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elevation and azimuth in a twin
rotor system

Abebe Alemu Wendimu?, Radek Matu3d'™, Ibrahim Shaikh' & Zeru Kifle Kebede?

This paper presents a real-time application of fractional-order PID (FOPID or PI*D~) control for a
twin rotor system, optimizing performance beyond conventional PID approaches. A linear model
identification is first performed using a black-box approach, with a detailed examination of the
system'’s static properties. The primary aim is to implement PI*D~ control, where the fractional
orders X and p correspond to the integral and derivative components, respectively, offering
enhanced flexibility in system dynamics tuning. The proposed control strategy is validated through
experiments on a laboratory-scale twin rotor benchmark. Controller parameters are optimized using
advanced algorithms, including Particle Swarm Optimization (PSO), Genetic Algorithm (GA), and the
Nelder-Mead (NM) method. These algorithms minimize time-domain performance metrics such as
Integral of Absolute Error (IAE), Integral of Time-weighted Squared Error (ITSE), Integral of Squared
Error (ISE), and Integral of Time-weighted Absolute Error (ITAE). Notably, the optimized GA-based
FOPID controller achieves an IAE performance index of 180.33 for the FOPID in elevation. The GA-
based FOPID tuning is particularly effective for IAE performance in the azimuth, yielding a value of
109.2, compared to the GA-based IOPID, which results in a value of 247.05. Additionally, the least
performance index is observed when comparing the PSO and NM-based FOPID tuning across all
performance indexes. These results demonstrate that the FOPID controller significantly enhances
control precision and stability in the twin rotor system, highlighting the potential of fractional-order
control (FOC) in real-time applications.
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Background on fractional calculus: The mathematical foundations of fractional calculus trace their origins to a
1695 correspondence initiated by the German polymath Gottfried Wilhelm Leibniz. Leibniz, having formalized
differentiation for integer orders %L (where n € N), was subsequently questioned by the Marquis de 'Hopital

da™
regarding the potential extension of differentiation to non-integer orders, specifically positing the case n = 3.1In
his response dated September 30, 1695, Leibniz acknowledged the apparent paradox inherent in such a concept
but presciently noted that “one day, useful consequences will be drawn from it”!. This exchange represents the
conceptual inception of fractional-order differentiation. Since then, the concept has gained popularity and
has been formalized as fractional-order calculus. Today, its applications span multiple disciplines, including
engineering, where it is a topic of significant interest, particularly in control engineering, focusing on fractional-
order control?.

The Twin Rotor Multi-Input Multi-Output (MIMO) System (TRMS) is a highly nonlinear and complex
system that exhibits significant cross-coupling between its control inputs and outputs. One of the primary
challenges in controlling such a system is achieving precise and stable control of the rotor dynamics. Traditional
integer-order controllers often struggle to provide optimal performance due to the complex dynamics of
the TRMS. These challenges necessitate advanced control strategies capable of handling the coupled and
dynamic nature of the system. FOCs have demonstrated significant advantages over traditional integer-order
controllers by offering enhanced flexibility in tuning. Unlike conventional controllers, which are constrained
to integer-order derivatives and integrals, FOCs utilize fractional calculus to provide a broader range of tuning
parameters®~'0. This additional degree of freedom enables better adaptation to system dynamics, leading to
improved transient and steady-state performance. Moreover, fractional controllers exhibit superior memory
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effects and hereditary properties, making them highly suitable for applications where long-term system behavior
influences performance. These merits make fractional-order controllers particularly attractive for the control of
complex systems like the TRMS, where achieving stability and optimal control remains a significant challenge.

Literature review: FOC systems have emerged as a prominent topic in control engineering, attracting
significant attention in recent research efforts*!°. Numerous studies have demonstrated the application of
FOC in control engineering. For instance,!! proposed a fractional integrator for various control applications,
while!? developed three generations of the CRONE controller. The TID controller was introduced by'?, and
the FOPID controller was presented by'?. The FOMCON MATLAB Toolbox, introduced by'>!6, extends
the FOTF toolbox and is widely adopted for modeling, analysis, and design of fractional-order systems due
to its flexibility and user-friendly interface. Additionally,!” expanded on the FOPID concept, and'® provided
a comprehensive analysis of lead-lag fractional-order compensators, detailing their tuning methods and
implementation techniques. TRMS presents significant challenges in control engineering due to its highly
nonlinear dynamics, strong cross-coupling effects between elevation and azimuth, and inherent system
uncertainties. These complexities arise from aerodynamics, actuator limitations, and external disturbances,
making precise control difficult. This system has been extensively studied, and various advanced control
strategies have been implemented. Key contributions include the work of!', who developed a mathematical
model of the TRMS and designed a fuzzy logic controller to regulate the pitch and yaw angles. Furthermore,?
applied a Takagi-Sugeno fuzzy model-based controller to the TRMS, optimizing the membership functions
using PSO. The importance of this research lies in its potential to enhance the robustness and accuracy of control
systems, effectively addressing the inherent challenges associated with controlling the dynamics of modern
engineering systems. In their research,?! proposed the application of fractional algorithms in the control of
a TRMS system. They derived a nonlinear mathematical equation based on Newton’s second law of motion
to model the system and provided an overview of the system model. The authors utilized the PSO algorithm
to tune the controllers. They compared the performance of FOPID and IOPID controllers and employed the
PSO algorithm to optimize the controller for minimum error. Testing with a real helicopter demonstrated that
the FOPID or PID# controller outperformed the IOPID in terms of speed and error reduction. Furthermore,
the time response of the PID# controller was smoother, exhibiting less overshoot and reduced input/output
cross-coupling. While both controllers yielded satisfactory output responses, the IOPID required more energy
to perform the same task, as suggested by the authors. In their work?, introduced a real-time control approach
for the TRMS using both IOPID and FOPID controllers. They utilized the“System Identification Toolbox”to
determine the mathematical models of the TRMS and then derived the parameters of the FOPID controller
based on the identified plant model. The optimization algorithm employed for tuning the controller parameters
was the GA, implemented in the Matlab program, to achieve different integral performance criteria. The study
focused on real-time control of both pitch and yaw positions of the TRMS, comparing the performance of the
IOPID controller and the FOPID or PI*D# controller. The authors evaluated four different integral performance
criteria: ISE, IAE, ITAE, and ITSE. Their findings showed that the ITSE-based controller design was the most
successful in terms of response performance. Overall, they successfully demonstrated the real-time control of a
nonlinear TRMS with two inputs and two outputs using a FOPID controller, offering a promising approach for
controlling complex systems. In?, the author introduced the“Fractional Order Modeling and Control of Twin
Rotor Aero Dynamical System using Nelder Mead Optimization”. The technique involves identifying a fractional
order model of the system. The controller parameters are tuned using NM optimization, and their performance
is compared with PSO techniques. The evaluation of the system’s performance is done using the IAE metric.
However, it is important to note that the authors did not test the controller on a real-time plant, which could
limit the generalizability of the results. Linear models may not accurately represent the dynamics of real-time
plants, and a linear model not identified from the plant may not accurately reflect its dynamics. Therefore,
further testing and validation on a real-time plant would be necessary to confirm the practical effectiveness of
the proposed controller. In?, the authors introduced an advanced parameter estimation technique for modeling
a twin rotor MIMO system (TRMS) using a fractional order transfer function with time-delay. Their primary
objective was to accurately capture the dynamics of the TRMS by leveraging fractional calculus. To this end,
they formulated an optimization problem and employed the NM algorithm, a robust optimization method, to
derive the model parameters. The implementation was carried out using the fminsearch function from the
MATLAB software suite. Furthermore, the authors utilized the FOMCON toolbox in MATLAB to illustrate
the efficacy of fractional-order derivative operators in characterizing the TRMS system’s behavior. To further
strengthen the research background, recent studies on advanced optimization methods in control systems have
been considered. For example, the use of artificial intelligence-based algorithms such as the Artificial Rabbits
Optimization (ARO) algorithm in PID tuning for temperature control in electric furnaces demonstrates the
evolving landscape of controller optimization techniques®. Integrating such perspectives highlights the growing
relevance and diversity of intelligent optimization strategies in modern control applications.

