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Preface

The volume contains the written versions of most of the contributions presented
during the TUrbWind Colloquium—Research and innovation on wind energy
exploitation in urban environment organized by the University of Trento (IT) that
took place in Riva del Garda, Italy, from June 15 to 16, 2017.

The purpose of this colloquium was to discuss the state-of-the-art and the recent
developments on wind energy exploitation in urban and suburban area. The urban
environment offers a peculiar wind resource, highly variable and extremely tur-
bulent. In order to harvest wind energy in an efficient and durable manner, urban
wind turbines have to be properly designed. At the same time, this environment is
where the human energy demand is mostly concentrated. Integration of wind tur-
bines on existing or dedicated buildings or, where possible, as free-standing
installation in public areas, requires a different design approach compared to open
areas. Such issues drive opportunities for innovation and development.

The TUrbWind Colloquium was intended to provide a forum for experts on
wind energy exploitation in urban areas to present and discuss the state of the art
of the technology, exchange ideas and get informed about the latest research trends
in the domain. In particular, this colloquium aimed to bring the research community
together for the first time under a dedicated event on the urban wind turbines and
their integration in the anthropic areas.

We would like to thank all participants for their contributions to the colloquium
program and for their contributions to these proceedings. We also acknowledge the
important contributions of Prof. Gerard van Bussel and Dr. Josè Alfredo Ramirez in
opening the colloquium program. Our special thanks go to colleagues Dr. Ignacio
Cruz and Dr. David Wood, for their assistance during the colloquium, and to the
members of the Scientific Board. It is our pleasant duty to acknowledge the support
of the InVento promoters in the overall organization of the colloquium.

Trento, Italy Lorenzo Battisti
November 2017 Mosè Ricci
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Experimental and Numerical Wind-Resource
Assessment of an University Campus Site

A. El Bahlouli and J. Bange

Abstract During a 3 year research project funded by the local government of Baden-
Württemberg, Germany, the potential of wind-energy production was studied at the
university campus of Tübingen, a town in the south-west of Germany. The 3D wind
field was studied both experimentally and numerically in order to identify optimal
locations for small wind turbine installation. Within the scope of this project, a full-
scale field experiment and RANS (Reynolds Averaged Navier-Stokes) models were
applied in order to yield a better understanding of the airflow around the buildings.
We validate our CFD predictions of the flow field with wind-speed measurements
using ultrasonic anemometers at several stations within the campus. The simulation
results (in direct comparison with the measured data) improved greatly when trees
were explicitly considered using a simple canopy model at the inflow boundary.
This study is intended to support and guide the next steps of the wind resources
assessment at similar sites. We gladly offer our site, instrumentation and (simulated
and measured) data to other groups that perform urban wind energy studies.

Keywords Wind flow · Urban environment · RANS · Anemometers

1 Introduction

Several international and national policies and grant programmes are encouraging
the use of renewable sources of energy, among which are small-scale wind-energy
technologies. Small wind turbines (SWT, less than 100 kW as defined by the World
Wind Energy Association WWEA) have shown a remarkable growth in use during
recent years mainly in China and the USA. In 2015, an increase of 14% compared
with the previous year has been registered for the small wind capacity installed
worldwide. This market is expected to reach a steady growth rate of 20% from 2015
to 2020 as reported by the WWEA in their ‘Small Wind World Report Summary’

A. El Bahlouli · J. Bange (B)
Environmental Physics, University of Tübingen, Hölderlinstr. 12,
72074 Tübingen, Germany
e-mail: jens.bange@uni-tuebingen.de
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L. Battisti and M. Ricci (eds.), Wind Energy Exploitation in Urban Environment,
Green Energy and Technology, https://doi.org/10.1007/978-3-319-74944-0_1
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2 A. El Bahlouli and J. Bange

(www.wwindea.org). These small wind energy technologies were in the focus of a 3
year research project at the University of Tübingen, in the south-west of Germany, as
a pioneer study in sustainability and environmental management in the region. The
university and the university hospitals of Tübingen are using around 20% of their
electricity from renewable sources, at the time of writing. The aim is to increase
this share to 35% by 2020. A large and efficient photo-voltaic system is already in
service but no wind energy resources are there to complement them. Thus first aim
of the study was a detailed wind resource site assessment before locations could be
identified where wind-energy resources are possible.

