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Abstract— This study introduces two novel control
strategies designed to substantially enhance the
performance of Brushless DC (BLDC) motors in
renewable energy applications, specifically targeting
the challenges posed by dynamic energy fluctuations,
instability, and inefficiencies. The first proposed
method, termed Adaptive Crayfish-MPC Neuro-
Fuzzy Control (ACM-NFC), represents a synergistic
integration of Model Predictive Control (MPC) for
real-time system forecasting, an Adaptive Neuro-
Fuzzy Inference System (ANFIS) for intelligent
dynamic adaptation, and a Hybrid Crayfish
Optimization (CFO) algorithm for optimal parameter
tuning. The second method, referred to as the Hybrid
Fuzzy Sliding Mode Sine Cosine Algorithm (HF-
SCA), presents a composite control architecture
combining Fuzzy Logic Control (FLC) for precise set-
point regulation, Sliding Mode Control (SMC) for
high robustness against disturbances, and the Sine
Cosine Algorithm (SCA) for multi-objective
optimization. This hybrid approach addresses the
limitations of conventional control techniques by
achieving a superior trade-off between energy
efficiency, system stability, and rapid responsiveness
under fluctuating load conditions.
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L. INTRODUCTION

Brushless DC (BLDC) motors have emerged as
pivotal components in renewable energy systems,
primarily due to their superior efficiency,
compactness, and reliability compared to
conventional motor technologies [1]. Their
widespread application spans across electric
mobility, solar power systems, and wind energy
conversion systems, where energy efficiency and
minimal power loss are paramount [2]. Despite
these advantages, the real-time control of BLDC
motors within renewable energy frameworks
remains a significant challenge, particularly due to
the wvariability in load conditions and the
intermittent nature of energy sources. An effective
control strategy must therefore ensure minimal
energy consumption, fast transient response, and
high robustness under dynamic operational
environments[3].

Conventional control approaches—such as
Proportional-Integral-Derivative (PID) controllers,
Model Predictive Control (MPC), and Fuzzy Logic
Control (FLC)—have been widely implemented in

BLDC motor applications [4]. While these
techniques provide satisfactory performance under
steady-state conditions, their limitations become
evident in complex and highly dynamic
environments typical of renewable energy systems.
They often suffer from high computational demands
and limited adaptability to real-time variations [5].
Consequently, recent advancements in intelligent
control have steered attention toward bio-inspired
optimization algorithms as viable solutions for
enhancing adaptability and efficiency in motor
control strategies [6].

II.  LITERATURE SURVEY

Among these bio-inspired methods,
Genetic  Algorithms (GA), Particle Swarm
Optimization (PSO), and Differential Evolution
(DE) have demonstrated effective real-time
parameter tuning and control precision for BLDC
motors, thereby improving system performance [7].
A growing area of interest involves hybrid
optimization  techniques that  synergistically
combine the strengths of multiple algorithms to
achieve a balanced trade-off between global
exploration and local exploitation. Notably, the
Crayfish Optimization Algorithm (CFO) and the
Sine Cosine Algorithm (SCA) have exhibited
substantial promise in optimization and control
tasks [8].

CFO, inspired by the directional foraging
behaviour of crayfish, provides strong global search
capabilities and rapid convergence in nonlinear
optimization landscapes [9]. On the other hand,
SCA employs sinusoidal and co-sinusoidal
oscillations to dynamically transition between
exploratory and exploitative phases, which enhances
its responsiveness to rapidly changing solution
spaces [10]. The integration of CFO and SCA into a
hybrid optimization framework leverages the
exploration efficiency of CFO and the fine-tuning
accuracy of SCA [11]. This hybrid CFO-SCA
methodology offers fast convergence to optimal
control parameters, leading to enhanced BLDC
motor performance characterized by higher
efficiency, reduced energy consumption, and
improved transient behaviour [12].Moreover, the
adaptive tuning capability of the CFO-SCA hybrid
model makes it particularly suited for real-time
control applications in renewable energy systems,
where operational conditions frequently fluctuate
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and demand rapid control adjustments [13]. The
summary of existing control techniques for BLDC
motors and their limitations is listed in Table 1.

