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ABSTRACT This article presents a comprehensive design study of a low-speed wind turbine optimized for
regions with weak wind resources, with a particular focus on Brazil’s extensive territories. The research
challenges conventional turbine designs by incorporating innovative strategies to enhance aerodynamic
performance, structural integrity, and cost efficiency. Consolidated computational tools were integrated
with optimization algorithms, creating an innovative multidisciplinary optimization framework. Multiple
configurations were assessed based on energy output, load mitigation, and economic viability, leading to the
identification of promising designs that effectively balance performance targets with practical constraints. The
study highlights how a structured multidisciplinary design optimization (MDO) approach, applied during the
preliminary and conceptual design phases, enables the development of configurations well-adapted to low-
wind-speed environments. These findings result into the output configuration achieving a rated wind speed
of 6.45 m/s, and moreover they offer a scalable framework for future research and field validation in low-
wind-speed applications. Therefore, the objective of developing a viable wind turbine prototype using custom

multidisciplinary optimization models was successfully achieved.

INDEX TERMS  Low-speed wind turbine, wind turbine design, multidisciplinary optimization.

. INTRODUCTION
LONGSIDE the increasing global energy demand and
environmental imperatives, sustainable energy produc-
tion is becoming an essential focus in the global economy [1].
With electricity demand expected to rise by 50% by 2060 [2],
the efficient use of energy resources has never been more cru-
cial. Renewable sources of energy, particularly wind power,
are leading the charge in addressing these challenges, offering
a sustainable and inexhaustible alternative to traditional fossil
fuels [1], with rapid technological innovations driving the
sector forward [3].
Wind energy has emerged as a key pillar in renewable
energy generation, aiding in the reduction of greenhouse gas

emissions and the diversification of the global energy matrix.
Brazil, with its vast and diverse wind resources, is a prominent
player in wind energy production [4]. The northeastern and
southern regions of Brazil are generally characterized by
the highest wind speeds, with the northeast exhibiting the
greatest potential for wind energy exploration. Specifically,
the states of Rio Grande do Norte, Bahia, and Ceara benefit
from consistently strong winds, averaging above 8 m/s at an
altitude of 80 m. These conditions facilitate exceptionally
high-capacity factors for wind farms, frequently surpassing
50% [4]. However, a significant portion of Brazil’s wind
potential lies in low-wind-speed regions, where traditional
turbines often under perform. In this areas, the mean wind
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speed typically ranges from around 5 m/s to 8 m/s at an
altitude of 100 meters, which is insufficient for conventional
turbines to operate at optimal capacity [5]. This disparity
results in a substantial untapped resource, highlighting the
need for technologies specifically designed to efficiently
harness energy from these lower-wind environments. Fur-
ther complicating this issue, the Northeast region, while the
largest wind energy producer, is geographically remote from
the Southeast, which is the largest energy consumer market,
accounting for 42% of Brazil’s population and 53% of its
GDP [6], [7]. This situation highlights the need to explore
energy solutions closer to these demand centers, which could
reduce transmission losses and improve energy security.

Over the years, Brazil has made impressive strides in
developing its wind energy supply chain through substantial
investments from both the public and private sectors [8].
As a result, the country has successfully built a robust supply
chain for turbine manufacturing, installation, operation, and
maintenance [9]. However, Brazil still faces a critical gap in
domestic technological solutions; most technologies in use
are based on foreign designs [10]. These designs are typically
optimized for wind conditions commonly found in regions
like Europe, the United States, and parts of Asia, which
dominate global wind energy research and development [11],
[12]. This reliance on imported technologies underscores the
necessity for strong national research and development to
create solutions specifically suited to Brazil’s unique wind
conditions. Therefore, national R&D efforts are crucial for
bridging this technological gap, reducing dependency on for-
eign technologies, and ensuring Brazil’s continued leadership
in the global renewable energy market [10].

The challenge posed by low-wind-speed regions is signif-
icant, as conventional turbines, engineered for higher wind
speeds, are not viable in areas where sustained winds fall
below 7 m/s [13]. To address this, Low-Speed Wind Turbines
(LWTs) have emerged as a promising solution, designed to
operate efficiently in these challenging conditions. Recent
advancements in LWT aerodynamics, structural design, and
control systems have made it possible to harness energy
effectively from low-intensity winds [14], [15].