Research gap and objective: Despite significant theoretical advancements and simulation-based validations
of optimization techniques such as PSO, GA, and the NM method for fractional-order control, a critical research
gap remains: the lack of comprehensive real-world validation of these controllers on complex, laboratory-scale
systems. In particular, most existing studies focus heavily on performance evaluation in simulated environments,
offering limited insight into the practical challenges of real-time implementation on physical platforms like the
Twin Rotor System. Moreover, there is a notable absence of systematic comparative analyses that investigate
how different optimization methods (PSO, GA, NM) influence the performance of fractional-order controllers
during the transition from simulation to hardware deployment. These two gaps underscore the need for further
research to establish the practical implementation of fractional-order controllers under real-world conditions.
The research question posed is: How can FOCs, optimized using PSO, GA, and NM techniques and integrated with
FOMCON toolbox, improve the performance of elevation and azimuth angle of TRMS in real-world scenarios?
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Traditional integer-order controllers (IOPID) often struggle to achieve optimal performance due to their
limited tuning flexibility. FOC, such as FOPID, offer a promising alternative. This study investigates how FOC,
optimized using PSO, GA, and NM, can enhance elevation and azimuth angle of TRMS performance in real-
world applications by improving stability, response time, and error minimization compared to conventional
control methods. This paper extends the work presented in?>?” by focusing on the design, implementation, and
testing of a FOC for a TRMS, optimized using the aforementioned techniques.

This study aims to bridge the gap between simulation and real-world implementation in the fractional-order
control of elevation and azimuth in twin rotor systems. To achieve this, both IOPID and FOPID controllers are
designed and optimized using three distinct optimization algorithms PSO, GA, and the NM method. Controller
parameters are tuned using the FOMCON toolbox in MATLAB and integrated with optimization algorithms.
Controller performance is first validated within the MATLAB/Simulink simulation environment, followed
by real-time implementation on laboratory-scale TRMS hardware. A comparative performance analysis is
performed using quantitative metrics such as IAE, ITSE, ISE, ITAE, settling time, and overshoot.

Paper contributions: This research contributes to the growing body of literature on the application of
fractional calculus in control systems by integrating PSO, GA, and NM optimization algorithms with the
FOMCON toolbox for end-to-end fractional-order controller design. It facilitates the transition from controller
optimization to real-time implementation and establishes a co-validation methodology using FOMCON for
both MATLAB/Simulink simulations and laboratory-scale TRMS deployment. Additionally, it enhances the
understanding of the practical applicability and implementation challenges of FOC techniques in real-world
engineering scenarios.

The major contributions of this work summarized as follows:

A complete methodology from controller optimization to hardware deployment;
A comparative analysis of PSO, GA, and NM optimization strategies; and
 Real-time validation on a laboratory model benchmark system.

Paper Structure: The remainder of the paper is organized as follows: Section A review of tuning methods for
FOPIDs provides a review of FOPID tuning techniques. Section Methodology presents the detailed methodology
for implementing the fractional-order controller algorithm in both MATLAB and real-time environments.
Section Results from static characteristics is dedicated to the presentation and discussion of MATLAB simulation
and real-time experimental results, including a comparative analysis between integer-order and fractional-order
controllers. Finally, Section Conclusion summarizes the key findings, highlights their implications for the field,
and offers suggestions for future research, followed by a comprehensive list of references.

A review of tuning methods for FOPIDs

Tuning methods for fractional-order PID (FOPID) controllers are generally categorized into three main
approaches: analytical, rule-based, and numerical methods. Analytical tuning involves deriving controller
parameters from mathematical models to meet specified control objectives, such as achieving desired phase
margin and gain crossover frequency. Rule-based methods employ heuristic techniques, trial-and-error
strategies, or predefined empirical rules to determine appropriate controller gains. Numerical methods, on the
other hand, utilize optimization algorithms and iterative procedures to compute optimal controller parameters
based on defined performance criteria. Among numerical approaches, techniques such as GA, PSO, and the NM
simplex method have been extensively applied in FOPID tuning. These methods are particularly advantageous
in handling complex, nonlinear systems where accurate analytical modeling is challenging or infeasible. For
example, PSO and GA are recognized for their effectiveness in exploring large solution spaces and solving
multi-objective optimization problems.?®demonstrated the capability of PSO in tuning FOPID controllers for
time-delay systems, achieving enhanced robustness and stability. Likewise, several studies?®~*! have reported
the successful application of GA in fractional-order control, highlighting improvements in key performance
metrics such as rise time and overshoot. GA, PSO, and NM algorithms were selected based on their robustness,
popularity, and established success in controller parameter tuning for nonlinear systems. A summary of
previous works on fractional-order PID controllers, including controller structures, tuning techniques, number
of parameters used, experimental testing setups, advantages and disadvantages, key findings, and controller
comparisons, is presented in Table 1.

Methodology
The methodology employed in this paper is illustrated in Fig. 1. It consists of several key steps to ensure a
systematic approach to modeling, controller design, and performance evaluation for the Twin Rotor System:

1. System/Model Identification: The TRMS model was identified using real experimental measurements. Pa-
rameter estimation was carried out using MATLAB’s fminsearch function, which applies the Nelder—
Mead (NM) simplex optimization algorithm. This method was selected due to its effectiveness in minimizing
the error between the experimental data and the simulated model response, ensuring that the identified
model accurately reflects the system dynamics. The suggested mathematical models for the decoupled sub-
systems are represented by the following transfer functions:
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Table 1. Summary of previous works on fractional-order PID controllers.
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Fig. 1. Schematic representation of the methodology applied in this work.
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where K, T, n, and T are optimized using the NM algorithm, and the results are provided in Eq. 14 and Eq. 15
for the elevation and azimuth subsystems, respectively. Although fractional-order controllers are implement-
ed in this study, the system identification process is based on an integer-order model. This decision is mo-
tivated by the practical availability of integer-order models and their proven effectiveness in the literature?.
While fractional-order models may provide greater accuracy, their identification generally requires extensive
experimental data and advanced fractional modeling techniques46. The chosen integer-order model, however,
captures the dominant dynamics near the operating point of the TRMS and is therefore suitable for controller
tuning and performance evaluation. The TRMS is inherently a nonlinear, coupled MIMO system. For sim-
plicity, it was decoupled into two linear SISO subsystems corresponding to the elevation and azimuth chan-
nels. This assumption of weak coupling (particularly the limited effect of the tail rotor on elevation) enables
the design and implementation of fractional-order controllers using well-established linear control method-
ologies. Nevertheless, this simplification has limitations in conditions with significant cross-axis interaction
or strong nonlinearities. Addressing these scenarios through full MIMO fractional modeling will be part of
future research. Model validation was performed by comparing the simulated step response of the identified
transfer functions with the experimental data. The results confirmed that the identified models closely match
the real system behavior within the operating range of interest, thereby ensuring their suitability for controller
design.

2. Controller design and parameter optimization: The control algorithms are implemented in MATLAB
where both IOPID and FOPID controllers are designed. The controller parameters are optimized using ad-
vanced optimization techniques, including PSO, GA, and the NM method. These algorithms help determine
the optimal control gains that enhance system performance in terms of stability, accuracy, and response time.

