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This research is motivated by the importance of maintaining the quality of fish catches 

on fishing vessels, which generally experience a decline in quality due to suboptimal 

conventional fish storage systems and limited energy supplies at sea. To address these 

challenges, the development of renewable energy-based cold storage technology 

through a Solar Power Plant (PLTS) or Photovoltaic system is needed. This research 
aims to design a PLTS-based smart cold storage system capable of optimally 

maintaining temperature stability using the Adaptive Fuzzy Control method. It is hoped 
that fish quality can be maintained and the economic value of fishermen's catches can 

be increased. This research uses an experimental approach through the design, 

implementation, and testing of a fuzzy logic-based adaptive control system in real-
time. The performance results are then evaluated in maintaining the temperature 

stability of the cooling room and the efficiency of electrical energy sourced from solar 

panels. It is hoped that this research can provide real solutions for fishermen, support 
the economic independence of the fisheries sector, and support the achievement of 

sustainable development targets (SDGs) 7, 9 12, and 14. During the 24-hour test, the 

Adaptive Fuzzy Control system in a solar-based refrigerator demonstrated consistent 
performance in maintaining temperature stability (standard deviation σ = 3.28 °C–3.45 

°C). The average refrigerator temperature was recorded at -5.44 °C with a range of -

0.9 °C to -12 °C, which remains acceptable for marine fish preservation under 

superchilling and mild freezing conditions. The battery capacity was at an average of 

89.95%, decreasing when there was no power supply and then increasing again during 

charging, thus reflecting adaptive energy management. The average charging speed 
was 3.14 A, with a peak of up to 15.6 A at 7–8 hours, then decreasing gradually as the 

battery was full to prevent overcharging. These findings confirm that the proposed 

system effectively balances cooling performance and renewable energy utilization. The 
use of solar photovoltaic energy directly supports SDG 7 (Affordable and Clean 

Energy), while system innovation and energy optimization align with SDG 9 (Industry, 

Innovation, and Infrastructure). The prototype demonstrates stable and efficient 
operation, and the design concept is scalable for practical implementation on small to 

medium-sized fishing vessels. A preliminary cost analysis indicates up to 50% lower 

operating costs compared to conventional diesel refrigeration systems. 
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1. INTRODUCTION 

Indonesia is the world's largest maritime nation, possessing enormous marine potential [1]. As an 

archipelagic nation, the majority of Indonesia's territory consists of water, making fishing a key economic 

sector. Fishermen, the primary actors in daily operations, face several challenges in maintaining the quality of 

their catch throughout the journey at sea and reaching the landing ports. The primary factors contributing to 

this decline in catch quality are the lack of optimal cold storage facilities and the limited electricity supply for 

small- to medium-scale fishing vessels [2][3]. 

Empirical evidence indicates that most Indonesian fishermen continue to employ conventional storage 

methods, utilizing ice or traditional cooling systems that heavily rely on fossil fuels, such as diesel fuel for 

generators [4]-[11]. This situation results in high operational costs and is environmentally unfriendly due to 

the resulting carbon emissions. Furthermore, temperature instability in fish storage during transit also 

significantly reduces fish quality, resulting in a lower market value for the catch upon arrival at port. Optimal 

use of solar power generation systems (PLTS), also known as photovoltaic systems, offers the potential to 

provide clean, sustainable, and economical energy to support the operation of cold storage systems. Storage 

systems on fishing boats [12][13]. The implementation of photovoltaic systems in marine environments faces 

challenges due to fluctuating solar radiation and limited storage capacity. These variations necessitate 

intelligent control to maintain stable temperatures in cold storage while maximizing the use of available energy. 

Adaptive-based intelligent control technology, Fuzzy Control, is a solution for managing fluctuations in 

solar power plant energy while maintaining temperature stability in cold storage. This system enables adaptive 

control of temperature changes based on various dynamically changing parameters, including solar radiation 

intensity, cooling load, and external environmental conditions. The proposed Adaptive Fuzzy Control enables 

real-time temperature regulation in response to dynamic ecological and energy conditions, ensuring stable 

operation of the smart cold storage system on fishing vessels. Adaptive Fuzzy Control was selected because it 

can effectively manage nonlinear and time-varying behavior caused by fluctuating solar input and cooling load, 

where conventional PID or thermostat-based methods often fail to maintain stability under such dynamic 

conditions. 