TABLE 1: SUMMARY OF EXISTING CONTROL TECHNIQUES FOR BLDC MOTORS AND THEIR LIMITATIONS

Ref Author(s) Pl\rfeptﬁzzd Application Strengths Limitations
Sensitive to initial
Krishnamoorthy EWOA-Tuned Speed control in Irnproyed rise time, pararpeters; hlgh .
[16] ot al PID (EWOA- BLDC motors settling time, overshoot || computational load limits
' TPID) via WOA optimization scalability in dynamic
systems
Coronavirus Auto-adjusts control High computation;
. N PID tuning for parameters using dependence on statistical
Shamseldin et Optimization N . .
[17] al Aloorithm BLDC motor ||pandemic-inspired data; || pandemic data; limited real-
speed tracking || improved time-domain || time application i dynamic
. (CgVOA) d tracki . d time-domain |l lication in d .
specs systems
Switching loss Real-time complexity;
Solar PV BLDC . L ’
(18]l Jeghactal. ||WPS with PI via Water pumping mlnlmlzatlgq, output . dependent on solar
WOA systems voltage stability under irradiance and weather
solar-based supply variability
Vanchinathan et Sensorless solar-|{[Handles PV fluctuations tegi(;lmlzi/ ??hn(:f}i};?jijgﬁse q
[19] FOPIk via WOA|| fed PMBLDC and load changes; gwWr
al. optimizers for better
motors robust control
performance
ANFIS with Speed control Better Back-EMF Inaﬁ:lgreicéiir;;]zigi;ileF
[20]] Ramesh et al. MPPT under dynamic || estimation; enhanced complexity affects stab i’Ii t
controllers loads under varying speeds plexity affect Y
and precision
Hybrid PID control of Outperforms standalone im| (izggrlli:tilgg}lrsénsires
[21]|| Kogaslan etal. || PSOGWO (PSO PSO or GWO; effective|| P > requl
BLDC motor . L testing of other hybrid
+ GWO) hybrid optimization
methods
S Real-time adaptation
. MOA-tuned BLDC speed & Enhances reliability and challenges: complexity in
[22]|| Kanagaraj et al. torque control in|| fault tolerance; better . .
FOPID RELIPS than PSO & MFA handling multiple power
sources
Power re]se(t)fsret'ri?;zntes Complex implementation;
[23]|| Sakthivel et al. [|ANFIS-XL-PMS|| management in solaI; win’ d. and gfuel needs precise modelling for
HRES cell’s Wi th’backup optimal performance
High accuracy; fast Structurally complex;
(241 Intidam etal. || PSO-PI-ANFIS Speed control in parameter tuning; vulnerable in large-scale
EVs adaptive gain energy management
scheduling scenarios
Hybrid Solar- Pumpin rgé?igg’;?}gﬁ% Performance affected by
[25]|] Femietal. Wind with Luo png & solar variations and
applications losses; sensorless . L
Converter control unreliable wind input
energy applications, demonstrating enhanced

This study presents an advanced control strategy for
Brushless DC (BLDC) motors, developed using a
hybrid Crayfish Optimization Algorithm—Sine
Cosine Algorithm (CFO-SCA) framework. The
proposed control scheme is tailored for renewable

performance in terms of dynamic adaptability,

system stability,

and energy efficiency under

variable load conditions. The hybrid CFO-SCA
approach is specifically designed to outperform
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conventional  single-optimization —methods by
offering superior convergence speed and parameter
tuning accuracy [14]. Its high adaptability under
fluctuating  operating  conditions  contributes
significantly to the operational robustness and long-
term reliability of BLDC motor-driven renewable
energy systems, thereby promoting sustainability
[15].The principal contributions of this research are
summarized as follows:

Adaptive Crayfish-MPC Neuro-Fuzzy Control
(ACM-NFC): This novel framework synergistically
integrates Model Predictive Control (MPC),
Adaptive Neuro-Fuzzy Inference System (ANFIS),
and Crayfish Optimization (CFO) to enable real-
time adaptation of control parameters. It ensures
enhanced system stability, responsiveness, and
energy efficiency by minimizing time delays and
overshoot effects that typically arise due to the
stochastic variability of renewable energy inputs.

Hybrid Fuzzy Sliding Mode Sine Cosine
Algorithm  (HF-SCA): This component is
engineered to optimize BLDC motor performance
in real-time, particularly under dynamically varying
loads and renewable energy fluctuations. By
integrating Fuzzy Logic Control, Sliding Mode
Control, and the Sine Cosine Algorithm, HF-SCA
effectively addresses the shortcomings of traditional
control strategies. It achieves improved dynamic
response, reduced overshoot, and lower control
latency, ensuring precise and efficient motor control
in highly variable environments.