3. Simulation and testing: The designed controllers are tested in two stages: Model-in-the-Loop (MIL) Simu-
lation: The controllers are first evaluated in a MATLAB/Simulink simulation environment using the iden-
tified TRMS model. This allows for tuning and validation before hardware implementation. Hardware-in-
the-Loop (HIL) testing: The validated controllers are then deployed on the actual TRMS hardware to assess
their real-time performance.

4. Performance evaluation and comparative analysis: The effectiveness of the controllers is analyzed based on
multiple performance metrics, including rise time, settling time, overshoot, steady-state error, and control
effort. The comparison between IOPID and FOPID controllers provides insights into the advantages of frac-
tional-order control over traditional integer-order approaches.

The subsequent subsections provide a detailed explanation of each methodological step, highlighting the
procedures, tools, and key findings at each stage.

System identification

System identification is a fundamental process in control engineering, where mathematical models are
developed to accurately represent the behavior of dynamic systems. This is achieved using a black-box approach,
which relies on analyzing experimental input-output data without requiring detailed knowledge of the internal
dynamics of the system*”. The resulting transfer function models represent the system behavior without requiring
explicit knowledge of internal mechanical or physical equations. A detailed discussion of this identification
process can be found in?*?’. To ensure reliable data collection, real-time experiments were conducted in a
controlled laboratory environment. The room was sealed, and the temperature was maintained at standard room
temperature to minimize external disturbances affecting the measurements. To accurately model the system
dynamics, an integer-order linear plant identification approach is employed for both the elevation and azimuth
control loops. This identification is performed using MATLABs fminsearch function, which applies the
Nelder-Mead simplex algorithm, as illustrated in Fig. 2. The identified models include a third-order integer
plant for the elevation angle and a second-order integer plant for the azimuth angle. In this work, the integer-
order model of the system is controlled using a fractional-order controller. Furthermore, the development of a
fractional-order model for system identification is presented in*®, where a detailed methodology for fractional-
order model identification of the TRMS is provided. These models offer an accurate mathematical representation
of the TRMS dynamics, forming the foundation for controller design and optimization.

Controller algorithm implementation

This subsections introduce the structures of both IOPID and FOPID controllers. The IOPID controller is one
of the most widely used controllers in industrial applications due to its simplicity and effectiveness in various
control scenarios®. The standard form of the PID controller in the Laplace domain is given by*":

C(S):Kp-i-Ki(i)-FKd(livN) (2)

Where: K,: Proportional gain. It scales the error signal directly to control the system’s output. Increasing K,
increases the system’s response speed but can also cause overshoot and instability.

K;: Integral gain. It accounts for the accumulation of past errors. It helps eliminate steady-state error but can
introduce overshoot and oscillations if too high.

Kg: Derivative gain. It predicts future error based on its rate of change. It helps dampen the system’s response,
reducing overshoot and improving stability.
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Fig. 2. Block diagram of MATLAB’s fminsearch algorithm for plant model identification of TRMS?.

Basically, the IOPID controller operates on the principle of combining three control actions, each addressing
different aspects of the control process. The FOPID controller extends the IOPID controller by incorporating
fractional calculus. This allows for more flexible and accurate control as it introduces non-integer order
differentiation and integration, enhancing control reliability51’52. In the FOPID controller, the individual non-
integer order differentiation and integration components are defined as follows:

Fractional Integral Control (I*) integrates the error signal over time with a fractional order A:

u(t) = K;D; e(t) ©)
where D; * represents the fractional integral of order \.
Fractional Derivative Control (D") differentiates the error signal with a fractional order :
u(t) = KqDl'e(t) (4)
where D}’ represents the fractional derivative of order u. Fractional-Order PID controller is represented by

PI*D*. The most commonly encountered time domain definition for the fractional-order derivative D} e(t)
when A > 0 is the definition of fractional-order calculus given by the Griinwald-Letnikov approach!>:

De(t) = lim = 3 (—1)T( A )e(t—rh) 5)

h—0 h*
=0

where | -] denotes the integer part, and the binomial coefficient is defined as'*:

AN rA+1)
(T)_F(T+I)F()\—T—|—l) (©)

The gamma function I'() is given by:
I(z) = / "l dt, R(z) >0 2
0

Another frequency domain approximation technique employed in the literature to approximate the fractional-
order differential-integral operator is the Oustaloup approximation. For a lower wy and upper frequency range
wp, and of order N, for v between 0 and 1 filter for operator s” is defined as®:

N

!
S+ w Wh
Gs(s) =K || kO K=w), wr=—,
S+ Wk Wy
k=—N
, k+N+3(1-7) k4 N+ 3 (14)
Wg = Wh (wT) 2N+1 , Wk = Wp (UJT) INF1

The refined Oustaloup approximation is also prevalent in frequency domain methods. It was proposed in>* and
summarized by'®.
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s7 A (@)7 ds® + bwps ﬁ s+k
"\ d(1 —v)s? + bwps + dy . s+ ko’

=—N
where
k= (bwh)%
== ,
dwh ;1;%#,;
W= ()"

Oustaloup filter is widely used, but it remains a widely accepted and reliable standard for frequency-domain
approximation of fractional-order operators, as supported by prior studies***3->¢. Its robustness, simplicity, and
compatibility with tools such as FOMCON make it a practical choice for this study. Therefore, the fractional-
order controller in our research is tuned using the Oustaloup filter approximation. In FOPID, the overall
mathematical control function is given by the following equation:

u(t) = K, - e(t) + K:D; Ye(t) + KaD"e(t) (8)

where e(t) is the error signal. After applying the Laplace transform to Eq. (8) assuming zero initial conditions,
the following equation is obtained:

C(s) = i Kp+ Kis ™ + Kas*, (A p>0) 9)

Where , involving an integrator of order X and a differentiator of order i, where both parameters can be any
positive real numbers; K, is proportional gain, K; is integral gain, Ky, differential gain constant. When A =1
and i = 1 we obatain IOPID controller. Obviously, when taking A = u = 1, the result is the IOPID controller.
Equation (9) represents the general form of the FOPID controller, also known as PI A D*. which introduces
additional parameters A and p and its block diagram scheme is given in Fig. 3. Where ) is order of integration
and it determines the degree of memory of the integral term. A non-integer value allows for more precise tuning
of the system’s response. 1t is order of differentiation and it provides a more accurate prediction of future errors.

The additional parameters A and y offer extra tuning flexibility beyond IOPID controllers®. They allows for
more precise tuning and can better handle the dynamic and complex behaviors of modern control systems. As
the parameter set expands from IOPID to FOPID, tuning complexity increases. Effective tuning strategies are
essential to leverage the benefits of fractional-order controllers®”.

Parameter optimization techniques
To tune the parameters of the IOPID controller (K}, K;, and K4) and the FOPID controller (K, K;, K4, A,
and p), custom MATLAB scripts along with the FOMCON toolbox are used'®. Three optimization algorithms
are employed: PSO, GA, and the NM method, as depicted in the flowchart in Fig. 4.

