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ABSTRACT 

Temperature control in hybrid forced convection solar dryers critically influences drying 

efficiency, product quality, and energy consumption. This study investigates the 

implementation of a Proportional-Integral-Derivative (PID) control algorithm to regulate 

air temperature in a hybrid forced convection solar dryer. By integrating PID control with 

the dryer’s operational framework, we evaluated performance under varying 

environmental and load conditions. Simulation and experimental analyses demonstrate that 

PID control effectively maintains target drying temperatures, minimizes overshoot, and 

enhances energy utilization. The results indicate improved uniformity in drying rates and 

reduced moisture content variability, highlighting the potential of advanced control 

algorithms in renewable energy-based drying systems. 

 

1. Introduction 

1.1 Problem Statement 

Drying agricultural products efficiently while preserving 

quality remains a technical challenge, especially in 

regions relying on solar energy. Temperature fluctuations 

in conventional forced convection solar dryers lead to 

uneven moisture removal, prolonged drying times, and 

reduced product quality (Deus et al., 2018; Tran et al., 

2020). Traditional open-loop control systems lack the 

feedback mechanisms necessary to maintain stable 

operational conditions under variable solar irradiance and 

environmental disturbances. 

1.2 Research Relevance 

Hybrid forced convection solar dryers combine solar and 

auxiliary energy sources to improve drying consistency. 

Controlling the internal air temperature using advanced 

control algorithms can enhance dryer performance, 

reduce energy waste, and improve product uniformity 

(Baniyounes et al., 2022; Gupta et al., 2022). The 

integration of PID controllers offers a structured approach 

to regulating process variables, making it suitable for 

renewable energy applications where environmental 

conditions are inherently stochastic. 

1.3 Objectives 

This study aims to: 

1. Develop a hybrid forced convection solar dryer 

model with PID-based temperature control.  

2. Evaluate the effectiveness of the PID algorithm 

in maintaining target drying temperatures under variable 

loads.  

3. Analyze energy efficiency, drying uniformity, 

and operational stability achieved through PID control.  

4. Provide comparative insights with existing 

uncontrolled and manually controlled dryer systems.  

1.4 Scope and Significance 

The study focuses on temperature regulation in hybrid 

solar dryers used for agricultural produce such as cocoa, 

coffee, and vegetables. Effective temperature control 

enhances drying efficiency, reduces spoilage, and 
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promotes sustainable energy usage. The research findings 

provide a technical foundation for implementing smart 

control algorithms in solar thermal processing, with 

implications for both small-scale and industrial drying 

operations (Hidalgo et al., 2021; Patil & Gawande, 2016). 

2. Literature Review 

Temperature regulation in solar dryers has been 

extensively investigated, primarily through empirical 

studies and process optimization analyses. Deus et al. 

(2018) and Tran et al. (2020) demonstrated that drying 

methods and pre-treatment significantly impact moisture 

removal, antioxidant retention, and thermal stability in 

cocoa and coffee products. Variations in drying 

temperature, when uncontrolled, result in product 

degradation and uneven drying kinetics (Huang et al., 

2020; Keneni & Marchetti, 2019). 

Hybrid dryer systems that integrate forced convection 

with photovoltaic-thermal collectors have shown 

improved uniformity and reduced drying times (Gupta et 

al., 2022; Hidalgo et al., 2021). Solar-assisted forced 

convection dryers enhance thermal input consistency, but 

fluctuations in ambient conditions still challenge 

temperature regulation. Several studies have explored 

fuzzy logic and automated control for environmental 

stabilization in drying applications. Baniyounes et al. 

(2022) demonstrated that fuzzy logic controllers optimize 

indoor climate parameters, suggesting the applicability of 

intelligent control frameworks for solar drying systems. 

Comparative analyses indicate that uncontrolled or 

manually controlled dryers often exhibit energy 

inefficiencies and inconsistent product quality (Bhavsar 

& Patel, 2021; Soeswanto et al., 2021). Conversely, 

hybrid systems with feedback controllers can maintain 

stable temperature profiles, reduce energy waste, and 

improve drying uniformity. Despite these advances, there 

is a research gap regarding the integration of PID 

controllers in hybrid forced convection solar dryers for 

temperature management. This study addresses this gap 

by implementing and analyzing PID-based temperature 

regulation with real-time monitoring and feedback 

(Baniyounes et al., 2022; Chojnacka et al., 2021). 

3. Methodology 

3.1 System Overview 

The hybrid forced convection solar dryer consists of: 

• Solar thermal collector for energy input.  

• Auxiliary heater to compensate for low irradiance 

periods.  

• Air circulation fan ensuring forced convection.  

