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Abstract
Maintaining precise temperature control is critical in cashew kernel drying to achieve a final moisture content of 5% while preventing roasting or discoloration. Conventional PID controllers often perform sub optimally due to the nonlinear dynamics of batch dryers. This study presents the development of a Walrus Optimization Algorithm (WaOA)-tuned Integral–Proportional Derivative (I-PD) controller for cashew kernel dryers. Fick’s equation was employed to model the drying process, and the WaOA was used to optimize the I-PD controller parameters. The proposed controller was evaluated against MATLAB-tuned PID, MATLAB-tuned I-PD, and Ziegler Nichols (ZN) PID controllers using MATLAB R2021a SIMULINK. Performance metrics included rise time, settling time, steady-state error, and maximum overshoot. Results show that the WaOA-tuned I-PD controller achieved a rise time of 0.0479 s, settling time of 0.1398 s, and overshoot of 0.6672, outperforming the comparative controllers in stability and transient response. The findings demonstrate the efficacy of bio-inspired optimization in improving temperature control for agricultural processing systems.
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1.0	Introduction
This study focuses on developing an advanced temperature control system for cashew kernel dryers using an I-PD controller tuned with the Walrus Optimization Algorithm (WaOA). The research aims to enhance drying efficiency, maintain kernel quality, and ensure stable, precise, and fast temperature regulation.
1.1	Background of the Study
Cashew (Anacardium occidentale) is a tropical tree species native to Brazil, recognized for its edible nuts and commercially valuable by-products, including cashew nut shell liquid (CNSL) and cashew apple derivatives. Historically, cashew nuts were initially considered inedible due to the caustic properties of their shells; however, local indigenous knowledge demonstrated roasting techniques that neutralized the irritants, making the nuts safe for consumption [1]. Cashew cultivation expanded from Brazil to India around the mid-16th century, gradually reaching Southeast Asia and Africa. By the 20th century, cashew nuts were widely exported to Europe and North America, with India and Ivory Coast emerging as leading global producers [2]. In 2019, global production was estimated at four million tons, reflecting the crop’s increasing economic importance. Beyond consumption, cashew shells are processed into CNSL, which is utilized in lubricants, paints, waterproofing agents, and industrial applications, including military production during World War II [3].
The cashew processing industry is therefore an economically significant sector with high profit potential, particularly for small-holder farmers and small-scale processors in Africa and Asia. Among the stages of cashew processing shelling, peeling, drying, and grading drying is pivotal. Drying ensures the reduction of moisture content in kernels to prevent microbial spoilage, prolong shelf life, and facilitate subsequent processing steps. Freshly processed kernels typically contain approximately 9.4–12% moisture, which must be reduced to a target range of 3.5–4.9% to maintain quality and market value [4; 5]. The thin brownish sticky layer, known as the testa, must also be removed, usually through controlled heating, to improve the appearance and acceptability of the kernels. Improper drying can lead to kernel discoloration, scorching, and textural degradation, thereby reducing both quality and marketability.
Drying can be conducted using direct methods, such as traditional sun drying or hot air drying with combustion gases, or indirect methods, such as mechanical or electrical dryers. Indirect drying is preferred in industrial applications because it allows precise control of air temperature, humidity, and velocity, thus reducing the likelihood of overheating or scorching the kernels [6]. Modern mechanical dryers typically operate at 70–80°C for 9–10 hours, enabling uniform drying and consistent product quality, albeit at higher initial investment costs [4; 7]. Proper airflow distribution within the dryer is essential to ensure homogeneous drying and optimal energy utilization [5].
1.2	Drying Principles and Operational Considerations
The drying process is generally characterized by three phases: the initial period, the constant rate period, and the falling rate period [8]. During the initial period, the kernel is heated, and free surface moisture evaporates rapidly. In the constant rate period, the surface remains saturated, and moisture removal proceeds at a relatively steady rate. The falling rate period is governed by moisture migration from the interior to the surface, with drying rates progressively decreasing. Understanding these phases is essential for optimizing dryer design, operational temperature, airflow, and drying duration to achieve uniform moisture reduction without compromising kernel integrity [9].
Dryers are classified based on operational mode (batch or continuous), heating mechanism (direct, indirect, or hybrid), and the physical state of the product (solid, liquid, or slurry) [10; 11]. Direct dryers, although simple, mix combustion products with the drying air and are less thermally efficient, whereas indirect dryers supply clean heated air, improving product safety and quality. Vacuum-assisted indirect dryers further enhance drying efficiency while preventing thermal damage in heat-sensitive materials [12]. Continuous dryers, such as tunnel dryers, facilitate large-scale uniform drying, whereas batch-type dryers, including tray and cabinet dryers, are suitable for small-scale or pilot production with controlled airflow and drying durations [13].
1.3	Control Systems in Drying Operations
Temperature and airflow regulation are critical to maintaining kernel quality, energy efficiency, and operational stability. Dryers are equipped with control systems that include sensors, actuators, and controllers to monitor and adjust process variables. Conventional control structures include Proportional-Integral (PI), Proportional-Derivative (PD), and Proportional-Integral-Derivative (PID) controllers [14]. PI controllers combine proportional and integral actions to correct steady-state errors, while PD controllers predict process trends to enhance stability. PID controllers integrate all three actions to provide rapid response, zero steady-state error, and improved disturbance rejection. However, for processes with high inertia, nonlinear dynamics, or long dead times, conventional PID controllers may produce overshoot, slow transient response, and reduced robustness.