The optimization process is guided by four performance indices: IAE, ITSE, ISE, and ITAE. In this work, the
individual error indices such as IAE, ITSE, ISE, and ITAE were evaluated over the same simulation horizon and
error signal magnitude. As such, explicit normalization was not applied. This approach assumes comparable

4
0
>~
[
\

Fig. 3. Block diagram of FOPID as described in (9). When A = 1 and p = 1, the block diagram represents an
IOPID controller. Settings of A = 1, # = 0, and A = 0, x = 1 yield IOPI and IOPD controllers, respectively.
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Fig. 4. Flowchart for the GA/PSO/NM-based IOPID /FOPID controller tuning technique.

scales for the indices to prevent any single metric from dominating the objective function landscape. The overall
control implementation block diagram is presented in Fig. 7. Each optimization algorithm runs for a maximum
of 20 iterations or generations. The simulation time is set to 60 seconds for the elevation control loop and 100
seconds for the azimuth control loop. The optimization process continues until one of the following stopping
criteria is met: the stopping criteria for the optimization algorithms were set to either a maximum of 20 iterations
or an error threshold of 1 x 107%. These values were selected based on previous studies in fractional-order
control®>?*73%41 where similar convergence behavior was observed. A maximum of 20 iterations was set to
ensure a reasonable computation time, while the error tolerance was chosen to guarantee sufficient solution
precision. Fig. 5 and Fig. 6 presents the convergence plot of the fitness function for azimuth and elevation control
using GA optimization respectively, confirming that the selected criteria enable the optimization to effectively
reach stable minima. The decreasing trend indicates that the algorithm is successfully minimizing the objective
function, thereby enhancing controller performance.

If the simulation fails due to numerical instability or divergence, a penalty cost of J = 10% is assigned to
discourage unfeasible solutions and ensure robust convergence.

Implementation of optimization algorithms

Optimization algorithms are essential for tuning controller parameters to achieve the desired performance in
terms of stability, accuracy, and robustness. In this study, we implement and compare various optimization
techniques to determine the optimal parameters of the FOPID controller. These algorithms are employed to
minimize a predefined performance index derived from time-domain specifications. The following subsections
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Fig. 5. Convergence plot of the objective function for azimuth control using GA optimization.
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Fig. 6. Convergence plot of the objective function for elevation control using GA optimization.

present the step-by-step implementation of each algorithm, including both local (Nelder-Mead) and global (GA
and PSO) optimization methods.

Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a population-based optimization algorithm inspired by the social behavior
of bird flocking and fish schooling. It is widely used for controller parameter tuning due to its simplicity, fast
convergence, and suitability for nonlinear and multidimensional optimization problems. In this study, PSO was
implemented using MATLAB’s particleswarm function, which iteratively updates a swarm of candidate
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solutions to minimize the objective function. The optimization objective was defined using performance indices
such as IAE, ITSE, ISE, or ITAE. The algorithm adjusts controller parameters within predefined bounds while
balancing global and local search. For FOPID tuning, five parameters (K, K, K4, A, and p) are optimized,
while IOPID tuning involves only three (K, K;, and Ky), resulting in lower computational complexity.

Genetic Algorithm (GA)

The Genetic Algorithm (GA) is a population-based metaheuristic optimization method inspired by the principles
of natural selection and genetics. It is effective for solving complex, nonlinear, and multi-modal optimization
problems. GA explores a population of candidate solutions using evolutionary operators such as selection,
crossover, and mutation to evolve better solutions over generations. In this study, GA was implemented using
MATLAB’s ga function. Similar to PSO, GA optimizes controller parameters based on error-based performance
indices (IAE, ITSE, ISE, ITAE) while enforcing parameter bounds. The algorithm settings, including population
size, mutation rate, crossover rate, and stopping criteria, were tuned to achieve a balance between exploration
and exploitation.

Nelder-Mead (NM) Optimization

The Nelder-Mead (NM) algorithm, or simplex method, is a derivative-free optimization technique that iteratively
refines a simplex of candidate solutions to converge toward the optimal solution. Unlike global search methods
such as PSO and GA, NM is a local search method and is computationally efficient for problems with a good
initial guess. It was implemented using MATLAB’s fminsearch function, starting from predefined initial
controller parameters. The optimization objective is based on the same integral performance indices (IAE, ITSE,
ISE, ITAE). NM is particularly suitable for fine-tuning controller gains once a near-optimal region is known. A
summary of the optimization parameters is provided in Table 2.

Validation and performance evaluation

To assess controller performance, the integral-based error indices (IAE, ISE, ITAE, ITSE) and transient response
characteristics such as rise time, settling time, and overshoot were evaluated. The optimized parameters obtained
from PSO, GA, and NM were validated through MIL and HIL testing. A comparative analysis of the three
optimization algorithms was also conducted, focusing on convergence speed, computational cost, and controller
performance.

Integral of Absolute Error (IAE)
The IAE measures the absolute difference between the setpoint and the actual output over a specified time

interval. A lower IAE value indicates improved control performance®.

[AE=/|e(t)\,dt (10)

Integral of Squared Error (ISE)

The ISE evaluates the squared error between the setpoint and the actual output over a given time period. This
criterion penalizes larger errors more heavily, making it useful for minimizing high-magnitude deviations. A
smaller ISE indicates better performance®.

ISE = /eQ(t),dt (11)

Integral of Time-weighted Absolute Error (ITAE)
The ITAE accounts for the absolute error weighted by time, emphasizing late-stage errors more significantly.
Controllers optimized using ITAE tend to achieve faster settling times with reduced steady-state error. i.e., a

smaller ITAE indicates better performance®'.

(12)

ITAE = /t|e(t)|,dt

Parameter

PSO GA NM

Objective function

Error-based indices (IAE,

Error-based indices (IAE, ITSE, ISE, ITAE) ITSE, ISE, ITAE)

Error-based indices (IAE, ITSE, ISE, ITAE)

Decision variables

Kp, K, K4 (IOPID) or K, K, Kg, \, 1 (FOPID) K,, K;, K4 (IOPID) or

K,, K, Kq (IOPID) or K, K;, Kg, A, i (FOPID) Kp, Ki, Kg, A, i (FOPID)

Bounds

Lower and upper limits on controller parameters as Lower and upper limits on controller parameters as Initial guess with feasible

given in Table 3 given in Table 3 parameter range
Algorithm stopping criteria | 1 x 10~ 1x1076 1x1076
Search type Global Global Local

Table 2. Summary of optimization parameters for PSO, GA, and NM algorithms.
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Parameter | IOPID | FOPID | Description
Ky 0t00.01 | 0to00.01 | Proportional Gain
K; 0to0.1 |0to0.1 | Integral Gain
Kg 0to0.1 |0to0.1 | Derivative Gain
A 1 0to2 Integral Order
1 0to2 Differentiator Order

Table 3. Lower and upper bounds for IOPID/FOPID controller parameters in the FOMCON toolbox for both
elevation and azimuth control loops.

Integral of Time-weighted Squared Error (ITSE)
The ITSE considers the squared error weighted by time, prioritizing early error reduction. It is particularly useful
for balancing fast response with long-term accuracy. A smaller ITSE indicates better performance®®.

ITSE = /teQ(t),dt (13)

These performance indices serve as critical evaluation tools for comparing the effectiveness of IOPID and
FOPID controllers. By analyzing these metrics, an informed selection of control strategies can be made based on
specific application requirements.

MATLAB implementation and real-time application

The proposed algorithm implements an integer-order plant with a fractional-order controller. The control
system includes an integer-order transfer function for the plant and a fractional-order transfer function for the
controller, as shown in Fig. 7.

The transfer function, obtained through the linear identification of the real plant, is presented in Eq. (14) for
elevation and Eq. (15) for azimuth. The FOPID controller parameters are optimized using PSO, GA, and NM
techniques. The range of each controller parameter for both IOPID and FOPID are given in Table 3.

