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Abstract. This study describes the modelling and laboratory testing about
Internet of Things (IoT)-solar energy based automatic irrigation gate
system for sustainable agricultural water management. The system
designed utilizes a photovoltaic energy source combined with Maximum
Power Point Tracking (MPPT) for optimizing energy generation and
enables autonomous operation. In the model, the irrigation gate and
electrical system is a set, represented 3D simulation that illustrates the
relationship between operational states and laboratory conditions. To
represent the hydraulic relationship between gate openings, flow
discharge, water level changes, a mathematical model was derived and
validated using scaled laboratory tests in different operational scenarios.
The prototype provided good accuracy in discharge prediction (R? > 0.9)
and fast response time (<5 s) and stable water level control and low head
loss (<5 cm). The MPPT implementation provided a 15-18% increase in
energy efficiency compared to the conventional solar systems. Finally,
brokering IoT data acquisition and control provided low communication
latency (200-300 ms) and a small packet loss (< 1%), demonstrating the
prototype is suitable for real-time irrigation management. The results
demonstrate technological sophistication and the feasibility of scaling
innovations with smart irrigation gate systems that couple renewable
resources with digital technologies.
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1 Introduction

1.1 Background Overview and Research Gap

Water management is a critical challenge for sustainable agriculture [1], particularly in
developing countries like Indonesia[2], where irrigation heavily relies on manual
operation[6]. This reliance results in significant water loss and inconsistent distribution [4],
[5]. This research integrates smart agriculture (IoT) for real-time monitoring and dynamic
response, and renewable energy (solar with MPPT) for autonomous off-grid operation[3].

Although there are numerous studies on automatic irrigation, implementation in
Indonesia is still limited. Moreover, research often overlooks compliance with local technical
standards, particularly the Indonesian National Standard (SNI) for irrigation infrastructure.
Therefore, this study aims to develop and test an automatic gate system that is not only
efficient but also compliant with Indonesian SNI regulations.

1.2 Research Objectives

This research aims to develop a novel automatic irrigation gate system, utilizing IoT control
and MPPT-based solar energy for autonomous and sustainable field operation. The study
involves creating an integrated hydraulic and electrical model, supported by simulation, to
accurately represent real irrigation flow dynamics. Subsequently, a laboratory-scale
prototype is experimentally evaluated to assess critical performance metrics, including
discharge accuracy, response time, and energy efficiency. Furthermore, the research includes
an essential step to assess the system’s compliance with Indonesian National Standards (SNI)
regarding structural design and dimensions. The final outcome is to provide comprehensive
recommendations for future development and practical field implementation in rural
agricultural areas, thus ensuring technological feasibility and local applicability.

1.3 Research benefit

This research contributes scientifically by developing an integrated smart irrigation system
that combines IoT automation, solar energy, and hydraulic modelling while addressing gaps
related to compliance with Indonesia’s National Standards (SNI). Practically, it presents a
deployable prototype suitable for rural areas with limited energy access, designed for direct
integration with existing irrigation canals without major structural modifications. From a
sustainability and policy perspective, the findings support SDG 6 (Clean Water and
Sanitation) and SDG 9 (Industry, Innovation, and Infrastructure), while providing technical
references for policymakers and practitioners in implementing energy-efficient and
autonomous irrigation systems in rural Indonesia.

2 Theoretical Framework and related Works

2.1 Precision Irrigation and Related Technology

Precision irrigation aims to match plant water needs spatially and temporally to minimize
loss and optimize productivity[10]. Automation (water level sensors, motorized gates) is
essential for responsive flow regulation[8]. ToT facilitates real-time data acquisition and
automatic control, enhancing the responsiveness of irrigation systems[9].
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2.2 Solar Energy and MPPT Integration for Agricultural Infrastructure

Solar energy provides a decentralized, sustainable power solution. Maximum Power Point
Tracking (MPPT) technology is essential for ensuring efficient photovoltaic (PV) operation,
with global studies confirming a potential 15-20% increase in energy yield[11]. MPPT
integration is crucial for maintaining a stable power supply for sensors and actuators in an
off-grid environment[12].

