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ABSTRACT

This study evaluates the performance of a pico-hydro system installed on a river with low head and discharge.
The system was assessed under no-load and varying load conditions (25—-100%,). The results indicate that the
generator performs according to the initial design, despite some fluctuations in output parameters. Under no-load
conditions, the generator maintains a stable output voltage between 12—14 VAC, with a rotational speed of 590—
600 RPM, a system frequency of 59-60 Hz, and zero current. The step-up transformer successfully raises the
voltage to 220-222 V with high stability, although minor ripple is observed in the output signal. Under load, the
generator voltage slightly decreases to 12—14 V as the load increases. The rotational speed also declines (560—
590 RPM), affecting frequency stability, which drops from 59 Hz at 25% load to 56 Hz at full load. The current
rises proportionally with the load, from 0.10 A at 25% to 0.45 A at 100%. The observed performance drop under
load highlights the effect of load on generator speed and overall system output. The primary impacts of the 25—
100% load range are evident in generator speed, frequency stability, and waveform quality. Overall, the system
performs satisfactorily for low-head pico-hydro applications with a power capacity of up to 100 Watts, suitable
for rural street lighting.

Keywords: generator, pico-hydro, performance, transformer, voltage.

I. INTRODUCTION

CHIEVING global net-zero CO: emissions is critical to meeting the Paris Agreement’s
Atemperature targets, requiring substantial technological advancements and the removal of
barriers in key emitting sectors [1]. There is a growing consensus on the urgent need for global
action to limit warming to below 2°C [2]. Indonesia’s Nationally Determined Contribution (NDC)
reflects its commitment to climate change mitigation, targeting a 29% reduction in greenhouse gas
(GHG) emissions by 2030 compared to Business as Usual (BAU) levels [3]. This target significantly
relies on the Land Use, Land Use Change, and Forestry (LULUCF) sector for emissions reduction [4].
To meet these goals, it is essential to reduce reliance on carbon-intensive systems by promoting
renewable energy. In Spain, gravity water vortex power plants (GWVPP) have proven effective in low-
pressure environments by optimizing vortex formation and water velocity, enhancing energy conversion
in small hydropower systems [5]. In Laos, while the Namche 1 hydropower plant supports economic
development, its environmental and social impacts are considerable, requiring a thorough cost-benefit
analysis [6]. In Lithuania, although hydropower plants provide renewable energy, small-scale systems
can disrupt river ecosystems, affecting water quality, benthic macroinvertebrate populations, and fish
abundance [7]. In the Philippines, hydropower development depends on upstream flow conditions, but
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other risks related to surface processes and environmental factors must also be considered. Identifying
suitable sites for small-scale hydropower systems involves analyzing landscape dynamics [8].

Indonesia has implemented several renewable energy initiatives, including solar power plants with a
capacity of 17.22 MW, geothermal plants at 2,130.7 MW, biomass at 2,200 MW, and hydroelectric
plants with an installed capacity of 6,283.3 MW [9]. In one Indonesian project, the optimal setup
included 48 units of 600 Wp photovoltaic panels, 17 units of 250 Ah batteries, and 3 units of 8,000 W
inverters [10]. Given Indonesia’s archipelagic geography and substantial water resources—including
seas, major rivers, and small rivers—there is significant potential for hydropower. However, when
utilizing small rivers, a permanent countercurrent recirculation vortex in crossflow turbines can lead to
turbulence and efficiency loss, which may be mitigated through blade modification [11].