Historically, wind energy technologies were built in open areas with favourable
wind conditions, the basic condition in order to harvest significant wind power. The
atmospheric boundary layer (ABL) behaves differently in urban environments com-
pared to the flow in open areas. The surface geometry in urban areas is significantly
more complex than for open spaces and has a critical influence on wind flow at the
micro-meteorological scale. Several studies have shown that urban areas have rela-
tively low average wind speeds [8, 18], but turbulence can be much stronger due to
the larger shear and strong local convection in the presence of obstacles and heated
concrete, causing extremewind events of relatively short duration (strong gusts). The
presence of buildings disturbs the wind flow by generating zones of wind accelera-
tion, channelling, blocking, re-circulation and increasing turbulence. Wind turbines
installed in urban areas should take the features of the urban ABL into account. Such
wind turbines will experience frequent wind changes, a large amount of turbulence,
gusts and a significant vertical wind component (in conflict with the usual design
of wind turbines). All this reduces the expected life time of the turbines, and can
increase the risk of breakdowns due to the large amount of fatigue load on the struc-
ture. It is therefore necessary to perform more measurements and a detailed wind
resource assessment in the potential site to optimise the placement of SWT.

In situmeasurements are the onlyway to characterise thewind flow at the potential
sites, adequately. Such measurements are a good way to quantify the wind resource
as it accounts for all environmental parameters and weather fluctuations. But these
measurements are often limited to a meteorological station installed at a single loca-
tion that is usually not be fully representative of the flow over the site. And such
measurements have to be performed over a long period to get reliable statistics [2].
All these constraints make in situ measurement in the urban environment relatively
limited. Thus many studies are conducted in wind tunnel experiments to measure
wind flows around building models in a stationary flow.

During the past two decades, many CFD (Computational Fluid Dynamics) meth-
ods have been applied in wind project studies. CFD tools offer considerable advan-
tages and provide detailed information of the flow in the whole calculation domain.
The use of numerical models for wind engineering application known as Computa-
tional Wind Engineering (CWE) increased significantly during the last decade [3]. It
is widely recognised that the availability of many physical and numerical parameters
in these methods, which can be freely chosen by the user, can lead to wrong assump-
tions or numerical errors. Typically, a user has to choose the approximation form
of the governing equations, the turbulence models, the discretisation schemes, the

www.wwindea.org


Experimental and Numerical Wind-Resource Assessment … 3

computational domain, etc. To overcome this problem, the wind-energy community
published several best practice guideline documents and recommendations on the
use of CWE, as in [4, 6, 17].

Since the power output from a wind turbine is proportional to the wind speed
cubed, accurate estimation of the campus wind speed is essential for accurate power
output estimates. In order to study the wind-energy resources at the university site, a
detailed wind resource site assessment was planned. Here, we like to present the first
step of the wind resources assessment study which include a CFD validation with
high-resolution wind data measured on-site.

After 3years, the project stopped since the funding expired. But we gladly offer
our site, instrumentation and (simulated and measured) data to other groups that
perform urban wind energy studies.

2 Methodology

2.1 The Campus Site Specification

The project focuses on one area, calledMorgenstelle, where the averagewind speed is
estimated to be the highest among the university buildings. The chosen investigation
site is located in outlying districts of the city, on top of a hill. The site has a mix of
shallow and high buildings with three of them approximately 50 m height. Previous
simulation using the meso-scale model METRAS PC [13] on a 500m × 500m grid
spacing, indicated the prevailing wind direction at the side is south-west, as shown in
Fig. 1. The majority of the buildings are oriented in a south-west direction, as well.
Upstream the site, i.e. the western part of the campus, is covered with a forest. This
area lies in a valley that influences the wind flow at Morgenstelle directly, in case of
west or south-west wind direction.

