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Abstract: While most wind energy comes from large utility-scale machines, small wind turbines
(SWTs) can still play a role in off-grid installations or in the context of distributed production and
smart energy systems. Over the years, these small machines have not received the same level of
aerodynamic refinement of their larger counterparts, resulting in a notably lower efficiency and,
therefore, a higher cost per installed kilowatt. In an effort to reduce this gap during the design of a
new SWT, the scope of the study was twofold. First, it aimed to show how to combine and best exploit
the modern engineering methods and codes available in order to provide the scientific and industrial
community with an annotated procedure for a full preliminary design process. Secondly, special
focus was put on the regulation methods, which are often some of the critical points of a real design.
A dedicated sensitivity analysis for a proper setting is provided, both for the pitch-to-feather and the
stall regulation methods. In particular, it is shown that stall regulation (which is usually preferred
in SWTs) may be a cost-effective and simple solution, but it can require significant aerodynamic
compromises and results in a lower annual energy output in respect to a turbine making use of
modern stall-regulation strategies. Results of the selected case study showed how an increase in
annual energy production (AEP) of over 12% can be achieved by a proper aerodynamic optimization
coupled with pitch-to-feather regulation with respect to a conventional approach.

Keywords: wind turbine; pitch; stall; aerodynamics; engineering codes

1. Introduction

To fulfill global energy needs, manufacturers and most of the wind turbine industry
have concentrated their efforts on large utility-scale machines [1]. The standard design for
horizontal-axis turbines consists of a three-blade, upwind rotor featuring an active yaw
and pitch regulation. Such machines benefit from large levels of aerodynamic optimization,
often using purposely developed airfoils featuring twisted and tapered blades and large re-
sources for development and testing. On the other hand, small wind turbines (SWTs) often
do not feature the same level of optimization, with low power coefficients often resulting
from unoptimized designs [2]. Such sub-optimal aerodynamic designs have been identified
amongst the issues that hamper the diffusion and economic feasibility of SWTs [3,4], with
larger SWTs suffering the most from the often used simplistic approaches [4]. This type of
turbine, which marked the dawn of wind energy, is still used in a variety of applications,
from rural areas to off-grid applications [5]; notwithstanding this, their high levelized cost
of energy [6] has thus far hampered an effective diffusion. On the other hand, interest
has been rising lately again, as testified by the creation of a dedicated technical commit-
tee for SWTs by the European Academy of Wind Energy (EAWE) [7]; this is mainly due
to the role that distributed production, even with small rated power, could have in the
transition towards smart energy systems [8]. In doing so, the “old generation” of turbines
seems unsuitable in terms of efficiency and flexibility, and so better designs are about to
be explored.
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The present article aimed to analyze the main issues causing low power output in an
SWT while also detailing how an effective preliminary design can be achieved by using and
properly integrating current industry best-practices and open-source tools. In particular,
even though the latter are indeed familiar to the wind energy community, their conscious
use is not trivial, and organic design guidelines are often not available. Effectively and
economically designing an SWT is not a trivial task, and many hurdles must be overcome
in terms of aerodynamics, materials, structural resistance, and economics.

While a good overview of these issues can be found in [4], the aim of the present study
was twofold. On the one hand, it aspired to provide the reader with an organic overview
of the steps that need to be followed for a first turbine design, suggesting how to integrate
existing engineering open-source tools and how to tune them, especially in cases of the
realistic turbulent inflow conditions that are required by standards (summarized in the
chart in Appendix A). This, while not completely novel from a scientific point of view,
is thought to be of industrial relevance and significance for newcomers. Guidelines and
general indications on blade design can be in fact found in the available literature [9,10]. For
instance, various aspects of aerodynamic design and optimization were discussed in [11].
Such studies, however, do not account for control or dynamic inflow conditions [12]. The
study instead specifically focused on the implication of control for small wind turbines.
In particular, it is shown that using modern control strategies, which have rarely been
applied to SWTs, can lead to much more efficient design and more convenient loading.
The importance of making an early decision regarding control in the design phase was
assessed, as this aspect significantly influences aerodynamic design, and controller tuning
and optimization should go hand in hand with aerodynamic optimization. Most small
wind turbines indeed use a stall as their main power-limiting strategy. This involves
controlling the rotor speed so that, as the wind speed increases, the turbine gradually
enters the stall, the lift decreases, and the drag increases, thus effectively regulating the
power output. Fixed-speed stall-controlled turbines were the de-facto standard in the
nineties [2], and successful applications of this design can be found [13]; however, most stall-
regulated turbines, including commercially available products, now feature variable speed
generators [14]. By adopting variable-speed control, a turbine is able to operate at or near
the design tip–speed ratio (TSR) at a low wind speed, greatly improving energy capture.
Even when adopting variable speed control, however, significant compromises must be
made in order to ensure good stall regulation, from setting the blades to a manual fixed
pitch angle to varying the twist and chord distributions of the blade. Such compromises
can be avoided if pitch regulation is employed. Two kinds of pitch regulation strategies
are possible: pitch-to-stall and pitch-to-feather. As noted in [15], the pitch-to-stall strategy
is able to provide effective regulation, though it increases most design loads. Moreover,
given that the pitch-to-feather strategy is the most widely adopted control method in
modern utility-scale turbines, this kind of pitch regulation is discussed in this paper. While
the benefits of this control strategy are apparent, it does not come without drawbacks,
mainly connected to its added complexity and, especially, cost. However, examples of
manufacturers proposing this kind of solution can be found, as is the case with the line
of products by Tozzi Nord [16]. For all of these reasons combined, two SWT designs are
compared in this paper—a variable-speed stall-regulated turbine and a variable-speed,
pitch-regulated turbine.

