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This study aims to assess the aerodynamic performance and predicted
power output of a 500 W small-scale wind energy conversion system
under low-to-moderate wind speeds using QBlade version 2.0.8.6. A
three-bladed horizontal-axis wind turbine with a 4 m rotor diameter
was designed using the NACA 4412 airfoil for a design wind speed of
6 m/s and a tip-speed ratio (TSR) of approximately 6. Rotor and
turbine performance were evaluated using Blade Element Momentum
(BEM) simulations, considering Stall Control, Pitch Control, and
Prescribed operating strategies. The rotor achieved a maximum power
coefficient C, of approximately 0.41 at a TSR of 5-6. Among the three
strategies, Pitch Control maintained the nominal 500 W output at wind
speeds above approximately 7 m/s. In contrast, Stall Control and
Prescribed produced predicted outputs of 2317.35 W and 1980.30 W,
respectively, at 15 m/s, exceeding the nominal power rating. A fixed
pitch angle of 5°, a loss factor of 0.1, and fixed losses of 25 W were
incorporated as modelling assumptions for the preliminary prediction
of net output electrical power generation. These findings demonstrate
that the selected power regulation strategy substantially influences the
predicted power characteristics of a small-scale wind turbine. Pitch
Control provides the most consistent output with the 500 W rating
among the strategies investigated, while the other strategies require
further assessment of power limitation under higher wind speeds. The
results provide a numerical basis for evaluating small wind turbine
performance in low-wind-speed applications.
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1. INTRODUCTION

The increasing demand for clean, decentralized, and sustainable electricity has encouraged the
development of small-scale wind energy conversion systems (WECS), particularly for applications in areas

with limited grid access and relatively

low wind speeds. However, extracting useful energy from low-speed

wind remains challenging because the available wind power is strongly dependent on wind speed, while turbine
performance is also influenced by blade geometry, airfoil characteristics, and operating conditions. Umar et al.
[1] investigated the design and optimization of a small-scale horizontal-axis wind turbine (HAWT) blade for
energy harvesting in low-wind-profile areas. Zarketa-Astigarraga et al. [2] examined the effects of turbulence
and blade surface degradation on the annual energy production of small-scale wind turbines, while Terefa et

al. [3] investigated the optimal design o
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f mixed-airfoil blades for small-scale HAWTs. These studies highlight
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the importance of aerodynamic design and operating conditions in improving the performance of small wind
turbines. Nevertheless, selecting an appropriate blade configuration alone does not fully explain how a turbine
performs across a range of wind speeds or how its power output can be regulated according to a specified
power rating.

Blade Element Momentum (BEM) theory is widely used in preliminary wind turbine design because
it combines the acrodynamic characteristics of individual blade sections with momentum principles applied to
the rotor. Radi and Djebli [4] demonstrated the application of BEM theory for the optimal design of a
horizontal-axis wind turbine. Assessing turbine performance under realistic wind conditions is also important.
Abad et al. [5] evaluated small wind turbine performance under variable urban wind conditions, emphasizing
the relevance of wind variability in performance assessment. For low-wind-speed applications, Kumar et al.
[6] investigated the design and analysis of a small wind turbine using QBlade, while Zidane and Mahmood [7]
conducted aerodynamic design and analysis of a small horizontal-axis wind turbine using the same software.
Friih [8] examined the assessment of small wind energy systems using regional weather data, and Y ounoussi
and Ettaouil [9] numerically studied the aerodynamics of a small HAWT operating at low wind speed.
Collectively, these studies provide a basis for applying aerodynamic analysis and numerical simulation to
small-scale wind energy systems. However, further analysis is needed to connect rotor aerodynamic
performance with turbine-level power regulation for a turbine designed around a specific nominal power rating.