Based on the state of the art in Table 1. This study proposes explicitly the development of smart cold 

PLTS or Photovoltaic-based storage integrated with an Adaptive Fuzzy Control, to maintain stable cold 

temperature, Automatic storage on fishing vessels in dynamic sea conditions. While previous research has 

primarily focused on monitoring, notification, or temperature control with limited approaches, this study 

combines an adaptive approach based on fuzzy logic that can respond to changes in heat load and energy 

conditions in real-time in the marine environment. The novelty of this study lies in the integration of Adaptive 

Fuzzy Control that simultaneously regulates cold storage temperature and battery charging rate based on real-

time solar intensity and thermal load variations—variables that have not been jointly addressed in previous 

marine cold storage research. 

 
Table 1. State of the art 

No Writer Year Method Key Findings 

1 Angappan et al. [14] 2025 Experimental 

This research develops a monitoring system cold IoT -based 

storage but does not yet include an automatic adaptive control 
system. 

2 Islam et al. [15] 2024 Experimental 

This research creates a cold monitoring and notification 

system. IoT -based storage with Android applications, but 
system control is still done manually. 

3 Sher et al. [16] 2024 
Artificial Image-Based 

Intelligence 

This research utilizes AI with objects detection, but more 

focused on agricultural storage applications on land. 

4 Mohammed et al. [17] 2022 Experimental 

This research develops a cold system storage with IoT, but the 

control system is more focused on risk management and does 

not yet have real- time automatic adaptive control. 

5 Srivatsa et al. [18] 2021 Experimental 

The research uses IoT technology. This system does not yet 

feature automatic adaptive temperature control, focusing 

solely on monitoring and notification. 

 

2. METHODS 

Adaptive Fuzzy Control (AFLC) is used in this research to address the problems, with its main 

characteristic being its ability to respond adaptively to changes in environmental parameters in real-time 

without requiring a complex mathematical model of the system. The advantage of this method lies in its ability 

to overcome system nonlinearity and uncertainty through an intuitive, flexible, rule-based fuzzy inference 

approach that can automatically adjust control parameters [19]-[43]. At this stage, the Fuzzy Logic Control 
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(FLC) method is designed as a software-based supervisory control for Solar Power Plant-Based Smart Cold 

Storage. Fuzzy Logic Control (FLC) does not drive any actuators, but instead generates a decision signal 

(mode) that the system utilizes to determine the battery charging speed on the charge controller to maintain 

efficient energy consumption when the PV supply fluctuates. The temperature input variable is shown in Figure 

1. In Figure 2 is the input variable 1: Cold Storage Temperature (°C), which consists of the categories Very 

Cold (SD), Cold (D), Normal (N), Less Cold (KD), and Not Cold (TD). The setting range is based on the fresh 

fish storage quality standard, specifically 0–5 °C with an optimum set point of 2 °C, and shown in Figure 2. 

Input variable 2: Battery level (%) is divided into the Very category. Low (SR), Low (R), Medium (S), Towards 

Full (MP), and Full (P). This modeling is used to determine the priority of power supply between cooling and 

charging needs, as shown in Figure 3. 

 

  
Figure 1. 𝐶𝑜𝑙𝑑 Storage Temperature Input Variable Figure 2. Battery Input Variable (%) 

  

 
Figure 3. Output Variable (A) 

 

In the proposed Adaptive Fuzzy Logic Control (AFLC), both the membership functions and rule base are 

dynamically adjusted in real time based on temperature error and energy availability. The central value of each 

membership function is updated adaptively using an error-driven mechanism as follows: 

 𝐶𝑛𝑒𝑤  =  𝐶𝑜𝑙𝑑  +  𝛼𝑒 +  𝛽𝛥𝑒 (1) 

where, 𝐶𝑛𝑒𝑤 is the updated centre value of the membership function after adaptation. 𝐶𝑜𝑙𝑑 is the previous 

(initial) centre value of the membership function. 𝛼 is the adaptation coefficient for the error term. 𝑒 is the 

temperature error (𝑇𝑠𝑒𝑡  – 𝑇𝑎𝑐𝑡𝑢𝑎𝑙). 𝛽 is the adaptation coefficient for the change of the error term. 𝛥𝑒 is the 

change in temperature error between two consecutive iterations. This adaptive equation updates the center 

position of each membership function dynamically based on the instantaneous error (𝑒) and its rate of change 