The selected testcase for the entire analysis was a 50 kW machine with a 200 m2

swept rotor area, which is in line with the definition of an SWT according to International
Electrotechnical Commission (IEC) 61400-2 [12]. The authors indeed had a direct industrial
experience with this size of machine, and this experience mainly drove the present study.
Due to the industrial non-disclosure agreement with the partner, however, all analyses
were repeated on a purely theoretical case study. Notwithstanding this, the results are fully
representative of those found in reality.
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2. Methods

In this section, the numerical tools used throughout the study are briefly presented.
The methods to determine a preliminary chord and twist distribution are explained. Then,
the airfoils considered in the design process are discussed, and the modifications done to
the ideal design in order to meet the desired targets in terms of power output are analyzed
in detail.

2.1. Numerical Tools

The aerodynamic design process described in the previous sections was conducted
using open-source, industry-standard computational tools. It is worth pointing out again
that these methods are indeed not novel and well-known to the scientific community.
Additionally, they have been extensively validated on a many study cases, both of small
and utility-scale wind turbines, assessing their suitability for the scope. However, while
approaching the industrial design of a new SWT, the authors found that detailed guidelines
on how to consciously, organically, and in an integrated fashion use these methods were
missing. On these bases, this study would like to represent a support to the industrial and
scientific community in an overall attempt of improving the future design of this class of
machines. A brief overview of the tools used in the study is provided in this paragraph.

Lift and drag airfoil characteristics were obtained with XFoil [17]. The tool is based on
an inviscid panel method, and it has been used in the design of a vast amount of airfoils
for all sorts of engineering uses, including the families used herein [18]. Even though a
recent study pointed out that this method may have some issues in case of low Reynolds
numbers and high angles of attack [19], its use in horizontal-axis rotors from the present
power output and above can be considered as a solid choice, especially for the first design
of blades, when multiple design variations need to be compared quickly.

For the present study, the characteristics were calculated using 200 panels per airfoil
and setting a trailing edge gap of 2%. A Reynolds number of 1 × 106 was used. The bound-
ary layer transition was calculated with the Ncrit-based shear layer transition method [20],
and a value of Ncrit = 9 was used. The Reynolds number matched the final operating Re
number fairly well, ranging between 0.8 × 106 and 1.3 × 106 depending on operating
conditions, and was therefore considered acceptable; however, if this is not the case, a few
design iterations might be required to ensure that lift and drag polars were suitable for
the test case. The full-blade aerodynamic design was conducted in OpenFAST [21]. This
open-source modular tool was developed by the National Renewable Energy Laboratory
(NREL) and can model the full response of wind turbines, accounting for a wide variety of
effects such as aerodynamics, elastodynamics, control-dynamics, and, for offshore instal-
lations, hydrodynamics. The code has been widely adopted, validated, and used in the
design of multiple, industry-standard, reference wind turbines [22,23]. In the present study,
only the aerodynamic and control-dynamics perspectives were explored in detail. The
aerodynamic module AeroDyn [24] allows for the simulation of dynamic inflow conditions
in the presence of atmospheric turbulence. Blade element momentum (BEM)-based aero-
dynamics also include corrections for wind shear, yaw misalignment, tip and hub losses,
and tower-shadow effects. Dynamic stall is treated with the Beddoes–Leishman dynamic
stall model included in AeroDyn. This correction is especially relevant for a stall-operated
turbine operating in turbulent conditions. The turbine controller was integrated through
the ServoDyn module. For the pitch-controlled turbine, an external routine was used, as
detailed in the next section.

2.2. Ideal Blade Shape

A tentative blade design could be determined using BEM theory. A detailed explana-
tion of the equations and their derivation can be found in [9], as only the aspects relative to
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blade design are briefly presented herein. By manipulating BEM equations to express the
power coefficient for each radial section without considering drag [9], one gets:

CP(r) =
8

λ2 λ3
r a′(1− a) (1)

The equation can be rearranged and written in terms of the flow angle ϕ:

CP(r, λ, ϕ) =
8

λ2 sin2 ϕ(cos ϕ− λr sin ϕ)(sin ϕ + λr cos ϕ)λ2
r (2)

The flow angle distribution along the span that maximizes the power coefficient (Cp)
can be found by setting the partial derivative of Equation (2) equal to zero:

∂

∂ϕ
(CP(r, λ, ϕ)) = 0 (3)

Solving Equation (3), one then gets:

ϕ =
2
3

tan−1
( r

R
λ
)

(4)

The local blade twist can be calculated based on the flow angle as:

γ = ϕ− θ − αdes (5)

where θ is the blade pitch angle and αdes is the local design angle of attack. The local blade
chord can also be expressed as [9]:

c =
8πr
BCl

(1− cos ϕ) (6)

The twist and chord distributions obtained from Equations (5) and (6) do not account
for drag and tip losses, and so the design angle of attack αdes should be selected as the angle
of attack that maximizes the glide ratio of the airfoil employed at the selected local radius.
As shown in [10], when the airfoil glide ratio exceeds 40, the assumption of neglecting
drag can be reasonably assumed. Moreover, the proposed design method determines the
ideal blade shape in design conditions, with set tip–speed ratio (TSR) and pitch angle.
It is then apparent that the design conditions should be chosen carefully. Rather than
choosing the rotor and wind speed at rated conditions, a sounder choice would be to
choose operating conditions based on the design wind speed distribution. In the present
test case, a design wind speed of 8.5 m/s was chosen as the mean wind speed of a class
IIA wind speed distribution. Another good choice could be the mode of the wind speed
distribution. When designing a fixed-speed wind turbine, the mode of the wind speed
distribution (i.e., the most frequent wind speed) should be chosen as a design point in
order to ensure the turbine is operating at its design TSR most of the time. A variable speed
wind turbine, on the other hand, can vary rotor speed to maintain a nominal TSR as wind
speed varies, and the mean wind speed is therefore also a good choice because it ensures
that the rotor speed is closer to the nominal value at the design point. The design TSR must
also be chosen carefully, as this will contribute to determining rotor speed. Modern rotors
generally operate between TSRs of 4 and 10 [25]. Higher tip–speed ratios decrease blade
solidity and increase aerodynamic noise [26,27]. Therefore, based on these considerations
and similar existing turbine designs [14,28–30], a medium-low TSR of 5.7 was selected here.