The parameter bounds presented in Table 3 were determined based on prior sensitivity analyses and
empirical tuning specific to the dynamics of the TRMS. Preliminary tests showed that broader ranges often led
to instability or convergence issues in the optimization process. Therefore, narrower and more practical bounds
were defined to ensure effective controller tuning and maintain system stability?>. These bounds also facilitate
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the performance of the applied optimization algorithms (PSO, GA, and NM), which require well-constrained
search spaces for efficient and reliable convergence®*. For comparison, IOPID controllers with fixed fractional
orders A = 1 and p = 1 are also tuned.

Comparative analysis of IOPID and FOPID controllers for TRMS elevation and azimuth
control

In this study, both IOPID and FOPID controllers are designed and optimized for the TRMS. The comparative
evaluation focuses on the elevation and azimuth control loops, ensuring optimal system performance under
different control strategies. The optimization of the controller parameters is performed using three optimization
algorithms: PSO, GA and NM. The best-performing parameters obtained from each algorithm are selected for
real-time implementation and testing. To ensure a comprehensive comparison, the controllers are evaluated
based on the transient respons: The rise time, settling time, and overshoot are analyzed to assess how quickly and
smoothly each controller stabilizes the system. For elevation control, the primary objective is to maintain stable
vertical movement of the TRMS, ensuring minimal oscillations and steady-state error. The IOPID controller
provides a simpler structure, whereas the FOPID controller introduces additional tuning flexibility, improving
response characteristics such as damping and settling time. For azimuth control, the goal is to achieve precise
horizontal rotation of the TRMS. Due to its additional fractional tuning parameters, the FOPID controller is
expected to provide improved trajectory tracking compared to the IOPID controller. Each controller configuration
is tested under identical conditions to ensure a fair comparison. The optimized controller parameters obtained
from PSO, GA, and NM are validated through simulation and will be further assessed in real-time MIL and
HIL experiments. The results from this analysis will help determine the most suitable control strategy for TRMS
applications, balancing performance and computational feasibility.

Results and discussions

This section presents and analyzes the results obtained from the implementation of the proposed control
strategies. The findings are organized to highlight the static and dynamic performance characteristics of the
system, as well as the results from system identification, providing a comprehensive understanding of how the
controller parameters influence system behavior. The analysis aims to validate the effectiveness of the designed
controller and optimization techniques while comparing the performance of integer-order and fractional-order
controllers.

Results from static characteristics

The static characteristics of elevation were obtained by applying an input control voltage to the main rotor,
starting at 0V and increasing in increments of 0.5V up to 5V. Subsequently, the input voltage was decreased in
increments of 0.5V from 5V back to 0V. Throughout the experiment, the resulting elevation output signal was
recorded while the tail motor remained stationary?’.

Based on the displayed graph, the course of the static characteristics experiment is depicted in Fig. 8. The
experiment suggests that the direction of input voltage change does not significantly affect the system’s behavior.
From the presented graph, the static characteristic of the system appears to be piecewise linear. Higher voltages
appear to result in higher gain.

On the other hand, the static characteristics of azimuth were obtained by applying an input control voltage
to the tail rotor, ranging from 1.5V to 4V for increasing azimuth and from 3.5V to 2V for decreasing azimuth.
Throughout these measurements, the control input voltage for the main rotor remained at 2.5V, keeping the
rotor stationary. The corresponding measurement outputs are presented in Fig. 9. The static characteristics of
azimuth are nonlinear, displaying a large hysteresis curve. These nonlinearities and hysteresis significantly affect
the control of the system.

Results from identification
Although the TRMS is a MIMO system, only a SISO system is considered for the identification and control of
the elevation and azimuth by keeping one rotor stationary .

Linear identification of elevation using fminsearch in MATLAB considering a 3rd order system and using
step response data from a 3V to 4V input, the transfer function for elevation is derived as follows?’:

3 136.84
T 0.218253 + 0.278552 + 0.88325 + 1

Gelevation(s) (14)

The elevation step response identified using fminsearch is presented in Fig. 10,the comparison between the
real experimental data and the simulated model yields a fitness of 82.45%. The real-time elevation response
exhibits oscillations, whereas the simulated response does not, which explains the relatively lower fitness value
obtained for the simulated model. While the corresponding Bode plot is shown in Fig. 11. According to the Bode
plot, the frequency range extends from 0.01 rad/sec to 100 rad/sec, encompassing both the lower and upper
frequencies.

Linear identification of azimuth using MATLAB’s fminsearch function - considering a 2nd order system
and the measurements of step input voltages ranging from 3V to 3.5V, the transfer function for elev is derived
as follows?”:

3 583.5
512852 +3.2865 + 1

Gazimuth (5) (15)
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Fig. 9. Static characteristics of azimuth.

The azimuth response identified using fminsearch is presented in Fig. 12, the comparison between the real
experimental data and the simulated model yields a fitness of 85.78%. While the corresponding Bode plot is
shown in Fig. 13.

According to the Bode plot, the frequency range extends from 0.001 rad/sec to 100 rad/sec, encompassing
both the lower and upper frequencies.

The results indicate that the linear plant model obtained from the fminsearch identification approach
offers the most accurate representation of the real laboratory model of TRMS. This identified plant is used
consistently throughout the entire paper.

Model validation
The identified model was validated by comparing its response with the experimental step response data. The
validation was performed by simulating the identified transfer function using the same input signal as the
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Fig. 10. Elevation step response identified using the Nelder-Mead optimization method (fminsearch).
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experiment and calculating the fitness percentage between the measured response and the model output. The
fitness was quantified using the following equation®
Fit (%) = 100 x (1 . M) (16)
lly —
where y is the measured output, ¢ is the identified model output, and ¥ is the mean of the measured output.
This metric measures how well the identified model matches the experimental data, as a higher a fitness value
indicates an excellent agreement between the real system and the identified model. The fitness percentage was

displayed in the response plots to visually demonstrate the accuracy of the identified model as illustrated in Fig.
10 and Fig. 12.
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Fig. 12. Azimuth step response identified using the Nelder-Mead optimization method (fminsearch).
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Results from controller algorithm implementation

During the laboratory experiment, two testing methods are employed. Firstly, the controller algorithm undergoes
a MIL test, where it is assessed on a linear plant model obtained using MATLAB’s fminsearch function.
This initial evaluation gauges the controller’s performance in controlling the TRMS system under simulated

conditions.

Results of GA I0OPID and FOPID controller responses for elevation linear model

Table 4 presents the parameter obtained for the IOPID controller using GA, PSO, and NM based tuning
approaches for the elevation control of the TRMS. For the GA-based tuning of the IOPID controller, the ITAE
performance index achieves the best overall balance, with the lowest cost function (J = 744.89) and a moderate
overshoot (25.71%). The IAE-based tuning results in the highest overshoot (40.35%), suggesting that it may not
be the optimal choice when stability is a priority. Meanwhile, the ITSE-based tuning provides better transient
response, but its cost function remains higher than ITAE. The parameters obtained for the FOPID controller are
shown in Table 5.
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pi> | Kp ‘ K; ‘ Ky ‘ %M t, (sec.) | ts (sec.) ‘ J

