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Abstract 

The research aims to optimize the geometry of taper blade 

profiles for the Horizontal Axis Wind Turbine (HAWT) to 

improve aerodynamic performance and minimize fabrication 

complexity. The study used blade linearization as an optimization 

method for identifying a desirable twist (β) and chord (Cr). This 

approach enhances accuracy and boosts computational efficiency. 

It simplifies the optimization process by reducing complexity. In 

contrast, traditional nonlinear methods are slower and more 

resource-intensive due to complex aerodynamic interactions. The 

best β and Cr distributions were found by linearization with 

elements 1 and 10 of the blade length and positions 5%, 15%, 

25%, 35%, 45%, 55%, 65%, 75%, 85%, and 95% of the blade 

elements. The linearization results were used to determine the 

optimum performance of the HAWT design using simulation. The 

optimal blades for HAWT were fabricated and their performance 

evaluated under real wind conditions. The linearization of the 

45% twist and chord of elements 1 and 10 provided the best blade 

shape. Optimized twist and chord yielded HAWT performance 

with the Cp of 45% to 47% at rotational speeds of 200–900 rpm 

and wind speeds of 2–10 m/s. Twist and chord optimization 

increased the Cp from 39.71% to 46.43% with a rotational speed 

of 550 rpm at a wind speed of 6 m/s, as well as the maximum 

mechanical power from 424.28 watts to 500.35 watts at a wind 

speed of 10 m/s. The result from real wind conditions showed that 

manufactured HWAT produced an average electrical power of 

294.19 watts at a rotational speed of 590.66 rpm. These results 

demonstrate that the optimized design approach presents a close 

match and is still reasonable in comparison to practical 

conditions.  
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1 Introduction 

Indonesia primarily relies on non-renewable energy sources, 

with coal being the most significant. It holds reserves of 38.84 

billion tons and produces 600 million tons annually, suggesting a 

lifespan of 65 years without new discoveries [1]. However, 

Indonesia also possesses substantial potential for renewable 

energy, including 450 MW from mini/micro hydro, 50 GW from 

biomass, 4.80 kWh/m² per day from solar, 3–6 m/s of wind 

energy, and 3 GW from nuclear energy [1]. 

Wind energy is a promising renewable resource in Indonesia, 

with significant onshore and offshore wind speed distributions 

shown in Fig. 1. Onshore areas, such as the southern coast of Java 

and South Sulawesi, experience wind speeds of 6–8 m/s, while 

offshore locations like the Banten and Sukabumi Seas exceed 8 

m/s [2]. The Australian monsoon months of June to August 

witness these high speeds, while March and April record lower 

speeds. This possibility highlights the necessity of developing 

wind turbines to efficiently capture wind energy. 

 

 
Fig. 1. The distribution of onshore and offshore wind speeds in 

Indonesia [2]. 

 

Through the rotation of the rotor and generator shaft, wind 

turbines convert wind kinetic energy into mechanical energy, 

which then transforms into electrical energy. Wind turbines can 

effectively harness wind energy at speeds ranging from 1.6 m/s to 

3.3 m/s for minimum operation and from 13.9 m/s to 17.1 m/s for 

the highest limit of electrical power generation [4]. A micro-scale 

wind turbine, suitable for Indonesia, can generate up to 50 kW 

with a construction area of around 200 m². These turbines operate 

at wind speeds of 4.0 to 4.5 m/s and have sizes ranging from 1 to 

7.5 meters [5,6]. Designing turbine blades that adapt to Indonesia's 

wind conditions is essential for optimal performance.  

The airfoil design largely determines the efficiency of wind 

turbine blades. Saputro and Rumakso [7] used QBlade software to 

analyze blade performance by modifying the airfoil, finding that 

each airfoil has distinct lift and drag coefficients, unaffected by 

wind speed. Wahyudi et al. [8] studied NACA 3612 airfoils on 

taper, taperless, and inverse taper blades, showing that taperless 

blades with two blades produced a maximum power output of 

0.846 watts at a wind speed of 6.11 m/s.  

Material selection is crucial in wind turbine blade design. 

Ikaningsih and Rosihan [9] found that using styrofoam at the 

blade's middle and tip helps prevent overspeed at high wind 

speeds. Large-scale blades commonly use carbon fiber composites 

due to their high bending stress value around 207.48 MPa, which 

makes them durable for long-term use in capturing wind energy 

[10].  

Micro-scale wind turbines commonly use fiberglass and wood 

composites for their blades. Fiberglass's strength depends on its 

fiber pattern [11], while wood is abundant in Indonesia, with 

materials like teak, mahogany, and pine offering unique 

properties. Studies using the DIN standard show pine wood has 

static bending strengths around 62,400 kg/cm² [12,13]. Rangkuti 

et al. [14]simulated pine wood in tapered blades and found a 

maximum stress of 5.295 MPa, a deflection of 9.102 mm, and a 

safety factor of 7.743. 