The performance of small wind turbines is affected not only by blade acrodynamics but also by rotor
configuration, operating conditions, and the strategy used to regulate power. Rosato et al. [10] reviewed the
geometry, materials, costs, and performance of commercial small-scale horizontal- and vertical-axis wind
turbines. Strojny [11] investigated the efficiency of a small-scale wind turbine with a rotor adapted for low
wind speeds, while Kulak et al. [12] experimentally examined the influence of rotor solidity and blade pitch
on small HAWT performance. Kadhim et al. [13] studied low-speed wind energy harvesting using a micro-
wind-turbine system, and Mthethwa et al. [14] described the development of a portable small wind turbine for
integration into mobile cooling technology. In addition, Signoretti et al. [15] compared the aerodynamic
efficiency of small-diameter wind turbine blades using NACA 4412 and Clark Y airfoils. Hasan et al. [16]
experimentally examined electrical power generation from a commercial small-scale wind turbine with a
modified aerodynamic design. Although these studies address several important aspects of small wind turbine
performance, a systematic comparison of different turbine power-regulation strategies for a 500 W-class
HAWT over a common wind-speed range remains a relevant subject for further investigation.

The generator is another important component of a WECS because the mechanical power delivered
by the turbine must be converted into electrical power. Permanent magnet synchronous generators (PMSGs)
are potential options for small-scale wind energy applications, including systems designed for relatively low
rotational speeds. Aika et al. [17] evaluated the performance of a mini PMSG for a wind energy system, while
Smaza et al. [18] investigated the selection of a suitable permanent magnet synchronous machine design for a
small wind turbine. These studies demonstrate the relevance of generator selection and characterization in
small-scale wind energy conversion. However, the present study does not incorporate an integrated PMSG and
power-converter model in QBlade. Therefore, its primary focus is the aerodynamic and turbine-level
performance predicted by QBlade rather than the experimentally verified electrical output of a generator. The
assumed generator rating of 500 W is used as a reference for evaluating the predicted turbine power, not as
evidence that the generator delivers 500 W of actual electrical power.

To address this research gap, the present study investigates a three-bladed HAWT with a rotor
diameter of 4 m and NACA 4412 airfoils, designed around a nominal generator capacity of 500 W. The blade
design is developed using a design tip-speed ratio of approximately 6 and a specified design angle of attack.
The aerodynamic characteristics of the rotor are first evaluated using Rotor BEM in QBlade version 2.0.8.6.
Subsequently, Turbine BEM simulations are conducted over wind speeds ranging from 3 to 15 m/s to assess
the predicted turbine power under three operating strategies: Stall Control, Pitch Control, and Prescribed. For
the preliminary power assessment, a fixed pitch angle of 5°, a loss factor of 0.1, and fixed losses of 25 W are
included as modeling assumptions. These parameters are used to examine the influence of the selected
operating strategy and assumed losses on the predicted power; they do not represent measured generator or
converter losses.

The main objective of this study is to evaluate how the three power-regulation strategies influence the
predicted power output of a 500 W-class small-scale HAWT under low-to-moderate wind-speed conditions.
Specifically, the analysis examines the relationship between wind speed and predicted turbine power, identifies
the wind-speed range in which the predicted power approaches or exceeds the 500 W reference rating, and
compares the power characteristics obtained using Stall Control, Pitch Control, and Prescribed strategies. The
study also evaluates the rotor power coefficient in relation to the tip-speed ratio to connect the aerodynamic
performance of the blade with the subsequent turbine-level analysis. The contribution of this work is therefore
a consistent comparison of rotor aerodynamic performance and predicted turbine power regulation within a
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single QBlade-based workflow. The results are intended to identify differences among the three operating
strategies and provide a numerical basis for further experimental validation using an actual generator and
electrical conversion system.

2. METHOD

The aerodynamic performance of the horizontal-axis wind turbine (HAWT) was evaluated using the
Blade Element Momentum (BEM) method implemented in QBlade. The BEM method combines blade-element
aerodynamic forces with momentum theory to estimate the rotor performance under different wind conditions.
The approach has been applied in recent studies involving small-scale wind turbine design, aerodynamic
optimization, and validation of QBlade simulation results [19], [20].