Modified control strategies, such as the Integral–Proportional-Derivative (I-PD) controller, address these challenges by separating the integral action on the error from the proportional and derivative actions on the process output [15]. This structure improves smooth setpoint tracking, reduces overshoot, and enhances disturbance rejection, making it particularly suitable for complex processes like cashew kernel drying.
1.4	Optimization-Based Controller Tuning
The effectiveness of PID and I-PD controllers depend heavily on proper tuning of the proportional Kp, integral Ki, and derivative Kd gains. Conventional tuning techniques, such as Ziegler–Nichols, Cohen–Coon, or trial-and-error methods, are often insufficient for nonlinear systems due to their sensitivity to disturbances and time-varying parameters. Metaheuristic optimization algorithms have emerged as effective tools for tuning controllers under nonlinear and complex conditions. Among these, the Walrus Optimization Algorithm (WaOA) has shown significant potential for global and local search optimization due to its balance of exploration and exploitation, inspired by walrus social behaviors, including feeding, migration, and predator evasion [16].
Studies have demonstrated that WaOA can effectively optimize I-PD controller parameters, improving rise time, settling time, and robustness while minimizing the Integral of Time-weighted Absolute Error (ITAE). This makes WaOA-tuned controllers highly suitable for industrial applications such as batch-type cashew dryers, where precise temperature control directly affects kernel quality, energy consumption, and operational reliability.
1.6	Aim and Objectives
The primary aim of this study is to develop a Walrus Optimization Algorithm (WaOA)-tuned Integral–Proportional-Derivative (I-PD) controller for precise temperature regulation in cashew kernel dryers. Specifically, the study seeks to (i) develop a model for temperature regulation of batch dryer based on Fick’s diffusion equations, (ii) implement the WaOA-tuned I-PD controller for accurate and stable temperature control, (iii) simulate the system using MATLAB R2021a to evaluate its performance. Key performance metrics such as rise time, settling time, percentage overshoot, and the Integral of Time-weighted Absolute Error (ITAE) will be used to assess the controller’s effectiveness. (iv) Furthermore, the developed controller will be benchmarked against a Ziegler–Nichols tuned PID controller. In conclusion, this study demonstrates that the WaOA-tuned I-PD controller provides a robust, efficient, and reliable solution for optimizing the drying process of cashew kernels. The manuscript is structured as follows: Section 1 presents a comprehensive introduction, Section 2 details the methodology and model development, Section 3 discusses simulation results and performance analysis, and Section 5 and 6 concludes with key findings, recommendations of the research.
2.0	Methodology
This study adopts a simulation-based methodology to model a cashew kernel batch dryer using Fick’s diffusion equations. A Walrus Optimization Algorithm (WaOA)-tuned I-PD controller is implemented in MATLAB R2021a to regulate dryer temperature, minimizing rise time, settling time, overshoot, and ITAE. The system’s performance and stability are evaluated through comparisons with conventional PID controllers.
2.1	Research Approach
The primary function of a cashew nut dryer is to maintain kernel safety and extend shelf life by reducing moisture content to between 5% and 9%, typically using a standard oven method at 105°C for 24 hours [17]. In the dryer, the chamber is heated by steam generated from a boiler and delivered via a heat exchanger. Steam flow is often regulated by a solenoid valve controlled by a PID controller; however, conventional PID control can struggle with nonlinearities, time delays, and complex temperature dynamics.
To address these limitations, this study applies the Walrus Optimization Algorithm (WaOA) to optimally tune an I-PD controller, providing a more stable, accurate, and efficient feedback control solution. The I-PD controller tuned with WaOA was simulated in MATLAB R2021a using Fick’s mathematical model, and system performance was evaluated in terms of rise time, settling time, and percentage overshoot.
2.2	Development Temperature control of Batch Dryer Using Fick’s Model
In batch drying, the drying rate is defined as:
										(1)
where  is the drying rate,  is the mass of the cashew kernel, (X) is kernel moisture, and (A) is the interfacial area [8]. A simple tray dryer is illustrated in Figure 1, where wet kernels are spread in thin layers and dried with controlled air flow and heat. Assuming a Lumped Parameter Model (LPM) for both solid and air phases, the governing equations for mass and energy balances are:
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Figure1: Schematic Diagram of a Batch drying Oven with parameters of interest [18].
Mass balance on solid: 							  (2) 
Mass balance on air: 						    (3) 
Energy balance on solid:  		    (4)                
Energy balance on air: 									   (5)
The output air temperature is given by: 		  (6)
Assumptions adopted:
1. Batch process operation.
2. Negligible material-to-material contact.
3. Negligible shrinkage of kernels.
4. Uniform moisture content.
5. Adiabatic dryer walls.
6. Negligible internal kernel temperature gradient.
7. Perfect air mixing.
8. Negligible gas-phase accumulation.
The equations were solved with iterative determination of air parameters Y and  at each time step. The model also guides process control adjustments such as ventilation rate or heater power.
2.3	Moisture Content Model
Following Lewis, moisture transfer can be described analogously to Newton’s law of cooling:
										(7)
where (k) is the drying constant:
         									(8)
Equilibrium moisture content is calculated experimentally at 70–110°C:
									(9)	
Moisture ratio MR (Xr) = 							(10)