The simplicity of the turbine blade manufacturing process is 

crucial when selecting materials and airfoils for micro-scale wind 
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turbines. Prioritizing easily manufactured materials is crucial as 

complex designs increase costs. Blade geometry complexity also 

impacts production and optimization techniques help simplify the 

process while achieving optimal turbine performance. 

Recent studies introduced mathematical and numerical 

methods to optimize blade geometry for improved aerodynamic 

performance. Jieyan, Chen et al. [15] summarized optimization 

techniques like Sequential Quadratic Programming (SQP), 

Genetic Algorithms (GA), Particle Swarm (PSA), and Coral Reef 

Optimization (CRO). Selig [16] used GA to optimize chord length 

and twist angle, maximizing energy production. Ceyhan [17] 

combined GA with BEM theory, while Liu and Chen [18] 

improved AEP by 7.5% using a compact GA. Abbaskhah [19] 

used Multilayer Perceptron (MLP) and Convolutional Neural 

Networks (CNN) for HAWT optimization, but these models didn't 

account for the linearization of chord and pitch angle distribution, 

which is now a key industry need. 

Sedaghat et al. [20] found that a modified linear rotor 

underperformed compared to the original shape. In contrast, 

Ramazan and Mustafa [21] achieved excellent results with a novel 

artificial bee colony algorithm for optimizing small-scale turbine 

blades. Jian Xu et al. [22] showed that the CNN-BEM model 

quickly and accurately predicted tidal turbine performance. Using 

the Betz-Joukowsky Limit theory, Kale et al. [23] improved the 

performance of microturbines by 30%. Keshavarzzadeh et al. [24] 

created a BEM framework for optimizing rotor shape and 

suggested that blade loading should be increased to reduce AEP 

sensitivity. Rahgozar et al. [25] found non-linearized micro-scale 

blades produced better power output but had starting issues. 

Abdelsalam et al. [26] noted similar power coefficients between 

linearized and original blades, but the original struggled below 5 

m/s. Augustiantyo and Setiawan [27] revealed that a taper blade 

with the SELIG 6043 airfoil achieved a Cp value of 52.2% when 

linearized at a 75% chord range and 55% twist range. 

The aforementioned studies emphasize the need for further 

research on simple blade linearization, as quantitative evaluations 

of linearized wind turbine blade performance are limited. This 

optimization method improves the accuracy of computations while 

keeping them efficient. It makes the process easier compared to 

traditional nonlinear methods, which need a lot of computing 

power and take longer to converge because aerodynamic forces 

are so complicated. This research addresses a gap by illustrating 

how the combination of the Blade Element Momentum (BEM) 

method and simple linearization can enhance aerodynamic 

performance and energy efficiency in small-scale, low-wind-speed 

microturbines. 

The linearization method was employed to optimize the twist 

angle and chord length of wind turbine blades, which are critical 

for performance. Initially designed using the BEM method, the 

blades were modified by linearizing each element to achieve an 

optimal distribution of twist and chord along the blade. The 

resulting geometry is then assessed for aerodynamic performance 

before proceeding to manufacture the blades and create a 3D 

model of the wind turbines. Finally, the constructed pine wood 

turbines will be tested to validate their design performance. 

2 Research Method 

This study aims to optimize the taper blade geometry of 

horizontal axis wind turbines for improved aerodynamic 

efficiency and energy output. We employed blade linearization to 

minimize variations in twist and chord values, thereby simplifying 

the design and production processes. Initially, the characteristic 

analysis of several airfoils was generated using QBlade software 

to establish the blade's cross-section.  

The original blades served as a reference for modifications 

based on linearization results to evaluate the aerodynamic 

performance. By making the blade elements linear between 5% 

and 95%, including elements 1 and 10, the modified blades 

generated the best twist (β) and chord (Cr) distributions. The study 

also evaluated the blade design performance at average wind 

speeds in Indonesia (2 to 10 m/s) to estimate the potential 

maximum mechanical power output and predict micro-wind 

turbine performance. We manufactured and 3D modeled the 

blades before testing them to confirm their effectiveness in 

generating electrical power under real wind conditions. Fig. 2 

illustrates the research methodology in detail.  

 

 
Fig. 2.  Flowchart of taper blade optimization for HAWT. 

 

2.1 The BEM Theory Using QBlade 

HAWT performance design and modeling were done using a 

QBlade, a free software for wind turbine blade design and 

simulation under various wind conditions. It offers a practical 

platform for analyzing aerodynamic performance without the need 

for external data processing. QBlade supports airfoil design, lift 

and drag analysis, blade optimization, and turbine simulation. 