2.3. Airfoil Families

In order to obtain smooth chord and twist distributions, airfoils from the same family
must be used along the entire blade. Several airfoil families have been designed specifically
for wind turbines over the years by laboratories, scientists, and technical institutions such



Energies 2021, 14, 1013 5 of 23

as NREL (USA), Risø (Denmark), and Delft (The Netherlands). [18,31–33]. The selection
of the required airfoils plays a crucial role in the aerodynamic design process. The shape
of the selected airfoils is a compromise between performance, regulation characteristics
(especially important in stall-regulated wind turbines), and structural stiffness. The mid
and outer sections of a wind turbine blade are typically optimized for high aerodynamic
performance, while the inner sections are designed to provide the required structural
integrity and stiffness for the blade. Suggesting a family of airfoils is definitely not an easy
task, since any of them have specific benefits and drawbacks that may be relevant to each
different application; also, companies sometimes are willing to design proprietary airfoils
tailored for their machine. However, the scope of the present work was to show how, even
in case where one selects a very well-known family of “standard” airfoils, effective turbine
designs can be achieved. In detail, research into airfoil families that would be suitable for a
50 kW wind turbine with a rotor diameter of 16 m led to the selection of two different airfoil
families belonging to the S800 group developed and tested by NREL [18] for medium-size
turbines rated at 20–150 kW with blades from 5 to 10 m in length, which was the size
category of our interest.

The first family considered (Figure 1a) [18,34], with thin tip airfoils, was designed
in 1987 and includes the S805A, S806A, S807, and S808 airfoils. This airfoil family was
designed to have a low tip maximum lift coefficient (Clmax) (1.0) for a Reynolds number
just over 1*106, and it is suitable for stall-regulated blades. The “A” designation stands for
an improved version of an airfoil, based on wind-tunnel test results for a similar airfoil.
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The second family (Figure 1b) [18,35], having thick tip airfoils, was designed in
1993 and consists of the S819, S820, and S821 airfoils. This family was designed to have
performance characteristics similar to the previous family. The greater tip-region thickness
helps accommodate overspeed-control mechanisms for stall-regulated rotors at the expense
of a slightly higher drag [36,37]. Though these mechanisms are not used in modern turbines
and were thus not included in this case study, the increased thickness is structurally
beneficial. The S821 blade-root airfoil was designed to have restrained maximum lift
coefficients, and have low profile-drag coefficients, and to be as insensitive as possible
to roughness.

The low design lift coefficient of these airfoil families is indeed a design trait [33,36,38].
Specifically, on an SWT, the operating Reynolds number must be as high as possible to
achieve the best aerodynamic performance. Based on Equation (6), decreasing the design
lift coefficient implies an increase of the chord size required to reach a certain performance
level. In turn, this increases the operating Reynolds number, which helps to lower drag
and increase the glide ratio of the blade [10].

Finally, the S812, S813, and S814 (Figure 1c) [18,39–41] airfoil family was designed for
large rotors rated at 100–400 kW with blades 10–15 m in length. Though this family of
airfoils did not seem to fit the specification of the test case, it has been used successfully on
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the Atlantic Orient AOC 15/50 three-bladed wind turbine. The designation 15/50 refers
to the 15 m diameter rotor and its rated output of 50 kW [18,28,42]. This rated output is
achieved at 12 m/s by the 50 Hz version and at 11.3 m/s by the 60 Hz version. This airfoil
family was therefore also taken into consideration.

2.4. Preliminary Performance Curves

Following the steps to determine the blade design presented in Section 2.1, the first
steady analyses on OpenFAST for the three airfoil families were carried out. The focus in
this phase was put on the stall-regulated turbine, as in this case, the aerodynamic design
also influenced the regulation characteristics. As discussed previously, the design point
was chosen to be 8.5 m/s, which is the mean wind speed of a class IIA (see Table 1).

Table 1. Turbine specifications. IEC: International Electrotechnical Commission.

Parameter Value

IEC wind class IIA
Rotation axis Horizontal

Number of blades 3

Rotor diameter 16 m
Hub radius 0.5 m

Rated Power 50 kW

Cut-in/cut-out wind speed 2–20 m/s

Rated wind speed 12 m/s

Hub height 20.5 m

Airfoil family NREL S821-19-20

Figure 2 shows the aerodynamic power produced as a function of the wind speed.
These power curves were obtained without stall delay correction, and—only afterward
once the most promising design was chosen—were the polars 3D-corrected and further
refinements done (see Section 2.5). The regulation method for this preliminary design
was variable speed stall regulation. In particular, the powers produced at 12 m/s were as
follows: 50.4 kW for the S819–21 family, 52.6 kW for the S812–14 family, and 52.1 for the
S805–8 family.
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Upon examination of the performance comparison in terms of power output, one
could notice that the S821, S819, and S820 family was preferable to the others. In fact, it
allowed us to reach the set power target of 50 kW at 12 m/s with good stall regulation,
and it generated more power for below-rated wind speeds than the S805, S806, S807, and
S808 family. The main preliminary characteristics of the turbine after the first preliminary
design phase are shown in Table 1.