(𝛥𝑒). The coefficients α and β determine how sensitively the membership functions shift in response to 

variations in the system. This mechanism allows the controller to maintain stability and energy efficiency under 

fluctuating solar power and cooling load conditions. In Figure 3 Output variable: Current charging speed (A) 

consists of the categories Very Slow (SL), Slow (L), Normal (N), Fast (C), and Very Fast (SC). This variable 

regulates the distribution of energy from the solar power plant to the cooling system, allowing the cold storage 

to maintain a stable temperature even when energy supply conditions change. Inferences regarding artificial 

heater settings are presented in Table 2. 

In this study, the defuzzification method used is the Centroid of Area (CoA). This method calculates the 

center point of the area under the fuzzy membership curve to produce a more stable and realistic crisp value 

[44]-[55]. Formula Centroid of Area (CoA): 

 𝑍 =
∑ 𝜇(𝑥). 𝑥

∑ 𝜇(𝑥)
 (2) 
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Where, 𝑍 is the crisp value of defuzzification result. ∑ 𝜇(𝑥) is the fuzzy membership value. 𝑥 is the fuzzy 

output variable value. Hardware design (Figure 4): The electronic circuit in this study is explained in Section 

4. 

 
Table 2. Inference for smart cold storage temperature setting 

Battery Level (%) SD (Very Cold) D (Cold) N (Normal) KD (Not Cold Enough) TD (Not Cold) 
SR (Very Low) N C C SC SC 

R (Low) L N C C SC 
S (Medium) L N N C C 

MP (Towards Full) SL L N N C 
P (Full) SL SL L N N 

 

 
Figure 4. Electronic Design 

 

3. RESULTS AND DISCUSSION 

3.1. Fuzzy Model Testing Logic Control 

At this stage, an experiment was conducted to test the performance of the FLC (Fuzzy Logic Control) 

method, which had been previously designed for the Smart Cold Storage system. The testing process involved 

applying the technique to a device integrated with the PLTS, collecting data on temperature control and battery 

capacity, and evaluating performance through analysis of relevant parameters. The study of the results involved 

comparing the system's response to different solar energy supply conditions and changes in cooling load, 

thereby determining the level of effectiveness and stability of the control method used. On the first day of the 

experiment, data were obtained with an average cold storage temperature of -5.49°C, an average battery level 

of 89.5%, and an average charging current of 3.8 A, which are fully shown in Table 3. 

Figure 5 shows that the first day's experimental results indicate that the battery capacity decreased during 

the night and morning due to cooling consumption, then increased again to full capacity during the day, with a 

peak charging rate of around 15 A. The cold storage temperature dropped steadily to around -11°C, indicating 

optimal cooling conditions. In the afternoon and evening, the battery capacity decreased again slowly due to 

the solar power plant being inactive, with an average capacity remaining at around 90%. From the results of 

the innovative cold storage experiment using a similar format, but adjusted to the cold storage temperature and 

battery capacity variables during the test, as shown in Figure 6. During the experiment, the cold storage 

temperature fluctuated between -1  °C and -12 °C, with an average of -5.44 °C. Although the temperature in 

the early hours was lower, the system successfully maintained the temperature according to the needs for 

storing fresh fish. The battery percentage remained stable, with an average of 89.95%, indicating that the solar 

PV system effectively supported the cooling system throughout the experimental day. The average of 3.14 A 

suggests that the system charges according to the cooling needs and battery capacity, as detailed in Table 4.  

In Figure 7, the results of the second day's experiment show that the battery capacity dropped from 100% 

to around 76% in the morning, then returned to 100% at noon with a peak charge reaching ±18 A. The 
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refrigerator temperature, initially close to 0 °C, dropped steadily to around -11 °C, indicating optimal cooling 

conditions. In the afternoon and evening, the battery's charge slowly decreased again to around 65% due to 

continued consumption without a solar power supply. These results indicate that the system can maintain an 

average battery charge of around 90% and regulate charging according to energy needs. Although this indicates 

stable daily operation, the term “stable” should be interpreted relative to the system's limits. The overnight 

battery discharge to approximately 65–75 percent indicates that the stored energy is sufficient for a single 

cloudy day but may be insufficient during prolonged periods of low irradiance. Thus, the stability observed in 

the 24-hour test represents short-term consistency rather than long-term energy autonomy. This limitation 

highlights the importance of future optimization through increased photovoltaic capacity or additional battery 

storage to ensure multi-day resilience under unfavorable weather conditions. 