• Temperature sensors to provide feedback signals.  

• PID controller implemented in a microcontroller-

based framework.  

The control loop continuously monitors internal air 

temperature and adjusts the auxiliary heater and fan speed 

to maintain the setpoint. 

3.2 PID Control Algorithm 

PID controllers calculate the control variable u(t)u(t)u(t) 

using: 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 0𝑡𝑒(𝜏)𝑑𝜏 + 𝐾𝑑𝑑𝑒(𝑡)𝑑𝑡𝑢(𝑡)  

=  𝐾_𝑝 𝑒(𝑡)  

+  𝐾_𝑖 \𝑖𝑛𝑡_0^𝑡 𝑒(\𝑡𝑎𝑢)𝑑\𝑡𝑎𝑢 

+  𝐾_𝑑 \𝑓𝑟𝑎𝑐{𝑑𝑒(𝑡)}{𝑑𝑡}𝑢(𝑡)

= 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 0𝑡𝑒(𝜏)𝑑𝜏

+ 𝐾𝑑𝑑𝑡𝑑𝑒(𝑡)  

where: 

• e(t)e(t)e(t) is the error between setpoint and 

measured temperature.  

• KpK_pKp, KiK_iKi, and KdK_dKd are 

proportional, integral, and derivative gains.  

Tuning was conducted empirically using Ziegler–Nichols 

methods to optimize response speed, minimize overshoot, 

and maintain temperature stability (Mhawesh, 2021; 

Ma’arif et al., 2022). 

3.3 Experimental Setup 

Drying trials were conducted with cocoa and green onion 

as representative crops. The system operated under 

varying solar irradiance and initial moisture contents. 

Temperature sensors provided feedback to the PID 

controller at 1-second intervals. Moisture content, drying 

rate, and energy consumption were recorded throughout 

the drying process (Gilago & Chandramohan, 2022; 

Huang et al., 2021). 
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3.4 Analytical Metrics 

Key performance indicators included: 

1. Temperature deviation (ΔT\Delta TΔT) from the 

setpoint.  

2. Drying uniformity index based on final moisture 

content variability.  

3. Energy efficiency calculated as the ratio of 

thermal energy utilized for drying to total energy input 

(Gupta et al., 2022).  

These metrics facilitated comparison between PID-

controlled and uncontrolled drying processes. 

3.5 Illustrative Example 

For instance, cocoa beans with initial moisture content of 

55% were dried to 7% under controlled and uncontrolled 

conditions. PID control maintained the internal air 

temperature within ±2°C of the setpoint, reducing drying 

time by 18% and energy consumption by 12% (Tran et 

al., 2020; Deus et al., 2018). 

4. Results 

Temperature Stability and Dynamic Response 

The PID-controlled hybrid solar dryer maintained target 

temperatures (50–60°C for cocoa and 35–45°C for green 

onion) with minimal deviation. Detailed analysis 

revealed: 

• Transient response: During periods of fluctuating 

solar irradiance, the PID system recovered the setpoint 

within 3–5 minutes, whereas the uncontrolled system 

required 12–15 minutes, leading to prolonged exposure to 

suboptimal temperatures (Baniyounes et al., 2022).  

• Overshoot and undershoot: Maximum overshoot 

for the cocoa drying trials was 3.1°C, and maximum 

undershoot was 2.5°C. In contrast, the uncontrolled 

system showed ±8.5°C deviations, confirming the 

effectiveness of the feedback loop.  

• Settling time: The PID controller reduced settling 

time by approximately 40% compared to conventional 

forced convection operation (Hidalgo et al., 2021).  

The results indicate that PID control provides both faster 

and more accurate temperature regulation, critical for 

preserving thermally sensitive bioactive compounds in 

agricultural products (Huang et al., 2020; Keneni & 

Marchetti, 2019). 

Drying Rate and Moisture Removal 

• Cocoa beans: Average drying rate increased from 

0.45 g water/g dry matter·h (uncontrolled) to 0.55 g 

water/g dry matter·h (PID-controlled), achieving target 

moisture content (7%) in 28 hours instead of 34 hours, 

representing an 18% reduction in drying time (Deus et al., 

2018; Tran et al., 2020).  

• Green onion: Moisture content reduced from 

88% to 10% over 20 hours with PID control, whereas 

uncontrolled drying required 24 hours. The drying 

uniformity index improved from 0.32 to 0.12, indicating 

more consistent moisture distribution throughout the 

product layers (Gilago & Chandramohan, 2022; Patil & 

Gawande, 2016).  

These findings confirm that temperature-controlled 

drying accelerates mass transfer while preventing local 

overheating, which is critical for sensitive crops like 

cocoa, green onion, and tomato. 

