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The growing demand for electricity and the environmental impact of fossil fuels have driven 

the need for alternative, sustainable energy solutions. Hydropower, particularly in irrigation 

channels, offers a promising option for generating renewable energy. This study focused on 

developing a small-scale pico-hydro system to generate electricity from water flow in irrigation 

channels, designed for applications such as street lighting. The research contributes to 

advancing micro-hydropower technology by integrating an Internet of Things(IoT)-based 

monitoring system to optimize energy production and simplify performance tracking. The 

monitoring system enabled real-time tracking of generator output, battery voltage, and load 

current using a smartphone interface connected via the internet. The study involved laboratory 

and field testing in some irrigation canals in Yogyakarta, Indonesia. A water wheel turbine from 

galvanized plates and plastic converts water flow into electrical energy. Field tests confirmed 

the system’s ability to produce stable power. The system reached an overall efficiency of 

11.38%. The data transmission delay through Blynk averaged 5.64 seconds, while total power 

consumption was 2,231 watts. Sensor measurements showed high accuracy, with generator 

voltage accuracy at 99.33% and load current accuracy at 99.26%. In conclusion, the pico-hydro 

system can effectively harness irrigation water for small-scale power generation, offering a 

viable, renewable energy source with efficient remote monitoring capabilities 
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INTRODUCTION 

In Indonesia, irrigation canals are extensively distributed across 

various regions, representing a largely untapped resource for 

renewable energy generation. According to data from the 

Ministry of Public Works and Public Housing (PUPR), Indonesia 

boasts over 7.2 million hectares of rice fields serviced by 

irrigation systems, encompassing thousands of kilometers of 

primary, secondary, and tertiary canals that transport water from 

its sources to agricultural lands [1] Furthermore, it has been 

reported that there are approximately 89,000 kilometers of 

irrigation canals dedicated to watering agricultural fields across 

the country [2]. Water discharge rates from some irrigation 

systems in Yogyakarta vary significantly depending on location, 

season, and climatic conditions, typically ranging from 0.3 to 1 

liter per second per hectare of rice field. 

 

During the rainy season, water flow can increase substantially, 

whereas it tends to decrease in the dry season [3]. The Directorate 

General of Water Resources indicates that the average water 

discharge through the primary irrigation systems in some areas of 

Indonesia is around 10 to 20 cubic meters per second, with larger 

canals in areas such as Java and Bali often experiencing higher 

flow rates to meet the greater agricultural water demands [4]. The 

prevailing irrigation methods in Indonesia primarily utilize the 

potential energy from flowing water. In addition to serving 

agricultural needs, these canals present an opportunity to integrate 

mini pico-hydro power generation systems, harnessing the 

flowing water's energy to produce electricity without disrupting 

their primary function of irrigation [5].  

 

The Installation of pico-hydro power generation systems in 

irrigation canals capitalizes on existing infrastructure, resulting in 

low-cost renewable energy generation with minimal 

environmental impact. This has also been reported by [6], [7], [8] 

[9]. The systems are particularly advantageous for rural areas, 

providing reliable and sustainable energy access that supports 

agricultural operations while enhancing energy independence and 

empowering local communities. By leveraging irrigation water 

flow, pico-hydro optimizes water resource utilization, diminishes 

reliance on fossil fuels, and contributes to reducing energy 

poverty in rural regions. 

 

Several types of turbines used in pico-hydro projects in irrigation 

channels [6], [10], [11] are Pelton, undershoot water wheels, and 

screw types. The undershoot turbine was selected for this system 

not only because of its efficiency at low water flows and minimal 

head requirements but also because of its portability. Portability 

is crucial, allowing the system to be easily relocated according to 

needs and enabling energy use at various points along the channel 
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without requiring significant permanent installations. This 

portability is especially beneficial in remote areas where access 

to energy resources is often limited, as the turbine can be quickly 

installed and removed, adapting to environmental conditions and 

fluctuations in water flow without significant disruptions [12]. 

Additionally, because it does not require complex infrastructure 

like dams, the system minimizes environmental impact while 

maintaining the primary function of irrigation channels for 

agriculture.  

 

The project by  [13],[12] also uses a waterwheel turbine for pico-

hydro in irrigation canals in Indonesia. Considering these aspects, 

the undershoot turbine offers a flexible and efficient solution for 

small-scale hydropower generation, allowing for cost savings in 

installation and maintenance while facilitating easy monitoring 

and management through IoT technology. Compared to Pelton 

and Archimedes turbines, the undershoot turbine is better suited 

for low head and low flow conditions, making it an ideal choice 

for irrigation applications where energy generation needs to be 

adaptable and environmentally friendly [12], [14],[15]. 

 

Some pico-hydro systems have maximized efficiency and 

reliability through real-time performance monitoring using IoT 

technology [16],[17],[18],[16]. Even slight variations in water 

flow, turbine positioning, or environmental conditions can 

significantly impact energy output in low-power systems. This is 

where the Internet of Things (IoT) becomes essential [19]. The 

development of this monitoring system utilizes microcontrollers, 

sensors, wireless communication modules, the Blynk application, 

and Wi-Fi connectivity to display data on gadgets, such as 

voltage, current, power, and battery capacity generated by the 

pico-hydro system. 