However, carbon emissions continue to arise primarily from the use of generators in various regions
of Indonesia. Due to economic considerations and operational reliability, generators remain the
preferred option for small and medium-sized businesses such as retail stores, offices, and banks [12].
This study focuses on efforts to reduce carbon emissions in rural and suburban areas. One proposed
solution is the use of renewable energy sources, particularly water energy, which holds significant
potential for delivering clean and sustainable electricity. In rural areas with unique topographical
features, such as lowland contours (low head), harnessing water energy becomes more challenging.
Traditional pico-hydro systems in these lowland areas often suffer from limitations in efficiency and
power output. This situation necessitates innovation in pico-hydro technology to enable more efficient
electricity generation, especially on a scale suitable for rural settings. For instance, a dam fitted with a
sluice gate and a trash screen, combined with a waterwheel of 1-3 meters in height and a discharge rate
of 0.03 m?*s, can achieve high efficiency when paired with a propeller water turbine [12], [13], [14],
[15]. The potential for pico-hydro use in Indonesia is estimated at 269.52 MW and 43.79 MW,
respectively [16]. Effective water management is essential for the conservation, utilization, and
regulation of water power. In such systems, electricity is generated through the mechanical rotation of
turbines driven by water flow [17], [18]. This study designs a 100 W full-load capacity pico-hydro power
plant intended to supply electricity for rural street lighting.

This study offers a novel contribution to the design and implementation of low-head pico-hydro
systems by focusing on three key aspects. First, it introduces a portable design adaptable to local river
currents, allowing the system to be quickly installed and dismantled at the point of strongest flow—
unlike conventional systems, which are typically permanent and less flexible. Second, it utilizes an axial
generator based on a used motorcycle spool, modifying the motor spool to optimize the use of local
materials. This approach reduces production costs while maintaining high energy conversion efficiency
at low rotational speeds, which suits low-head conditions. Third, it provides a detailed performance
evaluation under varying real-world load conditions (25%—-100%), including analyses of voltage,
current, frequency, and voltage transformation efficiency using a step-up transformer for rural street
lighting applications. Compared to prior studies, this approach addresses a gap in the development of
cost-effective, adaptable, and locally sourced pico-hydro systems and offers comprehensive field test
data, which remain limited in similar campus- or rural-based research.

II. RESEARCH METHOD

This section outlines the complete preparation process from initiation to the final construction of the
system. It describes the sequential development stages, including preliminary assessment, material
selection, component fabrication, and assembly procedures, to ensure system integrity and operational
efficiency.

A. Site Selection

This study was conducted at the Brantas Joyo River in Malang City, located at geographical coordi-
nates 7°56'30"N, 112°35'59"E, as shown in Figure 1. The site was selected due to its stable water level
of 0.63 m, which provides a consistent water discharge. The river’s flow is used to rotate the generator
by converting potential energy into mechanical energy, which is then transformed into electrical energy.
The availability and consistency of water discharge are critical in determining the system’s power out-
put, making this site suitable for implementing pico-hydro technology.
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TABLE 1
RIVER DATA COLLECTION
Parameter Brantas River

Water speed (m/s) 20
River width (m) 8.05
River length (m) 10
Head height (m) 0.53
Water depth (m) 0.50
Water flow rate (m>/s) 2.0125

Research Location : Joyo Grand,
7°56'30"S 112°35'S9"E

Figure 1. Research Location
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Figure 2. Pico-hydro flowchart

Based on Figure 1 and Table 1, data collection was conducted over four days and recorded periodi-
cally. Daily averages were used in the analysis. Based on Table 1, the collected data were used for
further calculations using Equation (1). For the Brantas River, the estimated power output is 2 kW. In
comparison, three rivers with the same head of 0.53 m were also assessed, and the Joyo Grand River
showed a potential pico-hydro power output of 9.4 kW.

B. System Design

The study involved several sequential stages, each designed to optimize power generation. These
stages are illustrated in the flowchart in Figure 2. As shown in Figure 2, the primary data collected
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TABLE 2
GENERATOR PARAMETERS
Generator Parameter Specification
Max Gen Voltage (V) 48
Max Current Gen (I) 5
Generator Efficiency (%) 0
System Voltage (V) 12
Temperature (°C) 80
AC BUSBAR
LOAD 1
Transformer CT Step UP S
Axial Generator (VAC)
o 12V 20V LOAD 2
- w3k
ov ov —
LOAD 3

LOAD 4

Figure 3. System diagram of low-head pico-hydro
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included water discharge, river dimensions, equipment costs, and installation site characteristics. Tech-
nical calculations were performed to determine water discharge, target power output, and battery re-
quirements. Simulations and modeling were used to define the electrical circuitry and system design. If
error margins exceeded 10%, revisions were made before advancing. The system was then assembled
according to the simulation results, and periodic data collection was conducted to monitor system per-
formance. Finally, simulation and design outcomes were compared to assess system reliability, compli-
ance, and actual power output.