III.  PROPOSED METHOD

This research proposes an advanced control
framework for Brushless DC (BLDC) motors in
renewable energy systems by integrating the
Crayfish Optimization Algorithm (CFO) with the
Sine Cosine Algorithm (SCA). The primary
objective is to enhance overall system efficiency,
minimize energy consumption, and improve
dynamic response under variable load and
environmental conditions. This hybrid methodology
is designed to optimize BLDC motor performance
while ensuring reliable, sustainable operation in the
face of the inherent variability and uncertainty
associated with renewable energy sources such as
solar and wind [26-28].

One of the fundamental challenges in such
environments is the real-time control and
optimization of BLDC motors under dynamically
changing conditions, including fluctuating solar
irradiance, variable wind speeds, and multi-source
energy inputs. These fluctuations can significantly
impair motor performance, necessitating scalable,
adaptive, and efficient control strategies. To address
these issues, a novel control framework—CraySine
Control—is introduced.

As depicted in Figure 1, the CraySine Control
architecture integrates a wind turbine and solar PV
array to supply power for battery storage and both
DC and AC loads. The Adaptive Crayfish-MPC
Neuro-Fuzzy  Control (ACM-NFC) module
optimizes the energy flow to the power management
system through the synergistic integration of Model
Predictive Control (MPC), Adaptive Neuro-Fuzzy
Inference Systems (ANFIS), and CFO. This ensures
proactive and precise adjustment of control
parameters in response to energy source variability,
enhancing system stability and energy efficiency.

This research proposes an advanced hybrid control
architecture—CraySine Control—for optimizing the
performance of Brushless DC (BLDC) motors
operating in renewable energy environments. By
combining the Crayfish Optimization Algorithm
(CFO) and the Sine Cosine Algorithm (SCA), the
proposed system enhances energy efficiency,
reduces power losses, and improves dynamic
response under variable environmental and load
conditions.

The primary challenge in such applications lies in
the real-time control and optimization of BLDC
motors under dynamically fluctuating inputs from
renewable sources such as solar irradiance and wind
speed. These variations can lead to operational
instability, reduced motor efficiency, and increased
energy consumption. Addressing these challenges
necessitates the deployment of intelligent, adaptive,
and scalable control strategies. To this end, the
CraySine Control framework is introduced,
comprising two synergistic modules:

1. Adaptive Crayfish-MPC Neuro-Fuzzy Control
(ACM-NFC)

As illustrated in Figure 1, ACM-NFC is responsible
for energy flow optimization across the integrated
power system. It manages power derived from wind
turbines and solar PV arrays directed to battery
storage units and both AC and DC loads. This
module leverages:

Model Predictive Control (MPC) for proactive,
horizon-based decision-making,

Adaptive  Neuro-Fuzzy Inference System
(ANFIS) for intelligent adaptation to non-linearities
and uncertainties, and

Crayfish Optimization (CFQ) for real-time
parameter tuning and efficient convergence in high-
dimensional control spaces.

The ACM-NFC module ensures high system
responsiveness and precise real-time adjustment of
control variables in response to source variability,
thereby enhancing system stability, efficiency, and
sustainability.

979-8-3315-1247-7/25/$31.00 ©2025 IEEE 1565



Proceedings of the 9th International Conference on Inventive Systems and Control (ICISC-2025)
IEEE Xplore Part Number: CFP25J06-ART; ISBN: 979-8-3315-1247-7

2. Hybrid Fuzzy Sliding Mode Sine Cosine
Algorithm (HF-SCA)

Operating at the motor control level, HF-SCA is
designed to regulate the BLDC motor's speed and
torque using robust feedback and intelligent
optimization. It combines:

Fuzzy Logic Control (FLC) to handle imprecise
and heuristic knowledge of load dynamics,

Sliding Mode Control (SMC) to maintain high
robustness under disturbances, and

Sine Cosine Algorithm (SCA) to fine-tune the
controller parameters dynamically and efficiently.

The HF-SCA module ensures rapid control
adaptability, minimized steady-state error, and
enhanced reliability, particularly under rapidly

changing load or environmental conditions.

The CraySine Control framework introduces a novel
dual-layered approach that:

» Balances global exploration and local exploitation
through the CFO-SCA hybridization.