This study focuses on the conceptual and preliminary
design phases of the “Aerogerador de Baixa Velocidade”
(ABV), a novel horizontal-axis small wind turbine optimized
for Brazil’s low-wind regions. The primary objective is to
maximize energy capture while addressing the unique wind
characteristics of these areas. The baseline project involves
a 250 kW onshore wind turbine aiming for certification
under IEC Class IIIB [16], but optimized for wind conditions
lower than typical Class III sites [16], providing a robust
proof-of-concept that balances technical feasibility, cost, and
risk. To achieve these objectives, a comprehensive multidisci-
plinary framework was employed, integrating aerodynamics,
strcutures, and economic modeling. State-of-the-art compu-
tational tools — prioritizing open-source tools — were used
for simulating and optimizing energy production, ensuring
the design’s robustness, performance, and cost-effectiveness.
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The engineering methodology adhered to the established
design process, focusing on two key phases:

o Conceptual phase: Establishing the system’s architec-
ture and defining performance targets tailored to Brazil’s
specific wind conditions.

o Preliminary phase: Advancing the design through with
higher-fidelity modeling and simulations, including
aeroelastic analysis and structural optimization to ensure
the turbine’s efficiency in low-wind conditions.

Through this structured approach, the ABV turbine aims to
integrate innovative features, materials, and configurations to
meet the project’s rigorous performance criteria. This innova-
tive design represents a significant step toward cost-effective,
sustainable wind energy solutions for Brazil’s low-wind-
speed regions, positioning the country for continued growth
in the renewable energy sector.

Il. WIND TURBINES AND ABV

According to the International Electrotechnical Commission
standard IEC 61400-2, small wind turbines are defined as
having a rotor swept area below 200 m?, typically generat-
ing up to 50 kW at voltages under 1000 V AC or 1500 V
DC [17]. Building on this classification, [18] established
distinct operational categories with associated power outputs
and rotational limits: micro (I kW; 700 rpm), mid-range
(5 kW; 400 rpm), and mini (20+ kW; 200 rpm).

On the other side, IEC 61400-1 defines a conventional
wind turbine primarily in terms of its power characteristics
and design philosophy. It applies to turbines with rotor diam-
eters exceeding 5 meters and typical power ratings above
100 kW. The standard also classifies turbines according to
average wind speeds —ranging from V,y, = 7.5 m/s to 10 m/s
—and turbulence intensity categories (A, B, and C) that reflect
different operating conditions.

According to [19] and [20], approximately 99.7 % of wind
turbine installed globally are conventional wind turbines and
the rest are small wind turbines. Furthermore, most of the
conventional wind turbines falls into 1.5 MW - 8 MW power
capacity range, and as noted by [21], most of them exhibit
cut-in wind speeds no lower than 3.0 m/s, being primarily
engineered for regions with high wind energy potential.

Conversely, but so interesting, is that most of the world-
wide area is covered by regions with low-wind-speed.
Studies [22], [23], [24] highlight the predominance of low
wind speed within regions around the world and the high
wind energy unexplored potential they detains because of
the poor performance conventional turbines typically exhibit.
These conditions (low wind speed) precipitate critical aero-
dynamic and structural challenges unleashing undesired
consequences for the industries: elevated cost associated with
R&D projects. Simultaneously, growing energy demands
drive the industry toward increased energy capture predomi-
nantly through rotor upscaling, exacerbating structural design
constraints that increasingly necessitate advanced composite
materials.

591



IEEE Open Access Journal of

s power and Energy

This is where low-speed wind turbines, such as ABYV,
become relevant. They are designed to operate in low
wind speed environments at relatively reduced rotor heights.
Despite component-level similarities between conventional
and small wind turbines, a prevalent misconception holds that
large-scale turbine technology is directly scalable downward.
This assumption is erroneous, as significant technological
distinctions primarily stem from limited consumer awareness
regarding wind resources and structural loading characteris-
tics [14]. Furthermore, these turbines often simplify or even
omit control systems due to economic constraints — a practice
that demonstrably compromises operational efficiency [25].