The axial induction factor (a) represents the fractional reduction in wind velocity as the airflow passes
through the rotor disc. It is defined as the relative difference between the free-stream wind velocity (V) and
the axial velocity at the rotor plane (Vrotor), as expressed in (1).

a=1_M (1)

Veo

where (V) is the free-stream wind velocity (m/s) and (Viowr) is the axial wind velocity at the rotor
plane (m/s). The induction factor describes the influence of the rotor on the approaching airflow and is used in
the momentum-based evaluation of rotor performance [19].

The angle of attack (o) is the angle between the relative wind velocity vector and the local airfoil
chord line. It is determined by the relative inflow angle (¢), the local blade twist angle (Bwist), and the blade
pitch angle (Bpitch), as given in (2).

a = ¢ - (Gtwist + epitch) (2)

where ¢ is the relative inflow angle, (Owist) is the local geometric twist angle, and (6picn) is the blade pitch
angle. The angle of attack affects the lift and drag forces generated by the NACA 4412 airfoil and consequently
influences the aerodynamic torque and power coefficient of the rotor. The blade geometry and operating
conditions are therefore important parameters in the aerodynamic optimization of small wind turbines [19],
[20].

The mechanical power extracted by the rotor from the kinetic energy of the incoming wind is expressed in
terms of the air density, rotor swept area, free-stream wind velocity, and power coefficient, as expressed in (3).

P= % pAV3C, 3)

where P is the mechanical power extracted by the rotor (W), p is the air density (kg/m?), A is the rotor
swept area (m?), Vs is the free-stream wind velocity (m/s), and C,, is the dimensionless power coefficient. For
a rotor with radius R, the swept area is calculated as A = nR2. An air density of 1.225 kg/m? may be assumed
under standard reference conditions, provided that this assumption is consistent with the simulation settings.

The power coefficient represents the ratio of the mechanical power extracted by the rotor to the kinetic
power available in the incoming wind. It is calculated as expressed in (4).

Cp=1—— (4)

T
;PAVo%

The coefficient C, depends on the tip-speed ratio, blade pitch angle, airfoil characteristics, and rotor
geometry. Therefore, the power coefficient obtained from QBlade can be used to evaluate the aerodynamic
performance of the three-bladed wind turbine under different wind speeds and operating conditions. Recent
studies have employed this parameter to compare turbine designs and assess the effectiveness of blade
optimization [19], [20].

The axial thrust force represents the aerodynamic force exerted by the wind on the rotor in the wind

direction. It is calculated using the thrust coefficient, air density, rotor swept area, and free-stream wind
velocity, as given in (5).
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T = § pAV.2C, ©)

Where T is the axial thrust force (N) and C; is the dimensionless thrust coefficient. Under the ideal
actuator-disc momentum theory, the thrust coefficient is related to the axial induction factor as expressed in
(6).

—— =4a(1-a) (6)

Ce = 2pAvd

Equation (6) applies under the conventional ideal momentum-theory assumptions and should not be
treated as universally valid at high axial induction factors or under complex wake conditions. The thrust
coefficient is useful for evaluating the aerodynamic loading of the rotor and understanding how changes in
wind speed and rotor operating conditions influence the structural loads. Related aecrodynamic loading analyses
have been performed using QBlade and compared with computational fluid dynamics (CFD) simulations [21].

The aerodynamic torque is generated by the tangential component of the aerodynamic forces acting on the
rotor blades. It can be calculated from the mechanical power and angular rotational speed of the rotor, as
expressed in (7).

Q= (M

Dl

where Q is the aerodynamic torque (N-m), P is the rotor mechanical power (W), and Q is the angular
rotational speed (rad/s). If the rotor speed is specified in revolutions per minute (rpm), the angular rotational
speed is calculated as in (8)

21N
0= o0 (8)

where (N) is the rotor rotational speed in rpm.

