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This paper presents an integrated optimization framework for pico-hydro 

power systems using a Genetic Algorithm (GA) to improve energy har-

vesting and efficiency. Pico-hydro performance is strongly affected by 

multi-variable interactions among hydraulic, mechanical, and electrical 

parameters, making static or single-variable methods less effective under 

fluctuating discharge conditions. The study focuses on a crossflow tur-

bine configuration designed for rural applications in East Java, Indonesia. 

Field measurements were conducted on a prototype with a net head of 

10.2 m and discharge of 0.028 m³/s. 

The optimization simultaneously adjusts turbine geometry and electronic 

load controller capacity to maximize system efficiency. The GA model 

was developed in MATLAB with multi-parameter evaluation across 120 

generations and 50 population members. The optimized configuration 

(nozzle diameter 10 mm, jet angle 22.1°, runner speed 942 rpm, and ELC 

405 W) produced a 229% increase in output power, raising overall effi-

ciency from 18% to 30%. The simulated turbine efficiency reached 78%, 

exceeding typical experimental results (65–72%) due to the idealized hy-

draulic conditions assumed in the model. 

GA demonstrates strong capability for non-linear parameter optimization, 

improving both mechanical and electrical performance. Compared with 

PSO, DE, SA, and static analytical approaches, GA offers superior global 

search performance and robustness under dynamic flow and load varia-

tions.The proposed framework supports sustainable rural electrification 

by enabling efficient, low-cost renewable energy deployment and con-

tributes to the advancement of intelligent optimization methods for small-

scale renewable energy systems in developing countries. 

I. INTRODUCTION 

he global demand for renewable energy continues to increase due to the depletion of fossil fuels and growing 

environmental concerns [30]. Indonesia, as an archipelagic country, has significant renewable energy 

potential, particularly from water resources such as rivers, irrigation channels, and micro-watersheds [29]. 

Among these, pico-hydro power systems—typically producing less than 5 kW—offer an effective solution for rural 

electrification because of their low investment cost, simple construction, and local resource availability [13]. 

Pico-hydro technology plays a crucial role in supporting energy access for rural and remote communities where 

large-scale power plants are neither feasible nor economical [19]. However, its performance is still limited by 

several challenges, including low turbine efficiency, unstable water discharge, and unoptimized load control [21]. 

These limitations often result in energy losses that reduce system reliability and long-term sustainability [24]. 

The efficiency of a pico-hydro system is strongly influenced by hydraulic–mechanical relationships involving 

head, flow rate, and nozzle geometry [26]. Crossflow turbines are widely used due to their adaptability for low-

head applications and low-cost fabrication [4]. The crossflow turbine was selected for this study because it is 

technically suitable for low-head (5–20 m) and low-to-medium discharge conditions similar to the Gunung Kawi 

site. Compared with Pelton turbines, which require high head and small concentrated jets, the crossflow turbine 

maintains performance under variable discharge and can operate effectively even with partial nozzle openings. 

Meanwhile, Francis turbines require high manufacturing precision and stable flow, making them less suitable for 

irrigation-based rural systems. Crossflow turbine efficiency, however, depends on precise geometric configuration, 
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nozzle angle, and runner blade design [15]. Improper configuration may lead to reduced power output and system 

instability [18]. 

Although optimization methods such as Particle Swarm Optimization (PSO), Differential Evolution (DE), 

Simulated Annealing (SA), and static analytical approaches have been applied in renewable energy systems, their 

effectiveness is limited for pico-hydro conditions in Indonesia [8]. These techniques generally assume stable 

operation and struggle with multi-variable, non-linear interactions. In rural pico-hydro sites, water discharge 

fluctuates seasonally and load conditions change unpredictably. Static optimization cannot adapt to these variations, 

while PSO and DE may converge prematurely under rapidly changing flow conditions. In contrast, the Genetic 

Algorithm (GA) offers strong global search capability, multi-objective flexibility, and robustness for complex 

hydraulic–electrical interactions [16]. 

Several studies have focused on improving crossflow turbine performance through experimental, analytical, and 

computational approaches [22]. Ardana et al. (2016) highlighted the influence of nozzle-to-wheel diameter ratio, 

while Budiarso et al. (2020) emphasized nozzle geometry optimization [6]. Felix & Goeritno (2024) showed that 

crossflow prototypes can reach up to 72% efficiency under stable conditions [9]. Additional findings on flow 

uniformity, blade profile optimization, and turbulence reduction have been reported in recent studies [23]. 