 

 Additionally, there is a remote light switch feature. With the 

advancement of technology, villages with internet access can 

leverage the Internet of Things (IoT) to maximize the 

performance of pico-hydro power generation. This monitoring 

system provides benefits for monitoring electricity energy and 

controlling the power flow to lights generated by the pico-hydro 

system. In addition to providing real-time readings, it can 

optimize energy usage. Continuous monitoring allows for 

damage prevention and extends device lifespan through 

preventive maintenance. The innovations introduced are expected 

to enhance the performance of pico-hydro systems and ensure the 

sustainability of renewable energy in rural areas, ensuring that 

energy can be monitored and optimized for the common good. 

This project highlights the potential of similar systems in utilizing 

existing water infrastructure for renewable energy generation. For 

instance, remote control of lighting systems can enhance user 

convenience by eliminating the need for manual switching, as 

demonstrated in projects utilizing applications such as Blynk to 

manage lighting via smartphones [20].  

 

A battery stores energy from the generator's conversion in the 

pico-hydro system. Sensors can be integrated to measure the input 

and output values to easily determine the battery's capacity, 

voltage, and current. These readings are processed through a 

microcontroller program, and the results are transmitted to a web 

monitoring interface to provide insights into battery capacity as 

voltage levels [20]. The system consisted of two subsystems, the 

pico-hydro generation system and the IoT monitoring system. 

The integration of pico-hydro power generation systems within 

Indonesia's extensive irrigation canals presents a remarkable 

opportunity to harness renewable energy while maintaining the 

primary agricultural functions of these waterways [18]. Given 

these opportunities and challenges, this research focused on 

designing and evaluating a portable pico-hydro power generation 

system that utilized an undershot waterwheel turbine integrated 

with an IoT-based monitoring platform. 

 

The system is intended to harness irrigation canal flow for small-

scale electricity generation, specifically for rural applications 

such as street lighting. The integration of IoT enables real-time 

monitoring, system control, and performance optimization via 

smartphone, which is crucial for ensuring system reliability and 

ease of use in remote areas. This research supports Indonesia’s 

renewable energy goals by offering a practical, low-cost, and 

sustainable solution for decentralized energy access in rural 

communities. 

METHODS 

Integration of System 

The integration of the entire system is illustrated in Figure 1. 

There were sensors to measure the DC voltage and current from 

the pico-hydro system and the battery. After obtaining values for 

these two parameters, the pico-hydro plant's (PHPP) generated 

power and the PHPP battery's storage capacity could be 

determined. A microcontroller was used to process the data 

collected from the sensors. The processed data was sent to a web 

server through a wireless communication module for display and 

storage in a database.  

 
Figure 1 Integration System 
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The performance monitoring of the pico-hydro system and the 

battery percentage could be accessed via a smartphone. 

Furthermore, the output generated by the voltage and current 

sensors from each measurement, such as the pico-hydro 

performance and battery percentage, was displayed in real-time, 

and there was also remote control over the load relay. 

Pico-Hydro Power Generation System 

The pico hydro power generation sub-system had two major 

components: a frame, a turbine, and an electrical control panel. 

The overall system design process was based on the calculation. 

Pico-hydroelectric power plants harness the difference in 

elevation and the volume of water flow per second from sources 

such as irrigation, rivers, or waterfalls. This flow of water turns 

the turbine shaft to generate mechanical energy. This mechanical 

energy then powers the generator, producing electricity stored in 

a battery. Water discharge (Q) refers to the flow rate of liquid 

passing through a given cross-section over time. It is determined 

by the velocity (V) and area (A), typically measured in m³/s, as 

expressed in Equation (1) [21]. 

𝑄 = 𝑉 × 𝐴 (1) 

 

Velocity of water flow and area in this study were measured with 

Equation (2) and Equation (3), with distance (d), time (t), 

irrigation width (I), and irrigation depth (D) [21]. 

𝑉 =
𝑑

𝑡
 

(2) 

𝐴 = 𝐼 × 𝐷 (3) 

 

Hydroelectric capacity was calculated using the water flow rate. 

Water flow rate was a key factor in hydroelectric capacity. The 

parameters were water density (𝜌 = 0.998 𝑔/𝑐𝑚3), gravity, and 

head height (m). Hydroelectric capacity was calculated using 

Equation (4) [21]. 

𝑄 = ρ × g × Q × h (4) 

 

Turbine rotation speed determined the power output and was 

affected by the velocity of the water flow (V), the turbine rotation 

speed measured in rotations per minute (rpm), and was calculated 

with Equation (5) [22]. 

𝑇𝑟 =
V × cos × α

2
 

(5) 

 

System efficiency refers to the generator's capability to transform 

the kinetic energy of flowing water into electrical energy. The 

efficiency value was determined using Equation 6, which 

mathematically calculates the efficiency of the electric power 

generator [21]. 

𝜂 = (
𝑥̅𝑃𝑔

𝑃ℎ
) × 100% 

(6) 

 

In this study, the system was designed to enable the pico-hydro 

power plant to be portable, similar to a backpack, and placed on 

a motorcycle to enhance the portability further. The turbine and 

frame were hollow and made of galvanised plates, whereas the 

electrical control panel was made of plastic. The frame had two 

doors acting as a small reservoir that could increase the water 

velocity.  The turbine specification is shown in Table 1. Turbine 

specification and the frame and 3D design of the turbine are 

displayed in Figure 2.  