The blade pitch angle 8, changes the orientation of the blade relative to the rotor plane and affects
the angle of attack. Pitch adjustment can therefore be used to regulate aecrodynamic power, particularly when
the turbine operates near or above its rated wind speed. In this study, the pitch angle is considered in evaluating
the turbine's acrodynamic response under different operating conditions. Recent research has examined the
effects of blade pitch and rotor geometry on the performance of small horizontal-axis wind turbines [20], [21].

The numerical investigation was conducted to design and evaluate a three-bladed horizontal-axis wind
turbine (HAWT) with a nominal generator capacity of 500 W. The simulation procedure began with the
generation and aerodynamic analysis of the NACA 4412 airfoil to obtain the lift and drag polar data required
for blade design. The airfoil data were then used to develop a rotor with a diameter of approximately 4 m,
based on a design wind speed of 6 m/s and a design tip-speed ratio (TSR) of approximately 6. The blade
geometry was defined using radial stations with appropriate chord and twist distributions determined from the
local flow angle and design angle of attack. The resulting rotor was evaluated using Rotor Blade Element
Momentum (BEM) analysis to determine the power coefficient, thrust coefficient, angle of attack, and axial
induction factor. Multi BEM analysis was subsequently performed to investigate rotor performance over
different wind speeds and operating conditions. Finally, Turbine BEM simulations were conducted over a
wind-speed range of 3—15 m/s using Stall Control, Pitch Control, and Prescribed strategies. A fixed pitch angle
of 5°, loss factor of 0.1, and fixed losses of 25 W were incorporated as assumed system losses used to obtain a
preliminary prediction of net output electrical power generation.

3.  RESULTS AND DISCUSSION

This section presents and discusses the results of the numerical investigation performed using QBlade
version 2.0.8.6 for the proposed 500 W small-scale horizontal-axis wind turbine. The results are analyzed to
evaluate the aerodynamic performance of the designed rotor and the predicted net output electrical power
generation under different operating conditions. The discussion focuses on the aerodynamic characteristics of
the NACA 4412 blade, rotor performance obtained from BEM analysis, and turbine performance over the
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investigated wind-speed range. The effects of different turbine operating and power-regulation strategies are
also discussed to provide an overall assessment of the proposed small-scale wind energy conversion system.
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Figure 1. The NACA 4412 Airfoil

Figure 1 shows the NACA 4412 airfoil, which is used as the aerodynamic profile for wind turbine
blades. The nomenclature of this 4-digit NACA series describes its primary geometric characteristics: the first
digit (4) indicates a maximum camber of 4% of the chord length; the second digit (4) denotes the position of
the peak camber at 40% from the leading edge; and the final two digits (12) represent a maximum thickness of
12%. According to the parameter table, this airfoil is defined by 281 coordinate points, with the maximum
thickness occurring at the 28.6% position. This geometric configuration provides a high lift-to-drag ratio and
stable stall characteristics.

|

Figure 2. Performance of Lift Coefficient, Drag Coefficient,
Pressure Distribution and Boundary Layer

Figure 2 shows the performance of the lift coefficient, drag coefficient, pressure distribution, and
boundary-layer characteristics obtained from the QBlade airfoil analysis. The lift coefficient Cl increases
almost linearly with the angle of attack from -10° and reaches a maximum value of approximately 1.6 at an
angle of attack of around 15°. Beyond this condition, the increase in lift becomes limited, indicating the
approach to aerodynamic stall, followed by a slight reduction in Cl. The drag coefficient Cd remains relatively
low over the moderate angle-of-attack range, with its minimum value occurring at approximately 2—4°, before
increasing significantly at higher angles of attack. This behavior indicates that the NACA 4412 airfoil provides
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a favorable lift-to-drag performance within the moderate operating range. The pressure distribution shows a
pressure difference between the upper and lower surfaces of the airfoil, which generates the acrodynamic lift.
Meanwhile, the boundary-layer distribution illustrates the development of the flow along the airfoil surface
and provides an indication of the aerodynamic flow behavior. Overall, the results confirm that the NACA 4412
airfoil has suitable aerodynamic characteristics for application in the proposed small-scale wind turbine,
particularly when operated within an appropriate angle-of-attack range.
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Figure 3. Polar Extrapolation to 360