Despite these improvements, most existing designs still rely on static optimization that does not adapt to dynamic 

flow and load variations [11]. Advanced metaheuristics—including PSO, DE, and SA—have been explored, but 

their adaptability for real rural pico-hydro conditions remains limited [12]. GA has been recognized as a robust 

method capable of solving multi-objective and nonlinear optimization problems efficiently [10]. GA processes—

selection, crossover, and mutation—enable systematic enhancement toward optimal performance [1]. 

In renewable energy applications, GA has been used to optimize mechanical designs, improve generator load 

control, and increase overall energy conversion efficiency [5]. In pico-hydro systems, GA offers advantages by 

integrating hydraulic, mechanical, and electrical parameters within a unified optimization process [7]. However, 

integrated optimization that includes turbine geometry, discharge, and electronic load controller parameters 

remains limited in Indonesian studies [20]. 

Therefore, this study proposes a Genetic Algorithm–based optimization framework to maximize pico-hydro 

system efficiency and power output. The framework couples hydraulic and electrical subsystems using 

computational models validated by field measurements [3]. The novelty of this research lies in the integrated 

optimization of mechanical, hydraulic, and electrical parameters within a single model, providing improved 

adaptability and stable operation under variable flow and load conditions [17]. This approach contributes to 

sustainable pico-hydro development and enhances rural energy self-reliance in Indonesia [28]. 

II.  METHOD 

The method framework of this research was designed to integrate field measurements, analytical modeling, and 

metaheuristic optimization using a Genetic Algorithm (GA). The study was conducted at the irrigation channel of 

Mount Kawi, East Java, Indonesia, where the water discharge and head potential were suitable for pico-hydro 

energy harvesting. The approach combined hydraulic analysis, turbine performance modeling, electronic load con-

troller (ELC) design, and GA-based optimization for maximizing the total system efficiency. 

 

A. Site Characterization and Experimental Setup 

The experimental site was selected based on flow stability, accessibility, and representativeness of rural irrigation 

conditions. The geographical coordinates of the site are approximately 8°8′ S and 112°30′ E, situated at an elevation 

of 350 meters above sea level. Measurements of discharge were carried out using a V-notch weir, while the head 

was determined by piezometric readings between inlet and outlet points. The physical and electrical parameters of 

the installation are summarized in Table 1. 
TABLE I. 

 PHYSICAL AND ELECTRICAL PARAMETERS OF THE PICO-HYDRO INSTALLATION. 

Parameter Symbol Value Unit Description 

Gross head 𝐻𝑔𝑟𝑜𝑠𝑠 10.8 m Vertical height difference 

Net head 𝐻𝑛𝑒𝑡 10.2 m After head losses 

Discharge 𝑄 0.028 m³/s Average water flow 

Penstock length 𝐿 12 m PVC pipe 

Penstock diameter 𝐷 0.05 m PVC pipe inner diameter 

Turbine type – Crossflow – Two-stage runner 

Generator – PMSG – 2 kW single-phase 

ELC capacity – 200 W Baseline load controller 
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The turbine and generator were coupled through a belt-and-pulley transmission, and electrical parameters 

(voltage, current, frequency) were recorded at 1-second intervals for 30 minutes at each operating condition. 

Baseline data collection was conducted to validate the theoretical models before optimization. 

The overall research methodology was designed through several sequential stages to ensure accurate modeling 

and optimization of the pico-hydro system. It began with a comprehensive literature review to identify factors 

influencing turbine efficiency and control strategies. This was followed by field data acquisition to measure 

discharge, head, and electrical parameters at the study site. The collected data were used to build analytical models 

for turbine and generator performance. Subsequently, the Genetic Algorithm (GA) was implemented to optimize 

key parameters, including nozzle diameter, jet angle, runner speed, and electronic load controller (ELC) capacity. 

Finally, model validation was conducted through comparative analysis between baseline measurements and 

optimization results. 