 

Table 1. Turbine specification 

Parameter Value Unit 

Diameter 30 cm cm 

Number of Blades 16 Piece(s) 

Blade Design 70° Degree 

Turbine Weight 2 kg kg 

Turbine Width 15 cm cm 

Material Galvanism 

 

The portable pico-hydro system is designed to generate direct 

current (DC) electricity using a 200-watt DC generator that is 

mechanically driven by a water wheel turbine. Mechanical energy 

is transferred from the turbine to the generator through a pulley 

system with a gear ratio of 1:3. This configuration increases the 

rotational speed of the generator shaft relative to the turbine, 

enabling more efficient energy conversion. 

 

Table 2. Power Generation System Specification 

Parameter Value Unit 

Length 50 cm 

Width 14  cm 

Height 38 cm  

Weight 15 kg 

Generator Pulley 2 Inch 

Turbine Pulley 6 Inch 

Generator 200 Watt 

SCC 10 A 

Battery 3S, 4P 12 Ah 

DC Lamp 12 Watt 

 

Once the generator produces electrical energy, it is routed through 

a solar charge controller. The charge controller plays a critical 

role in regulating voltage and preventing reverse current flow 

from the battery back to the generator, thereby protecting the 

system's components. The regulated current is then used to charge 

a 12V battery, which serves as the primary energy storage unit. 

The stored energy can be used to power low-voltage DC loads 

such as a 12-watt DC lamp or other compatible DC-powered 

devices. The detailed technical specifications of the power 

generation system are presented in Table 2, which includes 

information about the generator capacity, voltage rating, pulley 

configuration, and control components. 

 

In addition, a visual representation of the entire pico-hydro power 

generation system is provided in Figure 3, which illustrates the 

connection and energy flow from the water wheel turbine to the 

generator, through the charge controller, and finally to the battery 

and load. 
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Figure 2. 3D Design of Turbine and System 

 
Figure 3 Power generation system 

 

The system was suitable for irrigation and river flow. The system 

was placed leaning at an angle, as shown in Figure 4. The system 

was tested in irrigation in Pakembinangun and Hargobinangun, 

two villages in the Special Region of Yogyakarta. The 

performance and efficiency of portable pico hydro systems were 

evaluated using various methods. The field tests assessed the 

system under three conditions: no load, with a 12W DC lamp 

load, and complete system (including SCC, battery, and lamp).  

 

These tests aimed to observe how the generator performed 

without and when connected to a load. Key parameters measured 

included water flow rate, turbine speed (rpm), generator speed 

(rpm), generator voltage (volts), generator current (amperes), and 

power output (watts). Performance assessments were conducted 

at locations with varying water flow rates to evaluate the device's 

portability.  

 

 
Figure 4. An inclined system that operates in village irrigation 

channels 

 

The system's durability was tested by allowing it to operate 

continuously for a specified period and then examining its 

condition. Several methods measured the performance and 

efficiency of the portable pico-hydro system. For data collection, 

an electrical box was placed above the water flow to prevent it 

from being submerged, and the turbine was submerged under a 

10 to 15 cm water drop. The positioning during experiments was 

found to affect turbine rotation significantly. The pulley ratio 

between the turbine and the generator was 1:3-4, meaning one 

pulley rotation results in three or four generator rotations. Both 

laboratory and field experiments used a multimeter for current 

measurement and a tachometer for the rotational speed of the 

turbine and generator.  

IoT Monitoring System 

 
Figure 5 Electronic design for IoT 

 

The IoT monitoring system had two major components: hardware 

electronics and software with a user interface. The hardware 

component consisted of Arduino Uno R3 ATmega328P, ESP-01 

module, ACS712 current sensor, DC 25V voltage sensor, 1-

channel relay module, Blynk platform, push button, and double-

layer PCB. The Arduino Uno R3 ATmega328P was chosen for 

its advanced communication capabilities, making it ideal for 

developing reliable, responsive, and compact electronic systems.  

 

 
Figure 6 Flowchart Diagram of Real-Time Monitoring and 

Control in a Portable Pico-Hydro Power Plant using IoT 
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The 1-channel relay module, operating on an electromagnetic 

principle, controlled electrical devices such as DC lights, while 

the Blynk platform facilitated IoT application development, 

displaying monitoring data and enabling remote control via 

smartphones. A push button replaced traditional light switches by 

utilizing the bounce effect to create an electrical signal, and a 

double-layer PCB organized circuit paths, minimizing the need 

for extensive wiring. The components were assembled into a 

unified electronic design as shown in Figure 5. Figure 6 

Flowchart Diagram of Real-Time Monitoring and Control in a 

Portable Pico-Hydro Power Plant using IoTIllustrates the 

operational steps of the monitoring system integrated into the 

portable pico-hydro power plant (PHPP).  

 

The PHPP monitoring application has been designed to be 

accessible via a smartphone using a web-based IoT platform. The 

application consisted of two main menus. The first menu 

displayed a switch button and battery percentage, while the 

second menu showed the pico-hydro output and battery voltage, 

allowing users to control the lights and view a superchart graph, 

as illustrated in Figure 7. Application initialization was required 

to ensure a successful connection to the cloud server. Monitoring 

data was stored in Blynk's cloud, enabling access at any time.  