Users can choose between HAWT, Vertical Axis Wind Turbine 

(VAWT), and propeller designs. For HAWT design and modeling, 

the user can select the HAWT mode for providing rotor blade 

design, rotor BEM simulation, turbine BEM simulation, and 

multiparameter BEM simulation. The main menu of QBlade 

Software is displayed in Fig. 3. 

In QBlade, aerodynamic forces operating on a rotor may be 

described using a steady BEM or a more sophisticated method. 

This study used a mathematical model based on one-dimensional 

BEM theory. A rotor may be described as a one-dimensional 

permeable disk. The disc is deemed perfect since it is frictionless 

and has no rotational velocity component in its wake. 
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Fig. 3. The main menu of QBlade. 

 

Fig. 4 illustrates one-dimensional momentum theory, pressure, 

and velocity at the rotor or wind turbine. The Bernoulli equation 

was employed for this case [29]. These assumptions allow the use 

of mass and momentum conservation to calculate rotor 

performance (power and thrust) and velocity in the rotor plane. 

The induction factor (a) relates the rotor plane velocity (U) to the 

incoming velocity (Uo) as formulated in Eq. 1-Eq. 2 [28]. 

 

 
Fig. 4. One-dimensional momentum theory, pressure, and velocity 

[28]. 

 

∆𝑝 =
1

2
𝜌(𝑈𝑜

2 − 𝑈2
2)    (1) 

 

𝑈 = (1 − 𝑎)𝑈𝑜    (2) 

 

Rotor performance coefficients for power and thrust, Cp and CT, 

can alternatively be described in terms of the axial induction factor 

(a) through Eq. 3-Eq. 4 [28]. 

 

𝐶𝑇 = 4𝑎(1 − 𝑎)    (3) 

 

𝐶𝑝 = 4𝑎(1 − 𝑎)2    (4) 

2.2 Airfoil Selection 

Previous studies have focused on airfoil performance by 

determining drag and lift coefficients numerically or 

experimentally under various flow conditions. Yamin and Zaid 

[30] evaluated several NACA airfoils to predict airfoil 

performance by machine learning. The initial step in developing 

wind turbine blades was to examine airfoil characteristics. The 

airfoil utilized must be of high performance and capable of 

producing a greater lift force than drag to produce an optimal 

performance of the wind turbine. The airfoils investigated include 

the WORTMANN FX 76-120, Falcon, NACA 2410, E186, and 

SELIG 3002 to investigate coefficient lift (CL) and the ratio of 

coefficient lift to coefficient drag (CL/CD) with respect to angle of 

attack (α). Airfoil geometry profiles were selected in this study as 

shown in Fig. 5. 

 

 
Fig. 5. Geometry profile of selected airfoils. 

2.3 Blade Design Parameter Modeling and Linearization 

Table 1 displays the design parameters of the micro-scale 

HAWT blade. We used these variables to determine the optimal 

twist and chord for the design operational conditions. Eq. 5–Eq. 9 

provided the twist and chord of each element for the original 

blades as the basis. The modified blades achieved optimal twist 

(β) and chord (Cr) distributions by linearizing the blade elements 

(5%, 15%, 25%, 35%, 45%, 55%, 65%, 75%, 85%, and 95%), as 

well as elements 1 and 10 along the blades. 

 
Table 1. Design parameters of HAWT blade 

Parameter  Value 

Blade type  Taper 

Maximum blade chord length  0.12 m 

Number of blade elements  10 

Blades number  3 

Rotor radius  0.8 m 

Hub radius  0.17 m 

Tip speed ratio (λ)  7 

Maximum wind speed  10 m/s 
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Analysis of twist (β) and chord (𝐶𝑟) on each blade element is 

necessary when using BEM theory for blade geometry design. 

Identifying the partial radius (r), partial tip speed ratio (𝜆𝑟), chord 

length (𝐶𝑟), and flow angle (ϕ) are some crucial modeling factors. 

The mathematical modeling of this study is represented in Eq. 5-

Eq. 12 [31]. 

The partial radius (r), which indicates the distance or location 

of the blade element from the base point, is formulated by Eq. 5. R 

is the length of the blade in meters, and n is the number of blades. 

 

𝑟 = 0.22 + [(
𝑅−0.22

𝑛
) × total element]   (5) 

 

The partial tip speed ratio (𝜆𝑟) is calculated from the overall tip 

speed ratio on the wind turbine rotor, as shown in Eq. 6. 