ABYV is a disruptive concept targeting small-scale oper-
ational regimes where conventional turbine designs under-
perform. Though architecturally rooted in traditional tur-
bines, it addresses low-wind-speed sites, exemplified by
the Brazil case study but readily applicable globally. The
project maximizes aerodynamic energy extraction through
standardized and robust models, which are extended via
a holistic design process employing a rigorous Multidis-
ciplinary Design Optimization (MDO) framework [26],
[27], aligning cost-effectiveness with technical performance.
By serving low-wind-speed regions, ABV challenges con-
ventional paradigms that overlook vast global wind potential,
hence bridging this gap necessitates unconventional configu-
rations that merge small-turbine simplicity with large-turbine
engineering sophistication, as detailed in the subsequent
section.

The ABV project was initiated in 2019 with the aim
of developing a wind turbine specifically optimized for
low-wind-speed regions. After several design iterations, the
project has concluded the design stage, and the first pro-
totype is currently in manufacturing stage, with installation
planed in the near term. This article presents the innova-
tive design methodology employed during these early stages,
highlighting the use of a multidisciplinary design framework
to integrate aerodynamic, structural, and economic aspects.
Rather than detailing the complete product, the focus is to
disseminate the methodology which may serve as a replicable
approach for similar applications worldwide.

lll. MATERIALS AND METHODS

As a complex engineering endeavor, the development of
a wind turbine necessitates structured methodologies to
address its inherently multivariable and multi-objective chal-
lenges. These approaches, rooted in proven practices from
the aerospace industry [28], are systematically applied across
three distinct phases: conceptual design, preliminary design,
and detailed design. This paper focuses exclusively on the
first two phases, as they establish the foundational framework
for turbine optimization while remaining within the scope of
this study.

The conceptual phase aims to develop comprehensive
insights into the performance of the proposed low-speed
wind turbine, thereby defining critical parameters that serve
as the foundation for subsequent critical reviews. For the
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FIGURE 1. ABV design process.

purposes of this work, the main objectives include wind
resource analysis and site characterization, defining key oper-
ational features of the turbine to meet site-specific needs, and
conducting feasibility assessments of the turbine’s principal
characteristics.

The preliminary phase follows the conceptual design and
is responsible for refining it through robust and sophisticated
analyses, where trade-offs typically occur. This stage encom-
passes blade aerodynamic and structural design, typology
and structural analysis of miscellaneous components, control
system definition, and the estimation of loads acting on the
principal components.

The wind turbine design process. depicted in Figure 1,
inherently operates non-sequentially, with parallel and itera-
tive execution across tightly coupled disciplines — particularly
aerodynamics, structural dynamics, and aeroelastics — due
to four interdependent load sources: fluid-structure interac-
tions (governing aerodynamic forces), gravitational effects
(from component mass), inertial effects (including centrifu-
gal/gyroscopic loads), and operational transients (e.g., emer-
gency braking). Crucially, inertial loads directly correlate
with blade mass properties, while resultant deformations bidi-
rectionally couple with aerodynamic performance through
altered flow attachment and stall characteristics, creating
complex feedback loops. To manage these interdependencies
during conceptual and preliminary design, the framework
depicted in 1 employs multidisciplinary optimization (MDO)
to systematically coordinate power maximization and struc-
tural integrity objectives. This computational strategy is
computed through a Python-Matlab-Bash workflow that
automates inter-module data exchange with each module con-
tributing a distinct function within the integrated optimization
framework.

Wind resources module employs downscaling method-
ologies [29] to refine synoptic-scale models [30] from
mesoscale to microscale resolutions [31], [32], enabling pre-
cision micrositing. Moreover, this module generates IEC
61400-1-compliant wind profiles [16] using open-source
tools (InflowWind [33], TurbSim [34], and IECWind [35])
covering all Design Load Cases—including power production,
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fault scenarios, and parked conditions—through synthesized
gusts, shear profiles, and turbulence spectra.

Aerodynamic module utilizes Blade Element Momentum
Theory (BEMT) with two-dimensional coefficients derived
from XFLRS5 [36], enhanced by three-dimensional correc-
tions via Selig’s extrapolation [37] and Viterna’s method [38]
for full polar characterization (-180° to +180°). These aero-
dynamics feed into the aeroelastic analysis module, where
OpenFAST [39] simulates turbine-wide dynamic responses
in front of standardized wind profiles trying to cover all
the spectra of operation. This validated platform [40], [41]
incorporates nonlinear aerodynamics, tower shadow effects,
Weibull-distributed winds, component flexibility (blades,
tower, shaft), and control system interactions.