 
Table 3. Results of the First Day of Experiment 

NO O'CLOCK 
Input Output 

Refrigerator Temperature (℃) Presentation Battery (%) Charging Speed (A) 

1 1 -1 100 0 

2 2 -0.9 95.99 0 

3 3 -0.5 90.97 0 

4 4 0.2 85.98 0 

5 5 0.4 80.57 0 

6 6 0.8 75.47 0 

7 7 1 80.90 15.6 

8 8 -0.9 90.20 15.5 

9 9 -1.4 95.58 9.8 

10 10 -2.1 99.89 8.7 

11 11 -3.5 100 4.3 

12 12 -4.2 100 4.4 

13 13 -5.6 100 4.5 

14 14 -6.8 100 4.3 

15 15 -11 100 3.5 

16 16 -12 100 2.7 

17 17 -11.9 100 2.1 

18 18 -11.5 95.68 0 

19 19 -11.1 90.34 0 

20 20 -10.7 85.23 0 

21 21 -10.2 80.45 0 

22 22 -9.7 75.12 0 

23 23 -9.3 70.90 0 

24 24 -8.7 65.60 0 

AVERAGE -5.44167 89.95292 3.141667 

 

 
Figure 5. Graph of the Results of the First Day of the Experiment 
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Figure 6. Performing a Battery Charging Current Test 

 

Table 4. Results of the Second Day of Experiment 

NO O'CLOCK 
Input Output 

Temperature Refrigerator (℃) Presentation Battery (%) Speed Charging (A) 

1 1 -2 100 0 

2 2 -1.9 95.78 0 

3 3 -1.5 90.60 0 

4 4 0.3 85.48 0 

5 5 0.5 80.98 0 

6 6 0.6 75.80 0 

7 7 2 89.50 14.6 

8 8 -1.3 90.60 17.9 

9 9 -1.6 96.90 8.8 

10 10 -2.5 98.50 4.1 

11 11 -3.5 99.98 2.4 

12 12 -4.2 100 2.4 

13 13 -7.6 100 2.5 

14 14 -7.8 100 2.3 

15 15 -10.9 100 2.5 

16 16 -11.5 100 2.7 

17 17 -11.8 100 2.1 

18 18 -11.7 94.50 0 

19 19 -11.34 90.60 0 

20 20 -10.75 87.89 0 

21 21 -10.23 80.10 0 

22 22 -9.9 74.90 0 

23 23 -9.5 69.50 0 

24 24 -8.5 64.67 0 

AVERAGE -5.6925 90.26167 2,595833 

 

 
Figure 7. Graph of Experiment Results on the Second Day 
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To objectively assess system performance, we conducted a quantitative analysis of temperature stability. 

We measured this using the standard deviation (𝜎) of temperature data over 24 hours, which shows the variation 

from the mean. A smaller σ value means the system maintains a more consistent storage temperature. The 

recorded average temperatures (−5.44 °C on Day 1 and −5.69 °C on Day 2) are below the optimal preservation 

range of 0–5 °C recommended for fresh fish storage. This deviation indicates that the system tends to operate 

in a superchilling condition rather than simple refrigeration. While such temperatures can effectively inhibit 

microbial activity and enzymatic spoilage, they also suggest that the cooling capacity slightly exceeds the target 

range. Therefore, this result should be viewed as the central finding of the temperature stability analysis: the 

Adaptive Fuzzy Control maintained consistent performance with minimal fluctuation (σ = 3.28–3.45 °C) but 

requires fine-tuning of the set-point or membership boundaries to achieve precise alignment with the optimal 

0–5 °C preservation zone. This observation highlights both the robustness and the need for further calibration 

of the proposed controller. 