IOPID Controller - GA based tuning - for Elevation

ITSE |0.0018 0.0083 | 0.0043 | 20.7250 | 2.7133 18.9353 | 2.0486e+04
ITAE | 0.0015 0.0093 | 0.0059 | 25.7128 | 2.6103 11.5748 | 7.4489+02
ISE 0.0037 0.0123 | 0.0092 | 37.5025 | 0.5672 12.2036 | 1.0179e+04
TIAE | 0.0033 0.0193 | 0.0109 | 40.3485 | 0.5056 12.5622 | 2.9531e+02
IOPID Controller - PSO based tuning - for Elevation
ITSE | 0.0011 0.0085 | 0.0041 | 18.9433 | 2.6248 16.2758 | 2.0315e+04
ITAE | 1.9784e-4 | 0.0049 | 0.0020 | 14.4838 | 2.8247 16.3071 | 5.3337+02
ISE 1.9047e-4 | 0.0073 | 0.0025 | 23.7832 | 2.1154 15.0789 | 1.2007+04
IAE | 6.7809e-4 | 0.0062 | 0.0032 | 17.3441 | 2.7975 15.6666 | 1.9209e+02
IOPID Controller - NM based tuning - for Elevation
ITSE | 3.6803e-4 | 0.0057 | 0.0020 | 15.0796 | 2.7453 17.4269 | 1.9209+02
ITAE | 1.7278e-5 | 0.0044 | 0.0016 | 8.8182 | 2.8692 13.7324 | 1.9209e+02
ISE 1.9047e-4 | 0.0073 | 0.0025 | 24.5633 | 0.7483 15.8195 | 9.9245e+03
IAE | 2.8145e-4 | 0.0053 | 0.0022 | 15.4363 | 2.7997 16.1780 | 1.9209e+02

Table 4. Parameter ranges for the IOPID controller (GA, PSO, NM) for elevation. *Performance Index.

O L2 PR PO N PR
FOPID Controller - GA based tuning - for Elevation

ITSE | 0.0806 0.0192 | 0.0312 | 0.8749 | 1.3736 | 1.7537e+04
ITAE | 0.0665 0.0067 | 0.0322 | 1.0097 | 1.4469 | 636.5638
ISE 0.0870 0.00387 | 0.0388 | 0.5742 | 1.3610 | 1.0585e+04
TIAE | 0.0925 0.0097 | 0.0192 | 1.0284 | 1.6460 | 180.3387
FOPID Controller - PSO based tuning - for Elevation
ITSE | 0.0028 0.0127 | 0.0086 | 0.9021 | 1.0307 | 2.0838e+04
ITAE | 0.0086 0.0062 | 0.0084 | 1.0251 | 1.2253 | 687.5096
ISE 0.0080 0.0944 | 0.0386 | 0.2018 | 1.3179 | 1.1215e+04
IAE | 0.0099 0.1000 | 0.0379 | 0.3714 | 1.3501 | 268.1616
FOPID Controller - NM based tuning - for Elevation
ITSE | 1.8671e-4 | 0.0081 |0.0034 | 1.0017 | 0.9368 | 1.9834e+04
ITAE | 3.6833e-4 | 0.0055 | 0.0026 | 1.0057 | 0.9887 | 558.9315
ISE 0.0014 0.0150 | 0.0101 | 0.8203 | 0.9968 | 9.4019¢+03
IAE |5.8010e-4 | 0.0059 |0.0027 | 1.0128 | 0.9893 | 195.8456

Table 5. Parameter ranges for the FOPID controller (GA, PSO, NM) for elevation.

For GA based tuning of the FOPID controller, ITAE produces the lowest cost function (J = 636.56) and results
in a well-balanced response. The IAE based GA tuning achieves the lowest J value among all tested cases (] =
180.33), highlighting its effectiveness in minimizing overall system error. However, ISE and ITSE based tuning
for FOPID produce relatively high cost function values (J = 1.05e+04 and 1.75e+04, respectively), indicating
that these indices might not be the best choices in terms of optimization efficiency, as illustrated in Fig. 14. In
the context of elevation control, the system is designed to operate within a control input (effort) range of -2.5
V to 2.5 V. As shown in Fig. 15, certain regions of the control effort particularly in the lower voltage segments
remain within or close to this specified range, making them suitable for practical implementation. Oscillations
in elevation control effort likely result from a combination of more complex dynamics, controller tuning
parameters (especially A and j terms), and aggressive performance objectives. In all cases the cost function
remains relatively high. This behavior is primarily due to the complex and highly nonlinear dynamics of the
twin rotor system and oscillating behaviour which makes precise control challenging. While the optimization
algorithm has improved the system’s response within the physical and practical limitations, a lower cost function
may not be feasible without compromising system stability.

Results of PSO IOPID and FOPID controller responses for elevation linear model

In the PSO tuning algorithm, the ITAE performance index results in smaller overshoots (14.5%) and fewer
oscillations compared to other indices, as shown in Fig. 16. This demonstrates the effectiveness of ITAE for
better control performance in the PSO based IOPID tuning approach. The ITSE based tuning results in higher
overshoot (18.94%) and a slightly increased settling time (16.28 sec). The ITAE based tuning achieves the lowest
cost function value (J = 533.37), making it the most efficient among PSO based IOPID tuning approaches.
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Fig. 14. GA-based IOPID/FOPID Elevation Response for various Performance Indices.

For the PSO based FOPID controller, the ITSE performance index yields smaller overshoots (22%) and fewer
oscillations compared to other indices, as illustrated in Fig. 16. However, the overall cost function (J) remains
high (2.08e+04), suggesting a trade-off between reduced oscillations and computational efficiency. The ITAE
based PSO tuning for FOPID results in better cost function performance (J = 687.51) and provides improved
stability, making it a strong candidate for tuning optimization.

Results of NM IOPID and FOPID controller responses for elevation linear model

For NM based tuning of the IOPID controller, the ITAE performance index achieves the lowest overshoot
(8.82%), making it the best choice for applications where overshoot minimization is critical, as shown in Fig. 17.
The corresponding cost function (J = 192.09) remains competitive, further supporting its effectiveness. The ISE
based NM tuning results in a higher overshoot (24.56%) and a higher cost function (J = 9.92e+03), making it a
less favorable option. The ITSE based tuning, while achieving relatively stable performance, results in a high cost
function (J = 1.92e+02), suggesting it may not be the most efficient choice. For NM-based tuning of the FOPID
controller, ITAE achieves the lowest cost function (J = 558.93), reinforcing its effectiveness for system stability.
However, the ITSE-based NM tuning results in a higher cost function (J = 1.98e+04), indicating that it may not
be the best choice for optimization. The IAE based tuning achieves a reasonable trade-off between stability and
efficiency (J = 195.85) with relatively small oscillations, making it a viable alternative to ITAE.

FOPID controller comparison - real-time experiment for elevation
To ensure accuracy and practical relevance, all FOMCON-based results were validated through real-time
experiments on both channels (elevation and azimuth) of the TRMS. The controller was first tested using a
MATLAB simulation model and subsequently implemented on a laboratory-scale TRMS for real-time testing.
This two-step approach allowed us to perform both MIL and HIL validations, effectively aligning with the
V-model development process. These steps confirm the reliability and applicability of our results. In this study,
ITAE was selected as the primary performance index for controller comparison. Compared to other indices such
as IAE or ISE, ITAE places greater emphasis on errors occurring earlier in the response, thereby better capturing
transient behavior. This made it particularly suitable for the TRMS system, where rapid stabilization of elevation
and azimuth is crucial.

The second testing approach is an HIL test, where the controller is implemented in MATLAB and tested on
the physical TRMS system in real-time. Identical FOPID parameters were used in both simulation and real-time
experiments. The results for step and ramp inputs are compared in Fig. 18. Overall, FOPID controllers provide
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Fig. 15. Control effort of elevation GA-optimized FOPID controllers based on different performance indices.

greater tuning flexibility due to the additional parameters A and p, which help in refining performance trade-
offs. GA based FOPID tuning appears to offer the best overall performance, while NM based IOPID tuning
excels in overshoot reduction. The selection of the best controller depends on the application requirements, if
minimizing overshoot is the primary concern, NM based IOPID tuning with ITAE is the best choice, whereas
for an optimal balance of cost function J and system stability, GA based FOPID tuning with IAE provides the
best results. In real-time experiments, the PSO based FOPID controller with the ITAE performance index shows
better results compared to others.