1) Axial generators

Axial generators in low-flow pico-hydro systems are supported by several components that enable the
production of electrical energy with significant output power [21], [22], [23]. In this system, the axial
generator serves as the core component, specifically designed to achieve a power capacity of up to 100
Watts. Its working principle is based on the conversion of mechanical energy into electrical energy
through electromagnetic induction. The technical specifications of the axial generator used in this study
are provided in Table 2.

The charge controller regulates the voltage output from the generator, which is first converted from
three-phase Alternating Current (AC) to Direct Current (DC). The controller manages this voltage to
identify the optimal operating point, thereby stabilizing the voltage and current produced.

The center-tapped transformer in this system also operates on the principle of electromagnetic induc-
tion, similar to conventional transformers. The alternating current (AC) in the primary winding generates
a magnetic field in the transformer core, which induces an electromotive force (EMF) in the secondary
winding. In the center-tapped configuration, the total voltage in the secondary winding is split into two
equal voltages, one on each side of the center tap.

This system also aims to increase water discharge through strategic damming in a controlled turbulent
flow environment. The design is optimized to improve flow dynamics and enhance energy capture in
low-head conditions, as shown in Figure 3.

2) CT Step-Up Transformer

The CT step-up transformer operates based on the principle of electromagnetic induction, similar to
conventional transformers. When alternating current (AC) flows through the primary winding, it gener-
ates a magnetic field in the transformer core, which in turn induces an electromotive force (EMF) in the
secondary winding. In a center-tapped configuration, the total voltage in the secondary winding is di-
vided into two equal half-voltages, each located on either side of the center tap. In (1), Np represents the
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TABLE 3
CT STEP-UP TRANSFORMER PARAMETERS

Transformer CT Parameter  Specification

Input Voltage (Vi) 12-36 VAC
Output Voltage (Vour) 110-220 VAC
Maximum Current (Inax) 5A

Maximum Power (P.) 2200 Watt

Water Container Runner Pipe

Generator

_L|L_

B ~(~

Trafo CT Lamp Load
Step Up 100 Watt

Figure 4. System diagram

number of primary winding turns, Ny the number of secondary winding turns, ¥}, the primary voltage,
and I} the secondary voltage.

Center-tapped transformers are equipped with a connection at the midpoint of the secondary wind-
ing—known as the center tap—which divides the winding into two equal parts. This allows the trans-
former to deliver two equal but oppositely polarized voltage outputs. As a result, center-tapped trans-
formers are commonly used in full-wave rectifier circuits and other applications requiring both positive
and negative voltage outputs. The specifications of the step-up transformer used in this system are pre-
sented in Table 3.

C. Simulation and Modeling

To achieve the desired performance targets, an appropriate system design and optimization process
are required. The development involves careful evaluation of various parameters and constraints to en-
sure optimal functionality. This includes systematic analysis of component specifications, material prop-
erties, and operational conditions to determine the most effective configuration. Optimization techniques
are applied to balance efficiency, cost, and sustainability. Additionally, iterative testing and refinement
are conducted to validate the design against defined performance metrics and to resolve any limitations
encountered during implementation. This comprehensive approach ensures the final system meets tech-
nical requirements while maximizing resource efficiency.

Low-head pico-hydro systems possess specific characteristics that require detailed analysis, particu-
larly in this study, which focuses on axial generators and propeller turbines. Accurate analysis is crucial
to ensure the system operates efficiently.