 

B. Hydraulic Power and Head Loss Modeling 

The available hydraulic power of the water flow is given by: 

𝑃𝑤𝑎𝑡𝑒𝑟 = 𝜌 × 𝑔 × 𝑄 × 𝐻𝑔𝑟𝑜𝑠𝑠 

 

where 𝜌is the density of water (1000 kg/m³), 𝑔is the gravitational acceleration (9.81 m/s²), 𝑄is discharge (m³/s), 

and 𝐻𝑔𝑟𝑜𝑠𝑠is the gross head (m). 

To account for friction and local losses, the Darcy–Weisbach equation was used: 

ℎ𝑓 = 𝑓
𝐿

𝐷

𝑣2

2𝑔
 

 

and for fittings, 

ℎ𝑚 = ∑𝐾𝑖

𝑣2

2𝑔
 

 

where 𝑣is flow velocity, 𝑓is friction factor, and 𝐾𝑖represents the local loss coefficients (bend, valve, entrance). 

 

The total loss is the sum ℎ𝐿 = ℎ𝑓 + ℎ𝑚, and the net head is obtained as: 

𝐻𝑛𝑒𝑡 = 𝐻𝑔𝑟𝑜𝑠𝑠 − ℎ𝐿 

 

For the measured discharge and geometry, ℎ𝐿was found to be 0.6 m, giving a net head of 10.2 m. Thus, the 

available hydraulic power is approximately 2.8 kW, in line with previous small-scale studies [26]. 

 

C. Turbine and Generator Model 

The turbine converts hydraulic power to mechanical shaft power: 

𝑃𝑠ℎ𝑎𝑓𝑡 = 𝜂𝑡 × 𝜌 × 𝑔 × 𝑄 × 𝐻𝑛𝑒𝑡 

 

where 𝜂𝑡denotes the turbine efficiency. For a crossflow turbine, efficiency depends on three major parameters: 

nozzle diameter (𝑑), jet angle (𝜃), and runner speed (𝑁) [23]. 

 

The efficiency is experimentally correlated as: 

𝜂𝑡 = 𝑓(𝑑, 𝜃, 𝑁) 

 

and the specific speed (Ns) and speed ratio (ϕ) are defined as: 

𝑁𝑠 =
𝑁√𝑃𝑠ℎ𝑎𝑓𝑡

𝐻𝑛𝑒𝑡
5/4

and𝜙 =
𝑈

𝑉𝑗
=

𝜋𝐷𝑁

60√2𝑔𝐻𝑛𝑒𝑡

 

 

where 𝑈is runner peripheral velocity and 𝑉𝑗is jet velocity. 
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The generator converts mechanical power into electrical power: 

𝑃𝑒𝑙𝑒𝑐 = 𝜂𝑔𝑃𝑠ℎ𝑎𝑓𝑡 

 

where 𝜂𝑔typically ranges from 0.85 to 0.95. The generator used in this study is a permanent magnet synchronous 

generator (PMSG), which provides stable output even at variable turbine speeds [11]. 

 

D. Electronic Load Controller (ELC) Regulation 

The ELC maintains constant frequency and voltage by dynamically balancing the active load and dump load. 

The control relationship is modeled as: 

𝑃𝑙𝑜𝑎𝑑 + 𝑃𝑑𝑢𝑚𝑝 = 𝑃𝑒𝑙𝑒𝑐 

and 

𝑃𝑑𝑢𝑚𝑝 = 𝑘(𝑓 − 𝑓𝑟𝑒𝑓) 

 

where 𝑓is the measured frequency, 𝑓𝑟𝑒𝑓 = 50Hz, and 𝑘is the proportional gain. When load decreases, the ELC 

diverts excess energy into ballast resistors, ensuring the generator operates at stable speed and frequency [21]. In 

the baseline condition, the ELC was rated at 200 W, which proved insufficient for rapid load fluctuations. The 

GA optimization later included this parameter to determine the ideal ELC capacity that minimizes voltage and 

frequency deviations. 