 

 
Figure 7. Application User Interface 

 

Two measurement parameters were utilized in the IoT-based 

pico-hydro monitoring system: voltage and current. This involved 

connecting a DC voltage sensor and an ACS712A current sensor 

to the circuit between the generator and the solar charge controller 

(SCC), connecting the DC voltage sensor between the SCC and 

the battery, and connecting the ACS712A current sensor in the 

circuit between the relay and the load. The measurements were 

then compared to those obtained using a multimeter to determine 

the percentage error for each parameter.  

 

 
Figure 8  SCC Wiring 

 

Figure 8 Illustrates the voltage and current readings on the 

generator and SCC paths. As shown in Figure 8, the DC voltage 

sensor, which had two terminals, was connected to the positive 

(SCC+) and negative (SCC-) cables. The current sensor's 

terminals were connected: terminal I1 to cable (G+) and terminal 

I2 to cable (SCC+).  Figure 9 shows the wiring for the sensors. 

 
Figure 9 Wiring measurements and placement of voltage and 

current sensors on the generator 

 

Next, the battery voltage was measured across the SCC and the 

battery by connecting the DC voltage sensor to the generator's 

positive (SCC+) and negative (SCC-) terminals. Figure 10 

illustrates this setup. To measure the current at the load, the relay 

connection was established by connecting the (COM) terminal to 

the (SCC+). The current sensor featured two terminals: terminal 

I1was connected to the (NO/NC) terminal, while terminal I2 was 

connected to the (Lamp+). Additional details regarding the sensor 

wiring can be found in Figure 11. 

 

 
Figure 10 Wiring Voltage Sensor On Battery 

 
Figure 11 Wiring current measurement and installation of the 

current sensor, relying on the load 

 

The measurement involved taking sensor readings at 5-second 

intervals, with three data points being collected for analysis to 

determine the accuracy and precision of each sensor. The sensor 

readings were used to calculate the error by comparing them with 

the multimeter measurements taken simultaneously, using 

Equation 7. The accuracy was then calculated using Equation 8 

[23]. 

 

𝐸𝑟𝑟𝑜𝑟(%) = |
𝑠𝑒𝑛𝑠𝑜𝑟 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒−𝑚𝑢𝑙𝑡𝑖𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒

𝑚𝑢𝑙𝑡𝑖𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒
| ∗

100      (7) 
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𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) = 100 − 𝐸𝑟𝑟𝑜𝑟   (8) 

 

The average values of the data were calculated using Equation 9, 

and the standard deviation was determined using Equation 10. 

Once the average values and standard deviations were calculated, 

the precision was calculated using Equation 11 [23]. 

𝑀𝑒𝑎𝑛(𝑥̄) = |
𝑥1+𝑥2+⋯+𝑥𝑛

𝑛
|     (9) 

 

where: 

Mean(x)  : The average of a single data point or the midpoint 

x1,x2,..,xn : Data n 

n   : Number of data 

𝑆𝐷 = √
∑ (𝑥𝑖−𝑥)̄ 2𝑛

𝑖=1

𝑛−1
      (10) 

 

where: 

SD  :  Standard Deviation 

Mean(x): Average of the data 

xi  :  Number of single data 

n   :  Number of data 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 (%) =
𝑆𝐷

𝑥̄
∗ 100     (11) 

 

The testing of battery percentage involved charging a lithium 

battery of 12V 12AH using a DC voltage sensor, ranging from 

low to high percentages, and discharging it using a constant 

current. This method facilitated voltage fluctuation, allowing for 

comparing voltage measurements obtained from a multimeter. To 

calculate the battery percentage, Equation 8 was used. 

𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = (
𝑉𝑜𝑢𝑡−𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 

𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡−𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡
) ∗ 100 (8) 

 

where : 

Vout  : Voltage read at the battery (sensor/ 

 multimeter) (V) 

Lower limit: : Lower voltage limit of the battery (V) 

Upper limit : Upper voltage limit of the battery (V) 

RESULTS AND DISCUSSION 

This section discusses the performance of the portable pico-hydro 

power system with IoT-based monitoring. Tests were carried out 

under various conditions to assess the system’s power output, 

voltage stability, and monitoring accuracy. Field testing was done 

at two irrigation canals in two villages, Pakembinangun and 

Hargobinangun, to evaluate how the system performed in real 

conditions. The analysis included no-load and load scenarios by 

measuring turbine and generator speeds, voltage, current, and 

power output. Sensor accuracy and IoT data transmission were 

also examined to ensure reliable monitoring.  

Performance of the Pico-Hydro  

System No Load Test 

Table  and Table  show the no-load test results from both 

locations. In Pakembinangun, turbine speeds ranged from 89 to 

115 rpm, producing 280 to 457 rpm generator speeds, with 

voltages between 9.8 V and 13.5 V. The highest voltage was 

recorded at the fastest generator speed. In Hargobinangun, 

generator speeds ranged from 307 to 320 rpm, with voltages 

between 10.2 V and 10.9 V. These results indicate that voltage 

output increases with rotation speed and is affected by local water 

flow conditions.  

