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growing demand for sustainable food production have encouraged the adoption
of hydroponic cultivation systems supported by renewable energy sources. In
off-grid Nutrient Film Technique (NFT) hydroponic systems, the reliability of
electrical power—particularly for continuous pump operation—is critical for
plant growth.

Methodology: A quantitative experimental approach was employed using a 50
Wp solar panel, a 12 V 10 Ah battery, and a 12 W DC water pump operating
under identical system configurations. Electrical parameters, including charging
voltage, current, and power, were measured during daylight hours, while
nighttime pump operating duration was used as a functional performance
indicator.

Main Findings: The results demonstrate that the MPPT controller consistently
produced higher and more stable charging power (up to 13.05 W) compared to
the PWM controller (approximately 12 W). This improved charging performance
translated into longer nighttime pump operation, with MPPT sustaining
operation for up to 11 hours 40 minutes, whereas PWM supported only 9 hours
30 minutes to 10 hours 15 minutes. The findings confirm that MPPT controllers
are more effective in optimizing solar energy utilization and enhancing battery
endurance in real-world hydroponic applications.

Novelty/Originality of this study: The novelty of this study lies in its
integration of electrical performance analysis with practical operational
outcomes, offering applied insights for the design of reliable and sustainable
solar-powered hydroponic systems, particularly in regions with limited grid
access.
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1. INTRODUCTION

Indonesia is widely recognized as an agrarian country with substantial agricultural potential that plays a
strategic role in supporting national food security. With a population of approximately 272 million people, the
agricultural sector remains a primary source of livelihood for a significant proportion of Indonesian households
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[1]-[5]- However, despite its agrarian identity, Indonesia currently faces structural challenges in the agricultural
sector, particularly the ongoing decline in productive agricultural land. National data indicate that the total area
of arable land reached 7,463,948 hectares in 2019 and has continued to decline in subsequent years due to land
conversion, urban expansion, and industrial development. This issue is particularly evident in Central Java, a
province designated as one of the national food buffer zones, where land availability is increasingly constrained.

The shrinking availability of agricultural land necessitates the adoption of innovative and space-
efficient farming technologies capable of maintaining or increasing productivity under limited land conditions.
One such technology is hydroponic cultivation, a soil-less agricultural system that utilizes nutrient-enriched
water as the primary growing medium [6]-[11]. Hydroponics offers several advantages, including higher water-
use efficiency, controlled nutrient delivery, and suitability for urban and peri-urban environments with minimal
land availability. Among various hydroponic techniques, the Nutrient Film Technique (NFT) system has gained
widespread adoption due to its relatively simple structure, low water volume requirements, and suitability for
leafy vegetable production [12]-[17].

In NFT hydroponic systems, plant roots are continuously exposed to a thin film of circulating nutrient
solution, allowing efficient nutrient uptake while maintaining adequate oxygenation [18]-[21]. A critical
component of this system is the water pump, which ensures uninterrupted nutrient circulation to plant roots. The
operational reliability of the water pump directly affects plant growth, as interruptions in nutrient flow can
rapidly lead to plant stress or crop failure [22]-[25]. Consequently, the availability and stability of electrical
power to drive the pump are central challenges, particularly in remote areas with limited grid access or in efforts
to reduce long-term operational costs and carbon emissions.

Renewable energy, particularly solar energy, presents a viable solution for powering hydroponic
systems sustainably. Off-grid photovoltaic solar power plants (PLTS) utilize solar panels, batteries, and power
regulation components to generate and store electrical energy independently of the utility grid [25]-[29]. The
integration of off-grid PLTS with hydroponic systems enables continuous nutrient circulation while reducing
dependence on fossil-fuel-based electricity sources [30]-[32]. In this configuration, the battery serves as a crucial
energy storage unit, ensuring system operability during periods of low solar irradiance or at night.