» Enables dynamic tuning of motor control parameters
in real time, improving both stability and energy
utilization.

» Enhances system reliability by integrating fault-
resilient control (SMC) and real-time adaptability
(FLC-ANFIS).

» Ensures scalability across different renewable energy
platforms (e.g., off-grid solar, hybrid microgrids,
wind-solar hybrids).

This comprehensive control strategy significantly

improves the energy efficiency, dynamic performance,

and operational reliability of BLDC motor-driven systems
in variable renewable energy contexts.

Design Challenges in the ACM-NFC Framework

1. Computational Complexity

High computation load due to: Real-time optimization
(CFO iterations),On-the-fly parameter tuning, ANFIS
rule evaluations and training, MPC's optimization
problem at each time step.

Requires efficient real-time implementation, possibly on
high-speed DSPs or FPGAs.

2. System Integration and Stability

MPC, ANFIS, and CFO operate on different timescales
and logic frameworks. Ensuring closed-loop stability
when combining these modules is non-trivial. May
require Lyapunov-based stability proof or empirical
verification via simulations.

3. Tuning and Initialization

CFO’s performance depends on initial population
settings, step size, and control parameter bounds. ANFIS
requires an initial training dataset and well-designed
fuzzy rules. Poor initialization can lead to slow
adaptation or sub-optimal performance.

4. Model Dependency (in MPC)

MPC depends on an accurate model of the BLDC motor
system. Model mismatch due to parameter variation
(temperature, load) can reduce accuracy and increase
prediction error.

5. Scalability to Real-Time Systems

Implementing this framework in an embedded system
with limited resources may be difficult. Needs optimized
code, possibly parallelized CFO and simplified ANFIS
structures.
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Figure 1. Architecture of the proposed model

The Hybrid Fuzzy Sliding Mode Sine Cosine
Algorithm (HF-SCA) operates at the motor
control level, regulating the BLDC motor using
feedback mechanisms that dynamically adapt the
control strategy based on motor performance. By
integrating Fuzzy Logic Control, Sliding Mode
Control, and the Sine Cosine Algorithm, HF-SCA
offers robust, real-time adaptability and efficient
response to dynamic loading conditions, further
enhancing system reliability.

The Sine Cosine Algorithm (SCA) is an effective
optimization technique that can simultaneously
adjust both fuzzy rule parameters and Sliding Mode
Control (SMC) gain coefficients in dynamic
environments. In the context of controlling a BLDC
motor under variable load conditions, these
parameters are encoded together into a single
solution vector. This vector represents a complete
candidate configuration for the controller, including
the outputs of fuzzy rules and the values of the SMC
gains. Each agent in the SCA population explores
different combinations of these parameters in search
of the most effective control strategy.

SCA guides the optimization process using
mathematical sine and cosine functions to update
the position of each candidate solution. These
oscillatory functions allow the algorithm to switch
between exploration (searching new regions of the
parameter space) and exploitation (refining the
current best solutions). This feature is particularly

beneficial in dynamic systems where conditions
such as load torque, input voltage, or speed
setpoints may vary over time. The ability to adapt
the search direction and step size allows SCA to
remain responsive to such changes.

During the optimization process, each solution is
evaluated using a fitness function that reflects the
system's performance. This fitness function
typically accounts for control objectives such as
minimizing speed tracking error, reducing torque
ripple, improving energy efficiency, and ensuring
robust system behavior. As system conditions
change, the fitness landscape also shifts, prompting
SCA to adjust the fuzzy rules and SMC gains
accordingly.

This joint optimization provides a synergistic
control strategy. The fuzzy logic component
contributes adaptive and smooth decision-making,
especially useful in managing nonlinearities and
uncertainties, while the SMC ensures strong
robustness and fast corrective action under
disturbances. By optimizing both subsystems
together, SCA enhances the overall performance of
the BLDC motor control system, enabling precise,
stable, and efficient operation in real-time
renewable energy applications.