 

Table 3. Result of No Load Field Test at Pakembinangun 

Rotation (rpm) Voltage (V) 

Turbine Generator 

98 423 13.5 

109 372 13.2 

89 365 13 

110 420 13.4 

115 457 13.5 

107 310 11.2 

96 280 10.1 

100 285 9.8 

110 300 10.2 

99 284 10.1 

 

Table 4. Result of No Load Field Test at Hargobinangun 

Rotation (rpm) Voltage (V) 

Turbine Generator 

87 312 10.8 

91 307 10.2 

94 320 10.9 

92 311 10.8 

97 309 10.4 

Load: 12 W DC Lamp 

This experiment was carried out by directly connecting the 

generator to a 12-watt DC lamp as the electrical load. The choice 

of a 12-watt lamp was based on its power rating, which closely 

matches the estimated field water power of approximately 14.7 

watts. The results of the testing are presented in Table 5 and Table 

6. 

 

Table 5. Result of 12-Watt Lamp Test at Pakembinangun  

Rotation (rpm) Power (W) 

Turbine Generator 

95 352 1.672 

87 300 1.479 

93 311 1.584 

83 312 1.584 

85 369 1.672 

97 270 1.215 

96 270 1.23 

102 278 1.328 

100 272 1.312 

104 271 1.23 

 

During the testing phase, the lamp operated brightly and stably. 

The highest lamp output was recorded during the test conducted 

on July 3 in Pakembinangun. At this location, with an average 

flow rate of 0.015 m³/s, the turbine achieved an average rotational 

speed of 290 rpm, resulting in an average power output of 1.3 

watts. 
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Table 6. Result of 12-Watt Lamp Test at Hargobinangun 

Rotation (rpm) Power (W) 

Turbine Generator 

84 261 1.2 

85 263 1.2 

88 270 1.215 

87 268 1.215 

88 270 1.215 

Load: Full System (including SCC, battery, and lamp) 

The overall system experiment involved the integration of four 

main components: a generator, a solar charge controller, a battery, 

and an electrical load. The solar charge controller was equipped 

with a built-in protection mechanism that restricted the incoming 

voltage to a maximum of 12.2 V. In this configuration, the 

generator operated to charge the battery directly. This setup 

aimed to evaluate the performance of the system under realistic 

conditions, using actual water flow as the mechanical input 

source. 

 

Table 7. Result of Full System Test at Pakembinangun 

Rotation (rpm) Power (W) 

Turbine Generator 

98 356 0.732 

100 358 0.732 

98 350 0.488 

98 353 0.488 

102 354 0.61 

110 315 0.11 

121 340 0.46 

112 317 0.111 

116 322 0.224 

119 325 0.23 

 

Field testing was conducted in two locations: Pakembinangun and 

Hargobinangun. In Pakembinangun, with a stable water flow rate 

of 0.015 m³/s, the system demonstrated generator rotational 

speeds ranging from 315 rpm to 358 rpm. The corresponding 

electrical power output ranged between 0.11 watts and 0.732 

watts, depending on the generator speed and turbine efficiency. 

These results are detailed in Table 7, which shows that the highest 

power output of 0.732 W occurred at a generator rotation speed 

of 356–358 rpm, indicating that the system performs optimally 

when the turbine reaches around 100 rpm. 

 

Meanwhile, Table 8 presents the test results from Hargobinangun, 

where the same system was operated under a similar flow rate of 

0.015 m³/s. At this site, generator rotational speeds were slightly 

lower, ranging from 304 rpm to 315 rpm. Despite the slightly 

lower mechanical input, the generator was able to produce a 

higher average electrical output, with power readings between 

1.122 W and 1.236 W. The most consistent power generation 

occurred around a generator speed of 308–312 rpm. These 

findings suggest that the turbine-generator system in 

Hargobinangun may have been more efficiently aligned or 

benefited from reduced mechanical losses, possibly due to site-

specific conditions. 

 

Table 8. Result of Full System Test at Hargobinangun 

Rotation (rpm) Power (W) 

Turbine Generator 

88 312 1.236 

82 305 1.222 

86 308 1.236 

91 315 1.224 

83 304 1.122 

Accuracy and Precision of the System 

The testing was conducted with the monitoring prototype for the 

portable pico-hydro system from the pico-hydro provider, and the 

system utilizes several components, including a 200W-rated DC 

generator, a solar charge controller (SCC), a 12V 12AH battery 

with varying RPM, and a 12-watt light bulb. For each connection 

path, measurements of generator voltage and current flowing to 

the SCC, battery voltage, and current flowing to the load through 

the relay control were taken. The results from testing with 

different RPMs provide various readings of voltage and current, 

as detailed in Table 9 and 10. 