However, the performance and reliability of off-grid PLTS systems are highly dependent on the Solar
Charge Controller (SCC), a component that regulates the charging and discharging processes among solar
panels, batteries, and electrical loads. The SCC prevents battery overcharging, excessive discharge, and voltage
instability, all of which can significantly affect battery lifespan and system performance. Two SCC technologies
are commonly used in small-scale photovoltaic systems: Pulse Width Modulation (PWM) and Maximum Power
Point Tracking (MPPT). PWM controllers operate by directly matching the panel voltage to the battery voltage,
while MPPT controllers dynamically track the optimal power point of the solar panel to maximize energy
harvesting efficiency [33]-[35]

Although numerous studies have investigated solar-powered hydroponic systems, existing research
predominantly focuses on system design, feasibility analysis, or general electrical efficiency metrics [36], [37].
Importantly, a clear research gap remains: limited experimental studies directly compare the performance of
PWM and MPPT solar charge controllers under identical operational conditions in real-world hydroponic
applications. Furthermore, prior studies often emphasize electrical parameters such as voltage, current, and
charging efficiency, while overlooking practical performance indicators, such as battery endurance and nighttime
pump operating duration, which are critical for maintaining continuous nutrient circulation in NFT systems.

Addressing this gap, the present study conducts an experimental comparison of PWM and MPPT solar
charge controllers in an off-grid photovoltaic-powered NFT hydroponic system. The analysis focuses not only on
electrical charging characteristics but also on real-world operational outcomes, including battery charging
effectiveness and pump operating duration during periods of non-irradiance. By integrating electrical
performance metrics with functional system resilience indicators, this research offers a more comprehensive
evaluation of SCC effectiveness in supporting sustainable hydroponic cultivation. Ultimately, this study aims to
provide practical and applicable technical recommendations for the development of efficient, resilient, and
sustainable renewable energy-based hydroponic systems, particularly in regions facing land scarcity and energy
access constraints. The findings are expected to contribute to both the scientific literature on photovoltaic system
optimization and the practical implementation of solar-powered agriculture in developing countries.

2. RESEARCH METHOD

This study adopted a quantitative experimental methodology with a system-level engineering approach
to rigorously evaluate the performance of Pulse Width Modulation (PWM) and Maximum Power Point Tracking
(MPPT) solar charge controllers in an off-grid photovoltaic (PV) powered hydroponic application. The
experimental framework was designed to isolate the influence of charge controller topology on energy
harvesting efficiency, battery charging dynamics, and load endurance under real-world operating conditions. The
investigation emphasizes both electrical performance metrics and functional system outcomes, thereby ensuring
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technical relevance for renewable energy and power electronics applications. The photovoltaic subsystem
consisted of a 50 Wp polycrystalline PV module with a nominal maximum power point voltage (Vmp) of
approximately 18 V and an open-circuit voltage (Voc) of 21-22 V. Energy storage was provided by a 12 V, 10
Ah sealed lead-acid battery with a nominal energy capacity of 120 Wh. A 12 V DC centrifugal water pump rated
at 12 W was employed as the continuous load within a Nutrient Film Technique (NFT) hydroponic system. Two
commercially available solar charge controllers, PWM and MPPT, were integrated alternately into the system.
To ensure experimental control, all system components, cable lengths, conductor cross-sections, and electrical
protection devices were maintained identical across both test configurations.

The PWM charge controller operates by directly modulating the duty cycle of the switching element to
regulate battery charging voltage, effectively forcing the PV module voltage to follow the battery voltage during
the bulk and absorption phases. In contrast, the MPPT controller incorporates a DC-DC conversion stage and a
maximum power point tracking algorithm to decouple PV operating voltage from battery voltage, allowing the
PV module to operate near its optimal power point regardless of battery state of charge. This fundamental
architectural difference forms the primary technical basis for performance comparison in this study.

Experimental measurements focused on both charging-phase and load-phase performance. During
daylight operation, voltage and current at the controller output were measured at two-hour intervals between
08.00 and 16.00 WIB using calibrated digital multimeters and clamp meters with measurement uncertainties
below £1%. Instantaneous charging power was computed as the product of measured voltage and current. A lux
meter was utilized to record relative solar irradiance during each measurement period, enabling correlation
between environmental conditions and electrical performance. All measurements were conducted under loaded
conditions, with the DC pump operating continuously, to reflect realistic system behavior rather than no-load or
laboratory-ideal scenarios. To evaluate battery utilization efficiency and system endurance, nighttime operational
tests were conducted by allowing the fully charged battery to supply the DC pump continuously starting at 18.00
WIB. The pump operating duration was recorded until the battery voltage reached the minimum safe discharge
threshold defined by the controller’s low-voltage disconnect setting. This procedure was repeated over four
consecutive days for each controller type under varying meteorological conditions, including differences in
cloud cover and ambient temperature, which were recorded to assess their influence on PV output and charging
performance.