The Crayfish Optimization (CFO) algorithm plays a
central role in the parameter tuning process of the
Adaptive Crayfish-MPC Neuro-Fuzzy Control
(ACM-NFC) framework. Its primary function is to

979-8-3315-1247-7/25/$31.00 ©2025 IEEE 1567



Proceedings of the 9th International Conference on Inventive Systems and Control (ICISC-2025)

IEEE Xplore Part Number: CFP25J06-ART; ISBN: 979-8-3315-1247-7

search for optimal control parameters that enhance
the system’s performance under dynamic and
uncertain  operating  conditions—typical  in
renewable energy-powered BLDC motor systems.
In this context, the CFO algorithm optimizes critical
parameters of both the Model Predictive Control
(MPC) and the Adaptive Neuro-Fuzzy Inference
System (ANFIS), ensuring that the overall control
strategy is both efficient and adaptive to real-time
changes in load and energy availability.

Inspired by the natural foraging and movement
behavior of crayfish, the CFO algorithm mimics
their directional search and evasive actions to
explore the solution space effectively. This nature-
inspired mechanism equips CFO with strong global
search capabilities, allowing it to avoid getting
trapped in local optima—a common problem in
high-dimensional and nonlinear optimization
problems. By continuously adjusting the control
parameters based on a predefined objective or
fitness function, the CFO algorithm ensures that the
ACM-NFC framework maintains high system
stability, minimal energy consumption, and fast
transient response.

Specifically, CFO optimizes parameters such as the
prediction horizon, control weights in MPC, and the
structure and learning parameters of the ANFIS
model (e.g., membership functions, rule base
tuning). This ensures that the predictive model
accurately forecasts future system states, while the
neuro-fuzzy logic adapts efficiently to the nonlinear
characteristics of the BLDC motor and fluctuating
energy inputs. As these parameters are
interdependent and influence each other’s
effectiveness, the global search ability of CFO
enables simultaneous tuning in a coordinated and
intelligent manner.

Moreover, the CFO algorithm contributes
significantly to the real-time adaptability of the
ACM-NFC system. In renewable energy
environments—where solar irradiance, wind speed,
and load demands can change unpredictably—pre-
tuned static control settings often become
ineffective. CFO addresses this by dynamically re-
tuning parameters based on real-time feedback, thus
maintaining optimal performance and avoiding
system degradation. This leads to improvements in
both controller robustness and reliability, which are
crucial for sustainable operation in smart energy
systems.

The Crayfish Optimization algorithm acts as the
adaptive intelligence core of the ACM-NFC
method. It enables the control system to self-
optimize in complex and variable operating
conditions, thereby significantly improving the
energy efficiency, dynamic responsiveness, and

overall reliability of BLDC motor-driven renewable
energy systems.

Overall, this study introduces a comprehensive and
scalable strategy—CraySine Control—that
effectively balances exploration and exploitation
through the CFO-SCA hybridization. ACM-NFC
dynamically tunes motor parameters based on
varying renewable energy inputs, ensuring
enhanced stability and operational efficiency.
Simultaneously, HF-SCA ensures high-performance
real-time  motor  control  with  improved
responsiveness and adaptability. The resulting
control strategy significantly improves the energy
efficiency, dynamic response, and reliability of
BLDC motors within renewable energy
environments.

IV. RESULTS AND DISCUSSIONS

Therefore, this research shows the effectiveness of
the proposed hybrid optimization framework for
BLDC motor control in renewable energy systems.
The comprehensive experiments highlighted that the
system outperforms in terms of efficiency, stability,
and dynamic response with fluctuating load and
energy input conditions, corroborating the
adaptability and robustness of the system.

BLDC Motor Speed Tracking

== Reference Speed
—— Actual Speed (CraySine)

0 1 2 3 4
Time (s)

n

Figure 2: Speed Tracking plot

The plot in Figure 2 shows the comparison between
the reference speed (desired motor speed, constant
at 1500 RPM) and the actual speed achieved under
the proposed CraySine control strategy. The blue
curve (Actual Speed) closely follows the red dashed
line (Reference Speed), indicating that the control
algorithm achieves excellent tracking performance.
Minor initial oscillations are present due to system
transients, but they dampen quickly, demonstrating
fast settling time and dynamic stability. The
CraySine control framework enables precise speed
tracking with minimal overshoot and steady-state
error, crucial for renewable energy systems where
load conditions are unpredictable.
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Torque Ripple in BLDC Motor under HF-SCA

Torque (Nm)
=
s
@

0 1 2 3 4 5
Time (s)

Figure 3: Torque Ripple Plot

The figure 3 illustrates the instantaneous torque
output of the BLDC motor over time under
dynamic load conditions. The torque signal
fluctuates slightly around the nominal value of 1.5
Nm, with a ripple amplitude of about +0.05 Nm.
These ripples are caused by high-frequency
switching and load perturbations, but are well-
contained due to the robustness of the Hybrid
Fuzzy-Sliding Mode-SCA controller (HF-SCA).
The HF-SCA controller effectively minimizes
torque ripple, leading to smoother motor operation
and reduced mechanical wear, which enhances
reliability in long-term deployment.