 

𝜆𝑟 =
𝑟

𝑅
 × 𝜆𝑅    (6) 

 

𝐶𝑟  is the length of the chord calculated from the number of 

blades used and the Coefficient Lift (CL) obtained from the 

simulation of the characteristics of the airfoil (Eq. 7). 

 

𝐶𝑟 =
16π×R×

R

r

9𝜆2×𝑛×𝐶𝐿
    (7) 

 

ϕ =
2

3
tan− 1

𝜆𝑟
    (8) 

 

φ is the flow angle, which is the parameter to be used to determine 

the twist angle (β) of the HAWT blade, as shown in Eq. 9. 

 

β = ϕ − α    (9) 

 

The amount of mechanical power, Pm (watts), generated 

depends on the torque, T (Nm), and rotational speed, ω (rpm) of 

the wind turbine rotor. The value of wind turbine performance is 

formulated using Eq. 10. 

 

𝑃𝑚 = 𝑇 × 𝜔                (10) 

Coefficient of power (Cp), as shown in Eq. 11, refers to the 

amount of wind power potential that can be converted to 

mechanical power of a wind turbine. It depends on the sweep area 

of the wind turbine, A (m/s), and wind speed flow through the 

wind turbine, V (m/s).  
 

𝐶𝑝 =
𝑃𝑚

1

2
𝜌𝐴𝑉3

                (11) 

 

The electrical power of the wind turbine, Pe (watts), will be 

calculated using Eq. 12 from the value of mechanical power 

multiplied by several parameter efficiencies: generator efficiency 

(ηgen), transmission efficiency (ηtr), and controller efficiency (ηc). 

 

𝑃𝑒𝑙 = 𝜂𝑔𝑒𝑛 × 𝜂𝑡𝑟 × 𝜂𝑐 × 𝑃𝑚               (12) 

2.4 Simulation of Aerodynamic Performance 

The aerodynamic performance analysis came after linear 

optimization was used to find the modified blades' linear twist and 

chord distribution. QBlade software simulated the modified 

geometry to identify optimal Cp, mechanical power (Pm), and 

torque based on λ = 1-10 and the wind turbine's rotational speed. 

The study also evaluated the blade design's performance at 

average wind speeds in Indonesia, varying between 2 and 10 m/s, 

to estimate the potential maximum mechanical power generated 

and provide a prediction of micro-wind turbine performance. 

2.5 Experimental Analysis 

The designed turbine, featuring three blades optimized through 

linearization, was further tested. The blades, made from pine 

wood, were manually manufactured. Additional field testing is 

necessary to validate the simulation data. Fig. 6 shows the 

experimental setup, which includes a microwind turbine and 

measurement instruments. A three-phase magnetic cogging-less 

generator is used to generate electrical power. The measuring 

system consists of a laser tachometer, multimeter, anemometer, 

data logger, and PC for monitoring wind speed, rotational speed, 

and electrical current and voltage. Testing was obtained at 5 

meters above ground, collecting hourly data on electrical power 

and rotational speed for 24 hours. 

 

 
Fig. 6. Experimental setup. 

 

2.6 Uncertainty Analysis 

The instrument uncertainties were used to calculate the 

percentage uncertainties of rotational speed, wind speed, electrical 

current, voltage, and data logger system. Table 2 displays the 

uncertainties for rotational speed (ω), wind speed (v), electrical 

current (I), voltage (V), and data logger system (DL), which were 

±2%, ±1%, ±1%, and ±1, respectively. The overall uncertainty 

was computed with Eq. 13. The error propagation approach 

employed in this investigation was based on earlier research [32]. 

The overall uncertainty was less than 5%, indicating that the 

testing results in this study were statistically reliable. 
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Total Uncertainty =  √(𝜔)2 + (𝑣)2 + (𝐼)2 + (𝑉)2 + (𝐷𝐿)2 (13) 

 

Total Uncertainty =  √(2%)2 + (2%)2 + (1%)2 + (1%)2+ (1%)2 

= ±3.31% 

 

Table 2. Uncertainty of the instruments employed in this study 

Parameter 
Percentage of 

uncertainty 

Measurement 

technique 

Rotational speed of wind 

turbine 

±2% Laser tachometer 

Wind speed ±2% Anemometer 

Electrical current ±1% Digital multimeter 

Electrical voltage ±1% Digital multimeter 

Data recorder ±1% Data logger 

3 Results and Discussion 

3.1 Airfoil Selection Result 

Fig. 7 illustrates the relationship between CL-α CL/CD-α from 

different airfoils. Generally, SELIG 3002 has the greatest value of 

CL at different α from 2 to 12 degrees. The WORTMANN FX 76-

120 airfoil had an optimal CL/CD value of 70.08 at α value of 8. 