2.3 Gate Design and SNI Compliance

2.3.1  Classification of Irrigation Gate Types

Irrigation systems in Indonesia are categorized into primary, secondary, and tertiary canals
(SNI 8457:2017) [14]. Secondary canals are identified as the most strategic location for
automation integration. The design of the IoT-solar based automatic gate in this study is
aligned with SNI 8457:2017 and SNI 03-2400-1991, regulating small to medium-scale
secondary canals[13]. The laboratory model was developed with a geometric scale of 1:5 to
accurately simulate flow behavior, emphasizing compliance with dimensional, material (anti-
corrosion), and structural requirements to ensure field feasibility.
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Fig. 1. Research Documentation. SNI For Irrigation Network phase Secunder.

3 Methodology

3.1 Research Framework

This research employed an experimental-modelling approach, encompassing System Design
and Modelling (mechanical, electrical, IoT), Prototype Development and Integration, and
Performance Evaluation (hydraulic, energy, communication).

3.2 System Design and Modelling

1. Mechanical Design of the Water Gate:
- Type: Sluice Gate.
- Parameters (Lab Scale): Width ($b$): 0.20 m; Height ($h$): 0.30 m.
- Actuator: DC 12V linear actuator.
- 3D modelling and CAD simulation were performed to verify mechanical
strength and structural integrity (SF > 3.0).
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Fig. 2. Research Documentation. 3D Desain.

2. Electrical System and IoT Control:
- Power Source: 100 Wp PV panel, MPPT charge controller, and 12 V/7 Ah battery.
- Controller: ESP32 microcontroller.Sensors: Ultrasonic sensor for water level and
flow sensor.

- Communication: MQTT protocol via WiFi/LoRaWAN to a cloud dashboard
(ThingSpeak).

3.3 Laboratory Testing

The prototype was integrated into a scaled concrete canal model (L =2.5 m, W = 0.2 m) in
accordance with SNI standards (SNI 8065:2015). Main Testing Scenarios: Hydraulic
Performance Test (discharge and water level stability at 1-5 cm gate opening) and Energy
Test (MPPT efficiency, battery stability).

IRRIGATION CHANNEL DIMENSION
(SNI 8456:2017)

Actuator
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Gate opening
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Q_sensor
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Fig. 3. (a) Laboratory Testing. (b) U Ditch and Illustration The 3D model design also integrates
actuator housing.

Discharge Calculation: Discharge (Q) was calculated using the sluice gate equation:

0 = Cyby+/2gh (1)
where:
Q = discharge (m*/s); y = gate opening (m);

Cd = discharge coefficient (0.62-0.68); h = head difference (m).
b = gate width (m);
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4 Result and Discussion

4.1 Structural Design and Material Analysis

CAD simulation confirmed the structural reliability of the gate with a maximum
displacement of 1.2 mm and a Safety Factor (SF) above 3.0. The MPPT-based solar power
system achieved an energy conversion efficiency of up to 91.2%, representing a significant
17% increase over PWM systems. Energy sufficiency tests showed the system could operate
autonomously for 3.5 days under overcast conditions, ensuring operational reliability.
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Fig. 4. Research Documentation. 2D Design 1 Set Automatic Irrigation Gate at Field. (a) Front View
(b) Side View.

4.2 Hydraulic Performance and Flow Analysis.

Hydraulic testing validated the discharge model with high accuracy (R? > 0.9).

The average response time of the actuator showed high consistency (0.3 s variation).
The ToT control successfully executed time-based commands reliably, indicating effective
synchronization between sensor input and actuator logic.