E. Genetic Algorithm Optimization Framework 

The Genetic Algorithm (GA) was selected due to its global search capability and effectiveness for multi-variable 

nonlinear problems [22]. The optimization aimed to maximize total system efficiency (𝜂𝑡𝑜𝑡𝑎𝑙) and output power 

(𝑃𝑜𝑢𝑡) by adjusting four decision variables: 

𝑋 = [𝑑, 𝜃, 𝑁, 𝑃𝐸𝐿𝐶] 
 

The objective function is formulated as: 

Maximize 𝑓(𝑋) = 𝑤1𝜂𝑡𝑜𝑡𝑎𝑙(𝑋) + 𝑤2𝑃𝑜𝑢𝑡(𝑋) − Penalty(𝑋) 
 

where 𝑤1 = 𝑤2 = 0.5to balance both objectives, and a penalty is imposed if system constraints (frequency 

deviation > ±0.5 Hz or voltage > ±5 %) are violated. The configuration of the Genetic Algorithm (GA), including 

population settings and variable constraints, is summarized in Tables 2 and 3. 

 
TABLE II.  

GENETIC ALGORITHM OPTIMIZATION PARAMETERS. 

Parameter Symbol Value 

Population size 𝑁𝑝𝑜𝑝 50 

Generations 𝐺𝑚𝑎𝑥 120 

Crossover probability 𝑃𝑐 0.8 

Mutation probability 𝑃𝑚 0.05 

Selection method – Roulette wheel 

Crossover type – Single-point 

Mutation – Gaussian random 

Termination – No improvement after 10 generations 

 
TABLE III.  

DECISION VARIABLE CONSTRAINTS USED IN THE GA OPTIMIZATION PROCESS 

Variable Range Unit 

Nozzle diameter (𝑑) 6–12 Mm 

Jet angle (𝜃) 18–24 ° 

Runner speed (𝑁) 800–1200 Rpm 

ELC capacity (𝑃𝐸𝐿𝐶) 100–600 W 

 

The selected variable ranges were not arbitrary but based on hydraulic and mechanical constraints of crossflow 

turbine operation. The nozzle diameter range (6–12 mm) corresponds to the optimum jet thickness recommended 

for small-scale crossflow runners with 90–110 mm blade height, ensuring jet coherence without excessive 
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turbulence. The jet angle range (18–24°) reflects the typical optimal entry angle reported in experimental studies 

for maximizing double-impact efficiency while avoiding backflow losses. The runner speed range (800–1200 rpm) 

is derived from the specific speed characteristics of crossflow turbines operating at 10–12 m head, balancing torque 

and generator synchronization. The ELC capacity range (100–600 W) was chosen based on measured load 

variations at the site and the need to stabilize the generator during peak fluctuations. Together, these ranges ensure 

that GA explores only hydraulically feasible and physically meaningful solutions. 

The GA process was implemented in MATLAB. Figure 1 illustrates the flowchart summarizing the 

computational steps from initialization to convergence. 

 

 
Figure 1. Flowchart of GA-based optimization process 

 

F. Simulation and Validation Procedure 

The simulation consisted of three main stages: baseline validation, GA optimization, and post-optimization 

testing. 

1. Baseline validation: 

The theoretical models were verified using measured field data to ensure consistency between predicted 

and actual performance. 

2. GA optimization: 

The algorithm was executed for 120 generations with 10 independent trials. Convergence behavior was 

monitored through fitness evolution to confirm robustness. 

3. Post-optimization testing: 

The optimized configuration was subjected to ±10 % discharge variation to assess sensitivity and 

operational stability. 

4. Comparative analysis: 

The results were benchmarked against prior experimental and computational studies to evaluate 

improvements in energy harvesting efficiency. 

 

G. Summary of Research Framework 

 

The research framework consists of a series of systematic stages designed to ensure accurate modeling and 

optimization of the pico-hydro system. As shown in Figure 2, the process begins with a literature study to identify 

relevant theories and parameters affecting turbine efficiency. 

Next, field data collection is carried out to obtain discharge (Q) and head (H) values as the basis for calculating 

hydraulic power. These data are used in the mathematical modeling stage, where turbine and generator performance 

are expressed in analytical equations. 
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The Genetic Algorithm (GA) is then applied by defining optimization variables—nozzle diameter, jet angle, 

runner speed, and ELC capacity—and setting an objective function to maximize system efficiency. The algorithm 

is implemented in MATLAB, producing optimized parameters through iterative computation. 

The results analysis compares GA-based optimization outcomes with baseline conditions to measure efficiency 

improvements, while validation is performed using field or literature data to ensure model accuracy. 