Data analysis was performed using comparative and descriptive statistical techniques. Charging voltage,
current, and power profiles were analyzed to identify trends in energy conversion efficiency and stability
between PWM and MPPT controllers. Pump operating duration was used as an integrative performance
indicator, reflecting cumulative charging efficiency, battery state-of-charge management, and load supply
capability. Performance differences were interpreted in the context of PV operating point control, conversion
efficiency, and thermal sensitivity of PV modules. To ensure experimental validity and reproducibility, multiple
measurement cycles were conducted, and instrument calibration was verified prior to data acquisition. The
experimental design controlled all variables except the type of solar charge controller, allowing observed
differences in performance to be attributed directly to controller topology and control strategy. This
methodological framework provides a robust basis for evaluating charge controller selection in small-scale off-
grid PV systems intended for continuous-load agricultural applications.

3.  RESULTS AND DISCUSSION

This research successfully designed and implemented a performance comparison system for PWM and
MPPT-type Solar Charge Controllers (SCCs) on an off-grid solar power plant based on 50 Wp solar panels to
charge a 12V 10Ah battery used as the power source for a 12V DC pump. This system was created to determine
the difference in effectiveness between the two types of SCC in optimizing energy absorption from solar panels
and in determining the duration of pump operation at night. In the test, solar panels were used as the main energy
source to charge the battery. Energy from the panel was then regulated by PWM or MPPT SCC, each of which
has different characteristics in handling the panel’s voltage and current. PWM SCC works by pulling the panel
voltage close to the battery voltage, while MPPT SCC keeps the panel at the maximum power point (Vmp =
18V) so it can produce a higher charging current.
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3.1. Data Collection Results

Data collection was carried out by recording the voltage, current, and power generated by the solar
panels every hour between 8:00 AM and 4:00 PM WIB. This data was collected to determine the performance
differences between SCC PWM and MPPT in the charging process of a 12V 10Ah battery with the pump active.
The complete measurement results are shown in Table 1 and Figure 3.
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Table 1. Data acquisition with SCC PWM

Time Voltage (V) Current (A)  Power (W)
08.00 11.23 1.08 12.12
10.00 12.02 1.02 12.26
12.00 12.42 1.02 12.66
14.00 12.38 0.98 12.13
16.00 12.05 0.98 11.8

08.00 10.00 12.00 14.00 16.00

BN Voltage (V) B Cureent (A) Power (A)

Figure 3. Data graph with SCC PWM
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Table 1 and Figure 3 show the results of SCC PWM data collection over two-hour intervals from 8:00
AM to 4:00 PM. The panel voltage was recorded in the range of 11.23—-12.42 V, with a current of 0.98-1.08 A,
resulting in a power output of 11.8-12.66 W. The highest value occurred at 12:00 PM when sunlight intensity
was at its peak, indicated by an increase in voltage and power. The graph also shows a similar pattern, with
voltage and power increasing towards midday and then decreasing again in the afternoon, while the current
remained relatively stable. Overall, these data indicate that the SCC PWM can maintain a power output of
approximately 12 W for pumping, although power output fluctuates with changes in sunlight intensity.