Table 1. Gate Opening Timer Test Results
No | Gate Opening | Trial 1 | Trial 2 | Trial 3 | Trial 4 | Trial 5 | Average
Height (cm) | (s) (s) (s) (s) (s) (s)
9.72 9.65 9.56 9.57 9.48 9.60
13.97 13.74 14.13 14.15 13.95 13.99
18.34 18.15 18.23 18.15 18.12 18.20
22.66 22.34 22.19 22.19 22.17 22.30
27.47 27.34 27.45 27.37 27.47 27.56
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4.3 loT Performance and Economic Analysis.

The implementation cost primarily covers the solar support structure and protective
enclosures. For contoured fields, adjustable mounting and minor earthworks are required to
ensure stability and panel orientation. Despite raising the initial capital cost, these structural
requirements are crucial for long-term performance and reduced maintenance, specifically
by preventing misalignment and flood-related damage.

The cost assessment for field implementation covered structural components of the solar
PV system, including galvanized steel supports, adjustable mounting brackets, and a precast
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concrete foundation. For contoured agricultural land, adjustable brackets and leveled
foundation pads minimize earthworks while ensuring proper panel orientation and structural
stability. The structural components cost approximately IDR 1,275,000, resulting in a total
installed system cost of about IDR 6.6 million per gate. Payback analysis indicates economic
feasibility within 45 years under the tested savings assumptions. These results demonstrate
that the system is financially viable at the farmer-group (Gapoktan) level and sustainable
through the combined benefits of renewable energy and automation.

Table 2. Cost Estimation for 1 set of Automatic Irrigation Gate systems

Unit .
Component / Structure Quantity | Price Total Cost Lifespan
No. (IDR) (years)
(IDR)
1 Solar Panel 100 Wp 1 1,500,000 | 1,500,000 10
2 MPPT Controller 1 400,000 400,000 8
3 ESP32 (IoT Controller) 1 120,000 120,000 5
4 Ultrasonic Sensor (Water Level) | 2 25,000 50,000 3
5 Linear Actuator (12V, 150mm 1 700,000 700,000 7
stroke)
6 Gate . Frame (Steel-Aluminium 1 800,000 800,000 10
Hybrid)
7 Battery 12V 12Ah (Deep Cycle) | 1 650,000 650,000 5
8 Control Box with Enclosure 1 250,000 250,000 7
Solar Panel Mounting Structure
i (Galvanized Steel Frame) ! 350,000 350,000 10
Battery and Electronics Housing
10 (IP54-rated Box) 1 250,000 250,000 7
11 Installathlon, Wiring, and Safety | . 250,000 o
Grounding
Total Estimated Cost for Set Irrigation | 5,320,000
Table 3. Cost Structures for Implementation and Installation in Field
Unit Lifeti
No Item structure & installation Qty Price Total (IDR) me
(IDR) (yrs)
Al Steel su'pport column P76%3 mm 1 450,000 | 450,000 10
(galvanized)
A2 Iljlz;r)lge plate + anchor bolts (M16, 4 | set 75.000 75.000 10
Precast concrete base / cast in-situ
A3 footing 606040 cm 1 300,000 | 300,000 25
A4 Adjustable tilt bracket & mounting 1 120,000 120,000 10
hardware
As | Battery stands clevated 1 80,000 | 80,000 10
(stainless/galvanized)
A6 ?;V;}r]mg conduit, grounding rod & cable Jump 100,000 | 100,000 10
A7 Minor earthwork / levelling pad fump 150,000 | 150,000 L
(terrace)
Subtotal structure 1,275,000
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4.3.1  Operational Energy Efficiency

Even after including structural and installation costs, the system maintains a payback period
of under 4 years, making it feasible for adoption by local water-user associations (P3A) or
village irrigation cooperatives.