As illustrated in Figure 4, the system comprises several main components, including a generator, pro-
peller turbine, and CT step-up transformer, all tailored to comply with Indonesian electrical load stand-
ards [19]. Once the voltage is stepped up to 220 VAC, it can be supplied to the designated load [20].
The system is intended to power public street lighting in the Joyo Grand River area. This application is
based on a portable pico-hydro system that can be installed and dismantled as needed, depending on the
location of the river’s fastest current. The design allows for flexible placement at optimal flow points to
maximize energy generation efficiency under local environmental conditions.

1) Potential Low Head River Water Discharge

In developing this pico-hydro power generation system, the lower reaches of the river are utilized as

the primary site [25]. The underlying principle is that the greater the water fall (head), the more potential
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Figure 4. Axial generator
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energy is available for conversion into electrical energy. To calculate the potential electrical energy
generated from water flow, (2) is used, which determines water discharge based on the cross-sectional
area and flow velocity.

In (2), Q denotes the water discharge (m®/s), A is the cross-sectional area of the river (m?), and v is
the water velocity (m/s). The formula can also be expressed in terms of river dimensions, where y is the
river width (m), h is the water depth (m), x is the length of water flow (m), and t is time (s). The potential
energy available due to water elevation (head) is a crucial factor in estimating the power that can be
produced. This theoretical framework underpins pico-hydro systems, which rely on converting the grav-
itational potential energy of falling water into electricity [27], [25].

2) Generating Power of Water Potential

Water potential energy refers to the energy harnessed from falling water at a given height [26]. This
energy must be carefully considered when estimating the power and capacity that can be generated from
available water discharge. In this study, a propeller-type turbine operating at a low head and inclined at
30 degrees is used. The water discharge plays a key role in determining the pressure applied to the
turbine blades [27]. To calculate the potential electrical power generated from the water flow, (3) is
applied.

In (3), P, represents the potential electrical power output (Watts), Q is the water flow rate (m%/s),
Pwater 18 the density of water, typically 1000 kg/m?3, g is the acceleration due to gravity (9.81 m/s?), H
is the height of the water fall (head) in meters, and nT is the efficiency of the turbine, expressed either
as a decimal or percentage.

3) Generating Potential Design

The electromotive force (EMF) generated in the stator coil is alternating and rotates synchronously
with the speed of the rotor [28]. This EMF results from the variation in magnetic flux intersecting the
stator conductor as the rotor turns. To estimate the expected output voltage, the induced voltage equation
for generators is used [29], [30]. This equation is essential for designing an efficient generation system
and ensuring that the electrical output meets the requirements of the connected load. The generator
serves as the core component in converting mechanical energy—derived from the rotation of a water-
wheel—into electrical energy. As water flows and drives the waterwheel blades, the resulting rotation
turns the generator rotor, producing a magnetic field that induces voltage in the stator coil [13]. The
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generator design used in this study is shown in Figure 4. It has been adapted to match the power require-
ments and rotational speed produced by the waterwheel-based system.

The EMF induced in the stator coil is alternating and synchronized with the rotor’s rotational speed
[17]. In this design, a used motorcycle spool is repurposed by rewinding the coil to produce the desired
voltage output. References [30] and [31] provide formulas for calculating the expected voltage. This
method efficiently reuses the existing motor spool structure while tailoring the coil windings to meet
specific voltage targets. Equation (4) is used to calculate the output voltage E, of a single-phase gener-
ator with a radial configuration. This voltage represents the peak EMF induced in the stator coil as a
result of the rotating magnetic field.

In (4), f denotes the electrical frequency in Hertz (Hz), N¢,;, is the number of turns in the coil, K, is
the winding factor accounting for coil distribution and arrangement, r is the number of coil layers, g is
the number of coils, and @m is the magnetic flux per pole measured in Weber (Wb). In (4), the variables
are defined as follows: f is the frequency in Hertz (Hz), Ny, is the number of wire turns, K, is the
winding factor (assumed to be 1), r is the number of layers per coil, q is the number of coils, and ®,,, is
the magnetic flux in Weber (Wy). This equation is used to calculate the output voltage for the design of
a single-phase radial generator. To determine the strength of the magnet, (5) is applied [31].