Finally, the structural module employs finite element meth-
ods (FEM) integrating BECAS [42] for blade cross-sectional
analysis with in-house tools for static and fatigue fail-
ure criteria. Fatigue life estimation is performed via
MLife [43], processing FEM-derived stress and strain
spectra to ensure component integrity across operational
lifetimes.

A. MULTIDISCIPLINARY OPTIMIZATION ALGORITHMS
Given the complexity and the multitude of variables involved
in the design process, the framework incorporates three lay-
ers of design optimization, independent yet interconnected
through aeroelastic models, that operate sequentially with
distinct focuses.

1) AERODYNAMIC OPTIMIZATION (MDO+)

This layer integrates aerodynamic and aeroelastic modules to
maximize the power coefficient Cp while constraining rated
power output to 250 kW within site-specific wind velocity
boundsVi < Vigeqd < V2, where V| and V; depends on wind
site characteristics.

P(Vrated) = 250 kW

MDO; = {max(Cp)} subject to
Vi < Viaed = V2

ey

Maximizing the power coefficient requires maintaining
blade operation near the optimal tip speed ratio (Aopr),
which is achieved through carefully defined spanwise distri-
butions of chord (c¢) and twist (y) — the first two decision
variables. Additionally, blade span (b), which determines
the rotor radius and thus the swept area, plays a critical
role in energy capture and is treated as the third decision
variable. Practically, the objective of MDO is extract the
highest quantity of power from air given a site condition,
and the decision process is represented in the workflow
showed in the Figure 2. The iterations were mediated by an
evolutionary algorithm [44], prioritizing the individuals that
best met the criteria presented in section IV. Moreover, this
model serves as the foundational input for the MDO, and
MDOs3, providing the optimized blade outer surface
geometry.
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2) DYNAMIC OPTIMIZATION (MDOy)

The dynamic optimization phase, which is illustrated in
Figure 3, operates under strict geometric invariance con-
straints, preserving both the blade outer aerodynamic surface
(resulting from MDO;) and a reference structural archi-
tecture. Its objective function minimizes dynamic loads on
critical components through genetic algorithm manipulating
system-level parameters while maintaining the output power
and static failure requirements:

MDO; = n}(;n {|ut0wer|s |[Mbearings|, [Ublade tip|} (2

where the decision vector X; = [Cyaw, Cteeter; Kteeter,
Btilt> Peone» doverhang] encompasses yaw damping coefficients
(cyaw), teetering stiffness and damping (Keeter, Creerer), shaft
tilt angle (64;), blade cone angle (¢cone), and overhang dis-
tance (doverhang)- This phase exploits load-path redirection
mechanisms—such as increasing cone angle to mitigate flap-
wise moments or tuning teeter stiffness to damp edgewise
vibrations—while maintaining fixed aerodynamic contours.

3) STRUCTURAL OPTIMIZATION (MDO3)

The Figure 4 represents the structural optimization process,
which initiates with the reference structural architecture used
in the previous MDO, but freely reconfigures, using a genetic
algorithm, the internal topology to minimize the blade mass
while withstanding the failure criteria £*. Preservation of
the outer blade surface geometry is critical, as modifica-
tions would necessitate restarting the optimization process
and potentially increase development time. Consequently,
alterations to aerodynamic surfaces are reserved as a last
resort exclusively for achieving structural compliance when
all other design variables have been exhausted.

gl(taprop)zﬁﬁh (3)

MDOs3 : min {W s.t.
3 t’pmp{ blade } g2(t. prop) = L2
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Decision variables encompass spanwise composite thick-
ness distributions t = [Zspar-cap, fshear-web- fshell] and material
selection parameters prop that alternate between carbon/glass
fibers and core materials (XPS foam, PVC foam, or balsa
wood). Achieving structural adequacy requires material prop-
erties, cross-sectional area, and inertia properties that collec-
tively withstand ultimate and fatigue loading conditions.

B. ECONOMIC MODELING

Cost, while emerging as a consequence of the design process,
critically determines the technical and economic viability of
the turbine. During blade structural design, decision variables
are evaluated not only for aerodynamic performance but also
for their impact on manufacturing expenses. These costs
extend beyond blades to encompass manufacturing of other
sub-systems, as well as installation and transportation of the
wind turbine.