2.4	I-PD Controller Design
[image: ]The I-PD controller is a modification of the standard PID to reduce proportional-derivative “kick” effects. The controller output is:
							  (11)



Figure 2: Structure of Parallel I-PD control system [15]
This structure allows smooth set-point tracking while maintaining the same open-loop transfer function as standard PID [19].
2.5 	Optimization Model Formulation
The integral of time-weighted absolute error (ITAE) is adopted as the objective function:
									  (12)
where (e(t)) is the error between reference and actual temperature. Minimizing ITAE improves transient response. Constraints for optimal tuning are defined for Ki, Kp, and Kd within specified bounds [20].
2.6	Application of WaOA for -PD Controller Tuning
The Walrus Optimization Algorithm WaOA is used to determine optimal Ki, Kp, and Kd values. WaOA mimics walrus social behaviors and comprises three phases:
1. Position update of strongest walrus based on objective function.
2. Migration process generating new solutions and replacing inferior positions.
3. Local search simulating escaping and predator avoidance.
The algorithm iteratively updates the population until the maximum iterations are reached, producing optimal controller parameters for efficient temperature regulation.
2.7	Implementation of Ziegler-Nichols (Z-N) Method
The Z-N method is applied as a benchmark for PID tuning, using open-loop step response points at 35.3% and 85.3% output to calculate Kp, Ki, and Kd [21].
2.8	Performance Evaluation
Controller performance was assessed using standard metrics:
i. Peak time – time of maximum overshoot.
ii. Rise time – time from 10% to 90% of steady-state response.
iii. Settling time – time to remain within 1–5% of steady state.
iv. Steady-state error – final deviation from reference.
v. Maximum overshoot – relative stability measure.
3.0	Results and Discussion
The simulation results demonstrated that the WaOA-tuned I-PD controller effectively regulated the cashew kernel dryer temperature, achieving minimal rise time, overshoot, and settling time. Comparative analysis with conventional PID controllers confirmed its superior performance, accuracy, and stability in the drying process.
3.1	Effect of Temperature on Moisture for Cashew Kernel Dryer Using Fick’s Equations
The simulation results, presented in Figures 1 and 2, indicate that the temperature of the cashew kernel increases as its moisture content decreases. In the absence of a regulating controller, continuous operation of the dryer led to a reduction in moisture content to zero, causing potential damage to the kernel. These findings highlight the critical need for an efficient control system capable of maintaining a regulated temperature to ensure a safer drying process and prevent kernel damage.
3.2	Temperature Control of Cashew Kernel Dryer Using WaOA-Tuned I-PD Controller
To achieve a controlled and steady drying process, an I-PD controller tuned using the Walrus Optimization Algorithm (WaOA) was implemented. The controller parameters Ki, Kp, and Kd were optimized using an objective function based on the Integral Time Absolute Error (ITAE) to minimize rise time, settling time, and percentage overshoot while achieving the target temperature. The optimized parameters, presented in Table 1, were applied to the developed dryer model.