Table 2. Data Collection with MPPT
Time Voltage (V)  Current (A)  Power (W)

08.00 12.04 1.02 12.28
10.00 12.32 1 12.32
12.00 13.02 0.99 12.88
14.00 13.05 1 13.05
16.00 12.21 1.02 12.45
14
12 B
10
B
6
a
2
0 [ | [ | [ | [ | [ |
08.00 10.00 12.00 14.00 16.00
B Voltage (V) B Current (A) Power (W)

Figure 4. Data graph with MPPT

The table 2 and figure 4 show the results of SCC MPPT data collection every two hours from §:00 AM
to 4:00 PM. The panel's voltage output ranges from 12.04—13.05 V, with a current of 0.99—1.02 A, resulting in a
battery power input of 12.28-13.05 W. The graph shows that the voltage and power values increase, peaking at
2:00 PM, when the power reaches 13.05 W, then decrease slightly towards 4:00 PM as sunlight intensity
decreases. The current remains relatively stable throughout the measurements, demonstrating the MPPT’s ability
to maintain optimal power flow despite changes in irradiance. Overall, these data demonstrate that the SCC
MPPT can produce a more stable power output, approach the maximum pump load, and result in a more efficient
battery charging process compared to the SCC PWM system.

3.2. Effectiveness of SCC PWM & MPPT on Pumps

The following are the results of SCC PWM and MPPT recordings over four days with a 12 W pump
operating at night starting at 6:00 PM; a nominal battery capacity of 120 Wh; and the difference in MPPT/PWM
is evident in the charging margin.

Table 3. SCC PWM Observation Results

Day  Weather Temperature (°C) Pump Condition
1 Cloudy 28 Endure 9 Hours 30 Minutes
2 Sunny 30 Endure 10 Hours 15 Minutes
3 Sunny 33 Endure 10 Hours
4 Sunny 32 Endure 9 Hours 40 Minutes
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Table 4. MPPT Observation Results

Day  Weather Temperature (°C) Pump Condition
1 Sunny 33 Endure for 11 hours
2 Sunny 32 Endure 10 Hours 45 Minutes
3 Cloudy 30 Endure 10 Hours 15 Minutes
4 Sunny 34 Endure 11 Hours 40 Minutes

These two tables compare pump run times in the SCC PWM and MPPT systems over four days of
observations, with varying weather and temperature. With the SCC PWM, the pump operated for 9 hours 30
minutes to 10 hours 15 minutes, with the best performance on sunny days at 30-33°C. Meanwhile, the SCC
MPPT delivered longer, more stable runtimes, ranging from 10 hours 15 minutes to 11 hours 40 minutes, with
the longest run on sunny days at 34°C. Overall, the MPPT proved more efficient in optimizing battery charging,
allowing the pump to operate longer than the PWM under relatively similar weather and temperature conditions.

The results show that the differences in operating characteristics between the PWM and MPPT types of
Solar Charge Controllers (SCC) significantly impact the effectiveness of battery charging and the duration of
pump operation in the NFT hydroponic system based on off-grid solar power plants. During the battery charging
test, the SCC PWM produced a charging voltage in the range of 11.23-12.42 V with an average power of
approximately 12 W. This value indicates that the PWM operates by adjusting the panel voltage closer to the
battery voltage, so the energy absorbed by the panel is not fully at its maximum power point. This condition
aligns with the characteristics of PWM, which essentially functions only as an electronic switch and does not
optimize the maximum power point of the solar panel. Therefore, its efficiency is highly dependent on the
compatibility of the panel and battery voltages [38]-[40]

In contrast, the SCC MPPT demonstrated superior performance, with a higher and more stable charging
voltage in the range 12.04—13.05 V and a power output of 13.05 W under optimal light intensity. The MPPT
maintains the solar panel at its maximum power point (Vmp), enabling optimal utilization of the panel’s energy
output despite fluctuations in irradiance and ambient temperature. This finding aligns with research by Manna et
al [41] and Eltamaly et al [42], who reported that MPPT can increase the efficiency of solar energy utilization by
employing a maximum power tracking algorithm that is adaptive to changes in environmental conditions. The
current stability demonstrated by the MPPT during measurements also indicates the system’s ability to maintain
continuous battery charging. A relatively constant current despite voltage fluctuations indicates that the MPPT is
actively adjusting the power conversion ratio, thus minimizing energy loss. This is particularly important in
small-scale solar PV systems with limited battery capacity, as any increase in charging efficiency directly
increases energy availability at night [43]-[47]