The experimental results show that Smart Cold Storage can maintain the fish storage temperature within 

the ideal range. However, the average recorded temperatures were -5.44 °C and -5.69 °C, lower than the 

optimum standard of 0–5 °C. The average cold storage temperature was recorded at −5.44 °C, with a range of 

−0.9 °C to −12 °C, indicating that the system can effectively adapt to power input conditions and battery status. 

This temperature range is still acceptable for fish preservation because a superchilling condition around −1 °C 

effectively slows microbial growth and maintains texture quality [56]. Meanwhile, storage at −5 °C to −15 °C 

significantly reduces protein denaturation and lipid oxidation, thereby preserving fish quality for a longer 

period [57]. This indicates that the cooling system is functioning correctly, although further adjustments are 

necessary to prevent excessive cooling, which can reduce energy efficiency. The average battery percentage of 

90% indicates that the solar power plant can provide a sufficient and stable energy supply without significantly 

reducing power storage capacity. Meanwhile, the average charging speed of 3.14 A on the first day and 2.60 

A on the second day illustrates that the system can adjust the charging process according to solar energy 

conditions and operational needs, as shown in Figure 8. 

 

 
Figure 8. Battery Charging Conditions with Solar Panels 

 

3.2. Analysis and Evaluation 

Based on the experimental data obtained, the following are some analyses and evaluations that can be 

found: 

 

3.2.1. Cold Storage Temperature Stability 

Experimental data indicate that the cold storage temperature can be maintained within a suitable range of 

-1°C to 2°C, which is ideal for storing fresh fish. This indicates that the cooling system functions well in 

maintaining the quality of the catch. 

 

3.2.2. Solar Energy System Performance 

Figure 9 illustrates the performance of the solar energy system, displaying changes in the Smart Cold 

Storage battery capacity over a two-day observation period, with the solar power plant not in operation at night. 
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Battery capacity started at 100% and gradually decreased due to the use of cooling energy throughout the night 

and into the morning. Entering the day, specifically between 7:00 and 12:00, the solar panels began to activate 

again and gradually charged the battery until it reached full capacity of 100%. After the afternoon and evening, 

when there was no energy supply from the solar power plant, the battery capacity gradually decreased again, 

reaching approximately 77–78% at the end of the observation. Overall, the average battery capacity remained 

at around 90%, confirming that the solar power plant system was able to efficiently supply energy needs during 

the day while providing sufficient power reserves to support cold storage operations at night without 

significantly reducing battery capacity. 

 

 
Figure 9. Solar Energy System Performance 

 

3.2.3. Charging Settings 

In Figure 10, a comparison of the Smart Cold Storage charging speeds shows that on the first day, the 

average charging speed reached 3.14 A, with a peak current exceeding 12 A in the time range of 09:00–13:00. 

Meanwhile, on the second day, the average charging speed was lower, namely 2.60 A with a peak of around 

9–10 A. This difference illustrates that the system can adjust the charging process according to the available 

solar energy conditions and battery capacity. This adjustment not only maintains operational stability but also 

ensures power efficiency by preventing overcharging, thereby maintaining optimal energy utilization to support 

cold storage cooling. The observed difference in average charging currents between Day 1 (3.14 A) and Day 2 

(2.60 A) can be primarily attributed to variations in solar irradiance conditions. On Day 2, the lower average 

charging rate likely resulted from intermittent cloud cover or reduced solar intensity during the morning hours, 

which limited photovoltaic output and consequently slowed the charging process. This behavior reflects the 

adaptive nature of the controller, which adjusts charging priorities in real-time according to energy availability. 

The finding confirms the system’s responsiveness to environmental fluctuations, yet also emphasizes the need 

for further evaluation under diverse weather scenarios to ensure long-term operational adaptability. 

 

 
Figure 10. Comparison of Charging Speeds 
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3.2.4. Temperature Fluctuations and Their Effect on Performance 

Figure 11 shows the temperature fluctuations in the Smart Cold Storage on the first and second days 

during the 24-hour observation period. The temperature shifts from a range close to 0°C at the beginning of 

the observation period, then gradually decreases to around -11°C to -12°C by midday, before slowly rising 

again towards the end of the observation period. The slight difference between the first and second days 

indicates temperature fluctuations, but the system is still able to maintain the temperature within a range 

suitable for fresh fish storage. This demonstrates that despite temperature variability, the system's performance 

remains stable and effective. Larger fluctuations can occur if the solar energy supply is not optimal, for 

example, due to cloudy weather conditions. However, the efficient charging system, controlled by fuzzy logic, 

can compensate for these limited energy supplies, ensuring the cold storage continues to function correctly. 