Fitness Convergence of CFO-SCA Hybrid Algorithm
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Figure 4: Fitness Convergence Plot

This graph in Figure 4 depicts the optimization
performance of the CFO-SCA algorithm over 100
iterations. The fitness value (which could represent
error, energy loss, or a custom cost function) rapidly
declines in the early iterations, followed by a
slower, smoother convergence towards the global
optimum. The curve demonstrates a balanced
exploration-exploitation behavior, where: CFO
handles broad search space exploration, SCA
performs fine-tuning in promising regions. The
hybrid CFO-SCA  algorithm achieves fast
convergence to optimal control parameters,
confirming its suitability for real-time adaptive
control in complex and dynamic environments like
renewable energy-based motor drives.

TABLE 2: COMPARATIVE ANALYSIS OF CRAYSINE CONTROL WITH EXISTING METHOD

Parameter Craé,sr‘;‘;()fe"(gm’l EWOA-TPID Fuzzy Logic
|[Energy Efficiency (%) 192.5 182.5 180 |
|Dynamic Response Time (ms) ||3O “70 ||60 |
|System Stability 10.92 0.80 [0.78 |
IOVershoot Reduction (%) ||2 ||7.5 ||10 |
|Energy Consumption (W) ||80 ||1 10 ||130 |
|Motor Speed Regulation (rpm)||3.5 ||12.5 ||15 |
lTorque Ripple (%) ||3 “6.5 ||8 |
IReal-Time Adaptability 10.925 0.75 0.6 |
|Convergence Speed (ms) ||4O ||90 ||100 |
|Sustainability 0.925 0.75 [0.68 |

Table 3: Comparative Table of Existing vs. Proposed Methods

| Technique ||Adaptability||Efﬁciency||Robustness||Convergence SpeedHReal-time Capability||Reliability|
|PID ||Low ||Medium ||L0w ||Fast ||High ||Low |
IMPC [Medium  |High  |[Medium |Medium [Medium [Medium |
[Fuzzy Logic |[Medium  |[Medium |[High |[Slow [Medium |High |
|GA—based Tuning ||High ||High ||Medium ||Slow ||LOW ||Medium |
[PSO-based Tuning |[High |High  |[Medium |[Medium [Medium [Medium |
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| Technique

| |Adaptability| | Efficiency | |R0bustness| |Convergence Speed| |Real-time Capability| |Re1iability|

|CraySine (Proposed)HVery High ||Very High”High

||Fast ||High ||Very High|

The CraySine Control framework for Brushless DC (BLDC)

motor control demonstrates superior performance in
renewable energy applications compared to existing
optimization-based methods such as EWOA-TPID
(Enhanced Whale Optimization Algorithm- Tuned
Proportional-Integral-Derivative controller) and Fuzzy Logic
controller as shown in Table 2. The proposed model achieves
a high energy efficiency of 92.5%, a minimal dynamic
response time of 30 ms, and an enhanced system stability
index of 0.92. It further exhibits low overshoot (2%),
reduced torque ripple (3%), and low energy consumption (80
W) while maintaining a precise motor speed regulation of 3.5
rpm. Notably, the CraySine Control approach excels in real-
time adaptability (0.925) and fast convergence speed (40ms),
indicating a high degree of responsiveness and robustness
(0.925) under varying load and input conditions. These
results validate the proposed model as a reliable, adaptive,
and efficient control strategy, optimized for the dynamic
demands of sustainable renewable energy systems.

The ACM-NFC module dynamically adjusted the energy
flow based on the fluctuating power generation, minimizing
overshoot and energy wastage. The HF-SCA ensured
superior torque smoothness and rapid tracking of speed
setpoints under variable loading. The hybrid optimization
(CFO + SCA) accelerated convergence to optimal
parameters compared to standalone PSO and GA.