This difference in charging performance directly impacts the duration of hydroponic pump operation at
night. Based on observations over four days, the SCC PWM maintained pump operation for only 9 hours 30
minutes to 10 hours 15 minutes, whereas the SCC MPPT extended the operation duration to 11 hours 40 minutes
in sunny weather. This difference indicates that the MPPT can generate greater energy reserves in the battery
than the PWM. These results are consistent with Orakwue et al [48], who reported that the use of MPPT in solar-
powered hydroponic systems significantly increased load operating time compared to PWM control. The
influence of weather and temperature conditions was also evident in the results of this study. On sunny days with
relatively high temperatures, MPPT can maintain a more stable pump operating duration than PWM. This
indicates that MPPT has greater tolerance to increases in panel temperature, which generally decreases the solar
panel output voltage. The MPPT's ability to compensate for these conditions makes it more reliable for
sustainable agricultural applications that require a continuous energy supply, such as NFT hydroponic systems
that rely heavily on constant nutrient circulation [49]-[51]

The novelty of this study lies in its experimental evaluation of PWM and MPPT solar charge controllers
within an operational NFT hydroponic system powered by an off-grid photovoltaic source. Unlike previous
studies that focus primarily on electrical performance metrics, this research highlights the practical implications
of controller selection by directly linking charging efficiency to nighttime pump operating duration, thereby
providing applied insights for small-scale renewable energy-based agricultural systems. The findings of this
study have important technical and practical implications for the development of renewable energy-based
agricultural systems. From a technical perspective, the superior performance of MPPT controllers demonstrates
their ability to maximize photovoltaic energy utilization and improve battery charging efficiency. Practically, the
results provide guidance for farmers and urban growers in selecting appropriate energy management components
to ensure reliable hydroponic operation, particularly in areas with limited grid access. Additionally, this study
supports policy initiatives promoting sustainable agriculture through the integration of renewable energy
technologies.

Despite its contributions, this study has several limitations. The experimental system was limited to a
single photovoltaic capacity and battery specification, which may affect the generalizability of the results to
larger or different system configurations. Furthermore, the study did not include an economic cost analysis or
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long-term performance assessment, and the observation period was relatively short, limiting insights into
seasonal variations and component degradation. Future research should expand upon this study by evaluating
different photovoltaic capacities, battery technologies, and load variations to obtain a more comprehensive
understanding of system performance. Incorporating economic and lifecycle cost analyses would provide
valuable insights into the financial feasibility of PWM and MPPT controllers. Additionally, long-term testing
across different seasons and the integration of smart monitoring systems are recommended to enhance the
reliability and scalability of solar-powered hydroponic systems.

Overall, the results of this study confirm that SCC selection is a crucial factor in designing off-grid
solar power systems for hydroponic applications. MPPT has been shown to be more efficient at maximizing
solar panel output, improving battery charging efficiency, and extending pump operation at night. These findings
reinforce previous research results and provide additional empirical evidence at a real-system scale, thus
providing the basis for technical recommendations for the development of more reliable and sustainable
renewable energy-based hydroponic systems.

4. CONCLUSION

Based on the research findings, this study concludes that the selection of the Solar Charge Controller
(SCCO) type plays a decisive role in determining battery charging effectiveness and the continuity of nighttime
pump operation in off-grid solar-powered systems. The MPPT-type SCC demonstrates consistently superior
performance compared to the PWM controller, as evidenced by its ability to produce higher and more stable
charging voltage and power. This technical advantage translates directly into longer pump operating durations at
night, with MPPT maintaining operation for approximately 10 hours 15 minutes to 11 hours 40 minutes, whereas
PWM systems operate for only about 9 hours 30 minutes to 10 hours 15 minutes. These results indicate that
MPPT controllers are more effective in maximizing solar panel output and optimizing the battery charging
process, particularly under variable irradiance conditions. The implications of this finding are significant for the
design and implementation of small-scale solar power systems, especially in applications that demand
uninterrupted nighttime operation, such as NFT hydroponic water pumps. Practically, adopting MPPT
controllers can enhance system reliability, energy efficiency, and operational sustainability, thereby reducing the
risk of nutrient flow disruption that could negatively affect plant growth. From a broader perspective, this study
underscores the importance of appropriate component selection in renewable energy systems and supports the
wider adoption of MPPT-based solutions for off-grid agricultural and hydroponic applications that rely on stable
and continuous energy supply.
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