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Abstract

The use of fractional calculus in electronic design has revolutionized the way systems and circuits are built. It provides a more
accurate representation of complex dynamic systems than traditional integer-order methods. This paper presents a detailed analysis
of the fundamental concepts of fractional calculus, including its mathematical properties. This paper reviews the key types of
fractional order components, such as amplifiers, filters, and controllers. They are examined in terms of their practical
implementations, design methodologies, and simulation techniques. For instance, the frequency response of a fractional order filter
is precisely controlled, while the stability of a fractional order oscillator is enhanced. On the other hand, the high bandwidth and

linearity of a fractional order amplifier can be enhanced using PID controllers.
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l. Introduction

The resurgence of fractional calculus, which was first
proposed by Euler and Leibniz centuries ago, has been
attributed to its ability to extend the ideas of integer-order
calculus [1][2]. This new approach allows for the integration
and differentiation of fractional orders. In contrast to classical
calculus, which only deals with whole numbers, fractional
allows for the integration and distinction of non-integer
orders such as 1/2, 3/4, and more.

The concept of integration and differentiation is extended
to non-integer orders in fractional calculus. For instance, the
fractional derivative of alpha (o)) shows how functions change
over a set of dimensions.

In the field of system design and circuit modeling,
fractional calculus provides a powerful tool for analyzing and
modeling complex systems that cannot be fully captured by
standard integer-order methods. This is especially relevant in
areas where time-domain features, memory effects, and non-
locality play a vital role.

Properties of Fractional Order Systems:

e A fractional order system exhibits memory effects,
which indicates that its current state is dependent on the
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previous inputs over a certain period. This characteristic
makes it possible to accurately model systems with
dynamic behaviors and long-term dependencies.

e A fractional order system is different from an integer-
order system in that it exhibits non-local responses. This
makes its output dependent on past and future inputs,
which highlights the influence of time.

1. Theoretical Foundations

Extending traditional calculus is known as fractional
calculus. It provides a flexible solution for complex and real-
world systems, and it allows for the analysis of systems with
hereditary and memory properties [6]. This enables more
accurate simulations of complex systems that are frequently
encountered in real life [3].

Riemann-Liouville Derivative: For a function g(t), the

Riemann-Liouville fractional derivative of order o is defined
as.
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Caputo Derivative: The Caputo derivative of order o for a
function g(t) is
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In engineering applications, the Caputo derivative is
frequently used. Its initial conditions are like those of
differential equations.

Riemann-Liouville Integral: The fractional integral of
order o is defined as:
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Properties of Fractional Operators

e A linearity refers to the operation of integrals and
fractional derivatives.

e The non-locality of fractional derivatives makes
them highly relevant to computer simulations. For
instance, they can be used in the design of memory-
based systems.

e In fractional calculus, the reduction of integrals and
fractional derivatives is generally the same as that of
classical functions [4][5].

A fractional order can be used to describe complex
systems' dynamic behaviors. These include non-local
interactions, hereditary effects, and memory. It is challenging
to use integer-order models to capture these features.

e A fractional-order circuit, such as inductors,
capacitors, and resistors, can be used to model real-
world electronic components accurately.

e In signal processing, fractional-order filters can
provide better stability and robustness than integer-
order ones.

e A fractional-order control device, such as a PID,
provides additional tuning options, which can
improve the robustness and performance of
industrial processes.

e A system dynamics model based on a fractional-
order perspective can visualize the diffusion
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processes and materials' viscoelastic behavior in
control systems.

e A neural model utilizing a fractional-order approach
can show the intricate dynamics of signal
propagation and neuronal activity within tissues.

e A physiological system is used to study various
physiological functions, such as drug delivery and
blood flow.

e The ability to model the hereditary effects and
memory of financial markets in a fractional-order
manner is beneficial for analyzing risk and price
movements.

1. Fractional Order Circuits

The use of fractional calculus in electronic design
provides a new approach to achieving high performance.
Compared to traditional integer-order devices, fractional
order circuits offer various advantages, such as better
frequency response and reduced sensitivity to variations in
components. This section explores the key types of these
types of circuits and their design methodologies.

Fractional order filter: It is created using inductors and
capacitors with a frequency-related impedance that's
fractional. This characteristic makes them ideal for tuning a
frequency response [7].

A fractional order filter's transfer function involves the
fractional powers of a Laplace variable S. This characteristic
provides a more detailed design parameter. A network of
operational amplifiers, resistors, and capacitors can be used
to realize the components of a fractional order filter.

Simulations of fractional order elements can be
made using modified SPICE models. They can also
incorporate numerical approximations of the derivatives of
the order. Bode plots can be used to analyze the frequency
response of a fractional order filter. They can help us
understand its improved attributes. Practical implementations
usually utilize components with an approximation of the
fractional order behavior. In software, techniques for digital
signal processing can be utilized to copy the behavior of a
fractional order filter.

Fractional Order Oscillators: It is a type of signal-
producing device that uses fractional calculus. It produces

signals with unique characteristics[8].

