-Order Control,” International
Journal of Electrical Power & Energy Systems, vol. 156, pp. 1-15, 2024. [CrossRef] [Google Scholar] [Publisher Link]

Shibendu Mahata, Rajib Kar, and Durbadal Mandal, “Optimal Design of Fractional-Order Butterworth Filter with Improved Accuracy
and Stability Margin,” Fractional-Order Modeling of Dynamic Systems with Applications in Optimization, Signal Processing and Control,
Academic Press, pp. 293-321, 2022. [CrossRef] [Google Scholar] [Publisher Link]

Julia Nako et al., “Design of Higher-Order Fractional Filters with Fully Controllable Frequency Characteristics,” IEEE Access, vol. 11,
pp. 43205-43215, 2023. [CrossRef] [Google Scholar] [Publisher Link]

Andrew Amgad Amin, Mennatullah Mahmoud Albarawy, and Amr Mabrouk, “Survey on Designing Fractional-order Filters:
Metaherustic Approach,” Fayoum University Journal of Engineering, vol. 6, no. 2, pp. 1-12, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

Andrew Amgad et al.,, “Design of Fractional-order Filters From the Fractional Chebyshev Polynomials: A Meta-Heuristic
Approach,” Authorea Preprints, 2023. [CrossRef] [Google Scholar] [Publisher Link]

S. Swain, M.C. Tripathy, and S. Behera, “Realization of Optimized Fractional-Order Symmetric-Slope Bandpass Filter Using Switched-
Capacitors,” Sadhana, vol. 48, no. 2, 2023. [CrossRef] [Google Scholar] [Publisher Link]

Jiyao Yang et al., “Optimal Design of Digital FIR Filters Based on Back Propagation Neural Network,” IEICE Electronics Express, vol.
20, no. 1, pp. 1-6, 2023. [CrossRef] [Google Scholar] [Publisher Link]

Yotaka TUNGTRAGUL, Atirarj SUKSAWAD, and Worawat SA-NGIAMVIBOOL, “The Optimal Design of Finite Impulse Response
High Pass Filter Using Bee Colony Algorithm,” PRZEGLAD ELEKTROTECHNICZNY, vol. 2023, no. 12, 2023. [CrossRef] [Google
Scholar] [Publisher Link]

175


https://doi.org/10.1016/j.ijepes.2023.109746
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Improving+small-signal+stability+of+inverter-based+microgrid+using+fractional-order+control&btnG=
https://www.sciencedirect.com/science/article/pii/S0142061523008037
https://doi.org/10.1016/B978-0-32-390089-8.00016-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+design+of+fractional-order+Butterworth+filter+with+improved+accuracy+and+stability++margin&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780323900898000167
https://doi.org/10.1109/ACCESS.2023.3271863
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+higher-order+fractional+filters+with+fully+controllable+frequency++characteristics&btnG=
https://ieeexplore.ieee.org/abstract/document/10113218
https://dx.doi.org/10.21608/fuje.2023.177757.1032
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Survey+on+designing+Fractional-order+Filters%3A+Metaherustic+approach.&btnG=
https://journals.ekb.eg/article_306227.html
https://journals.ekb.eg/article_306227.html
https://doi.org/10.22541/au.168900941.11362389/v1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+Fractional-order+Filters+From+The+Fractional+Chebyshev+Polynomials%3A+A+Meta-Heuristic+Approach&btnG=
https://essopenarchive.org/doi/full/10.22541/au.168900941.11362389
https://doi.org/10.1007/s12046-023-02110-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Realization+of+optimized+fractional-order+symmetric-slope+bandpass+filter+using+switched-capacitors&btnG=
https://link.springer.com/article/10.1007/s12046-023-02110-6
https://doi.org/10.1587/elex.19.20220491
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+design+of+digital+FIR+filters+based+on+back+propagation+neural+network&btnG=
https://www.jstage.jst.go.jp/article/elex/20/1/20_19.20220491/_article/-char/ja/
https://doi.org/10.15199/48.2023.12.29
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+design+of+digital+FIR+filters+based+on+back+propagation+neural+network&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+design+of+digital+FIR+filters+based+on+back+propagation+neural+network&btnG=
https://sigma-not.pl/publikacja-146728-2023-12.html