The cost model adapts the National Renewable Energy
Laboratory (NREL) wind turbine cost framework [45],
extending it to incorporate truss towers and teetering systems
cost estimation, which are absent in the original formulation.
The total turbine cost (CTioa1) aggregates component-level
expenses from: the blade manufacturing costs (CTBJage); T-
bolt expenses (CTT-Bolis), Which scale linearly with fastener
count; lightning protection costs (CTLightning) correlate with
blade span; Bearing systems (CTBearings) aggregate yaw,
main, secondary, and pitch-bearing costs (multiplied by blade
count); transportation costs (CTrransport) are proportional to
the number of blades; pitch systems (CTpjeh) incur fixed
costs per blade since it covers actuators and gearboxes; yaw
system expenses (CTy,y) vary with operational strategy: free,
damped, or actively controlled, where the first means no cost
and the others depending on the components that make this;
teetering cost has a similar approach (CTreetering); foundation
costs (CTroundation) follow a power-law relationship with hub
height and rotor area; and tower costs (CTower) differentiate
between configurations:

$3.5 x TowerMass, if lattice tower,

Cmeer = . (4)
0.4649 x (SweptArea X zpup) 4 324.33,  if tubular tower.

This adaptation specifically addresses the original model’s
omission of truss towers by introducing a mass-based cost
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formulation for lattice towers, while retaining the empirical
tubular tower cost correlation.

Finally, the design methodology commences with an
efficient aerodynamic foundation (MDO7), progressing to
the comprehensive definition of wind turbine configura-
tions through integrated dynamic and geometric parameters,
including cost estimation (MDO; + Cost estimation model).
This framework culminates in blades and components struc-
tural design to withstand operational loads throughout the
projected 20-year service life. Incorporating these cost factors
into the optimization process (Figure 5) ensures a holis-
tic evaluation of economic viability, yielding an integrated
approach that simultaneously optimizes technical perfor-
mance while adhering to practical economic constraints. The
resultant outcome is a cost-effective, high-performance tur-
bine solution.

IV. RESULTS

The study systematically passes through the conceptual and
preliminary design phases to develop a technically and eco-
nomically viable solution for low-wind-speed regions named
“Aerogeradores de Baixa Velocidade” (ABV).

As part of the conceptual design phase the wind turbine
design necessitates the identification of key governing fea-
tures, which are not merely typological characteristics but are
fundamentally driven by site-specific constraints and interna-
tional standards. Their integration ensures design decisions
aligning with operational viability, regulatory compliance,
and commercial feasibility.

One-year anemometry measurements at 60 m, 80 m,
100 m, and 102 m validate a mean wind speed range of
Vavg = 4.5 m/s to 6.5 m/s at 50 m to 70 m, consistent
with CEMIG operational data [46] and Global Wind Atlas
benchmarks [30].

Furthermore, this study enables definitive classification
within the IEC 61400-1, where the measured reference wind
speed Vir = Vi4/0.2 = 27.84m/s positions the turbine
well below the Class IIl upper limit of 37.5m/s. Con-
sequently, the structural design adheres to Class III with
Turbulence Intensity Category B, corresponding to a stan-
dardized reference velocity of V,,, = 7.5m/s. Crucially,
wind velocities serve dual roles:

o Operational Optimization: The site-specific Vg, =
4.5m/s to 6.5m/s guides power curve calibration and
energy yield maximization.

o Structural Design: The standardized V4, = 7.5m/s
governs structural certification via extreme operating
gust models and ultimate load validation.
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FIGURE 6. Output power curve for the ABV wind turbine. A value
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The design process targets a wind turbine with a rated
power of 250 W, operating at a rotor angular speed of 21 rpm
and designed for rated wind speeds between 6.3 and 6.5 m/s.
These fixed specifications — along with the classification
under [EC Class IIIB and hub heights ranging from 60 to
70 meters — are treated as initial design constraints. Beyond
these, additional limitations emerge dynamically throughout
the design process, validated through feasibility analyses of
key system characteristics. All constraints are progressively
refined and exposed as iterative design decisions narrow the
solution space.