Results of GA IOPID and FOPID controller responses for azimuth linear model

For IOPID, the IAE based tuning produced the fastest settling time (5.83s) but had a moderate overshoot
(12.32%). Meanwhile, the ITAE-based tuning resulted in a lower cost function (J = 4.57e+02) and a shorter
settling time (8.38s) compared to other indices, as shown in Table 6. The ITSE and ISE methods showed higher
settling times above 13s (see Table 7). For FOPID, the ITAE-based tuning performed best in terms of cost
function (J = 329.17), while the IAE based tuning also yielded a competitive result (] = 109.29), as illustrated in
Fig. 19. Compared to IOPID, the FOPID controller had more flexibility in tuning due to the added fractional
parameters \ and p, leading to better adaptability in performance trade-offs.

Results of PSO IOPID and FOPID controller responses for azimuth linear model

According to the step response of the Azimuth for the PSO-based IOPID controller algorithm, the ITAE
performance index offers the advantage of yielding smaller overshoots (1.2315%) as given in Table 6. However,
this comes at the cost of a longer settling time (16.3083s), which may not be ideal for applications requiring faster
response times. On the other hand, the IAE performance index provides a more balanced trade-off between
overshoot (5.6498%) and a reduced settling time (10.2391s), making it a viable alternative depending on the
control requirements. In addition, according to the step response of the Azimuth for the PSO-based FOPID
controller algorithm, the ISE performance index offers the advantage of yielding smaller overshoots (10%) as
depicted in Fig. 20. The IAE-based tuning also demonstrated efficient performance, with a low cost function (J
= 116.07), indicating that FOPID allows for improved optimization of system dynamics. The fractional-order
parameters \ and p provide additional tuning flexibility, contributing to enhanced robustness and adaptability
in azimuth control compared to IOPID.

Results of NM IOPID and FOPID controller responses for azimuth linear model
For IOPID, the ISE-based tuning resulted in the lowest settling time (2.38s) with minimal overshoot (2.59%).
However, ITAE-based tuning produced the lowest cost function (J = 650.55) at the cost of a longer settling time
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Fig. 16. PSO based IOPID/FOPID Elevation Response for various performance indices.

(14.55s). IAE-based tuning had a moderate settling time of 10.05s but a higher overshoot (14.04%), as given in
Table 6. For FOPID, IAE-based tuning resulted in the lowest cost function (J = 114.05), showing better tuning
efficiency. The ITAE-based tuning also achieved a lower cost function compared to IOPID. This highlights that
FOPID provides a better trade-off between settling time, overshoot, and cost function compared to IOPID,
especially for NM tuning. The corresponding responses are shown in Fig. 21.

In the context of azimuth control, the system is designed to operate within a control input (effort) range of
-2.5 V to 2.5 V. As shown in Fig. 22, azimuth control effort remains smoother due to simpler dynamics and/or
less aggressive tuning.. This indicates that the actuator functions within safe voltage limits for these intervals,
reducing the risk of saturation and ensuring reliable system operation.

IOPID and FOPID controller comparison - real-time experiment for azimuth

The identical controller parameters were used for both IOPID and FOPID in both simulation and real-time
experiments. The implementation approach was employed, and the measurement results are compared in
Fig. 23. The inputs included both step and ramp input signals. The GA-based FOPID tuning is particularly
effective for IAE performance, yielding a value of 109.2, in comparison to the GA-based IOPID, which results
in a value of 247.05 due to its additional fractional-order parameters, offering better fine-tuning capabilities.
Additionally, the least performance index is observed when comparing the PSO and NM-based FOPID tuning
across all performance indexes. Thus, FOPID is the preferred choice for azimuth control, especially when cost
function minimization is a priority.

Sensitivity analysis of fractional-order PID (FOPID) controller

To evaluate the robustness of the fractional-order PID (FOPID) controller, a sensitivity analysis was conducted
for the differentiation order (1) and integration order (). This analysis aimed to investigate their influence on
key time-domain specifications, including overshoot, rise time, peak time, and settling time. The second-order
plant obtained from azimuth identification was used for this study, while the controller parameters K, Kj,
and K4 were kept constant across all simulations. The fractional differentiation order 1 and integration order
A were varied from 0 to 2 in increments of 0.25. For each (41, A) combination, the closed-loop transfer function
was obtained, and its step response was analyzed. The overshoot, rise time, peak time, and settling time were
computed directly from the closed-loop transfer function. From Fig. 24 a), it can be inferred that the sensitivity
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Fig. 17. NM-based IOPID/FOPID elevation response for various performance indices.

analysis of the overshoot with respect to the fractional orders reveals notable trends. As X increases from 0 to
2, the overshoot shows an almost monotonic increase, indicating that higher integral action tends to amplify
the system’s overshoot. This trend becomes particularly pronounced around A\ = 2, where a sharp gradient is
observed, especially in the neighbourhood of ;1 ~ 1. This indicates a region of high sensitivity to small changes
in A. In contrast, variation in ¢ does not result in a clear monotonic trend. Instead, the overshoot demonstrates
anonlinear variation with respect to 1, forming a shallow valley centred approximately at ;2 = 1 across different
values of . This suggests that while the derivative component has a significant influence, its effect on overshoot
is more balanced and less abrupt. This valley region represents a potentially robust operating point for controller
tuning.

The rise time surface, shown in Fig. 24b), exhibits a dominant sensitivity to the differentiation order u.
Increasing u from 0 to 2 generally results in an increase in rise time, with higher values of ;1 causing a steep
degradation in responsiveness. This is attributed to the increased derivative effect, which can introduce damping
that slows the system’s initial response. The integration order A has a relatively weak influence on the rise time.
While an increase in A results in a slight increase in rise time, especially when 4 is low, the overall effect remains
subtle and does not exhibit sharp transitions or significant gradients. The fastest responses, characterized by
the lowest rise times, are found in the regions of low p, low A, and low p with high A. These regions represent a
favourable balance between rapid response and stability. As shown in Fig. 24c), the peak time surface reveals a
more complex and nonlinear behaviour. For lower values of ), the peak time increases gradually with increasing
1, suggesting that higher derivative orders delay the peak of the response. However, as A approaches 2, the
surface behaviour changes: the peak time increases sharply as p rises from 0 to 1, then levels off to a flat plateau,
and finally shows a slow decrease as p increases further from 1 to 2. The influence of A on peak time remains
relatively weak across most of the domain, but becomes more significant for higher values of A. A distinct flat
region is observed around p = 1, A & 2, representing a zone of delayed and flattened peak response due to
excessive fractional action. The minimum peak time is found in the region p ~ 0.01, A =~ 0.01, where the
system exhibits the fastest response. However, this region may compromise other performance aspects, such as
overshoot, and therefore may not be optimal from a holistic control perspective. As observed from Fig. 24d) the
settling time surface exhibits no significant variation across the entire i, A parameter space. Unlike the other
time-domain specifications, the settling time remains effectively constant within the tested range i, A € (0, 2).
This indicates that, under the fixed controller gains K, K;, and Kg used in this analysis, the settling time is
largely insensitive to changes in the fractional orders of integration and differentiation.

These findings confirm that simultaneous adjustment of ;2 and A provides an additional degree of freedom
compared to classical integer-order controllers, enabling improved performance optimization and enhanced
robustness.