Polar Extrapolation to 360 is shown in Figure 3. Standard 2D aerodynamic analysis typically provides
coefficient data only for a limited range of angles of attack (AoA) for instance, from -10° to +25°, as shown
by the red curve. However, in actual wind turbine BEM (Blade Element Momentum) simulations particularly
during high-wind conditions, start-up, parked states, or deep-stall scenarios blade elements may encounter
extreme angles of attack, reaching up to +180°. Extrapolation methods (such as those developed by
Montgomerie or Viterna) are employed to extend aerodynamic coefficient curves to cover the full 360° range
of angles of attack (from -180° to +180°).

This 360° extrapolation is a critical step prior to running a wind turbine BEM simulation, as it prevents
numerical errors (computational failures) that could otherwise occur when blades encounter extreme airflow
angles.
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Figure 4. HAWT Blade Design
Figure 4 presents the 3D geometrical design and structural parameters of the Horizontal Axis Wind
Turbine (HAWT) blade configured in QBlade. The rotor assembly consists of a 3-bladed configuration with a
single blade length of 1.80 m and a hub radius of 0.20 m, yielding a total rotor radius of 2.00 m, a rotor
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diameter of 4.00 m, and a total swept area of 12.566 m?. The entire blade span utilizes the NACA 4412
aerodynamic airfoil profile evaluated under single Reynolds number polar datasets.

The structural blade geometry is defined across five key radial stations (Pos) along the span from root
to tip. Station 1 (0.000 + 0.2 = 0.2 m) represents the root section with a chord length of 0.200 m and a twist
angle of 0.000°. Station 2 (0.450 + 0.2 = 0.65 m) features a chord length of 0.180 m with a peak twist angle
of 21.100° to accommodate high relative inflow angles near the hub. Station 3 (0.900 + 0.2 = 1.1 m) is
positioned at mid-span with a chord length of 0.160 m and a twist angle of 10.800°. Station 4 (1.350 + 0.2 =
1.55 m) tapers down to a chord of 0.140 m with a twist angle of 6.100°. Finally, Station 5 (1.800 + 0.2 =
2 m) at the blade tip reaches a minimum chord of 0.120 m and a twist angle of 3.460°. This progressive
tapering in chord length and reduction in twist angle forms an optimized aerodynamic profile that maximizes
lift generation while minimizing tip losses.

Overall, the blade's geometric design employs a combination of tapering and aerodynamic twist to
maximize wind power extraction and maintain flow stability across the rotor radius.
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Figure 5. Rotor BEM Simulation

Figure 5 illustrates the Rotor BEM simulation results in QBlade, evaluating the rotor's aerodynamic
performance across Tip Speed Ratios (TSR, 1) from 1 to 6 at a wind speed of 10.00 m/s.

The upper-left plot presents the Power Coefficient (C,), which rises steadily from 0.03 at TSR 1.0 to
a peak efficiency of approximately 0.41 at TSR 5.0-6.0, showing optimal kinetic energy extraction at higher
rotational speeds. The upper-right graph depicts the Thrust Coefficient (C;), showing a continuous increase
from 0.13 to over 0.63 across the TSR range, reflecting greater axial aerodynamic loads on the rotor assembly
as rotation accelerates.