In (5), Bpgy 1s the maximum magnetic flux density (Tesla, T), B, is the residual flux density (1), I,,
is the height of the magnet (m), and § is the air gap width (m) [32]. The area of the magnet can be
calculated using (6). In (6), 4,, is the area of the magnet (m?), 1y is the outer radius of the magnet (m),
11 is the inner radius (m), tf is the magnetic distance (m), and N,,, is the number of magnets. Finally, to
calculate the maximum magnetic flux, (7) is used [32]. In (7), 0,4, represents the maximum magnetic
flux (Wb), Apagner is the area of the magnet (m?), and By, 4 is the maximum magnetic flux density (T).

D. Assembly and Testing

After the design and simulation stages were completed, the pico-hydro system was assembled using
components tailored to the characteristics of the river flow. The assembly process began with the fabri-
cation of a propeller-type turbine mounted on a pipe runner, followed by the installation of an axial
generator modified from a used motorcycle spool. The coil was rewound to meet the system’s voltage
and current requirements. A CT step-up transformer was also integrated to raise the generator’s output
voltage from 12—14 VAC to the standard 220 VAC, in accordance with the requirements for street light-
ing.

The complete system was installed at the test site on the Brantas River in Joyo Grand, Malang. This
location was selected based on the highest water flow velocity to maximize kinetic energy conversion.
A modular installation method was employed, allowing for easy disassembly and reassembly.

Testing was conducted in stages across five load conditions: no load (0%) and incremental loads of
25%, 50%, 75%, and 100% of the system’s maximum capacity of 100 Watts. Each load condition was
simulated using combinations of 25-Watt lamps, representing typical field applications. For every load
variation, output voltage, current, frequency, and generator rotational speed (RPM) were measured using
a digital multimeter and a manual tachometer. The data were collected periodically and used to evaluate
system stability and verify the results of prior simulations. This testing process is essential to confirm
that the system can operate reliably under real-world conditions with varying loads.

E. Validation

System validation was conducted by comparing the simulation results from the design stage with
direct field measurements. The validated parameters included generator output voltage, current, fre-
quency, and rotational speed (RPM). Theoretical values were derived using standard formulas for water
potential energy and electromagnetic induction, and then compared to actual data obtained from tests
under five different load conditions.

All measurements were taken using calibrated digital instruments, with an accuracy of £0.05 V for
voltage, £0.01 A for current, and =10 RPM for rotational speed. Frequency was calculated based on the
number of magnetic poles in the generator and the observed RPM. The validation results indicated that
the deviation between simulation outputs and field measurements remained within acceptable technical
tolerance limits. For instance, the simulated no-load output voltage of 13.8 VAC matched the actual
measured range of 12—14 VAC. Likewise, the observed frequency decline from 59 Hz to 56 Hz at full
load was consistent with the predicted RPM decrease in the design.

84



Jurnal ELTIKOM :
Jurnal Teknik Elektro, Teknologi Informasi dan Komputer

14 . e s 5 &, _, . & o

13 - \c'i_h\ -:-il o fr e i _.c“'?’:\:'\ _f - ™

o ~ ".-H""' ,./ -"f_“/ - _,f'f:_-.-*--..ﬂ./

L1
B 0 » » ®
L S R R

= LIOAD 0% OF SYSTEM CAPACITY

o— LOAD 254 OF SYSTEM CAPACTTY
—s— LOAD 3% OF SYSTEM CAPACTTY
=g LOAD 75% OF SYSTEM CAPACTTY

*= LOAD Lt OF SYSTEM CAPACITY

Figure 5. Generator output voltage under 5 load variations

m

224 o A A A, F S . A A AP
ny g\ //A N\ A ,a"/f \;*\_: o //c\\._ / 4- ‘_>‘\__ . _/4"",/‘ .‘:-t"\\\'- A // p, .
2204 < ;\\" / A\ ; r - L y e o V3 A __\f// : . -/Sr/ N/ et / g/
219! ‘ ./ d N/ . /. Y e / NS, : eV
2184 » < ™ SN
n. . . . L ; . . . - . . . L .