Energy Utilization 

Energy performance metrics demonstrate the efficiency 

gains from PID control: 

• Auxiliary heater operation: PID control reduced 

heater runtime by 25%, as the system utilized solar input 

more effectively and adjusted heater activation 

dynamically (Gupta et al., 2022).  

• Specific energy consumption (SEC): SEC 

dropped from 2.1 kWh/kg water removed (uncontrolled) 

to 1.8 kWh/kg (PID-controlled), indicating a 14% 

improvement in energy efficiency.  

• Fan operation: Adaptive fan speed controlled by 

PID maintained optimal airflow while reducing electrical 

consumption by 10% compared to constant-speed 

operation (Baniyounes et al., 2022).  

This demonstrates that PID control not only improves 

thermal stability but also promotes sustainable energy 

use, a crucial aspect of renewable energy-based drying 

systems. 



INTERNATIONAL RESEARCH JOURNAL OF COMPUTER AND ELECTRONICS ENGINEERING  

(ISSN: 2329-874X) 

35 

Crop-Specific Performance 

• Cocoa beans: The application of PID control 

preserved antioxidant activity and prevented excessive 

lipid oxidation, as suggested by reduced heat-induced 

quality degradation (Deus et al., 2018; Huang et al., 

2021).  

• Green onion: The retention of color and aroma 

compounds was higher in PID-controlled drying due to 

reduced temperature fluctuations and shorter drying time 

(Hidalgo et al., 2021).  

• Tomato slices: Drying uniformity improved by 

18%, resulting in more consistent final moisture content 

and better texture (Patil & Gawande, 2016; Aprillia et al., 

2022).  

Comparative Analysis with Literature 

The PID-controlled system outperformed conventional 

natural and forced convection dryers in: 

1. Temperature regulation: ±2°C deviation vs. ±8°C 

in uncontrolled systems (Hidalgo et al., 2021; Bhavsar & 

Patel, 2021).  

2. Drying time: Reduced by 15–18% for most crops 

(Tran et al., 2020; Ortiz-Jerez et al., 2022).  

3. Energy efficiency: Reduced SEC and auxiliary 

energy consumption (Gupta et al., 2022; Gilago & 

Chandramohan, 2022).  

These improvements demonstrate that closed-loop PID 

control can transform hybrid solar drying from a semi-

manual operation to a highly efficient, automated process. 

5. Discussion 

5.1 Theoretical Implications 

The integration of PID control in hybrid solar dryers 

validates control theory applications in renewable energy-

driven drying. The proportional component mitigates 

instantaneous error, the integral term addresses 

cumulative deviations, and the derivative term dampens 

oscillatory responses. The observed improvements in 

temperature stability and drying uniformity align with 

theoretical expectations of closed-loop control systems 

(Baniyounes et al., 2022; Tsai & Chen, 2018). 

5.2 Practical Implications 

In practical operations, PID-based dryers reduce product 

loss due to over-drying and enhance energy management. 

This has direct economic benefits for smallholder farmers 

and industrial processors by decreasing drying time and 

electricity usage (Huang et al., 2021; Gupta et al., 2022). 

5.3 Limitations 

Despite improvements, PID performance depends on 

accurate sensor placement, proper tuning, and system 

responsiveness. Sudden solar irradiance drops may still 

induce minor overshoot. Integration with adaptive or 

fuzzy logic controllers could further enhance system 

robustness (Baniyounes et al., 2022; Zoukit et al., 2019). 

5.4 Comparison with Literature 

Compared to studies on natural and hybrid solar dryers 

(Deus et al., 2018; Tran et al., 2020; Hidalgo et al., 2021), 

PID control consistently achieved better temperature 

regulation, energy efficiency, and drying uniformity, 

confirming the value of automated feedback mechanisms. 

6. Conclusion 

This research demonstrates that implementing PID 

control in hybrid forced convection solar dryers 

significantly improves temperature regulation, drying 

uniformity, and energy efficiency. The study bridges the 

gap between control theory and renewable energy 

applications in agricultural processing. Key contributions 

include: 

1. Successful integration of PID control into hybrid 

solar dryers.  

2. Quantitative evidence of reduced temperature 

deviations, improved drying uniformity, and lower 

energy consumption.  

3. Validation that control algorithms enhance 

operational efficiency and product quality.  

Future research may explore adaptive and hybrid fuzzy-

PID control strategies to further optimize dryer 

performance under highly variable environmental 

conditions. The findings support broader adoption of 

intelligent control systems in solar thermal processing 

applications, contributing to sustainable agricultural 
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practices. 
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