A. BLADE AERODYNAMIC AND STRUCTURAL
SENSITIVITY ANALYSES

Building on the aerodynamic design methodology estab-
lished in Section III — which prioritizes optimization of chord
distribution, blade span, and twist angles to maximize power
coefficient — this paper quantitatively evaluates the relative
influence of these parameters on rated output power. Figure 6
reveals the performance impact of isolated modifications to
the baseline BEMT-derived blade geometry: Variant E (span
extension) demonstrates marginal enhancement in power
extraction, while Variant T (twist augmentation) exhibits a
more pronounced opposing effect. Variant C (chord adjust-
ment) shows negligible impact on the operational envelope
curve. This parametric analysis establishes twist distribution
and blade span as the primary drivers of energy yield, with
both parameters demonstrating significant capacity to modify
the rated wind speed.

Despite the favorable results associated with increasing
the blade span to enhance wind turbine operational perfor-
mance, it is essential to consider the structural implications of
such a modification. One of the most significant challenges
is the increase in blade tip deflection, which heightens the
requirements for tower clearance as dictated by international
standards.

To mitigate this issue, a straightforward approach involves
enhancing the blade’s stiffness. This can be achieved through
various means, with modifications to structural parameters
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TABLE 1. Structural Configurations.

ID  Configuration

1 Reference blade (comparison baseline)
2 Sandwich cores: Balsa wood
3 Sandwich cores: PVC foam
4 Sandwich cores: XPS foam
5 Two shear webs

6 Fiberglass leading edge

7 Fiberglass trailing edge

8 Fiberglass around spar caps
9 Carbon fiber spar caps

10  Fiberglass spar caps

being among the most accessible and effective strategies.
Accordingly, several variations of the baseline structural
architecture were assessed, as summarized in Table 1, and the
corresponding results are illustrated in Figure 7.

The structural variations presented in Table 1 were selected
based on their potential impact on structural performance
and manufacturability. Additional considerations included
the recyclability of materials at the end of the blade’s service
life, as well as cost and market availability. The reference
blade configuration was defined based on structural architec-
tures of similar blades. All of them were submitted to a finite
element method (FEM) structural model, developed under
a conservative design philosophy. The model incorporated
high-performance engineering materials to ensure the blade
could adequately withstand a representative reference load,
defined by extreme load conditions in accordance with IEC
standards.

As illustrated in Figure 7, the use of advanced materi-
als such as carbon fiber in the spar caps offers a direct
and effective solution for reducing deflection. However, this
approach significantly increases costs, potentially undermin-
ing the economic feasibility of the project. The figure also
highlights the effects of other structural modifications, all
aimed at enhancing the blade’s cross-sectional properties.
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A particularly promising and cost-effective alternative is
the use of fiberglass spar caps. This configuration yields an
approximate 30% reduction in cost, although it results in
higher blade tip deflection. Nevertheless, this drawback can
be mitigated through complementary strategies involving the
dynamic behavior or typological characteristics of the wind
turbine, or a combination thereof.

Furthermore, the use of core materials such as XPS foam,
balsa wood, and PVC foam is noteworthy. These materi-
als offer a balance between structural performance, cost,
and sustainability, making them attractive options for further
investigation.

B. MULTIDISCIPLINARY OPTIMIZATION AND ECONOMIC
ANALYSIS

The conceptual design phase employs Multidisciplinary
Design Optimization (MDO) as the primary framework for
system integration, building upon prior sensitivity analyses.
This phase coordinates parallel development workflows for
all major wind turbine components while simultaneously
evaluating fundamental typology configurations, including
dynamic and geometric parameters established in Section III.
Through this integrated approach, 18 distinct configurations
were systematically generated, each representing a unique
combination of six design variables: blade count (2 or 3),
rotor orientation (downwind/upwind), hub connection type
(rigid/teetered), power control strategy (pitch-regulated), yaw
system architecture (damped-free/active), and tower topology
(lattice/tubular).

To enable precise configuration tracking, an alphanu-
meric nomenclature was implemented, comprising six
sequential designators: B2/B3 (blade count), OU/OD
(upwind/downwind orientation), HR/HT (rigid/teetered hub),
PP (pitch control), YDF/YAC (yaw damping/active control),
and TT/TL (tubular/lattice tower), all showed in Table 2.

All 18 configurations were evaluated through the inte-
grated design workflow (Figure 5), resulting in two optimized
blade designs from MDOj: one with a 37.5 m span for
bi-bladed configurations and another with a 32 m span for tri-
bladed setups. Both designs achieved the target power output.
The bi-blade version featured a root chord of 2.79 m and a tip
chord of 0.52 m, while the tri-blade had a root chord of 2.44 m
and the same 0.52 m tip chord; both designs shared a blade
root circle diameter of 1.32 m.