The lower-left chart shows the Angle of Attack («) distribution along the blade radius (0.2 m to
1.8 m). At low TSRs, high angles (> 70°) near the root cause severe stalling, but these decrease to optimal
operational angles (0°~15°) as TSR increases. Finally, the lower-right plot highlights the Axial Induction
Factor (a), displaying sharp spikes near the root (r = 0.2 m) and tip (r = 1.8 m) due to hub and tip losses,
while remaining stable between 0.05 and 0.20 along the main span.
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Figure 6. Multi Parameter BEM Simulation

Figure 6 illustrates the Multi-Parameter Rotor Simulation (Multi BEM) results in QBlade, assessing
rotor performance across wind speeds from 3 m/s to 24 m/s and rotational speeds from 3 rpm to 120 rpm under
a fixed pitch angle of 0.00°.

The upper-left plot demonstrates mechanical power (P), which increases exponentially with wind
speed following the cubic energy relation (P « V,3). At the maximum speed of 120 rpm and 24 m/s wind
speed, the rotor reaches a peak power output of approximately 3.0 x 103 W (3 kW). The upper-right graph
shows the axial thrust force (T), which grows quadratically from near 0 N to over 500 N at 24 m/s as higher
rotational speeds increase aerodynamic drag on the rotor disc.

The lower-left chart reflects a constant pitch angle of 0.00°, confirming an un-pitched baseline
simulation. Lastly, the lower-right chart highlights shaft torque (Q), which rises consistently with wind speed
and rotational speed to a maximum of about 270 Nm at 24 m/s. This demonstrates strong tangential force
generation for driving the generator shaft across varying operational conditions.
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Figure 7. Turbine BEM Simulation with Stall Control Power Regulation

Figure 7 illustrates the aerodynamic performance results from the Turbine BEM Simulation module
in QBlade under passive Stall power regulation. The simulation evaluates a Horizontal Axis Wind Turbine
(HAWT) operating at a fixed rotational speed of 120.00 rpm with a cut-in wind speed (V,.;,) of 3.00 m/s and
a cut-out wind speed (V y.ou) Of 15.00 m/s. Additional rotor setup parameters include a fixed pitch angle of
5.00°, an outer rotor radius of 2.00 m, variable losses factor of 0.100, and fixed mechanical/electrical losses
of 25.00 W.
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The upper-left plot presents the mechanical power output (P) in Watts across wind speeds from 3 m/s
to 12 m/s. Power increases smoothly following a cubic trajectory, starting near 0 W at cut-in and rising to
approximately 2.3 x 103 W (2.3 kW) at 12 m/s. The upper-right graph displays the axial thrust force (T),
which climbs steadily from near 0 N at 3 m/s to over 300 N at 12 m/s due to increased dynamic pressure acting
on the fixed-geometry rotor disc.

The lower-left chart depicts the spanwise Angle of Attack (&) distribution along the blade radius
(0.2 m to 1.8 m) for various wind speeds. At lower wind speeds, the angle of attack remains moderate across
the primary blade span (10°-20°), but as wind speed increases, a rises sharply near the root (r = 0.2 m),
exceeding 60°. This steep increase triggers passive aerodynamic stall, naturally limiting power absorption
without active pitch mechanisms. Lastly, the lower-right chart highlights the Axial Induction Factor (a) across
the blade span, showing characteristic high values near the root (r = 0.2 m) and tip (r = 1.8 m) caused by hub
and tip vortex losses, while maintaining a stable range (0.05 to 0.15) along the mid-span power-producing
section.

Tut e Tt

R

Figure 8. Turbine BEM Simulation with Pitch Control Power Regulation

Figure 8 presents the aerodynamic performance results from the Turbine BEM Simulation module in
QBlade under active Pitch Control power regulation. The simulated Horizontal Axis Wind Turbine (HAWT)
operates at a constant rotational speed of 120.00 rpm with a cut-in speed (V,y..i,) of 3.00 m/s, a cut-out speed
(Veut-our) of 15.00 m/s, and a target rated power of 500.00 W. Additional turbine parameters include an outer
rotor radius of 2.00 m, a baseline fixed pitch of 5.00°, variable losses factor of 0.100, and fixed losses of
25.00 W.