The characteristic design of the oscillator involves solving the
differential equations of fractional calculus to understand the
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conditions that can sustain its oscillations. The component
selection process for a fractional order oscillator involves
choosing the appropriate components that can affect its
amplitude and phase.

When designing a fractional order oscillator, it is usually
necessary to use a numerical method to solve the underlying
equations. The time domain analysis is a process that involves
observing the behavior of the time domain to ensure that its
oscillations stay stable.

A hybrid design combines the elements of a traditional
oscillator with a fractional order element for better
performance. Developers can use a variety of devices, such
as a digital signal processor (DSP) and a field-Programmable
Gate Array (FPGA), to control the parameters of a fractional
order oscillator.

Fractional Order Amplifiers: It is ideal for signal
amplification due to its improved bandwidth and linearity [9].

The design of the amplifier utilizes a transfer function that
enables it to achieve desirable bandwidth and gain
characteristics. In addition to a transfer function, the
integration of inductors and fractional capacitors allows the
amplifier to achieve desirable performance.

A frequency response simulation is performed to check the
amplifier's specifications. The time domain response of the
input signals is analyzed to check the performance and
linearity of the amplifier.

The practical implementation of a fractional order amplifier
involves utilizing various analog components. The design of
integrated circuits incorporating the elements of the fractional
order is also a major step in the development of efficient and
compact amplifiers.

Fractional Order Controllers: A fractional order controller
provides a robust and improved control performance in
process and industrial automation applications [10].

The tuning of the fractional orders mu and lambda includes
the addition of derivative gains, integrals, and proportional
gains to attain the ideal control. A transfer function analysis
is performed to determine the characteristics and stability of
the controller.

A control system simulator can be utilized to model the
behavior of a fractional order controller in a loop. To ensure
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the design specifications of the controller are met, the time-
domain and frequency response behavior can be analyzed.

Implementing a fractional order controller with the help of
either a digital or analog microcontroller or a digital single-
chip device is commonly done. By implementing a fractional
order controller, industrial facilities can improve their
processes' efficiency and stability.

v. Interdisciplinary Perspectives

The development of systems and circuits that are based
on fractional order techniques has been instrumental in
various fields, such as biomedical engineering and renewable
energy systems [11], [12]. This section explores the
applications of this technology, which are designed to
improve the performance of these systems.

A neural model utilizing fractional order techniques is
utilized to depict the intricate interplay between signal
propagation and neural activity within tissues [13]. It enables
the study of the hereditary traits and memory effects of neural
circuits. The accuracy of signal analysis and medical image
processing can be improved by implementing fractional
calculus. This technology can also be used to enhance ECG
and MRI interpretation. In addition, it can minimize noise
while preserving crucial signal features. The accuracy of a
biological system model can be improved by capturing
memory-dependent and non-local behaviors.  The
development of better signal processing methods can result in
improved diagnostic procedures and patient outcomes [14],
[15].

In solar energy, fractional controllers can help improve
the efficiency and power output of a system by controlling its
various components [16]. Wind turbines benefit from the use
of fractional order control methods. These can help improve
their efficiency and stability by minimizing mechanical stress
and responding faster to variable wind speeds [17]. The
dependability and efficiency of renewable energy systems are
enhanced by better control systems. The enhanced
performance of renewable power systems can help develop
sustainable energy infrastructures and decrease reliance on
fossil fuels, among other benefits [18].

A network analysis and modeling procedure using
fractional calculus can provide a comprehensive
representation of the complex dynamics of networks [19].
This includes the transmission of data and traffic. The
development of signal processing and fractional order filters
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can help improve the efficiency of communication systems
by reducing the noise levels and providing clearer
transmissions. The optimization of networks through better
control and modeling can result in increased operational
efficiency. Improvements in signal processing techniques can
result in clearer transmissions and fewer errors.

The integration of fractional order methods [20]
interdisciplinary research creates collaborations between
biologists, physicists, engineers, and other scientists that
result in novel discoveries. Programs that integrate fractional
calculus into their curriculum promote the development of
future engineers and scientists who can solve complex
problems through a holistic method. The synergistic
collaborations among different disciplines can produce novel
solutions that take advantage of the strengths of several fields.
The concept of the holistic approach denotes an inquiry into
the intricate and interdependent nature of contemporary
systems.

V. Conclusion

Systems and circuits that are fractional in order
provide various advantages over their integer counterparts.
These innovations make electronic design more robust,
provide better frequency response, and minimize sensitivity
to variations in components. This paper presents an overview
of various types of fractional order electronic components,
such as controllers, filters, and oscillators. It also explores
their design methodologies and simulation techniques.

In addition to providing better signal processing
performance, fractional order filters can also help improve the
accuracy of frequency tuning. They are ideal for creating
stable and reliable signals. Also, the higher bandwidth and
linearity of fractional order amplifiers make them ideal for
signal amplification. A PID or other fractional order
controller can offer process and industrial control engineers
with enhanced control functions. The theoretical foundations
and practical design strategies of fractional calculus can help
pave the way for widespread use of this technology in various
interdisciplinary fields. The ability to accurately model
complex systems with fractional order differentials can lead
to significant innovations in economic, medical, and
electrical engineering fields.
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