2.5. Modifications to Ideal Design

The ideal blade design seen so far did not account for various practical aspects that
have to be considered in a real design [43]. The ideal blade first needs to be tapered
at the tip. In this area, tip losses, which are not considered during preliminary design,
would greatly decrease the energy extracted at blade tip [19,38]. In the present study, the
tip region was tapered from 95% blade span outwards empirically. Since BEM methods
were used in the present preliminary design study, although Prandtl’s tip and hub-loss
corrections were included in this work, accurate tip-loss evaluation was not possible and
the influence of different tapering strategies was hard to assess. In fact, despite the fact that
BEM methods are able to capture the primary effects of blade tapering by resolving blade–
chord variations, the chord variations at the blade tip also influence tip-vortex strength
and, as a consequence, blade loading. While some tip-loss correction models are somewhat
sensible for tip chord distribution [44], Prandtl’s model is not [24]. Moreover, while these
corrections may be more sophisticated, they remain unlinked to the underlying physics;
therefore, to properly study the effects of this phenomena, more sophisticated aerodynamic
models are required. Decreasing the chord at the tip region also decreases aerodynamic
loading, which is beneficial from a load standpoint and has little aerodynamic penalty due
to the presence of the aforementioned tip-losses.

The blade also needs to be tapered at the blade root, where it is connected to the
rotor hub. In this area, the local tip–speed ratio is very low, the local radius is short, and
the produced torque is thus very low. On this basis, it is common practice to taper a
blade empirically.

The lift and drag coefficients used throughout the blade must also be corrected to
account for 3D flow effects. 3D effects were first noted by Himmelskamp [45] and tend to
greatly increase the high-angle of attack lift of the inboard sections of a rotating blade [46].
These effects are present in rotating blades and although the underlying physics are not
fully understood to this day, they seem to be caused by complex flow interactions in
the boundary layer. In practical terms, radial pressure nonuniformities along the rotor
blade crease radial flow patterns, which have the main effect of delaying the stall. A brief
explanation of the phenomena, as well as additional references, can be found in Chapter 3
of [10]. In the present study, the model proposed by Bak [47] was adopted and suggested.
This model corrects both the lift and drag coefficients, and it can be relatively easily
applied as an empirical correction step before the aerodynamic simulations are performed.
The inclusion of 3D-effects was found to have a notable impact on turbine performance,
especially for the stall-regulated turbine, as shown in Figure 3. Power was found to vary
quite noticeably. At 12 m/s, the blades with a fixed −6.5◦ pitch angle produced 49.4 kW
(3D) and 48.4 kW (2D), while the blades with a −5◦ pitch angle produced 50.4 kW (2D) and
59.8 kW (3D).
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For this reason, the fixed blade pitch of the stall-regulated turbine was further tuned,
and the twist of the inboard sections of the blade, which are most affected by stall delay,
were modified to ensure the desired regulation characteristics, as shown in Figure 4.
Reducing the twist angle increases the angle of attack, therefore pushing this part of the
blade towards the stall. In fact, the angle of attack can be found from the flow angle ϕ,
twist angle δ, and pitch angle θ as:

α = ϕ− δ− θ (7)
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Therefore, reducing the twist angle increases angle of attack, although it should
be noted that changing blade twins influences axial and tangential induction, therefore
changing the induced velocities and affecting the flow angle in Equation (7). The overall
trend, however, remains valid, although some trial and error might be necessary. In other
words, changing the twist angle can be seen as partial compensation for the stall delay
effect, which, in contrast and as the name suggests, tends to delay the point of the stall,
thus negatively affecting the blade’s regulation capacity.
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3. Turbine Control

In this section, the two adopted regulation methods, as well as the benefits and
possible drawbacks of each solution, are explained in detail. This is probably the key
element of the study since modern control strategies were often not applied to SWTs in
the past. Throughout this paper, however, it will be proven that their use can be largely
beneficial also in these rotors, leading to more effective designs.

3.1. Pitch Control

Blade pitch control as a means of power curtailment is the modern control method,
adopted on all utility-scale wind turbines. While two methods of pitch control are available,
i.e., pitch-to-stall and pitch-to-feather, only the latter is used because it allows for much
lower out-of-plane loads at high wind speeds.

The open-source NREL ROSCO controller [48] was used for this test case and is
suggested as a valuable tool for a first analysis. The variable-speed pitch controller was
developed based on the work of Mulders et al. [49], and it is able to regulate generator
torque and blade pitch. It also allows for yaw control and individual pitch control (IPC).

Below the rated wind speed, a blade pitch is kept constant at fine pitch; in this case, it
was set to 0◦. The generator torque is calculated as in Equation (8):

τg = Kω2
g (8)

where ωg is the generator speed. As also shown in [50], this simple formula is the result of
the fact that in order to ensure maximum performance, the turbine must operate at peak Cp
for all below-rated wind speeds. In the absence of pitch control, not active in this region, Cp
is a function of the tip–speed-ratio alone that must therefore be kept constant. Therefore, as
the theoretical available power in proportional to the cube of the wind speed, the generated
power must be proportional to the cube of the rotor speed. The power maximizing the
generator’s torque constant (Equation (9)) can be calculated as [48]:

K =
ρπR5CP

2λ3Ng
(9)

where Ng is the generator drive ratio. The relation can be easily derived from the expression
of the rotor power coefficient by imposing generator torque, as in Equation (8).

Above rated power, the generator torque is fixed to the design torque τg = Pr/ωr and
the blade pitch is controlled with a Proportional-Integral (PI) controller (Equation (10)):

∆θ(t) = Kp∆ωg(t) + Ki

∫
∆ωg dt (10)

where θ is the blade pitch. The proportional and integral gains Kp and Ki, respectively,
depend on the blade pitch angle; in particular, as the blade pitch increases, rotor speed
variations are more sensitive to small pitch variations. PI control in Equation (10) is
derived from a more general Proportional-Integral-Derivative (PID) control strategy with
the derivative term (D-term) set to zero. This is common practice in wind turbine pitch
controllers. In most cases, the controller is able to adequately control rotor speed without
the D-term, making controller tuning easier because there is one less parameter to tune.
Furthermore, the D-term is very sensitive to high frequency fluctuations of the rotor speed,
and an ill-chosen D-term could therefore introduce instability in a controller. Traditional
tuning techniques involve the linearization of the system around an operating point to
find controller gains. The linearization procedure must be repeated several times in the
operating range. Alternatively, various authors have proposed methods to empirically
calculate the gains [51].