Figure 2 illustrates the complete research sequence, linking each stage from data acquisition to optimization and 

validation. 

 
Figure 2. Research framework 

 

III. RESULTS AND DISCUSSION 

A. Field Data and Hydraulic Potential 

The pico-hydro site is located on an irrigation channel in the mountain Kawi area, Wonosari Village, Malang 

Regency, East Java, Indonesia, which has a total head of approximately 10.8 m and a discharge range of 0.026 – 

0.030 m³/s, depending on seasonal flow variation. Field surveys were conducted to collect hydraulic parameters, 

such as flow rate (Q), head height (H), water velocity (v), and turbine inlet/outlet conditions. 

These parameters were used to determine the available hydraulic power using the following equation: 

Ph = ρ × g × Q × H 

where: 

ρ = 1000kg/m3 (density of water), 
g = 9.81m/s2 (gravitational acceleration), 
Q = discharge (m³/s), and 

𝐻 =  net head (m) 

 

The measurement results are summarized in Table 4. 
TABLE IV.  

FIELD MEASUREMENT RESULTS OF PICO-HYDRO SITE. 

Parameter Symbol Value Unit 

Gross Head Hg 10.8 M 

Net Head Hn 10.2 M 

Average Discharge Q 0.028 m³/s 

Water Velocity V 7.9 m/s 

Hydraulic Power Ph 2.80 kW 
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The hydraulic power potential of 2.80 kW indicates that the site is suitable for pico-hydro generation (< 5 kW 

capacity). However, energy losses were found due to uneven jet distribution and flow turbulence at the turbine 

nozzle. 

 

Figure 3 Pico-hydro installation on the irrigation channel at the research site. 

 

B. System Modeling Results (Baseline)  

Based on field data, the turbine and generator models were built to evaluate baseline performance. The hydraulic-

to-mechanical energy conversion follows: 

𝑃𝑡 = 𝑛𝑡 × 𝑃ℎ 

and the electrical output is expressed as: 

𝑃𝑒 = 𝑛𝑔 × 𝑃𝑡 

where 𝑛𝑡 = turbine efficiency and 𝑛𝑔 = generator efficiency. 

The results of baseline testing are shown in Table 5. 

 
TABLE V.  

BASELINE PERFORMANCE RESULTS OF THE PICO-HYDRO SYSTEM 

Parameter Symbol Value Unit 

Turbine Speed N 900 Rpm 
Output Voltage V 220 V 

Output Current I 2.43 A 

Output Power 𝑃𝑒 0.536 kW 

Turbine Efficiency 𝑛𝑡 20 % 

Generator Efficiency 𝑛𝑔 90 % 

System Efficiency 𝑛𝑠𝑦𝑠 18 % 

The baseline total efficiency of 18% was relatively low compared to the theoretical potential (25–30%). Losses 

were mainly due to suboptimal nozzle alignment and unstable generator loading under fluctuating discharge. 
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C. Implementation of the Genetic Algorithm (GA) 

Optimization of the pico-hydro system was conducted using the Genetic Algorithm (GA) within MATLAB’s 

GA Toolbox. The optimization process targeted the simultaneous improvement of nozzle diameter, jet angle, runner 

speed, and ELC (Electronic Load Controller) capacity. 

The objective function was to maximize the overall efficiency, given by: 

𝐹 = 𝑛𝑡 × 𝑛𝑔 −  λ × ∣ 𝛥𝑓 ∣ 

where λ represents the penalty coefficient for frequency deviation (Δf). 

The GA was configured with a population of 50, 120 generations, a crossover probability (Pc) of 0.8, and a 

mutation probability (Pm) of 0.05. The algorithm flow is summarized in Figure 4, while the convergence behavior 

is shown in Figure 4. 

 

Figure 4. Flowchart of the Genetic Algorithm implementation for pico-hydro optimization. 

 

Figure 5. GA convergence curve showing fitness evolution over 120 generations. 
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The convergence plot indicates that fitness improved rapidly within the first 50 generations and stabilized near 

0.78 after 110 generations. This demonstrates GA’s global search capability and resistance to local minima, as 

confirmed by Goldberg (1989) and Mitchell (1996). 

 

D. Optimization Results and System Performance Analysis 

The GA identified the optimal parameter configuration summarized in Table 6. 
TABLE VI.  