Table 1: Simulation Report for Cashew Kernel Dryer using WaOA-Tuned I-PD Controller
	Quantity
	Values

	WaOA-tuned I-PD Parameters (Ki, Kp, Kd)
	1972.8031, -72.7980, 1.0187

	Rise time 
	0.0479

	Settling time
	0.1398

	Settling Minimum
	293.9694

	Settling Maximum
	302.0317

	Overshoot
	0.6672

	Peak
	302.0317

	Peak Time
	0.1001

	ITAE
	1643.1816



Simulation results (Figure 2) demonstrate that the WaOA-tuned I-PD controller achieved the target temperature of 300 K with a rise time of 0.0479 s, settling time of 0.1398 s, and overshoot of 0.6672%, indicating a rapid and stable response. The output temperature varied between 293.97 K and 302.03 K before stabilizing at 300 K. Over a 50-second simulation with a sampling rate of 5 × 10^-6 s, the cumulative ITAE was 1643.18, confirming the effectiveness of the developed controller in minimizing error between the target and actual temperature. The convergence characteristics of the WaOA, shown in Figure 3, further demonstrate the optimizer’s efficiency in achieving the optimal solution within a limited number of iterations.
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Figure 3: Temperature response of Cashew kernel dryer using WaOA-tuned I-PD Controller

Figure 4: Convergence Characteristics curve of WaOA


3.3	Performance Validation of the Developed WaOA-Tuned I-PD Controller
The performance of the WaOA-tuned I-PD controller was validated against manually tuned PID, manually tuned I-PD, and Ziegler-Nichols (ZN) tuned PID controllers.


3.3.1	Temperature Control Using Manually Tuned PID Controller
Manual tuning of PID parameters Kp, Ki, and Kd through trial and error served as a benchmark. As shown in Table 2 and Figure 5, the manually tuned PID achieved the target temperature; however, it exhibited a high overshoot (9.20%) and a long settling time (5.53 s). This highlights the limitations of trial-and-error tuning, including inconsistency and time-intensive adjustments.
Table 2: Simulation report for Cashew kernel dryer using Manually tuned PID Controller
	Quantity
	Values

	Manually tuned PID Parameters (Kp, Ki, Kd)
	4.8983, 1.9998, 0.3000

	Rise time 
	0.6892

	Settling time
	5.5309

	Settling Minimum
	278.2581

	Settling Maximum
	327.5878

	Overshoot
	9.1959

	Peak
	327.5878

	Peak Time
	2.0521

	ITAE
	1813.2575



[image: ]
Figure 5: Temperature response of Cashew kernel dryer using Manually tuned PID Controller
3.3.2	Temperature Control Using Manually Tuned I-PD Controller
The manually tuned I-PD controller (Table 3, Figure 6) achieved improved transient performance compared to the PID controller, with a rise time of 0.1294 s, settling time of 0.3480 s, and overshoot of 3.98%. Despite better performance, results remain inconsistent due to reliance on manual tuning and repeated trial-and-error adjustments.
Table 3: Simulation report for Cashew kernel dryer using Manually tuned I-PD Controller
	Quantity
	Values

	Manually-tuned I-PD Parameters (Kp, Ki, Kd)
	1241.4050, -99.5556, -2.0000

	Rise time 
	0.1294

	Settling time
	0.3480

	Settling Minimum
	276.9750

	Settling Maximum
	311.9528

	Overshoot
	3.9843

	Peak
	311.9528

	Peak Time
	0.2619

	ITAE
	12434.3545



[image: ]
Figure 6: Temperature response of Cashew kernel dryer using Manually tuned I-PD Controller
3.3.3	Temperature Control Using Ziegler-Nichols Tuned PID Controller
The ZN-tuned PID controller (Table 4, Figure 7) achieved the fastest rise time (0.0040 s) but a significantly longer settling time (6.7379 s) with minor overshoot (1.30%). Although rise time is rapid, the prolonged settling period may compromise smooth drying, affecting moisture uniformity in the kernel.
Table 4: Simulation report for Cashew kernel dryer using ZN-tuned PID Controller
	Quantity
	Values