The optimal CL/CD for Falcon is 87.9 with a α value of 8, while 

the optimal CL/CD value for the NACA 2410 is 95.38 with a α 

value of 4.5. The E186 airfoil had an optimal CL/CD value of 64.55 

at α of 3.5. The SELIG 3002 had an optimal CL/CD of 105.32 with 

an α value of 5.5. 

 

 
(a) 

 
(b) 

Fig. 7. Relationship between (a) CL-α, (b) CL/CD-α different 

airfoils. 

 

The findings on the airfoil characteristics revealed that the 

value of CL/CD increases as the α value increases until it reaches 

an optimal value for each airfoil. This value will decrease once it 

has exceeded the optimal α value as a result of fluctuating air flow 

and turbulence. A stall occurs when the CL/CD levels decrease 

after achieving the optimal α value [33]. Higher α does not usually 

imply higher CL/CD values. When the lift pressure is lower than 

the dynamic pressure of the fluid flow across the airfoil, the CL/CD 

ratio is lower. This is caused by the negative wind direction. A 

negative CL/CD ratio, as reported by Pranesh et al. [34], indicated 

that the blade is rotating opposite the axis. The examination of 

airfoil characteristics using QBlade led to the selection of SELIG 

3002 as the ideal airfoil for wind turbine designs. 

3.2 Linearization of Blade Geometry Design 

Table 3 shows the initial value of twist and chord (baseline) of 

elements 0 through 10 against partial TSR (λr) or partial radius (r) 

calculated using Eq. 5-Eq. 9. The distribution of twist and chord of 

blade geometry became the references for the linearization 

process. 
 

Table 3. Twist and chord baseline 

Element r (m) β (°) Cr (m) 

0 0.17 22.108 0.143 

1 0.233 16.919 0.104 

2 0.296 13.574 0.082 

3 0.359 11.272 0.068 

4 0.422 9.602 0.058 

5 0.485 8.34 0.05 

6 0.548 7.353 0.044 

7 0.611 6.563 0.04 

8 0.674 5.916 0.036 

9 0.737 5.376 0.033 

10 0.8 4.92 0.03 
 

Linearization was next employed in blade geometry 

optimization to attain the optimum β distributions. Fig. 8 displays 

the result of that throughout all the linearization intervals. The 

twist value tended to rise from the tip section at its maximum 

partial radius to the root section of the blade. Despite a 

linearization of 5% across two points (elements 0 and 1), the twist 

increases substantially at 0.17 m in comparison to the value at the 

tip section. Throughout the linearization interval, the characteristic 

twist slope decreases. Consequently, for every linearization 

interval between 5% and 95%, the highest and lowest twists will 

be smaller, as concluded in Table 3. The highest and lowest values 

of linear twist were 22.11° and 29.79°, both obtained from the 

linearization of 5%. Each element had a maximum twist difference 

of 5.19° at 5% linearization and a minimum twist difference of 

0.46° at 95% linearization. The twist variation of each blade 

element remained exactly the same for any percentage of 

linearization. The result suggests an effective implementation of 

the twist linearization technique as the foundation for the blade's 

geometrical optimization. 
 

 
Fig. 8. Comparison of twist distributions from linearization 5%–

95%, elements 1 and 10 of the blade. 

 

A negative twist value denotes, as shown in Table 3, a 

significant twist change along the blade. Developing a blade that 
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has negative twist distrubution is difficult because it necessitates a 

complicated manufacturing process, specific materials, and hefty 

costs [35]. Likewise, the linearization of twist ranges from 5%–

35% and was ineligible for modeling with QBlade software based 

on the BEM method. As a result, the linearization proceeds from 

45% to 95%, and the elements 1 and 10 were chosen to further 

identify the optimal power coefficient (Cp). 

Fig. 9 shows the graph of chord length linearized between 5% 

and 95% and elements 1 and 10. The characteristics of the chord 

linearization result had similarities with twist. The largest linear 

slope also occurred on a 5% chord linearization. The largest chord 

value was 0.143 m, and the smallest, -0.244 m, occurred at 

linearization in the 5% range, as in Table 4. The highest and 

lowest chord value differences for each element were 0.039 and 

0.003 at 5% and 85%-95%, respectively. 

 

 
Fig. 9. Comparison of chord length distributions from linearization 

5%–95%, elements 1 and 10 of the blade. 