OPTIMAL PARAMETERS OBTAINED FROM GA OPTIMIZATION. 

Parameter Symbol Optimal Value Unit 

Nozzle Diameter 𝑑 10.0 Mm 

Jet Angle θ 22.1 ° 

Runner Speed 𝑁 942 Rpm 

ELC Load Capacity PELC  405 W 

 

The GA results indicate clear interdependencies among the optimized variables. A smaller nozzle di-

ameter (10 mm) produced a more concentrated jet, which required a slightly higher runner speed (942 

rpm) to maintain optimal velocity ratio. Conversely, larger nozzle diameters tested during optimization 

tended to reduce jet velocity, causing the GA to compensate by lowering runner speed and increasing 

ELC capacity to maintain electrical stability. The jet angle also influenced the optimum ELC setting: 

angles closer to 18° generated higher torque spikes, requiring a larger dump-load capacity, while angles 

around 22° produced smoother rotational profiles with moderate ELC demand. These variable interac-

tions demonstrate that hydraulic and electrical parameters must be optimized simultaneously rather than 

independently. 
The optimized performance was significantly higher than the baseline, as shown in Table 7. 

TABLE VII.  

COMPARISON BETWEEN BASELINE AND OPTIMIZED SYSTEM PERFORMANCE. 

Performance Indicator Baseline Optimized Improvement (%) 

Turbine Efficiency (ηt) 20 78 +290 

Generator Efficiency (ηg) 90 98 +8.9 

System Efficiency (ηsys) 18 30 +66.7 
Output Power (kW) 0.536 1.764 +229 

 

The turbine efficiency obtained in this study reaches 78%, which is higher than previous experimental findings 

reported in the literature. The simulated turbine efficiency of 78% is higher than the 65–72% efficiency commonly 

reported in experimental studies.  

This difference is expected, as the GA model assumes idealized hydraulic conditions with minimal nozzle losses 

and uniform jet distribution. Real prototypes typically experience additional losses such as bearing friction, jet 

dispersion, blade imperfection, and turbulence caused by debris or non-uniform irrigation flow. Furthermore, the 

model excludes small-scale mechanical misalignments and leakage losses that occur in real installations. Therefore, 

the 78% value should be interpreted as the theoretical upper bound under optimized conditions rather than a direct 

representation of field performance. 

The output power increased from 0.536 kW to 1.764 kW, representing a 229% improvement. The optimized 

turbine achieved a smoother torque profile and reduced energy loss. 

 

Figure 6. Performance comparisonof the pico-hydro system before and after GA optimization. 
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E. Sensitivity and Robustness Analysis 

 

A ±10% discharge variation was simulated to assess robustness. The results are presented in Table 8, showing 

minimal efficiency fluctuation even under variable flow rates. 

TABEL VIII.  
SENSITIVITY ANALYSIS OF OUTPUT POWER AND EFFICIENCY UNDER VARYING DISCHARGE. 

Discharge Variation Q (m³/s) Output Power (kW) Total Efficiency (%) 

−10 % 0.0252 1.58 27.5 
Nominal 0.0280 1.76 30.0 

+10 % 0.0308 1.93 31.5 

The efficiency remained within ±3% of the nominal value, confirming that the optimized configuration was 

stable under hydrological fluctuation. The most sensitive variables were runner speed and nozzle diameter, con-

sistent with previous studies (Quaranta & Revelli, 2016; Paudel et al., 2019). 

 

F. Validation and Comparison with Previous Studies 

Validation was conducted through comparative analysis with several studies on pico-hydro optimization. As 

shown in Table 9, this study achieved the highest efficiency within the pico-hydro scale range. 

TABLE IX.  

COMPARISON OF GA-BASED OPTIMIZATION RESULTS WITH PREVIOUS STUDIES. 

Study Method Max Efficiency (%) Output Power (kW) Remarks 

Subekti et al. (2018) Experimental 65 1.2 Crossflow prototype 
Quaranta & Revelli (2016) CFD 75 1.5 Idealized flow 

Felix & Goeritno (2024) Experimental 72 1.4 Local system 

Dhemahestri et al. (2023) Experimental 74 1.6 Conference version 

The improvement can be attributed to the multi-domain optimization of both hydraulic and electrical compo-

nents. GA effectively balanced turbine speed and ELC control, achieving maximum power at minimum loss. 