PP R C N S Ll o C NG URRC e N S IR R SN St

~o~ LOAD 0% OF SYSTEM CAPACITY TIME
o~ LOAD 23% OF SYSTEM CAPACITY
+- LOAD 30% OF SYSTEM CAPACITY

—— LOAD 75% OF SYSTEM CAPACITY
*~ LOAD 100% OF SYSTEM CAPACITY
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Overall, the validation process confirmed that the design model and simulation approach offer good
accuracy and reliability for implementing small-scale pico-hydro systems in real-world environments.
To enhance future accuracy, the integration of automated monitoring systems using data loggers or In-
ternet of Things (IoT) technology is recommended to enable real-time data collection and strengthen
system performance evaluation.

III. RESULTS AND DISCUSSION

A. Analysis of Runner Pipe Pico-Hydro

In this study, a low-head pico-hydro system was designed to utilize the pressure generated by falling
water. The objective is to drive the water turbine to rotate at high speed. The system was developed
using Bernoulli’s principle and the law of fluid continuity. When water enters the runner pipe with a
diameter of 0.9 m, the discharge measured in Runner 1 (horizontal orientation) is 0.0063585 m?/s, while
Runner 2 (vertical orientation) records a discharge of 0.0041330 m?/s.

B. Analysis of Axial Generator Pico-Hydro

The pico-hydro system is designed to supply electrical power up to 100 Watts, requiring a stable and
reliable power source. To achieve the target voltage, appropriate winding calculations and mechanical
design adjustments are essential. In this case, the magnetic flux density was measured at
0.0000714285714285714 T, with a cross-sectional area Am of 0.858 m?, resulting in a maximum mag-
netic flux of approximately 0.0000613 Wb. The frequency, determined by the generator's rotational
speed and the number of magnetic poles, is calculated to be 60 Hz. Based on these parameters, the
resulting electromotive force (EMF) generated is approximately 13.8 V.

C. Generator Voltage Output Results — 5 Load Variations

The test results for generator voltage output under five different load conditions are presented in Fig-
ure 5. Based on the test results shown in Figure 5, the generator's output voltage under no-load conditions
ranges from 12 to 14 VAC. This output is consistent with the system design, which targets a nominal
voltage of 12 VAC, aligning with the available head and relatively low water discharge. Both theoretical
calculations and actual test results confirm a matching output of 13.8 VAC, indicating the accuracy of
the design. The pico-hydro system was designed to deliver a total power output of 100 Watts. During
testing with a 25% load (using a 25-Watt lamp), the generator maintained an output voltage between 13
and 14 V. This result reflects the relatively high rotational speed of the generator under light load. How-
ever, when tested with higher loads—50%, 75%, and 100% of capacity—corresponding to 2, 3, and 4
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units of 25-Watt lamps respectively, the generator voltage slightly decreased to a range of 12—-13 V. This
voltage drop is attributed to the increased load, which causes a reduction in generator rotational speed.

D. CT Step-Up Transformer Voltage Results — 5 Load Variations

To evaluate the performance of the CT step-up transformer, voltage output under each load condition
was measured. The results are presented in the table below Figure 6. As shown in Figure 6, a CT step-
up transformer is used to raise the generator output to 220 V, in accordance with the Indonesian standard
voltage. The transformer output ranges between 218-222 V, indicating a relatively stable voltage under
both no-load and loaded conditions. The step-up process uses a winding ratio of Np:Ns=1:18N p: N s
=1 : 18, producing an output voltage within £1% of the nominal 220 V. The voltage output varies
slightly depending on the applied load. At 25% load, the transformer output is typically in the range of
220-222 V. As the load increases to 50%, the voltage stabilizes within 220-221 V. Under a 75% load,
the voltage output generally falls between 219-220 V. When the load is reduced back to 25%, the volt-
age remains steady in the 219-220 V range. These minor fluctuations are attributed to changes in gen-
erator rotational speed, which affect the input voltage to the transformer and subsequently influence the
output voltage. This relationship highlights the dependency between generator speed and voltage stabil-
ity in the step-up process.