 

Table 4. Result of twist linearization 

Twist of blade 

element (%) 

Linearized of β (°) ∆β (°) linear 

each element 
Result 

Highest Lowest 

β = 5 22.11 -29.79 5.19 - 

β = 15 20.26 -13.18 3.34 - 

β = 25 18.18 -4.84 2.30 - 

β = 35 16.28 -0.42 1.67 - 

β = 45 14.65 2.03 1.26 √ 

β = 55 13.27 3.41 0.99 √ 

β = 65 12.10 4.19 0.79 √ 

β = 75 11.09 4.62 0.65 √ 

β = 85 10.23 4.84 0.54 √ 

β = 95 9.48 4.92 0.46 √ 

β element 1and 10 22.11 4.92 1.72 √ 

 

Xu et al. [36] investigated how the chord distribution affected 

the shape of the blade employed, from the base end to the tip 

section. To determine the appropriate chord length for the 

specified blade design, one must determine the chord's linearity to 

align with the size of the turbine under construction. Table 5 

determined the maximum chord length in the present investigation 

to be 0.12 m. Therefore, we selected corresponding chord 

distributions based on the linearization of elements 1 and 10, 

where the highest linear chord value was 0.113 m at a partial 

radius of 0.17 m across the blade's root section, and the lowest 

chord value was 0.03 m at the tip section. 

3.3 Analysis of Performance Optimized Blade Design 

The simulation results of Cp with respect to λ are shown in Fig. 

10. Typically, the Cp for the 45% to 95% of twist is larger than for 

twist elements 1 and 10. A linear twist of 55%–95% had an 

identical Cp on each λ = 1–10. The 45% twist linearization range 

might generate the highest Cp compared to others, such as at λ = 

5–10. In addition, the maximum Cp was 46.45% for 45% of the 

twist linearization range with an average value of λ = 7.5. The Cp 

increases as λ increases to the maximum point, then decreases to 

10 of λ. This happens due to λ being linear in comparison to the 

rotational speed of the blade. λ is the ratio of the rotational speed 

multiplied by the rotor radius to the wind speed. The higher the 

speed of rotation of the wind turbine blade, the greater the power 

generated. However, high rotational speeds do not instantly 

indicate high efficiency [37], [38], as these may result in losses 

due to increased drag force and higher turbulence intensity, which 

result in the disruption of airflow around the blades [8], [38]. 

 

Table 5. Result of chord length linearization 

Chord length of 

blade element (%) 

Cr linear (m) ∆Cr linear each 

element (m) 
Result 

Highest Lowest 

Cr = 5 0.143 -0.244 0.039 - 

Cr = 15 0.126 -0.096 0.022 - 

Cr = 25 0.111 -0.033 0.014 - 

Cr = 35 0.098 -0.003 0.010 - 

Cr = 45 0.088 0.013 0.007 - 

Cr = 55 0.079 0.021 0.006 - 

Cr = 65 0.072 0.026 0.005 - 

Cr = 75 0.066 0.029 0.004 - 

Cr = 85 0.061 0.030 0.003 - 

Cr = 95 0.056 0.030 0.003 - 

Cr element 1 dan 10 0.113 0.030 0.008 √ 

  

 
Fig. 10. Relationship Cp corresponding to TSR with linearization 

of twist 45%–95%, elements 1 and 10. 

 

Fig. 11 illustrates the analysis of the torque that wind turbine 

blades generate. Torque is a force that makes the blade rotate or 

move in a circular motion around its axis. The magnitude of the 

generated torque had a significant impact on the power coefficient 

and performance of the proposed wind turbine. The torque 

increased from λ = 1 to reach optimal values on λ = 2 for the entire 

twist range of 45%–95% and elements 1 and 10. Subsequently, the 

torque decreased significantly as the λ value increased to reach the 

minimum condition at λ = 10. This occurs as a consequence of the 

increasing mechanical losses to the blade turbine caused by the 

constant rise in the rotational speed of blades [8], [39]. 

Typically, linear twisting in the 45%–95% range produced a 

better torque distribution against λ than elements 1 and 10. 

Similarly, the effect of twist linearization in the 45%-95% twist 

range showed little impact on torque with λ = 1–10. Therefore, we 

selected a linear twist of 45% and linear chord elements of 1 and 

10. This was based on the analysis of its effect on the power 

coefficient that can be generated by the blades, which was 

46.45%. Fig. 12 illustrates the comparison between the blade 

design baseline and after optimization. 
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Fig. 11. Relationship torque corresponding to TSR with the 

linearization of twist 45%–95%, elements 1 and 10. 

 

  
a) b) 

Fig. 12. Blade profile design a) baseline, b) optimized blade. 

3.4 Performance Analysis of Wind Turbine Rotor  

Fig. 13 illustrates the impact of tip speed ratio (λ) from 1 to 10 

on the power coefficient (Cp) at wind speeds of 1 to 10 m/s. 