 

Table 9. Results of Voltage Reading from RPM Variations 

RPM Multimeter 

(Volt) 

Sensor 

(Volt) 

Error 

(%) 

Accuracy

(%) 

 

100 

3.14 3.08 1.91 98.09 

3.04 2.98 1.97 98.03 

3.1 3.08 0.65 99.35 

 

150 

6.23 6.23 0.00 100.00 

6.21 6.18 0.48 99.52 

6.26 6.21 0.80 99.20 

 

200 

7.64 7.65 0.13 99.87 

7.67 7.8 1.69 98.31 

7.63 7.65 0.26 99.74 

 

250 

8.54 8.63 1.05 98.95 

8.57 8.68 1.28 98.72 

8.6 8.7 1.16 98.84 

 

300 

8.71 8.72 0.11 99.89 

8.74 8.75 0.11 99.89 

8.83 8.77 0.68 99.32 

 

350 

11.9 11.9 0.00 100.00 

11.89 11.9 0.08 99.92 

11.9 11.9 0.00 100.00 

 

400 

11.9 11.97 0.59 99.41 

11.9 11.95 0.42 99.58 

11.9 11.95 0.42 99.58 

 

450 

11.96 12.02 0.50 99.50 

11.96 12 0.33 99.67 

11.96 12.05 0.75 99.25 

 

500 

11.98 12.1 1.00 99.00 

11.99 12.1 0.92 99.08 

11.98 12.07 0.75 99.25 

Mean - - 0.67 99.33 
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The first phase of testing involved collecting data on voltage 

readings at various RPMs with the generator connected to a solar 

charge controller (SCC) and a 12V battery, but without any load. 

The results are shown in Table 9. At the lowest tested RPM (100), 

the multimeter recorded voltages between 3.04 V and 3.14 V, 

while the sensor reported values slightly lower, resulting in error 

rates ranging from 0.65% to 1.97%. Similar trends continued at 

150 RPM, where the error ranged from 0% to 0.80%. As the RPM 

increased, both the sensor and multimeter readings became more 

consistent. For instance, at 300 RPM, the voltage values from 

both sources showed a near match, with a minimal error of 0.11% 

on average. At higher RPMs—350, 400, 450, and 500—the 

sensor still tracked the multimeter closely, though slight increases 

in error were observed at 500 RPM, reaching up to 1.00%. 

Overall, the average error across all RPM levels was calculated 

to be 0.67%, with a corresponding accuracy of 99.33%, which 

demonstrates that the voltage sensor operated reliably and within 

the acceptable tolerance threshold of less than 10%. 

 

Table 10 Current Readings from RPM Variations 

 

Complementary to the voltage readings, current measurements 

were also taken across various RPM levels, as summarized in 

Table 10. In this test, the measured current represented the 

charging current delivered to the battery. At RPMs below 300, 

the multimeter was unable to detect any meaningful current due 

to the very low values—less than 20 mA—rendering error 

calculations infeasible. Starting at 350 RPM, measurable currents 

were detected. The multimeter reported current values around 0.5 

A, whereas the sensor output was consistently lower (around 0.36 

A), resulting in significant error rates of 25% to 28%. At 400 

RPM, the error improved, dropping to between 3.77% and 4.4%. 

However, at 450 RPM, variability returned, with error rates 

ranging from 4.33% to 11.51%. At 500 RPM, the error fluctuated 

between 2.23% and 7.18%. Despite some acceptable values, the 

overall average error across all readings reached 10.73%, which 

slightly exceeded the maximum acceptable error of 10%. This 

suggests that the current sensor, particularly in the generator-side 

configuration, was less accurate and may require recalibration, 

filtering, or replacement to ensure compliance with measurement 

standards [31] . 

 

To thoroughly evaluate the performance of the voltage sensor, 

additional testing was conducted during the battery charging 

process, utilizing a 5V 1A adapter connected to an SCC via a 

specialized charging module. The results of this testing are 

presented in Table 11, which details the voltage readings 

collected over time, specifically from 19:00 to 22:40. Throughout 

this period, the voltage demonstrated a consistent and gradual 

increase, progressing from 10.69 V to 12.07 V. 

 

A comparative analysis of the voltage sensor readings against 

those from a multimeter indicated only minor discrepancies, with 

error percentages ranging from 0.37% to 4.47%. The most 

significant deviation from the multimeter measurements was 

observed early in the charging cycle. This initial inconsistency 

may be attributed to various factors, including potential issues 

with solder joints, relay performance, and the calibration of the 

monitoring program. 

 

Table 11.  Battery Voltage Readings 

Time 

Multimeter 

Voltage 

(Volt) 

 

Sensor 

(Volt) 

 

Error 

(%) 

 

Accuracy

(%) 

 

 

 

 

 

19.00-

22.40 

10.69 10.73 0.37 99.6 

10.75 11.23 4.47 95.5 

11.1 11.29 1.71 98.3 

11.15 11.34 1.70 98.3 

11.18 11.39 1.88 98.1 

11.23 11.44 1.87 98.1 

11.28 11.49 1.86 98.1 

11.42 11.61 1.66 98.3 

11.88 11.98 0.84 99.2 

11.91 12.05 1.18 98.8 

11.99 12.07 0.67 99.3 

12.02 12.07 0.42 99.6 

Mean - 11.56 1.55 98.45 

SD - 0.399 - - 

Precision 

(%) 

- 3.45 - - 

 

Figure 12 visually depicts this trend, illustrating how the sensor's 

readings aligned more closely with the multimeter over time, 

indicating improved accuracy with continued monitoring. The 

overall average error calculated for this evaluation was 1.55%, 

which remains well within the acceptable tolerance limit of less 

than 10%. 