E. Output Results of Generator Rotation (Nrev) with 5 Load Variations

To assess the step-up transformer’s voltage output, an analysis of the test results was conducted, as
illustrated in Figure 8. The figure highlights the voltage increase achieved by the system, showing the
relationship between the input and output voltages. The data demonstrates the transformer's efficiency
in converting low input voltage into a higher output voltage, confirming its effectiveness for electrical
applications.

Based on the test results presented in Figure 7, the generator’s rotational speed—driven by the river’s
flow—ranges from 590 to 600 RPM, which aligns with the system design expectations. This relatively
low rotational speed confirms the suitability of the axial generator, which uses permanent magnets to
produce voltage efficiently at low RPM. The generator, built using a repurposed motorcycle spool, op-
erates with an estimated efficiency of around 60%. Under a 25% load, the generator’s RPM falls slightly
to a range of 580—590. As the load increases to 50%, the RPM drops further to 570-580. At 75% and
100% load, the rotational speed stabilizes in the 560-570 RPM range. These reductions in RPM with
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Figure 9. Generator output frequency under 5 load variations

increased load directly affect the electrical output, particularly the current. The current generated is in-
fluenced by the coil design, which in this case uses copper wire with a diameter of 0.8 mm.

F. Generator Current Results with 5 Load Variations

By analyzing the data presented in Figure 7, the generator’s efficiency, operational stability, and abil-
ity to supply current under real-world conditions can be evaluated. The results of the current output
during testing are shown in Figure 8.

Based on the system testing shown in Figure 8, the generator was designed to deliver a maximum
output of 100 Watts. In the initial test without load, the axial generator—rewound using 0.8 mm copper
wire, with 12 turns and 6 stacked layers—produced a current of 0 A. This result is expected, as no
electrical load was applied to the system. When a 25% load was applied, the generated current ranged
from 0.10 to 0.13 A. At 50% load, the current increased to approximately 0.20—0.23 A. Under a 75%
load, the system produced a current in the range of 0.33—0.35 A. Finally, at full load (100%), the current
output reached 0.43-0.45 A. These results clearly demonstrate a direct relationship between the load
applied and the current generated. As the load increases, the system must supply a proportionally higher
current to maintain stable operation and meet energy demands. This relationship highlights the im-
portance of designing the system to accommodate varying load conditions, ensuring that sufficient cur-
rent can be generated without compromising performance or reliability.

G. Frequency Results with 5 Load Variations

To analyze the system frequency under load conditions ranging from 25% to 100%, a detailed evalu-
ation was conducted. The results are presented in Figure 9, which illustrates how the system's frequency
responds to varying load levels. This analysis provides insight into the operational stability and perfor-
mance of the system. By examining the data, the system’s ability to maintain a consistent frequency
under increasing load can be assessed—an essential factor in ensuring reliable energy generation and
delivery.

As shown in Figure 9, the system operates at a frequency of approximately 59—60 Hz under no-load
conditions. The output frequency is influenced by the generator's rotational speed (RPM), with higher
RPM values resulting in higher frequencies. In this design, the generator features 12 magnetic poles,
which determine the output frequency through the established relationship between RPM and the num-
ber of poles. Consequently, changes in rotational speed directly affect the frequency stability of the
system.

When compared to other pico-hydro implementations, such as those reported in [15] and [18], the
system developed in this study demonstrates stable performance under low-head conditions, achieving
an energy conversion efficiency of approximately 60%. This is notable given the use of recycled com-
ponents, such as repurposed motorcycle coils. Prior studies using specialized components have reported
typical efficiencies ranging from 55% to 65%, positioning the current design as competitive both in
performance and cost-effectiveness.

Further comparisons with systems developed by [41] and [42] support these findings. For instance,
Gallego et al. reported efficiencies of around 55-65% using commercial components, whereas the pre-
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sent system achieves comparable performance using locally sourced and recycled materials. This high-
lights the potential for low-cost, community-fabricated pico-hydro systems to deliver reliable and effi-
cient energy under real-world, low-head conditions.