Generally, as λ increased, Cp rose until reaching an optimal point, 

after which it declined at λ = 10. As wind speeds exceed the 

optimal range, blades face aerodynamic inefficiencies like 

increased drag and turbulence. The unstable airflow can cause 

flow separation, reducing lift and efficiency [40], [41]. This led to 

a drop in the coefficient of power (Cp). The simulation also 

indicated that variations in wind speed had minimal effect on Cp, 

suggesting that the turbine blades were capable of maximizing 

power output despite changing wind conditions. In Indonesia, 

where average wind speeds range from 6 to 8 m/s, the power 

coefficient at λ = 7.5 was 46.43%, indicating that the blade design 

was well-suited for optimal performance in these conditions. The 

generation of power determines the optimal performance of a 

wind turbine. The rotational speed and torque produced by the 

wind turbine blades are key factors that determine the amount of 

power generated. 

Fig. 14– Fig.15 illustrates how rotational speed affects Cp and 

torque when wind speed varies by 1–10 m/s. In fact, a desirable 

rotating speed for each wind speed yielded the highest Cp. 

Considering the wind speed of 6 m/s, an optimal rotational speed 

of 550 rpm yielded a Cp of 46.43%. In such operating conditions, 

the wind turbine designed with a maximum torque of 8.69 Nm 

may generate the highest power when the wind speed reaches 10 

m/s (Fig. 15). At a torque of 2.14 Nm and a wind speed of 6 m/s, 

the wind turbine generated the minimum power. The turbine 

operates efficiently across various rotational speeds depending on 

wind speed, but efficiency drops after a certain point for each 

wind speed curve. At higher wind speeds, aerodynamic issues like 

stalling, flow separation, and increased drag reduce performance, 

causing a decrease in Cp [40], [41]. Every wind speed possesses an 

optimal rotational speed that maximizes torque. As rotational 

speed increases, the interaction between the blades and wind 

becomes less efficient, leading to a torque drop [42]. At a fixed 

550 rpm, drag forces became more significant than lift, reducing 

net torque, especially at higher wind speeds. 

 

 
Fig. 13. The coefficient of performance (Cp) relates to TSR at 

wind speeds of 1–10 m/s. 

 

Fig. 14.  The coefficient of performance (Cp) relates to rotational 

speedat wind speeds of 1–10 m/s. 

 

 
Fig. 15. Relationship torque and rotational speed at wind speeds of 

1–10 m/s. 

 

Fig. 16–Fig. 17 shows the difference in aerodynamic 

performance between the optimized blade and the baseline, as 

shown by the coefficient of performance (Cp) and the mechanical 

power output (Pm). For variations in wind speed of 3–10 m/s, the 

overall optimized blade was above the baseline blade [21], [27], 

[43]. At a wind speed of 6 m/s, the optimized blade's Cp increased 

to 46.43% from the baseline value of 39.71%. Furthermore, the 
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generated power began to rise at a wind speed of 4 m/s and 

increased significantly to reach 10 m/s. Optimizing the blade 

geometry resulted in an average increase in Cp of 6.7%, regardless 

of the wind speed. 

 

 
Fig. 16. Relationship Cp and wind speed of baseline and optimized 

blades. 

 
The greatest mechanical power that an optimized blade can 

produce is 500.35 watts, whereas the maximum baseline 

mechanical power is around 424.48 watts at a speed of 10 m/s. 

Furthermore, at a wind speed of 6 m/s, both the baseline and the 

optimized blade can generate mechanical power of 105.62 watts 

and 123.5 watts, respectively. Therefore, the process of optimizing 

the blade geometry based on the twist and chord parameters 

greatly impacted the performance of the turbines, resulting in an 

increase in electrical power of 17.87% and 16.93% at wind speeds 

of 10 m/s and 6 m/s, respectively. The optimization of blade 

geometry resulted in an average increase in mechanical power of 

16.95%, regardless of the wind speed. 

 

 
Fig. 17. Mechanical Power (Pm) corresponding to wind speed of 

baseline and optimized blades. 

3.5 Experimental Analysis 

Fig. 18 shows the manufactured wind turbine model in this 

study, ready for performance tests. Pine wood was the material 

utilized. Wind turbine testing was carried out at a height of 5 

meters above the ground in real wind conditions. Real wind 

conditions involve unpredictable and naturally varying wind 

speeds, directions, and turbulence that occur outdoors. The 

experiment collected data on the electrical power and rotational 

speed generated hourly for 24 hours, as shown in Fig. 19. The 

testing process began at 8:00 AM, recording the maximum 

electrical power output and rotational speed hourly for 24 hours. 

The turbine produced 294.19 watts of power at its highest 

capacity. While the greatest rotational speed achievable was 

590.66 rpm, this value was not significantly different from the 

simulation, which was 550 rpm with an average wind speed of 6 

m/s and the highest Cp of 46.43%. 