Table 3 provides a comparative evaluation of existing control
and optimization techniques against the proposed CraySine
control strategy, specifically in the context of BLDC motor
control for renewable energy systems. The comparison is
based on six essential performance criteria: adaptability,
efficiency, robustness, convergence speed, real-time
capability, and reliability.

In terms of adaptability, traditional PID controllers are rated
low because they rely on fixed gain values, making them
ineffective under dynamically changing conditions. MPC
and Fuzzy Logic controllers offer moderate adaptability due
to their ability to adjust to system dynamics to some extent.
Evolutionary algorithms such as Genetic Algorithms (GA)
and Particle Swarm Optimization (PSO) exhibit high
adaptability as they can tune control parameters over time.
However, the CraySine method stands out with very high
adaptability, achieved by integrating adaptive elements like
ANFIS and hybrid optimization through the Crayfish and
Sine Cosine Algorithms, allowing the system to adjust
seamlessly to load and energy fluctuations.

When evaluating efficiency, PID and Fuzzy Logic methods
typically perform at a medium level, as they are not
optimized for minimal energy consumption. MPC, GA, and
PSO improve efficiency through prediction and global
optimization. The CraySine method, however, delivers very
high efficiency, leveraging intelligent control and real-time

parameter tuning to minimize energy loss and optimize
motor behavior under varying operating conditions.

In terms of robustness, PID controllers are susceptible to
external disturbances and non-linear system dynamics,
scoring low in this category. Fuzzy Logic control excels with
high robustness, especially in uncertain or nonlinear
scenarios. MPC, GA, and PSO approaches offer moderate
robustness. CraySine achieves high robustness through its
Hybrid Fuzzy Sliding Mode Control component, which
ensures stable operation despite external perturbations or
rapid load variations.

Regarding convergence speed, PID controllers are
traditionally fast due to their simplicity, while fuzzy logic
and GA methods are slower because of their rule-based
inference or evolutionary iteration mechanisms. PSO and
MPC offer moderate convergence speeds. CraySine, by
utilizing the dynamic and flexible search behavior of the Sine
Cosine Algorithm, attains fast convergence, quickly arriving
at optimal tuning values even in complex search spaces.

The real-time capability of PID controllers is high due to
their computational simplicity. MPC, fuzzy logic, and PSO
techniques have medium real-time applicability depending
on system complexity and computational resources. GA-
based methods often suffer from longer computation times,
reducing their real-time suitability. In contrast, the CraySine
approach maintains high real-time capability by balancing
computational efficiency and intelligent adaptation, making
it suitable for embedded control systems used in renewable
energy applications.

Finally, in terms of reliability, PID methods struggle with
low reliability under dynamic and uncertain conditions.
MPC, GA, and PSO methods offer moderate reliability when
properly tuned and modeled. Fuzzy Logic control systems
provide high reliability in nonlinear environments. CraySine
achieves very high reliability, thanks to its dual-layer control
framework that dynamically optimizes performance and
maintains stable operation across various real-world
scenarios.

In summary, the CraySine control strategy significantly
outperforms conventional methods across all six evaluated
criteria. By unifying adaptive control, predictive modeling,
and hybrid swarm intelligence, it provides a robust, efficient,
and reliable solution for controlling BLDC motors in the
challenging and fluctuating conditions typical of renewable
energy systems.

V. CONCLUSION

The proposed CraySine Control framework demonstrates a
significant advancement in Brushless DC (BLDC) motor
control for renewable energy systems by effectively
addressing key challenges such as instability, energy
inefficiency, and poor dynamic response under fluctuating
operating conditions. By integrating the Crayfish
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Optimization Algorithm (CFO) and the Sine Cosine
Algorithm (SCA), the framework achieves an optimal
balance between exploration and exploitation, ensuring
reliable performance under variable load and energy input
scenarios. In addition, the introduction of the Adaptive
Crayfish-MPC Neuro-Fuzzy Control (ACM-NFC) at the
power management interface provides a robust mechanism
for real-time adaptation to energy fluctuations. This hybrid
control scheme enhances system stability and motor
performance through intelligent, predictive adjustments,
thereby mitigating the adverse effects of renewable source
variability. Collectively, the proposed framework delivers
optimized motor control with improved efficiency,
minimized power loss, enhanced dynamic responsiveness,
and sustainable energy utilization. The outcomes of the
simulation studies using the proposed model validate the
model's effectiveness as a reliable and scalable solution for
high-performance BLDC motor control in modern renewable
energy systems.
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