In terms of voltage stability, the system consistently maintained 12—14 VAC before the step-up pro-
cess and 218-222 VAC after step-up across varying load conditions. These results are comparable to
the typical output levels of micro-hydro systems used in rural applications, as reported by [43]. The
system also demonstrated acceptable frequency stability, ranging from 59 Hz at no load to 56 Hz under
full load—performance similar to Turgo turbine-based systems referenced in prior studies.

H. Current System Limitations

Despite its promising performance, the system exhibits several limitations that must be addressed for
practical, long-term implementation. Under maximum load conditions, significant drops in frequency
and RPM were observed, indicating sensitivity to overloading. This underscores the need for mechanical
reinforcement and the incorporation of adaptive load control mechanisms to enhance reliability. Addi-
tionally, the current design lacks proper weatherproofing, making critical components vulnerable to en-
vironmental factors such as rain and humidity. Future versions should include IP-rated enclosures to
improve durability under outdoor conditions. Another major limitation is the absence of energy storage;
the system operates entirely on a direct load basis. Incorporating energy storage solutions—such as
battery banks or supercapacitor modules—would allow for greater power stability and overall system
resilience.

All voltage and current measurements were conducted using a calibrated digital multimeter with ac-
curacy levels of £0.05 V and +0.01 A, respectively [44]. Generator RPM was estimated based on rotor
speed, with an error margin of approximately =10 RPM. Frequency was calculated using the standard
formula involving pole count and RPM, with expected deviations within +1 Hz [45].

Although these margins are relatively small, system accuracy and monitoring could be significantly
improved through the use of real-time data loggers and automated monitoring systems in future imple-
mentations [46].

Although the system demonstrated promising performance, several limitations must be acknowl-
edged. Under full-load conditions, a noticeable drop in frequency and rotational speed (RPM) was ob-
served, indicating the need for improved load management and mechanical reinforcement. Additionally,
the current design lacks environmental protection, making components susceptible to rain and high hu-
midity due to the absence of a waterproof enclosure. To address these issues, future designs should
incorporate key enhancements. These include the integration of IP-rated protection for electrical com-
ponents, mechanical improvements to maintain stable generator speed under heavy loads, and the addi-
tion of energy storage systems such as batteries or supercapacitors to enhance power stability. Further-
more, the implementation of a smart control system based on Internet of Things (IoT) technology is
recommended to enable dynamic load management and optimize operational efficiency.

1. Measurement Uncertainty and Error Margins

Voltage and current measurements were conducted using a calibrated digital multimeter, with uncer-
tainties of £0.05 V and £0.01 A, respectively. The estimated generator rotational speed had an error
margin of £10 RPM. Although these margins are relatively small, incorporating an automated monitor-
ing system in future studies is recommended to enable real-time data validation and improve measure-
ment accuracy.

IV. CONCLUSION

Based on the test results under no-load and 25-100% load conditions, the pico-hydro system demon-
strated performance consistent with the initial design, despite some variations in output parameters.
Under no-load conditions, the generator output voltage remained stable between 12—14 VAC, with a
rotational speed of 590—-600 RPM, a system frequency of 59—60 Hz, and zero current. The step-up trans-
former successfully increased the voltage to 220-222 V with high stability, although slight ripple was
observed in the output signal. Under load conditions (25—-100%), the generator output voltage slightly
decreased to 12—14 V as the load increased. The rotational speed dropped to 560-590 RPM, resulting
in a frequency decrease from 59 Hz at 25% load to 56 Hz at full load. The current increased proportion-
ally with the load, ranging from 0.10 A at 25% to 0.45 A at 100%. These results indicate that load
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variations affect generator rotation, frequency stability, and waveform quality. As the load increases,
the generator’s rotational speed declines due to increased mechanical resistance, impacting overall sys-
tem output. Overall, the system performs reliably and efficiently for pico-hydro applications with power
capacities of up to 100 Watts, making it a viable solution for rural and low-head energy generation
needs.
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