In the present testcase, the open-source ROSCO toolbox [52] was used to tune the
controller. The gains were analytically calculated and depended on the design natural
frequency ωdes and damping ratio ξdes. In general, increased values of ωdes decrease rotor
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speed response time, while increased values of ξdes decrease the amount of rotor speed
overshoot. For the present testcase, the values of 0.82 and 1.4 were empirically selected
for ωdes and ξdes, respectively. These values were substantially higher than those found in
much larger reference wind turbines, where values of ωdes of 0.2–0.3 and ξdes of 0.7–0.9 are
common [16,42] and are needed to effectively regulate a small wind turbine with low rotor
inertia. As noted in [48], there is a limit to how fast rotor speed can be controlled (how high
ωdes can be) without incurring in erratic blade pitch behavior, and the value of 0.82 adopted
for this case was found to be at the upper limit of this range. The controller response was
tested with wind-step simulations below at and above rated speeds, as well as in turbulent
wind. While response to turbulent wind is discussed in the following section, response to
wind increments of 2 m/s are shown in Figure 5. The erratic blade pitch behavior can be
clearly seen at 300 and 350 s.
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Figure 5. Turbine response to step-wind profiles for different values of controller natural frequency
and damping ratio. Design natural frequency (ωdes) = 0.82 and damping ratio (ξdes) = 1.4 for the
tuned case, ωdes = 1.2 and ξdes = 2 for the “fast” case, and ωdes = 0.4 and ξdes = 0.8 for the “slow”
case. Values for the “slow” case were still greater than those typically employed on utility-scale
machines.

3.2. Stall Control

In this section, a variable-speed, stall-regulated strategy that eliminates the need for
ancillary aerodynamic control systems is evaluated.

The variable-speed operation of wind turbines presents certain advantages over
constant speed operation [50,53]. The primary advantage claimed for variable-speed
turbines is the increased energy capture during partial load operation. Variable-speed
operation allows the turbine to operate at near optimum Cp and to maximize power
over a range of wind speeds. Moreover, variable-speed wind turbines use the inertia of
the rotating mechanical parts of the system as a flywheel; this helps to smooth power
fluctuations and reduces the drive train mechanical stress. Secondary benefits are acoustic
signature and power quality [51]. The control logic is described in detail in [54], but the
main details are explained herein as regulation strategy that significantly influences turbine
regulation and, consequently, aerodynamic choices.

Typical variable-speed wind turbines have different regions of operation, as shown in
Figure 5, where the generator torque as a function of the generator speed is shown. The
turbine startup occurs in region 1, where the generator torque is zero. Once the generator
speed has reached cut-in speed and power is produced normally, the turbine is operating in
region 2. In this region, the generator torque control is used to vary the speed of the turbine
to maintain the constant TSR corresponding to optimum Cp, thus maximizing the energy
capture. In region 2, the torque curve is calculated as in Equation (7) and intersects the
rated torque at a rotor speed that is significantly higher than the rated speed. It would of
course be beneficial to operate the turbine on region 2 at an optimum Cp curve up to where
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it intersects the rated torque, but the operation of the turbine at these high rotor speeds
would result in a high blade tip speed and unacceptable noise emissions [31]. Therefore,
a transition region is included between regions 2 and 3 (region 2 1

2 ). Region 2 1
2 depends

linearly on rotor speed, starting at a rotor speed lower than the rated speed ω1 and reaching
the rated torque at, or slightly below, the rated speed ω2. The generator torque for this
region can be expressed as Equation (11):

τg(ω) = τ1 +
τrated − τ1

ω2 −ω1
(ω−ω1) (11)

where ω is rotor speed, τ1 is the generator torque at the rotor speed in which this region
starts (ω1), τrated is rated torque, and ω2 is the rotor speed at which we reach rated torque.
Above the rated speed, the generator torque is set equal to the rated torque τrated .

In region 3, generator torque is simply held constant at rated torque (see Figure 6).
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Adequately tuning the slope and position of region 2 1
2 ensures effective turbine

regulation. Through region 2 1
2 , the turbine is controlled to limit its rotational speed and,

consequently, output power. In fact, limiting rotor speed decreases the TSR and forces
the rotor into an aerodynamically stalled condition. This is usually called the “soft-stall”
approach because it allows for the introduction of rather benign stall characteristics for the
purposes of controlling maximum power.

3.3. Control Input Parameters

In Table 2, the main parameters used to set the torque-control strategy of the two tur-
bines are shown. These are a result of a (in most cases) necessary sensitivity analysis.
This paragraph hopefully helps the interested reader understand the influence of some
of the main control parameters and how they can be tuned to reach the desired turbine
performance. A baseline for these control parameters can be determined using the methods
detailed in Sections 3.1 and 3.2 Several common techniques to ensure that power is correctly
regulated using both control schemes were adopted for this study. The rated rotational
speed of the stall-regulated turbine (i.e., the beginning of region 3 in Figure 6) was limited
to 60 rpm because the turbine was designed to operate at a nominal TSR at 8.5 m/s wind
speed and to enter off-design conditions as wind speed increases to force the blade to
stall and the power to be regulated. Therefore, to effectively regulate power with a stall
control scheme, the turbine needs to be forced to enter off-design conditions before the
rated wind speed. A nominal rotor speed for the pitch-regulated turbine was chosen so
that the design TSR could be maintained up to 10 m/s wind speed. The high value of rated
generator torque for the stall-regulated turbine was set to avoid rotor overspeed in high
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wind speed turbulent scenarios. In practice, this means that, even at a rated power, the
turbine would operate in region 2 1

2 . Operating in this region would ensure that the rotor
does not speed-up as a response to steep wind speed increases. On the contrary, if the rotor
is allowed to speed-up, the TSR and, consequently, the power increase, causing the rotor
to quickly become uncontrolled and reach its terminal velocity. This also highlights the
importance of considering dynamic inflow conditions early on in the design stage. Finally,
the value of K (Equation (8)), was different in the two cases because the peak CP design
TSR were different for the two turbines.