 

 
Fig. 18. Manufactured HAWT blades. 

 

The findings also showed that the wind turbine reached its 

maximum output between 3:00 and 5:00 PM, and it actively 

generated electricity from 7–12 hours, specifically from 2:00 PM 

to 8:00 PM. The turbine did not generate electricity from the 16th 

to 21st hours. Previous studies [44]–[46] also showed that the 

maximum average daily wind power potential in Indonesia occurs 

during this time, reaching its highest between 2:00 PM and 6:00 

PM. 

 

 
Fig. 19. Experimental data on mechanical power rotational speed 

with respect to time (hourly). 

3.6 Comparative analysis and Validation Results 

It is necessary to compare the designed wind turbine 

performance simulation results with the experimental wind turbine 

performance. The power generated is a comparable parameter. In 

order to calculate the power using simulation, a few operating 

parameters need to be established, as indicated in Table 6. In this 

study, transmission efficiency and controller efficiency are 

determined to be 90%. However, the efficiency of the generator 

cannot be confirmed. Thus, additional testing is required to 

evaluate the performance of the generator type employed. 

Consequently, in order to determine its impact on the power 

produced, generator efficiency is included as an independent 

variable in sensitivity analysis. Assume that the generator that is 

being used has an efficiency range of 70%–90%. Sensitivity 

analysis helps predict wind turbine aerodynamic performance by 

identifying how changes in variables, like wind speed or blade 

angle, affect power generation, as investigated by previous studies 

[47], [48]. 
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Table 6. Operation parameters for simulation and experiment 

validation 

Operation parameter  Value 

Cut in wind speed  3 m/s 

Cut off wind speed  25 m/s 

Average wind speed  6 m/s 

Generator efficiency  70%-90% 

Transmission efficiency  90% 

Controller efficiency  90% 

 

The mechanical power is multiplied by the system efficiency 

to produce the simulated power. In order to calculate system 

efficiency, multiply the controller, generator, and transmission 

efficiencies. Fig. 20 compares simulated and experimental power 

outputs to differences in generator efficiency throughout the 70%–

90% range. The highest simulated power is 364.76 watts at a 

generator efficiency of 90%. While the smallest is 283.70 watts at 

a generator with 70% efficiency, the power from the simulation 

results did not differ significantly from the power generated by the 

experiment, which was 294.19 watts. 

 
Fig. 20. Comparison of electrical power between experiment and 

simulation. 
 

The percentage of discrepancy between the simulation and 

experiment findings is also displayed in Table 7.  

 

Table 7. Differences in electrical power between experiment and simulation 

Generator efficiency (%) Simulation (watts) Experiment (watts) % Differences (absolute) 

90 364.76 294.19 23.99 

87.5 354.62 294.19 20.54 

85 344.49 294.19 17.10 

82.5 334.36 294.19 13.65 

80 324.23 294.19 10.21 

77.5 314.09 294.19 6.77 

75 303.96 294.19 3.32 

72.5 293.83 294.19 0.12 

70 283.70 294.19 3.57 

 

The largest discrepancy between the experiment and 

simulation is 23.99% in generator efficiency of 90%, resulting in a 

simulation power of 364.76 watts. The smallest difference is 

0.12% in generator efficiency of 72.5%, producing a simulated 

power of 293.83 watts. This result indicates that the difference is 

still acceptable. Lee et al. [49] believe the differences in electrical 

power output between wind turbine simulations and real-world 

conditions arise mainly due to variable wind speeds in reality, 

while simulations often assume steady conditions. Simplified 

models used in simulations may not fully account for real-world 

factors like turbulence or blade deformation. Additionally, 

mechanical losses from friction and inefficiencies in the turbine 

are often minimized in simulations but can significantly affect 

actual performance. Consequently, it can be concluded that the 

wind turbine performance simulation results in this study coincide 

with the actual condition results. The future works need to 

evaluate the environmental effects of various turbine designs and 

operational strategies due to many uncertainties factor in actual 

condition. 

4 Conclusion 

The linearization method played a crucial role in simplifying 

and enhancing the efficiency of the optimization process, which 

focused on the twist (β) and chord (Cr) distributions along the 

blade length of the Horizontal Axis Wind Turbine (HAWT). The 

results demonstrated a significant performance improvement in Cp 

and mechanical power generated through simulation. Additionally, 

the manufactured HAWT can generate an average electrical power 

of 294.19 watts at a rotational speed of 590.66 rpm in real wind 

conditions. Overall, the linearization method successfully 

contributed to optimizing the blade profiles by reducing the 

complexity of the manufacturing process, reducing computational 

demands, and providing accurate, high-performance blade designs 

that performed well in both simulations and real wind conditions. 
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