 

 
Figure 11. Temperature Fluctuation 

 

3.2.5. Overall System Efficiency 

The efficiency of the solar-powered Smart Cold Storage system and fuzzy control described in this report 

can still be improved in several aspects. Although the system is capable of maintaining fish storage 

temperatures and battery stability, several factors indicate energy waste and ineffectiveness. For example, the 

cold storage temperature sometimes drops to -11°C, while the optimum standard is 0 to -5°C. This indicates 

excessive cooling, which wastes energy. Furthermore, fluctuations in battery charging current indicate that the 

solar-powered system is not yet fully utilizing solar energy optimally. Sensor accuracy issues also need to be 

addressed to ensure more precise control data. Therefore, efficiency improvements should focus on energy 

distribution, temperature control, battery charging systems, and the integration of IoT-based systems to 

enhance adaptability and intelligence in responding to environmental conditions and cold storage operational 

requirements. The prototype design of the photovoltaic-based Smart Cold Storage with Adaptive Fuzzy Control 

shows promise for scaling up to real-world applications on fishing vessels. For practical application, the system 

can be expanded by increasing the photovoltaic and battery capacities according to the cooling load and 

duration of operation at sea. The size of the cold chamber can be increased by utilizing lightweight thermal 

insulation materials, such as polyurethane panels with an aluminum coating, to ensure energy efficiency while 

minimizing additional weight on the vessel. The microcontroller used in the prototype can be replaced by an 

industrial-grade controller (PLC or IP-rated embedded unit) to withstand vibration and humidity in marine 

environments. With improved energy management and IoT-based remote monitoring, this design can evolve 

into a fully autonomous and sustainable innovative cold storage solution for small- to medium-scale fishing 

vessels. To strengthen the system’s overall efficiency, several targeted improvements are recommended. First, 

the fuzzy rule base and membership boundaries should be fine-tuned to prevent the chamber temperature from 

falling below −5 °C, which currently leads to unnecessary energy consumption under superchilling conditions. 

Adaptive threshold adjustments based on real-time temperature deviation can improve control precision while 

conserving energy. Second, integrating irradiance and ambient temperature sensors into the fuzzy inputs would 

allow more proactive regulation of charging and cooling cycles, enhancing system responsiveness to 

environmental variability. Third, adding a hierarchical control layer—linking energy management and 

temperature control—could further optimize the balance between cooling demand and power availability. 

Implementing these refinements will not only improve efficiency but also extend battery life and ensure long-

term operational reliability in real sea conditions. 
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4. CONCLUSIONS 

During the 24-hour experiment, the Adaptive Fuzzy Control system in the solar-powered refrigerator 

demonstrated consistent performance in regulating temperature, battery capacity, and charging processes under 

dynamic solar input conditions. The average storage temperature was recorded at −5.44 °C, lower than the 

optimal preservation range of 0–5 °C. This indicates that while the system successfully maintained thermal 

stability, it tended to overcool the chamber—an issue that should be addressed in future refinement of the 

control parameters. 

The system demonstrated potential for efficient operation in terms of energy management, as indicated 

by the stable average battery level (~90%) and adaptive charging response to solar variations. However, 

thermal efficiency requires further optimization to prevent unnecessary energy loss due to excessive cooling. 

These results validate the novelty claimed in this study—the application of Adaptive Fuzzy Control 

successfully enabled real-time adjustment of battery charging and cooling rates according to changing 

irradiance and thermal load conditions, enhancing system adaptability compared to fixed-rule or PID-based 

controllers. 

Future work will focus on optimizing the fuzzy rule base and membership boundaries to maintain the 

temperature strictly within the 0–5 °C range, while also improving energy utilization and extending operational 

duration during periods of low irradiance or cloud cover. Additionally, integrating predictive weather-based 

control and IoT-based remote monitoring is expected to enhance the long-term reliability of real-world 

deployments on fishing vessels. Overall, the proposed system demonstrated an effective balance between 

renewable energy utilization and adaptive control performance, although further calibration is necessary to 

achieve efficient, precise, and sustainable cold storage operations at sea. 
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