The upper-left plot demonstrates effective active power regulation. As wind speed increases from
3 m/s, power output rises steeply until reaching the rated threshold of 500 W at approximately 7 m/s. Beyond
this rated wind speed, the dynamic pitching mechanism adjusts the blade angle, successfully capping the
mechanical power output at a constant 500 W across higher wind speeds up to 12 m/s. The upper-right graph
depicts the axial thrust force (T), which reaches a peak near 110 N at the rated wind speed (~ 6—7 m/s). Once
pitch regulation engages above rated speed, thrust steadily declines to around 50 N at 12 m/s, reducing
structural loads during high wind conditions.

The lower-left plot shows the Angle of Attack () distribution across the blade radius (0.2 m to 1.8 m).
While a spikes up to 38° near the hub (r = 0.2 m), active pitching regulates a along the primary power-
generating span (0.6 m to 1.8 m) within a narrow range of —5° to 5°, preventing severe aerodynamic stall.
Lastly, the lower-right plot highlights the Axial Induction Factor (a), showing sharp peaks near the root (r =
0.2 m) and tip (r = 1.8 m) due to boundary vortex losses, while maintaining low values (0.00 to 0.15) along
the mid-span section under active pitch control.
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Figure 9. Turbine BEM Simulation with Prescribed Power Regulation

Figure 9 presents the simulation results for the Horizontal Axis Wind Turbine (HAWT) operating
under a Prescribed Pitch power regulation strategy in QBlade. The setup maintains a constant rotational speed
0f 120.00 rpm, a cut-in speed (V,.;,) of 3.00 m/s, a cut-out speed (V,yi.our) Of 15.00 m/s, an outer rotor radius
of 2.00 m, variable losses of 0.100, and fixed losses of 25.00 W.

The upper-left plot shows the mechanical power (P) as a function of wind speed (3 m/s to 12 m/s).
The power curve grows continuously, reaching approximately 1.9 x 103 W (1.9 kW) at 12 m/s. Under the
prescribed pitch schedule, power absorption increases smoothly across the evaluated wind speed domain. The
upper-right plot depicts the axial thrust force (T), which rises steadily from around 50 N at 3 m/s to over 310 N
at 12 m/s. This monotonic increase reflects the growing acrodynamic loading on the rotor disk as free-stream
wind speeds escalate.

The lower-left plot displays the spanwise distribution of the Angle of Attack («) along the blade radius
(0.2 m to 1.8 m). Near the root section (r = 0.2 m), the angle of attack rises above 60° at higher wind speeds,
while along the main span (0.6 m to 1.8 m), a is governed within a range of 0° to 35° according to the
prescribed pitch angles. Lastly, the lower-right plot illustrates the Axial Induction Factor (a) across the blade
radius. High induction values near the root (r = 0.2 m) and tip (r = 1.8 m) capture the expected loss
phenomena, while the primary power-generating section (0.6 m < r < 1.6 m) remains stable within 0.08 to
0.30.

QBlade Turbine BEM - Power vs Wind Speed

e~ Pitch Control 2a
Prescribed S
po
-~ Stall Control
20004 e a
A g a
~ n
&
< -~
1300
0 s -
- -
z &
3 A
:
£ 1000+ "
."
N
A
500 A * - - - - - 3 .
2
,/
.
-
-y
.
_—
0 | S
' - ' -
4 & 3 10 12 14