Table 4: Estimated Operational Energy Efficient

Parameter Value Unit
Total Investment 5,720,000 IDR
Annual Energy and Labor Savings | 1,200,000 IDR/year
Payback Period 3.8 years
Expected Operational Life 10 years
Energy Source 100% Solar (MPPT optimized) —
Standard Compliance SNI 8456:2017, SNI 1727:2020 —

4.3.2 Maintenance and Durability Evaluation

The aluminium-steel hybrid frame exhibited adequate corrosion resistance for tropical
irrigation environments. Routine sensor cleaning every 2-3 weeks and periodic actuator
lubrication ensured stable performance and extended component lifespan. The system can be
installed on rural tertiary channels using a precast concrete foundation (0.6 x 0.6 X 0.4 m),
enabling modular placement, reduced civil work, and relocation flexibility. Total installation
time for one gate is approximately 6—8 hours with two technicians.

Table 5: Estimated Installation Labor Cost

Item Labor Personnel Rate (IDR/hour) | Total Cost
Time (hour) (IDR)

Gate Assembly and 3 2 25,000 150,000

Mounting

Solar Panel and Box 2 2 25,000 100,000

Installation

Wiring, Calibration, and 3 2 25,000 150,000

Testing

Total Installation Cost 400,000

Thus, the complete implementation cost (hardware + structure + installation) is
approximately IDR 5.7 million, or about USD 340. Overall, the system is maintenance-light
and supports long-term autonomous operation with minimal human supervision.

A cost—benefit analysis showed that the loT—solar gate system reduced operational labor
costs by 35% and water losses by 22%, resulting in an estimated payback period of
approximately 1.8 years for small-scale irrigation. The modular design supports scalability
through multi-gate integration under a single control hub, while the use of locally available
materials and compliance with SNI standards enhance feasibility for deployment in rural
Indonesian irrigation systems. [oT communication performance achieved low latency (200—
300 ms) with packet loss below 1%, ensuring reliable real-time control.

Economic analysis demonstrated that the loT—solar gate system could reduce operational
labor costs by 35% and minimize water loss by 22%. This resulted in an estimated payback
period of approximately 1.8 years for small-scale irrigation applications, indicating strong
financial viability.
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4.4 Discussion

The integration of IoT, renewable energy, renewable energy, and local building codes
constitute a sustainable technology framework to manage agricultural water. The findings
show that the combination of mechanical sturdiness, intelligent control, and energy
independence can reduce human reliance in irrigation scheduling and distribution uniformity.

The study also emphasizes the necessity of integrating technological innovation with a
national regulation (SNI), in order for the laboratory-scale prototype to be realistically scaled
up for deployment. This will support the United Nations' Sustainable Development Goals
(SDG 6 and 9) which are clean water and industry innovation, through the introduction of
ecological-friendly and local adaptable irrigation technology.

5 Conclusion and Recommendation
5.1 Conclusion

The IoT—solar energy based automatic irrigation gate prototype has been successfully
developed and validated in the laboratory, meeting technical criteria and SNI compliance.
The system demonstrated high hydraulic accuracy, optimal energy efficiency, and reliable
communication performance, offering an effective solution for sustainable agricultural water
management in Indonesia.
Key Achievements:
- Structure : High reliability (SF > 3.0) and dimensional compliance with SNI.
- Energy: 15-18% increase in solar energy efficiency due to MPPT
implementation.
- Hydraulic: High discharge accuracy (R*> 0.9), fast response time, and low
head loss.
- Economic: Reduced labor needs (35%) and water loss (22%), providing
measurable economic and environmental benefits.

5.2 Recommendation

To ensure the sustainability and widespread adoption of this system, the next recommended
steps involve conducting full-scale field testing to fully evaluate structural resilience and
control performance under real-world irrigation conditions. System enhancements should
include the integration of additional sensors, such as soil moisture and rainfall, alongside the
adoption of LPWAN communication for reliable functionality in remote agricultural areas.
Furthermore, from a user perspective, developing a multilingual, farmer-friendly mobile
interface is crucial to enhance usability and accelerate the adoption rate. Finally, it is
imperative to collaborate with government agencies to promote the national adoption of
smart irrigation technology and refine existing SNI standards to better align with renewable
energy-based automatic irrigation innovations.
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