 

 
Figure 12 Comparison of Battery Voltage 
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350 

0.5 0.36 28 72 

0.52 0.39 25 75 

0.5 0.36 28 72 

 

400 

0.159 0.153 3.77 96.23 

0.159 0.153 3.77 96.23 

0.159 0.152 4.4 95.6 

 

450 

0.252 0.223 11.51 88.49 

0.249 0.231 7.23 92.77 

0.254 0.243 4.33 95.67 

 

500 

0.359 0.367 2.23 97.77 

0.361 0.373 3.32 96.68 

0.362 0.388 7.18 92.82 

Mean - - 10.73 89.27 
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To complement the voltage magnitude comparison, the sensor’s 

ability to estimate battery percentage was also evaluated. Table 

12 compares the battery percentage estimations derived from 

multimeter voltage data and those reported directly by the sensor. 

The data show that while the values are generally aligned, 

discrepancies up to 10% were recorded, particularly early in the 

test. For example, at 22:00, the multimeter-based percentage was 

56%, while the sensor reported 66%, a 10% difference. However, 

most of the percentage differences stabilized around 1% to 5% as 

charging progressed. The average battery percentage difference 

was calculated at 4.6%, indicating reasonable accuracy in 

estimating state of charge (SoC), though some refinements to the 

estimation algorithm could enhance reliability. 

 

Table 12 Results of Battery Voltage Percentage Reading  

Time Multimeter 

Percentage 

Calculation 

(%) 

Sensor 

Percentage 

Calculation 

(%) 

Battery 

Percentage 

Difference 

(%) 

 

 

 

 

 

22.00-

22.20 

54 55 1 

56 66 10 

63 68 5 

64 69 5 

65 70 5 

66 71 5 

67 72 5 

70 75 5 

81 83 2 

81 84 3 

83 84 1 

84 85 1 

Average Battery Percentage Difference (%) 4.6 

  

A detailed test was performed to evaluate the performance of the 

current sensor under load conditions, specifically focusing on its 

capability to power a 12-watt DC lamp through the Smart Control 

Circuit (SCC). In this experimental configuration, a 5V 4A 

charging adapter was utilized to provide a stable power supply to 

the SCC, while a relay was employed to effectively manage the 

lamp circuit. 

 

The current sensor was responsible for measuring the load current 

traversing the relay, which provided essential data regarding the 

system's performance. Table 13 presents the current readings 

obtained from both the sensor and a multimeter, illustrating their 

comparative results. As depicted in Figure 13, both the sensor and 

multimeter readings demonstrated a closely aligned trend 

throughout the test period. 

 

However, minor deviations were observed at particular points, 

which can be attributed to real-time fluctuations in the electrical 

supply or inherent sensor noise. Notably, the average error 

between the measurements from the two systems was only 0.74%, 

remaining well within the acceptable 10% tolerance threshold. 

This outcome confirms that the current sensor exhibited reliable 

performance under load conditions. 

 

 
Figure 13 Comparison of 12-Watt Load Current 

 

Table 13. Reading results for 12-watt lamp load current 

No Multimete

r (A) 

Sensor 

(A) 

Error 

(%) 

Accurac

y 

(%) 

1 0.371 0.373 0.54 99.46 

2 0.374 0.378 1.07 98.93 

3 0.381 0.383 0.52 99.48 

4 0.377 0.378 0.27 99.73 

5 0.372 0.373 0.27 99.73 

6 0.376 0.377 0.27 99.73 

7 0.369 0.368 0.27 99.73 

8 0.371 0.369 0.54 99.46 

9 0.376 0.374 0.53 99.47 

10 0.374 0.375 0.27 99.73 

11 0.372 0.375 0.81 99.19 

12 0.369 0.372 0.81 99.19 

13 0.368 0.370 0.54 99.46 

14 0.346 0.349 0.87 99.13 

15 0.342 0.338 1.17 98.83 

16 0.335 0.338 0.90 99.10 

17 0.359 0.355 1.11 98.89 

18 0.361 0.358 0.83 99.17 

19 0.355 0.351 1.13 98.87 

20 0.355 0.352 0.85 99.15 

21 0.359 0.352 1.95 98.05 

Mean - 0.363 0.74 99.26 

SD - 0.014 - - 

Precision 

(%) 

- 3.78% - - 

 

Analysis of the sensor readings indicated that the overall accuracy 

exceeded 95%, with precision maintained below 4%. It is 

important to mention that the current sensor associated with the 

generator revealed a different performance profile. According to 

the specifications of the multimeter utilized in this assessment, 

the precision for DC current readings was reported as ±2%, while 

for DC voltage readings, it was ±0.5%.  
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As a point of reference, a standard benchmark for precision, 

relative standard deviation (RSD), or coefficient of variation 

(CV) is generally considered to be below 2%. This suggests that 

while the sensors are functioning effectively and exhibit 

commendable accuracy, there is potential for enhancement 

regarding their precision. 

Discussion and Previous Studies 

The portable pico-hydro system demonstrated stable operational 

performance across both no-load and load conditions. This 

outcome aligns with findings from prior research on small-scale 

hydropower technologies, such as those reported in [7] and [25], 

which emphasizes the reliability of pico-hydro systems in low-

resource settings. Under no-load conditions, the system 

maintained consistent turbine rotation and voltage output, 

supporting the suitability of the design for light-duty applications 

such as LED lighting and low-power sensors. However, as noted 

by [26], one critical factor that significantly affects system 

behavior under no-load conditions is the accuracy of water 

discharge measurement. In the present study, while flow rate was 

held relatively constant at around 0.015 m³/s, the absence of high-

resolution flow instrumentation limited precise correlation 

analysis between flow variation and turbine rpm. Integrating real-

time flow sensors in future iterations could enable more detailed 

assessments of turbine behavior under varying hydrological 

inputs and thus facilitate more refined performance modeling and 

system optimization. 