Table 2. OpenFAST variable-speed generator model inputs.

Parameter Stall-Regulation Pitch-Regulation

Rated generator speed 60 rpm 68 rpm
Rated generator torque 12,878.58 Nm 7727.02 Nm

K (see Equation (7)) 1.645 Nm/rpm2 1.694 Nm/rpm2

Slip % in region 2 1
2 26% n/a

4. Simulation Set-Up

Once preliminary steady-state performance curves are obtained, it is important to
account for more realistic environmental cases early in the design process. The reasons
are twofold: first, it is important to assess turbine behavior in dynamic conditions, and
secondly, the turbine will have to be certified in the later stages of the design process. For
instance, as mentioned previously, it is crucial to verify that adequate turbine control is
achieved in dynamic conditions. Moreover, the design loads calculated by simulating
the turbine in dynamic environmental conditions can be used as a base for preliminary
structural design. Here, the turbine was simulated in a normal power production situation,
corresponding to the IEC Design Load Cases (DLCs) 1.2 [12]. The chosen turbine class was
class IIA. This represents a class of turbines designed for medium wind speed (W.S.) and
high turbulence sites.

One hundred fourteen 10-min simulations were performed for each turbine, repro-
ducing operating conditions specified by the IEC 61400-2 power production DLC-group,
including wind shear, yaw misalignment, and turbulence, as detailed in Table 3.

Table 3. IEC 61400-2 DLC 1.2 main set-up parameters.

Parameter Value

Type of Evaluation Fatigue/Ultimate
Simulation Length 600 s

Number of Simulations per W.S. and Yaw Angle 3
Wind Speeds 2–20 m/s increments of 1 m/s
Yaw Angles 0/+8/−8 deg

Vertical Inflow Angle 8 deg
Total Number of Simulations 228

Total Simulated Time 38 h

These simulations had wind speeds between two and twenty meters per second in
intervals of one meter per second following the standard and industry-accepted guide-
lines [12,55]. These design cases were representative of power production under normal
wind conditions and would therefore be the most common within the turbine lifespan.
Though DLCs are designed with structural certification in mind, they were used in this
study to verify the productivity of the turbine, as they allowed us to simulate a normal
power production scenario. Each simulation used a different turbulent speed (i.e., different
turbulent wind field) in order to more realistically reproduce the conditions the turbine
will encounter during operation and to avoid biases that might be introduced by a specific
wind pattern.
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As an additional verification, the convergence of power and annual energy production
(AEP) was evaluated, as shown in Figure 7 and Table 4. This was important to evaluate to
make sure that the predicted power curves could be considered independent from specific
turbulence characteristics. The convergence of power was evaluated in terms of mean
power per wind speed calculated with respect to the case using six turbulence speeds
per wind speed (adding up to a total of one-hundred-fourteen simulations), as shown in
Figure 7a. The analogous convergence of power standard deviation is shown in Figure 7b.
Mean power was sufficiently well-predicted by using four turbulent speeds, with variations
in mean power below 3% for all wind speeds. The standard deviations required more
simulations to properly converge. As shown in Figure 7b, using five turbulent speeds
ensured variations in Standard Deviation (STD) below 5% for all wind speeds.
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Figure 7. Relative error of power (a) and power standard deviation (b) per wind speed bin with respect to six speeds per
wind speed value, using 5 (5 s), 4 (4 s), and 2 (2 s) turbulent speeds per wind speed.

Table 4. Statistical convergence of annual energy production (AEP).

Speeds per WS 6 5 4 2

AEP stall 46.06 46.11 46.22 46.32
∆AEP (%) stall - 0.117 0.345 0.575

AEP pitch 52.55 52.69 52.65 52.53
∆AEP (%) pitch - 0.251 0.176 0.040

AEP already showed strong convergence at two speeds per wind speed and is largely
insensitive to increasing the number of speeds. This was in-line with the finding of
Bortolotti et al. [56], who noted convergence on predicted fatigue loads and AEP using
a small number of turbulent speeds. In conclusion, the minimum requirements of IEC
61400-2 in terms of turbulent speeds were able to guarantee the convergence of power and
AEP in the present testcase.

5. Results

In this section, the results of the different design choices discussed so far are critically
compared in order to let the reader evaluate their impact on the final performance.

5.1. Steady-State Performance

In order to evaluate general rotor performance, a steady-state performance comparison
was carried out. Generator power as a function of windspeed is shown in Figure 8a. Both
the stall and the pitch-regulated turbines were able to reach the desired output power of
50 kW. However, the pitch-regulated turbine reached rated power at 10 m/s wind speed,
while rated power was not reached until 12 m/s in the stall-regulated turbine. For low
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wind speeds of up to 8 m/s, the increased power output of the pitch-regulated turbine
depended on the increased aerodynamic efficiency of this blade, caused by the fact that
blade twist and pitch angle did not need to be compromised for effective stall regulation.
From 9 m/s and above, the control strategy also had a direct effect, as the rotor speed
was limited for the stall-regulated turbine in order to drive the blades to stall, as shown in
Figure 8b and discussed in the previous section.
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Figure 8. (a) Generator power and aerodynamic power coefficient; (b) rotational speed for pitch- and
stall-regulated rotors in steady-state condition.