G. Discussion of Physical Mechanisms 

The physical mechanisms observed in the optimized configuration indicate a coherent interaction between hy-

draulic and electrical parameters. When the discharge increases, the turbine’s rotational speed also rises due to 

higher kinetic energy, which consequently enhances mechanical power output. However, the increased flow also 

leads to higher frictional losses along the penstock and minor head losses at the nozzle. The Genetic Algorithm 

successfully balanced these effects by tuning the nozzle diameter and jet angle to maintain an optimal velocity 

distribution across the runner blades. As a result, the turbine achieved stable performance with reduced vibration 

and improved energy conversion efficiency under variable discharge conditions. 

Specifically, the increased jet momentum produced by the 10 mm nozzle diameter improved energy transfer 

efficiency, while the optimized jet angle of 22.1° minimized flow turbulence and ensured a tangential impact on 

the runner blades. The runner speed of 942 rpm effectively reduced vibration and frequency fluctuation, whereas 

the enhanced Electronic Load Controller (ELC) regulation stabilized output voltage and prevented load overshoot. 

These combined improvements increased total system efficiency by 66.7% and enhanced electrical stability, prov-

ing the viability of GA as an effective optimization approach for small-scale hydroelectric systems. 

Compared to Paudel et al. (2019), the optimized configuration in this study achieved higher stability under dis-

charge variation due to simultaneous tuning of mechanical and electrical parameters. This improvement highlights 

the advantage of integrating GA-based optimization over conventional single-domain approaches in pico-hydro 

systems. 

 

H. Summary of Results 

This subsection summarizes the main findings obtained from the optimization and experimental validation. The 

Genetic Algorithm (GA) optimization successfully improved overall system efficiency from 18 % to 30 %, result-

ing in a 229 % increase in output power. The optimal configuration was achieved at a 10 mm nozzle diameter, 

22.1° jet angle, 942 rpm runner speed, and 405 W ELC capacity. The convergence curve indicated stable evolution 
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after 90 generations, showing that the GA achieved a robust global optimum. Experimental validation confirmed 

that the optimized configuration provided higher voltage stability and reduced mechanical vibration compared with 

the baseline system. 

The results confirm that coupling mechanical and electrical parameter optimization using GA significantly en-

hances the stability and efficiency of pico-hydro systems under varying load and discharge conditions. These find-

ings serve as the basis for the conclusions and recommendations presented in the following section. 

 

IV. CONCLUSION 

This study successfully applied a Genetic Algorithm (GA)-based optimization method to enhance energy 

efficiency and power harvesting in a pico-hydro power system. Through systematic modeling, simulation, and 

validation using MATLAB, several key findings were obtained: 

1. Baseline system performance recorded a total efficiency of 18% with an electrical output of 0.536 kW 

under a net head of 10.2 m and flow rate of 0.028 m³/s. 

2. GA optimization effectively improved the critical parameters — nozzle diameter (10.0 mm), jet angle 

(22.1°), runner speed (942 rpm), and ELC load (405 W) — leading to a convergence fitness value of 0.78 

after 120 generations. 

3. The optimized system efficiency reached 30%, with a 229% increase in output power (up to 1.764 kW), 

confirming the robustness and effectiveness of GA in multi-domain optimization. 

4. The optimization model demonstrated strong stability and adaptability under ±10% discharge variation, 

maintaining system performance within a 3% deviation margin. 

5. Compared with previous studies, this approach produced superior efficiency (78%) under field-calibrated 

conditions, validating GA’s capability in enhancing low-head pico-hydro applications. 

The study confirms that pico-hydro performance is governed by strong multi-variable interactions between hy-

draulic, mechanical, and electrical parameters. GA successfully identified these dependencies and produced an 

optimized configuration that significantly improved overall efficiency. The results demonstrate that GA is techni-

cally superior to static or single-variable methods for small-scale rural hydro environments, particularly in systems 

with fluctuating discharge and dynamic load conditions. Overall, the integration of GA in pico-hydro system design 

represents a significant advancement in renewable energy optimization, providing a cost-effective, data-driven 

strategy for maximizing efficiency and sustainability in rural electrification systems. 
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