In the control system evaluation illustrated in Fig. 25, the step response of the azimuth angle using an
integer-order PID controller with 12 = 1.00 and A = 1.00 exhibited an overshoot (OS) of 7.64% and a settling
time of 10.37 seconds. To improve the transient response without significantly increasing overshoot, a FOPID
configuration was adopted. In this design, 1+ was maintained at 1.00 while the integral order was adjusted to
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Fig. 18. FOPID controller comparison for elevation.
PI |K’p |K1', |Kd |%Mp |t.,.(sec.) ts(sec.) |]
IOPID Controller - GA based tuning - for Azimuth
ITSE | 0.0098 | 0.0014 | 0.0059 | 7.7709 | 1.3951 13.0948 1.4666e+04
ITAE | 0.0096 | 0.0020 | 0.0049 | 14.2635 | 1.3591 8.3896 4.5699¢e+02
ISE 0.0100 | 0.0012 | 0.0050 | 9.4683 1.3801 15.6546 8.8507e+03
IAE |0.0100 | 0.0024 | 0.0166 | 12.3214 | 1.2443 5.8363 2.4750e+02
IOPID Controller - PSO based tuning - for Azimuth
ITSE |0.0099 | 0.0014 | 0.0066 | 5.9938 | 1.3898 13.1295 1.4520e+04
ITAE | 0.0098 | 0.0012 | 0.0105 | 1.2315 | 1.4238 16.3083 3.0306e+02
ISE 0.0100 | 0.0014 | 0.0053 | 9.5381 | 1.3710 13.5362 8.8330e+03
IAE | 0.0100 | 0.0017 | 0.0075 | 5.6498 | 1.3581 10.2391 1.4655e+02
IOPID Controller - NM based tuning - for Azimuth
ITSE |0.0197 | 0.0025 | 0.0115 | 10.9792 | 0.8390 9.1057 1.0036e+04
ITAE | 0.0073 | 0.0011 | 0.0078 | 1.3654 | 4.3986 14.5584 6.5055e+02
ISE 0.0994 | 0.0026 | 0.0337 | 2.5911 | 0.2956 2.3816 5.3225e+03
TIAE | 0.0255 | 0.0025 | 0.0122 | 14.0440 | 0.7217 10.0553 99.3157

Table 6. Performance and parameter values for the IOPID controller (GA, PSO, NM) for azimuth.

A = 1.25, enhancing flexibility in shaping the system dynamics. With this adjustment, the overshoot was
reduced to 6.23% and the settling time improved to 7.49 seconds. This fractional modification enables finer
tuning of the low-frequency gain, thereby improving the balance between overshoot reduction and settling-
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Perf. Index ‘Kp ‘Ki ‘Kd ‘)\ ‘p, ‘I

FOPID Controller - GA based tuning - for Azimuth

ITSE 0.0991 | 0.0019 | 0.0382 | 1.0353 | 1.0635 | 8.3742e+03
ITAE 0.0097 | 0.0638 | 0.0541 | 0.9039 | 0.4643 | 329.17

ISE 0.0098 | 0.0912 | 0.0962 | 0.2296 | 0.6384 | 1000

TIAE 0.0100 | 0.0781 | 0.0992 | 0.3642 | 0.5566 | 109.2917
FOPID Controller - PSO based tuning - for Azimuth

ITSE 0.0100 | 0.0996 | 0.1000 | 0.4036 | 0.6388 | 7.1544e+03
ITAE 0.0071 | 0.0200 | 0.0338 | 1.0045 | 0.3775 | 327.15

ISE 0.0100 | 0.100 | 0.100 |0.2311 | 0.6457 | 5.3938e+03
IAE 0.0100 | 0.0956 | 0.0977 | 0.3325 | 0.6667 | 116.07
FOPID Controller - NM based tuning - for Azimuth

ITSE 0.0100 | 0.0051 | 0.0211 | 1.0210 | 0.5201 | 8.5483e+03
ITAE 0.0083 | 0.0013 | 0.0077 | 1.0040 | 0.9640 | 326.4679
ISE 0.0099 | 0.0053 | 0.0402 | 0.8582 | 0.4286 | 5.5785e+03
TIAE 0.0100 | 0.0042 | 0.0187 | 1.0371 | 0.5338 | 114.0562

Table 7. Performance and parameter values for the FOPID controller tuning (GA, PSO, NM) for azimuth.
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Fig. 19. GA based IOPID/FOPID Azimuth Response for various performance indices.

time performance. The comparative analysis highlights the potential advantages of fractional-order control in
achieving more desirable transient behavior compared to the classical integer-order approach.
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Fig. 20. PSO based IOPID/FOPID Azimuth response for various performance indices.

Conclusion

This study investigated the static characteristics of the main and tail rotors of the TRMS through real-time
experiments. Additionally, a black-box system identification approach was employed. The results demonstrated
that the linear plant model obtained using MATLABs fminsearch function provides an accurate
representation of the TRMS laboratory setup. Consequently, this approach was selected as a benchmark for
testing and evaluating controller algorithms. In addition, paper investigated the real-time application of FOPID
controllers for a TRMS, optimized using PSO, GA, and the NM method. The primary objective was to address the
gap between simulation-based validations and real-world implementation of fractional-order control strategies.
While previous works have predominantly focused on simulation environments, this study demonstrated the
feasibility and effectiveness of deploying optimized FOPID controllers on physical hardware. The controllers
were tuned using the FOMCON toolbox in MATLAB, and their performance was validated in both simulation
and real-time experimental setups. Quantitative comparisons based on standard time-domain performance
metrics (IAE, ITAE, ISE, ITSE) revealed that FOPID controllers consistently outperformed traditional integer-
order PID controllers in both elevation and azimuth control. Notably, the GA-based FOPID controller yielded
the best results in minimizing IAE, achieving values of 180.33 and 109.2 for elevation and azimuth respectively,
compared to 247.05 for the GA-based IOPID in azimuth. Additionally, PSO and NM methods also showed
significant performance improvement, further supporting the practical advantage of fractional-order control
with intelligent optimization. The major contributions of this work include: (1) a complete methodology from
controller optimization to hardware deployment; (2) a comparative analysis of PSO, GA, and NM optimization
strategies; and (3) real-time validation on a benchmark system. These results establish that FOPID controllers
are not only theoretically robust but also practically viable, with superior control precision.

Limitations and future work: Although the real-time implementation confirms the advantages of FOPID
controllers, the paper does not address the sensitivity of FOPID performance to small parameter variations
(e.g., A, and p), which is essential for robustness evaluation. Future research should focus on sensitivity and
robustness analysis of the FOPID parameters under different system uncertainties and disturbances. Moreover,
extending this framework to other complex real-world systems can further validate its generalizability and
scalability. Additionally, future research will focus on enhancing the accuracy and robustness of the TRMS
model by extending the system identification process to fractional-order models. This approach is expected to
provide a more precise representation of system dynamics, capturing intricate nonlinearities and coupling effects
more effectively. Moreover, the implementation of a 2-DOF control strategy will be explored to address these
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Fig. 21. NM based IOPID/FOPID Azimuth Response for various performance indices.

nonlinearities and improve overall system stability under varying operating conditions. Further investigations
will be conducted into adaptive and robust control methodologies, such as adaptive FOPID controllers and
H-infinity control, to enhance resilience against parameter variations and external disturbances. Lastly,
additional experimental validation will be carried out on nonlinear TRMS models, incorporating aerodynamic
effects and real-world uncertainties to assess the performance of the proposed control strategies under realistic
conditions. These research directions will contribute to the development of more advanced and efficient control
methodologies for complex dynamic systems.
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Fig. 22. Control effort of azimuth NM-optimized FOPID controllers based on different performance indices.
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Fig. 23. IOPID/FOPID controller comparison - azimuth.
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