	ZN tuned PID Parameters (Kp, Ki, Kd)
	3.6303, 0.1741, 18.9230

	Rise time 
	0.0040

	Settling time
	6.7379

	Settling Minimum
	270.9018

	Settling Maximum
	303.8995

	Overshoot
	1.2998

	Peak
	303.8995

	Peak Time
	22.3560

	ITAE
	3334.9751



[image: ]
Figure 7: Temperature response of Cashew kernel dryer using ZN-tuned PID Controller
3.3.4	Performance Comparison of Controllers
A comparative analysis of all controllers is summarized in Table 5 and Figure 8. The WaOA-tuned I-PD controller demonstrated the best overall performance, balancing a rapid rise time (0.0479 s) with minimal overshoot (0.6672%) and the shortest settling time (0.1398 s). This balance ensures a stable, controlled drying process, reducing the risk of kernel damage or excessive weight loss. In contrast, manually tuned PID and ZN-tuned PID exhibited either high overshoot or long settling times, while manually tuned I-PD showed moderate improvements but required multiple trials to achieve acceptable results. The ITAE metric further confirmed the superior accuracy of the WaOA-tuned I-PD controller.
Table 5: Summary of the simulation results of all the controller considered
	Methods
	Rise time
	Settling time
	Settling Minimum
	Settling Maximum
	Overshoot
	Peak
	Peak time
	ITAE

	Without controller
	1.5295
	NaN
	414.6885
	7.9972e+03
	2.5657e+03
	7.9972e+03
	50
	6720018.9522


	manually tuned PID
	0.6892
	5.5309
	278.2581
	327.5878
	9.1959
	327.5878
	2.0521
	1813.2575

	
	
	
	
	
	
	
	
	

	manually tuned I-PD
	0.1294
	0.3480
	276.9750
	311.9528
	3.9843
	311.9528
	0.2619
	12434.354
5


	ZN tuned PID
	0.0040
	6.7379
	270.9018
	303.8995
	1.2998
	303.8995
	22.3560
	3334.9751

	
	
	
	
	
	
	
	
	

	WaOA tuned I-PD
	0.0479
	0.1398
	293.9694
	302.0317
	0.6672
	302.0317
	0.1001
	1643.1816
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Figure 8: Comparison of Temperature response of Cashew kernel dryer using different
4.0	Conclusion
This study implemented a Walrus Optimization Algorithm (WaOA)-tuned I-PD controller to overcome the limitations of traditional PID controllers, achieving a stable, accurate, and fast-response temperature control system for cashew kernel drying. The controller’s performance was evaluated and compared with manually tuned PID, manually tuned I-PD, and Ziegler-Nichols (ZN) tuned PID controllers. Based on the simulation results in MATLAB/Simulink, the following conclusions are drawn:
i. Cashew Kernel Dryer Modeling: The temperature control of cashew kernel dryer was modeled using Fick’s diffusion equations and implemented in Simulink. Results indicated that, without control, kernel temperature rises continuously during drying, leading to excessive moisture loss and potential total damage of the kernels. This underscores the necessity of an effective temperature control strategy.
ii. WaOA-Tuned I-PD Controller Performance: An objective function based on the Integral of Time-weighted Absolute Error (ITAE) was formulated to minimize rise time, settling time, overshoot, and steady-state error. The WaOA was employed to optimize the controller parameters Ki, Kp, and Kd, which were then applied to the I-PD controller. Simulation results demonstrated that the WaOA-tuned I-PD controller significantly improved transient response and temperature regulation, ensuring smooth and efficient drying.
iii. Comparative Performance Evaluation: Performance comparison with manually tuned PID, manually tuned I-PD, and ZN-tuned PID controllers revealed that the WaOA-tuned I-PD controller outperformed all other approaches in terms of rise time, settling time, overshoot, and ITAE. This confirms that the developed controller is highly effective and competitive for controlling the temperature of cashew kernel dryers, offering a reliable solution for industrial drying processes.
5.0	Recommendations
The developed WaOA-tuned I-PD controller is strongly recommended for adoption by agro-processing industries, particularly those involved in cashew kernel drying, as well as other industrial processes requiring precise, efficient, and reliable control. For future research, the application of this controller can be extended to other industrial operations, such as conveyor speed regulation or moisture content control in potato chip production. Additionally, the impact of different optimization techniques on controller performance can be further investigated by implementing two or more optimization methods for comparative analysis. Finally, the physical construction and experimental implementation of the developed controller should be considered to validate its practical applicability and enable broader industrial deployment.
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