 

In addition to hydraulic parameters, mechanical characteristics 

also played a notable role in system performance. One 

particularly relevant issue observed during testing was related to 

the transmission system, specifically the belt drive mechanism 

connecting the turbine to the generator. During operation, it was 

noted that the use of a slightly uneven belt caused visible 

dimming of the connected 12-watt lamp whenever the irregular 

section passed over the generator pulley. This symptom suggests 

a momentary drop in generator speed or torque, which translates 

into unstable power delivery to the load. The observation 

underscores the importance of proper belt alignment and uniform 

belt thickness, confirming earlier findings such as those in [17], 

which demonstrated that even minor imperfections in mechanical 

coupling systems can result in significant electrical output 

instability. These findings serve as a reminder that although the 

system is intended to be low-cost and portable, mechanical 

quality and maintenance remain key contributors to system 

reliability and efficiency. 

 

In full system testing—where the generator, solar charge 

controller (SCC), battery, and lamp were integrated—the system 

exhibited limitations in charging capability, particularly when 

operating under concurrent load. As presented in Table 7 and 

Table 8, the power output in Pakembinangun remained below 

0.75 W, and although Hargobinangun showed slightly higher 

values, the output was still marginal relative to the battery's 

charging requirements. This finding reveals a trade-off between 

supplying energy to the load and maintaining adequate current for 

battery storage, especially in low-flow environments. Unlike 

laboratory-scale systems that often benefit from controlled flow 

rates and optimized hydraulic heads, field conditions impose 

natural constraints that significantly reduce system efficiency. As 

discussed in [14], enhancing the design of the turbine intake—

either by optimizing nozzle geometry or reducing friction 

losses—could increase the effective water velocity and 

volumetric flow reaching the turbine, thereby improving 

rotational speed and energy conversion. Additionally, it was 

suspected that the series connection between the battery and the 

lamp may have contributed to voltage drops, resulting in 

underperformance during charging. This contrasts with the 

findings in [26], which reported a complete charging cycle over 

21 hours using a similar battery configuration, but without 

simultaneous load. Therefore, isolating the battery from the load 

during future trials may yield more representative data on pure 

charging performance. 

 

Despite these limitations, the system demonstrated measurable 

energy conversion efficiency. Based on a hydraulic power input 

of approximately 14.7 W and a peak electrical output of 1.672 W, 

the calculated overall efficiency was 11.38%. Although this value 

is lower than that reported in highly optimized laboratory-scale 

pico-hydro systems—such as those employing custom turbines or 

advanced power electronics [27]—The result remains acceptable 

within the context of real-world field deployment. The system 

was intentionally built using accessible, low-cost components and 

designed to function under low-head, low-flow conditions 

common in rural settings, which inherently restrict maximum 

efficiency potential. 

 

From a monitoring perspective, the performance of the voltage 

and current sensors was highly satisfactory. The voltage sensor 

achieved an average accuracy of 99.33% when compared with 

multimeter readings across a wide RPM range (see Table 9), 

while the current sensor used under load conditions achieved 

99.26% accuracy (see Table 13 and Figure 13). Although 

precision did vary depending on specific conditions—particularly 

with the generator-side current sensor, which exhibited an error 

above 10% at certain RPMs—response times and trend 

consistency were sufficient to support real-time monitoring 

applications. These results suggest that, with minor refinements 

to hardware assembly and software calibration, the sensing 

system is robust enough for integration into IoT-based platforms 

for continuous monitoring and remote diagnostics. 

 

Taken together, the results of this study highlight both the 

feasibility and the current limitations of deploying portable pico-

hydro systems in rural, off-grid environments. The compact form 

factor, ease of transport, and relatively stable electrical output 

make the system particularly suited for decentralized renewable 

energy initiatives targeting small household or community-scale 

loads. The integration of real-time sensing and data acquisition 

also adds value by enabling remote visibility and predictive 

maintenance. However, in order to fully support battery charging 

and load operation concurrently, further design improvements are 

needed. These may include increasing turbine efficiency, 

decoupling loads during charging, and improving mechanical 

component quality. 

 

In conclusion, this research provides practical evidence 

supporting the application of low-cost, sensor-integrated pico-

hydro systems in real-world settings. The findings underscore the 

importance of not only hydraulic and electrical design 

considerations, but also mechanical reliability and intelligent 

monitoring. While challenges remain—particularly in achieving 
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efficient energy storage—the work contributes valuable data and 

insight to the growing field of decentralized renewable energy 

solutions, and supports the broader goal of sustainable, accessible 

electrification for off-grid communities. 

CONCLUSIONS 

The portable pico-hydro system with IoT-based monitoring 

successfully generated electricity from irrigation canal flow and 

powered a DC lamp. At a flow rate of 0.015 m³/s, the system 

produced 1.672 W with 11.38% efficiency. Although stable, the 

generator output was not sufficient for fast charging. The IoT 

system provided reliable, real-time data with minimal delay and 

high sensor accuracy. This system is suitable for rural, low-power 

use, but improvements in energy output and charging efficiency 

are needed. 
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