Wind Speed [mys)
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Figure 10 illustrates the differences between power regulation via pitch control, prescribed control,
and stall control. The results show a clear distinction between Pitch Control, Prescribed, and Stall Control. At
wind speeds of 3—6 m/s, all three methods yield relatively low power output, which increases as wind speed
rises. At 6 m/s, Pitch Control and Stall Control produce 429.84 W, while the Prescribed method yields 538.18
W. From approximately 7 m/s onwards, the differences in characteristics become more significant. With Pitch
Control, the power output is capped at around 500 W between 7 m/s and 15 m/s; this demonstrates that the
strategy can maintain the generator's nominal power by limiting the increase in aerodynamic power through
the adjustment of the pitch angle. In contrast, with the Prescribed method, power output continues to rise from
45.84 W at 3 m/s to 1,980.30 W at 15 m/s as this approach does not impose a 500 W power limit. Meanwhile,
Stall Control exhibits characteristics similar to Pitch Control up to 6 m/s, but beyond 7 m/s, its power output
exceeds 500 W, reaching 2,317.35 W at 15 m/s. This indicates that while Stall Control limits power increases
passively via the aerodynamic characteristics of the blades, it fails to maintain the power output precisely at
500 W at higher wind speeds, unlike Pitch Control. Overall, Pitch Control is the most suitable strategy for a
500 W generator, as it allows power to increase with wind speed below the rated speed, while subsequently
maintaining an output of approximately 500 W at higher wind speeds. From a system design perspective, these
results suggest that the Prescribed method is better suited for describing power characteristics in the absence
of specific limitations, whereas Stall Control serves as a simple alternative—requiring no active pitch
mechanism though it results in power output significantly exceeding the rated value at high wind speeds.

Therefore, these simulation results demonstrate that the choice of power regulation strategy
significantly influences the turbine's power characteristics. Pitch control provides the characteristics most
consistent with the requirements of a 500 W power generation system, primarily due to its ability to limit power
output once the nominal power level is reached. These findings also establish a foundation for further analysis
regarding rated wind speed, cut-in/cut-out wind speeds, rotational speed, pitch angle, and the compatibility of
the rotor's mechanical power with a 500 W electric generator.

4. CONCLUSION

The aerodynamic performance and predicted power characteristics of a 500 W-class small-scale
horizontal-axis wind turbine (HAWT) were evaluated using Rotor BEM and Turbine BEM simulations in
QBlade v2.0.8.6. The rotor achieved a peak power coefficient C, of approximately 0.41 at a tip-speed ratio
(TSR) of 5.0-6.0. Stall Control, Pitch Control, and Prescribed strategies were compared over wind speeds of
3—15 m/s, using a fixed pitch angle of 5°, a loss factor of 0.1, and fixed losses of 25 W.

At 6 m/s, the predicted power was 429.84 W for both Stall Control and Pitch Control, while Prescribed
yielded 538.18 W. At 15 m/s, the predicted power reached 2,317.35 W for Stall Control and 1,980.30 W for
Prescribed. In contrast, Pitch Control reached approximately 500 W at 7 m/s and maintained this level up to
15 m/s. These results indicate that the predicted power characteristics differ considerably among the three
operating strategies, particularly at higher wind speeds.

Compared with the nominal generator rating of 500 W, Pitch Control exhibited the most suitable
power-limiting characteristic among the three strategies under the simulated conditions. However, this finding
does not establish its overall superiority in acrodynamic efficiency, electrical energy production, or total system
performance. The 500 W rating served as a reference for comparison and was not automatically enforced as a
power limit in every simulation. The higher predicted power under Stall Control and Prescribed indicates that
the simulated turbine power can exceed the selected generator rating.

The reported results represent predicted turbine power rather than verified electrical output from the
generator. Potential electrical power can be estimated under the assumed loss conditions; however, actual
generator efficiency, converter losses, mechanical transmission losses, and other electrical losses may differ
from these assumptions. Therefore, the estimated electrical power should be interpreted as preliminary rather
than as confirmed generator output. Overall, the findings highlight the importance of considering power
regulation when matching a small-scale wind turbine to a generator with a nominal rating of 500 W.
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