The optimized outer surfaces of both blade advanced
through the integrated workflow into the MDO,, where all
18 configurations underwent evaluation to identify optimal
dynamic and geometric parameters aligned with the wind
turbine’s primary objectives. Throughout this process, the
blade outer geometry remained invariant while the reference
structural architecture (ID 1 from sub-section IV.IV-A) was
optimized at a first stage via MDO5 using simplified ultimate
failure criteria.

MDO; analysis yielded critical insights into component
loads and displacements, with configurations 6, 7, 13, and
16 demonstrating notably low blade tip deflection (4.70 m).
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TABLE 2. Critical aeroelastic outputs used as decision criteria.

ID Configuration Utip  Utower Myaw Moot
1 B2-OD-HT-PP-YDF-TT  4.90 1.30 1905.70  1495.00
2 B2-OD-HT-PP-YDF-LT  4.70 0.20 662.20 964.50
3 B2-OD-HR-PP-YDF-TT  4.80 0.50 1769.60  1559.00
4 B2-OD-HR-PP-YDF-LT  4.80 0.50 2008.00  1719.00
5 B2-OD-HT-PP-YC-TT 5.00 0.40 509.00 918.60
6 B2-OD-HT-PP-YC-LT 4.50 0.20 484.30 856.00
7 B2-OD-HR-PP-YC-TT 4.50 0.40 901.50 934.30
8 B2-OD-HR-PP-YC-LT 4.90 0.20 879.20 1003.00
9 B2-OU-HT-PP-YC-TT 4.70 0.40 807.50 772.20

10 B2-OU-HT-PP-YC-LT 4.70 0.20 663.70 855.50

11 B2-OU-HR-PP-YC-TT 4.70 0.50 805.60 1053.00

12 B2-OU-HR-PP-YC-LT 5.50 0.20 827.00 1043.00

13 B3-OD-HR-PP-YDF-TT 4.50 0.10 773.40 658.20

14  B3-OD-HR-PP-YDF-LT  4.60 0.20 753.60 655.70

15 B3-OD-HR-PP-YC-TT 4.70 0.20 640.60 554.20

16 B3-OD-HR-PP-YC-LT 4.50 0.10 683.80 558.10

17 B3-OU-HR-PP-YC-TT 5.80 0.30 702.40 550.10

18 B3-OU-HR-PP-YC-LT 5.70 0.10 720.80 561.10

Performance evaluations revealed distinct advantages across
configurations: each exhibited unique optimization trade-
offs, with specific IDs excelling in key operational domains
such as blade root bending moments and tower-top displace-
ments.

Ultimately, 15 configurations achieved feasible material
solutions using carbon/glass fiber composites for the blade
structural design, while configurations 1, 4, and 15 were
not. These results were obtained under strict outer surface
invariance constraints, maintained to manage computational
expense within practical limits.

C. FINAL CONFIGURATION SELECTION AND
RECOMMENDATIONS

Throughout the optimization process, constraints guided
convergence toward three primary objectives: blade mass
minimization, load severity reduction, and energy produc-
tion maximization. The final configuration selection con-
stitutes a multi-faceted decision prioritizing cost-effective
solutions that maintain power production efficiency and
structural integrity, with economic viability serving as the
decisive criterion. Implementation of the simplified cost
model-though excluding decommissioning, labor, and other
lifecycle factors—provides essential decision-making insights
by quantifying trade-offs between performance gains and
economic outlays.

The Figure 8 confirmed that blades, tower, and foundation
collectively dominate capital expenditures. Paralel to this,
within the blade field, carbon fiber blades incur 40-60%
higher material costs than fiberglass equivalents, establishing
fiberglass as the economically preferred solution.