The observations made from a perusal of Figure 8a are confirmed in Figure 9, where
the power coefficient is shown as a function of the tip–speed ratio: the compromises
adopted for the stall-regulated turbine resulted in a generally lower power coefficient.
Furthermore, the shape of the curve was very different, with the stall-regulated turbine
presenting a pronounced peak in Cp, unlike the pitch-regulated turbine that could operate
near peak-Cp for a broad range of TSRs. It is also interesting to note that both turbines
effectively operated in the area of the Cp–TSR curve that is on the left of the Cp peak. This
was crucial, especially for a stall-regulated turbine, where tuning the shape of a Cp–TSR
curve and forcing the rotor to operate in off-design conditions are the sole ways turbine
control can be properly ensured.
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5.2. Aerodynamic Performance

In this section, the aerodynamic performance in dynamic conditions is discussed.
Figure 10 shows the generator power as a function of the wind speed for the two turbines
in the conditions specified by IEC 61400-2 DLC 1.2 [12] and discussed in Section 4. The
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error bars show the maximum and the minimum calculated values, while the filled areas
represent the standard deviation. The analysis of the mean values shows that the power
produced by the pitch-regulated turbine was higher than that generated by the stall-
regulated turbine. This was largely because the pitch-regulated turbine was more efficient
below the rated wind speed (Figure 8a). Furthermore, the standard deviation was generally
lower for the pitch-controlled turbine at all wind speeds, and power output seemed to be
better controlled, especially at high wind speeds. With their respective differences, these
results show how the control systems of both turbines were able to adequately regulate the
turbine in turbulent inflow conditions. The oscillation of the minimum power values for
both turbines was due to the strong wind speed oscillations during turbulent simulations.
This is in fact a key aspect of SWTs, whose installation contexts are often characterized by
very turbulent winds.
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When comparing the power predicted in steady and dynamic conditions, some inter-
esting considerations can be drawn. Figure 11a,b compares the power curves in steady
and dynamic conditions for the pitch- and stall-regulated turbines. The effects of vertical
up-flow, yaw-misalignment, and turbulence intensity can be globally evaluated.
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For the pitch-regulated turbine, especially, there was a tendency to increase power
output below rated power, while both the pitch- and stall-regulated turbines drastically
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decreased power around the rated wind speed. This was mainly an effect of turbulence
intensity, as many authors have shown [57–60], and underlines the importance of taking
realistic operating conditions into account in the design process of a wind turbine (while
in the past, this was discarded in many small wind turbines). For instance, in Figure 11b,
one can notice how in turbulent flow conditions, the rated power was not reached until
20 m/s average wind speed; this could lead the designer to modify the turbine design, e.g.,
by compensating for this effect by reducing the fixed pitch angle.

By comparing the performance obtained in steady conditions with that in dynamic
conditions, it can be noticed how the gap between the pitch-regulated and stall-regulated
power curves widened in turbulent wind. This is very visible in Figure 12. Referring to this
figure, the area between the curves in steady conditions was 27.06 kW*m/s (Figure 12a)
and 55.26 kW*m/s in dynamic conditions (Figure 12b). This was a consequence of the
flatter TSR–Cp curve of the stall-regulated case, as shown above in Figure 9. For this reason,
the pitch-regulated turbine was less sensitive to variations in TSR and could operate near
peak Cp for longer time. This is again a consideration that was often unclear in the old
generation of stall-regulated SWTs, and it seems to suggest that the real benefits of pitch
regulation are higher than expectations and thus possibly able to compensate for the
increased cost.
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Figure 12. Power curves for the pitch- and stall-regulated turbines in steady conditions (a) and dynamic inflow condi-
tions (b).

In above-rated flow speed operation, the stall-regulated turbine was able to self-
regulate power output, as previously shown in Figure 7a. Unfortunately, as shown in
Figure 13, the result was an increase in axial load for the stall-regulated rotor—more force
was transferred into axial loading rather than into rotating the blade. In fact, as wind speed
increased in the stall-regulated rotor, the force vector rotated downwind to decrease the
torque component and increase the thrust component. Therefore, a potential advantage
of pitch regulation over its stall counterpart is decreased peak axial loads, which decrease
rotor structural requirements and may lower the risk of failure during high-wind events.
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5.3. Annual Energy Production (AEP)

Differences in power delivery and efficiency discussed in the previous sections result
in different annual energy production values. The AEP was calculated according to IEC
61400-2 standard turbine classes from the results of the dynamic simulations. A Weibull
wind speed distribution with shape factor of 2 and an average value of 8.5 m/s was
used to model sites of IEC wind class IIA, with medium wind speed and high turbulence
intensities.

The results of AEP estimations are displayed in Figure 14. It can be noted that the
energy capture was very low at low wind and high wind speeds, though for different
reasons. At low wind speeds, a wind turbine cannot deliver enough power, while high
wind speeds occur only for short times during a year.
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In the analyzed case study, the pitch-regulated turbine produced 12.36% more energy
(kWh) annually than the same stall-regulated turbine. The annual energy production
calculated for the stall-regulated turbine was 46.058 MWh/year, while the pitch-regulated
turbine produced 52.554 MWh/year.

5.4. Results in the Time Domain

In order to do a comparative analysis between pitch and stall control strategies, it
was also useful to look at time characteristics. The first reason for this is to show that the
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controllers and simulation models worked properly. The second is to show the impact of
the two control methods on power output, which also has an effect on global energy capture.
Finally, the third is to get an impression of the power quality of the different controls.

In the following, below, above, and at around rated wind speed simulations are
discussed, and the results for a 600 s time interval are shown. For the partial load time
characteristics, an average wind speed of 7 m/s was selected. In this scenario, wind speed
rarely reached its rated value, and power limiting did not occur. In this area, the main goal
was to maximize energy harvesting.