Comparative analysis between configurations with tubular
towers (odd IDs) and truss towers (even IDs) demonstrates
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FIGURE 8. Overall breakdown of wind turbine costs. In the
configurations marked with ”*” it was not possible to obtain
structural architectures that resisted the applied efforts.

that tubular towers exhibit significantly higher costs, pri-
marily due to reduced rigidity and compromised natural
frequencies that necessitate additional material to achieve
required structural stability. In contrast, lattice towers display
superior rigidity and dynamic performance, achieving com-
parable load resistance with approximately 50% cost reduc-
tion. Among tubular tower configurations, 3-bladed designs
(IDs 13, 15, and 17) yield lower relative costs attributable
to smaller rotor diameters, which reduce both aerodynamic
loads and material requirements. Conversely, for lattice tow-
ers, 2-bladed configurations prove more cost-effective than
3-bladed alternatives, as the latter introduce disproportion-
ate increases in manufacturing complexity and structural
demands.

The technical and economic assessments identified con-
figurations 2, 6, 8, 10, and 12 as highly competitive, with
a technical tie in cost-effectiveness. However, fatigue loads
spectra particularly favor teetered hub designs for load miti-
gation. Additionally, while upwind configurations necessitate
active yaw control, downwind designs can eliminate these
actuators, reducing both acquisition and maintenance costs.

Configurations IDs 2 and 6, featuring 2-bladed downwind
rotors paired with lattice towers, emerged as the most promis-
ing candidates. These designs strike an optimal balance
among cost efficiency, structural simplicity, and operational
reliability. It was chosen, however, to retain yaw actuators
(ID 6) in early prototypes to ensure dynamic stability until
advanced modeling confirms that such systems can be safely
eliminated under real-world conditions.

The blade structural architectures of the two final configu-
rations advanced to the Multidisciplinary Design Optimiza-
tion phase (MDO3), targeting definitive blade design with
integrated fatigue criteria. This final optimization incorpo-
rated qualitative outcomes from prior analyses — particularly
cost considerations — leading to the exclusion of carbon fiber
and balsa wood materials from the design space to enhance
economic viability.

Ultimately, the optimized blade architecture features a sin-
gle shear web with dual spar caps, reinforced leading/trailing
edges, and complementary sandwich cores. Constructed from
unidirectional, biaxial, and triaxial glass fiber laminates with
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TABLE 3. Final ABV configuration.

Parameter Configuration/Value

Power regulation Pitch-regulated

Rotor orientation Downwind
N° of rotor blades 2
Cone angle +8°
Rated power 250 kW
Rated wind speed 6.45 m/s
Rotor diameter 7491 m
Hub height 61.32 m
Cut in wind speed 2.3 m/s
Cut out wind speed 12.3 m/s
Design life time 20 years

PVC foam cores — all epoxy-resin infused — the final design
achieves a mass of 3791.50 kg. While heavier than carbon-
fiber benchmarks, this configuration delivers substantial cost
savings while maintaining fatigue resistance. Integrated with
the ID6 wind turbine configuration, the blade’s key features
are summarized in Table 3.

V. CONCLUSION

This study demonstrates the transformative potential of
innovative design approaches for advancing wind energy
technologies in regions with untapped resources, particularly
Brazil’s vast low-wind-speed territories. By challenging con-
ventional paradigms, the ABV concept (detailed in Table 3)
— featuring lattice towers, downwind rotor configurations,
and teetered hub systems — proves that tailored solutions can
unlock significant energy generation in areas traditionally
deemed unsuitable for wind power.

The multidisciplinary optimization process produced
designs that improve aerodynamic efficiency, structural
integrity, and cost-effectiveness. Notable outcomes include:
(1) reduced structural loads due to teetering and aeroelastic-
based optimization, mitigating blade root moments and
yaw bearing stresses; (ii) balanced trade-offs between per-
formance and material costs, fulfilling aerodynamic and
structural requirements; and (iii) aerodynamic refinement
through iterative chord, twist, and span adjustments account-
ing for unsteady flow, resulting in blade geometries tuned for
low-wind regimes.

Nevertheless, opportunities remain for enhancing work-
flow efficiency. Accelerated communication between design
phases through multidisciplinary optimization (MDO) could
reduce development timelines. This would require improved
decision protocols for cohesive data interchange and
enhanced cost modeling, particularly the inclusion of decom-
missioning expenditures involving substantial labor and
logistical resources.

Finally, the project’s success stems from synergistic collab-
oration among academia, industry, and policymakers. Robust
institutional support from ANEEL and Eletrobras Furnas fur-
ther underscores the critical role of public-private financing
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in de-risking early-stage renewable projects, cultivating local
expertise, and strengthening supply chains.
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