In Figure 15a, the generated power is shown for the two turbines. In the 600 s time
interval, the power of the pitch-regulated turbine was always slightly higher than that
produced by the stall-regulated turbine, as was expected given the higher Cp. The power
output was globally similar for the two turbines, as power regulation did not kick in until
higher wind speeds were reached.
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Figure 15. Generator power for a (a) 7 m/s average wind speed simulation, (b) a 12 m/s average wind speed simulation,
and (c) a 16 m/s average wind speed simulation.

For the near rated wind speed time characteristics, an average wind speed of 12 m/s
was selected. The main interest lies in the transitions from partial load to rated power
and vice versa. In this area, a smooth transition between the power maximization and the
power limiting was of interest. In Figure 15b, the power output for the two turbines at
12 m/s average wind speed is shown.

The stall-controlled variable-speed concept showed very steep power changes when
entering and leaving region 3. While power overshoots were similar in magnitude for
the two regulation concepts, power output dropped significantly as wind speed dropped
below rated for the stall-regulated variant. When the turbine was operating at rated power,
the blades were in partial or total stall; therefore, due to dynamic effects, power dropped
significantly as the blade gradually exits stalled.

In Figure 15c, the behavior of the two different concepts at wind speeds above rated
wind speed is shown; in particular, an average wind speed of 16 m/s was selected. At
these wind speeds, there is always much more power in the wind than the wind turbine
can handle. Therefore, the power output must be curtailed. Overall, the pitch-controlled
turbine appeared to be able to regulate power more efficiently, although both control
systems provided satisfactory results. As noted also when analyzing operation around
rated wind speed, the generator power dropped significantly more on the stall-regulated
turbine at the 180 s mark, an effect that could be again related to the stall state the blade
is in.

Some interesting trends can also be inferred from the rotor speed of the same simula-
tions at 7, 12, and 16 m/s shown in Figure 15; these trends are shown in Figure 16.
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At 7 m/s, the two turbines behaved similarly, with the stall-regulated turbine produc-
ing more power and operating at a higher rotor speed. The stall-regulated turbine operated
at a lower TSR, as intended and shown in Figure 9. At 12 and 16 m/s, the average rotor
speed was higher for the pitch-regulated turbine and both turbines were operating at their
nominal rotor speed, thus indicating that the controllers were performing as intended. It
can be noted how the stall-regulated turbine was able to maintain a nearly constant rotor
speed. The differences between control systems can be explained as follows: the pitch
controller employed in this study maintained a constant torque above rated and regulated
rotor speed and power trough blade-pitch feathering. Thus, fluctuations in power were
caused by variations in rotor speed and vice-versa. The stall controller, on the other hand,
was set to operate in region 2.5 at a wind speed above rated (further details are discussed
previously in Section 3.3), and controlled rotor speed at the expense of fluctuations in
torque and power. Keeping rotor speed in check is very important for a stall controller
because if rotor speed could increase, the turbine would increase its TSR and quickly
accelerate out of control.

6. Conclusions

In this study, the design process of a 50 kW turbine from blade selection to performance
assessment was used to show how modern engineering codes and recent tools for turbine
control can be effectively used to design an efficient small wind turbine.

Focusing first on aerodynamic design, it must be noted that he intended final control
strategy (i.e., pitch or stall control) needs to be defined early on in the design process
because the resulting final blade shape may be significantly influenced by the choice. In
the case of SWTs, it is preferable to use a family of airfoils that targets a high glide ratio
with moderate lift coefficients, as this helps to increase blade chord and, hence, operating
Reynolds number. Furthermore, although these effects are not fully understood and their
inclusion in the design process is somewhat uncertain, it is very important to consider
3D-effects. Such phenomena play a key role in the inner parts of the blade and have
been shown, as expected, to significantly influence the stall-regulation capabilities of an
SWT. The presented guidelines and aerodynamic design procedure are general and can
be applied to all turbine sizes, not only to SWTs. It must be noted, however, that when
designing very large wind turbines (10–20 MW), pitch control is the undisputed choice
and focus is placed mainly on structural loads. In fact, these rotors operate at extremely
high Reynolds numbers, therefore achieving high peak aerodynamic performance almost
effortlessly. On the other hand, structural optimization is extremely important to keep
blade cost and weight down, as well as to guarantee robust blade design. For this class of
rotors, a more integrated design procedure, focusing on loads in addition to aerodynamics
and control in the initial stages of rotor design, should be considered.

Focusing on control, the study showed the basic approaches and methods to imple-
ment both pitch and stall control in small wind turbines. In this sense, even though existing
books and reports very often only focus on the stationary power curve, it has been shown
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here that in dynamic conditions, i.e., in a power-production DLC case from international
design standards, the power curve of the turbine significantly changes, thus indicating the
importance of accounting for such conditions in the design process and, especially, in the
selection of the best control strategy.

For the stall-regulated turbine, an overall good level of performance was achieved.
The peak aerodynamic power coefficient for the selected case study was around 0.4, which
is in line with turbines of this class. When adopting a pitch regulation strategy, however,
fewer compromises to the blade design have to be made in order to ensure good power
regulation; in this case, no fixed blade pitch angle needed to be set, and the ideal blade twist
distribution could be used. As a consequence, the aerodynamic power coefficient improved
significantly, reaching a value of nearly 0.5, which is in line with most modern utility-scale
turbines. Furthermore, rotor thrust continued to increase above rated wind speed for the
stall-regulated turbine, as opposed to the trend observed when using pitch regulation. This
points to the possibility that pitch regulation also has the added benefit of lowering axial
blade loads. In this sense, this work has shown how the use of a modern, pitch-to-feather
control strategy has the potential to significantly improve SWT performance through more
effective power regulation and due to the fact that many compromises to the aerodynamic
design can be avoided.
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