2.2 The Full Scale Experiment

A common technique to calculate the energy potential includes wind measurements
at least for one annual cycle. Thus, six stations consisting of three-dimensional ultra-
sonic anemometers (RM Young 81000) have been installed at the site since April,
2014. In order to measure the distortion of the flow due to building effects, different
kind of locations for the instruments were chosen, such as roofs, balconies or on the
ground (see Fig. 2).

The anemometers are mounted on 3 m masts (the maximum height autho-
rised), except for the balcony station which has a 1 m horizontal boom. Around
the anemometers, complementary equipment (e.g. power supply and data acquisi-
tion systems) were installed. Due to different conditions at the chosen measurement
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Fig. 1 Aerial view of the site and wind statistics from the METRAS-PC model. Sourcewww.udo.
lubw.baden-wuerttemberg.de

locations, at some stations data loggers (Campbell Scientific CR800) operating on
an external battery are used. For the remaining stations, grid powered systems driven
by amicrocomputer (Raspberry Pi) were developed and built. The anemometers pro-
vide the three wind components and the ‘sonic’ (close to virtual) temperature with
high temporal resolution (10Hz). Therefore, the stations generate a large amount of
data, around 300 MByte per day. Thus, a database management using a Structured
Query Language (SQL) became necessary.

2.3 The Simulation Set-Up

In the current study, the calculations are carried out only for the prevailing wind
direction of 240◦. The simulations are performed using the open source C++ code
OpenFOAM (openfoam.org). Here, a Reynolds Averaged Navier-Stokes (RANS)
approach is used to investigate the flow around and through the site. The compu-
tational geometry and domain are built in accordance with the best practice guide-
lines by [6, 17]. Considering these guidelines, the resulting computational domain
has dimensions of L × W × H = 750m × 1250m × 350m. The size of the entire
computational domain in the vertical, lateral and flow directions is not limited to the
region of interest but includes the surroundings (Fig. 3).

http://www.udo.lubw.baden-wuerttemberg.de
http://www.udo.lubw.baden-wuerttemberg.de
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Fig. 2 Photographs of measurement station. 1: balcony, 2: garden, 3: canteen, 4: ‘A’ building, 5:
lecture hall and 6: heating plant

Fig. 3 The computational domain around the Morgenstelle (NWI site)
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In the model, the ground has been simplified by assuming it to be flat. The com-
putational grid has been created with the SnappyHexMesh utility (the OpenFOAM
mesh generator) and contains approximately 8 millions cells with a resolution of
1.5m near the area of interest. The simulations were carried out with the k-ε model
of [9] and the simpleFoam solver, which is a steady state, incompressible solver. The
inlet uses Dirichlet conditions for the velocity U , the turbulent kinetic energy k and
the dissipation rate ε with a log-law velocity profile using the OpenFOAM libraries
as in [14] with a reference wind speed of 5 m/s at 10m height. Flow is considered to
be fully developed in the outlet, thus we apply a Neumann zero gradient condition
for all variables, except for pressure. For this last variable a Neumann zero gradient
condition is assumed. For the ground, a no-slip condition is set for the wind field and
zero gradient condition is used for the pressure. The wall shear stress is computed
by the standard OpenFOAM wall functions with a homogeneous roughness height
of 0.03 m. A slip condition is used for the sides (parallel to the flow direction) and
the top of the domain.

2.4 The Canopy Model

Figure1 shows that the site is located at the edge of a forest at the in-flow boundary
for westerly winds. Thus, it was necessary to include the effect of the forest on the
wind flow in our study. In many studies in urban area, details like trees are neglected
or implicitly considered in the roughness parameter. E.g. [12, 15] used an explicit
representation with a canopy model for reproducing the aerodynamic effects of the
trees in urban area. These studies showed that using the implicit approach leads to
small effects of trees in most of the urban domain simulated. Thus we decided to
consider the effect of the forest at the in-flow boundary using an explicit approach.
To include the impact of the forest on the spatial distribution of wind speed, we use
a canopy model based on the work of [10] where the vegetation is represented by
a leaf area density (LAD) profile. To consider the effects of the canopy of the flow,
the incompressibly filtered Navier-Stokes equations have been modified following
the ideas of [10]. This method adds an additional drag force Di in the xi direction
generated by the forest in the following way:

Di = −Cd LAD(z) V Ui (1)

where Cd is a constant drag coefficient, V is the mean wind speed, Ui the local
wind velocity in i direction, and LAD the leaf area density at height z. The drag
force Di is added in the momentum equation but also in the kinetic-energy equation
and the dissipation equation. The drag coefficient Cd is a parameter which links
the canopy architecture with its aerodynamic behaviour. In two mixed forests of the
Italian Alps, [5] investigated the drag coefficient experimentally and found mean
values around 0.09 ± 0.06 and 0.12 ± 0.06. Having a mixed forest in our site, we
decided to continue our study with a value of 0.15.
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Fig. 4 Vertical distribution
of leaf area density

The LAD (m2 leaf area per m3 canopy volume) is only a function of height in this
model and depends on species, developmental stage, leaf season, etc. This function
varies over height, since the leafs are not equally distributed along the trunk height.
The LAD is derived from the leaf area index LAI as follows:

LAI =
∫ H

z
LAD dz (2)

A LAI of 5 is chosen after a literature survey, e.g. [7, 11, 16]. Figure4 shows the
resulting leaf area density profile as a function of z/H, where H is the tree height of
about 22 m, in our study.

3 Results

3.1 Verification of the Numerical Simulation

Our approach to compare measurements with simulations is somewhat upside-down.
We first conducted a simulation and then identified periods in our database that agree
with the boundary conditions of the simulation. In order to compare the RANS
simulations with our measurement stations, we chose the station mounted on the
highest building near the inflow, named ‘A-building’, also shown in Fig. 5, as a first
reference. In case of south-west wind, this station is not in the wind shadow of any
other building. Also the instruments are located at the leading edge in the centre of
the roof. Thus, the wind direction at this station is assumed to be identical with the
inlet profile, which equals 240◦ due to our simulation settings. Knowing the other
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Fig. 5 Top: 3D perspective of Morgenstelle site, buildings are shown in grey, and idealised
smoothed topography is shown in brown, the station network is shown in red (color figure online)

station’s location, we can easily find the corresponding coordinates in our simulation
and extracted the simulated values of the mean wind speed to be expected at the
remaining stations.

The simulation gives a mean velocity of 5.40 m s−1 at the ‘A-building’ station. In
the SQL database, we look for 30 min periods fulfilling both following conditions at
the A-building station:

1. The mean wind speed is 5.40 ± 0.1 m s−1.
2. The wind direction is 240 ± 10◦.

Finally, 28 data sets were chosen in order to have various weather conditions (day
and night time, cold or warm days), and listed in Table1.

The scatter plot in Fig. 6 shows the simulated velocities without the application
of our canopy model (Sect. 2.4), matched by the 30min-average wind speed from
the stations. The spread in the experimental data (vertical axis) is in the order of
2 m s−1 and almost constant for all the stations. The plot shows that the experimental
data don’t match the simulation well. The stations 5 (garden) and 3 (balcony) are the
ones closer to the line of best fit. This can be explained by the fact that station 5 and
station 3 are located behind or in a corner of a building (Fig. 5). Thus the data shows
mainly the effect of the building regardless of the incoming wind field. Stations 1
(heating plant) and 2 (canteen) are the ones directly influenced by the inlet profile.
Here, measurements showmuch smaller wind speeds compared to the simulation. In
general, the simulation over-estimated the real wind speeds significantly, probably
due to the insufficient modelling of the incoming wind profile.

Our first simple approach of a flat terrain with a homogeneous roughness height
is not suited to the problem. Mainly because the site is surrounded by a significant
number of trees in the upstream area. We need to adjust the upstream area of the
campus by adding the canopy model (Sect. 2.4) as we expect that the forest has an
impact on the spatial distribution of wind speed.
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Table 1 Data sets used for comparison. Units for the wind speed are m s−1

Date time A-Building Canteen Heating
plant

Balcony Garden Lecture hall

03/05/15
12:00

5.43 2.09 1.81 4.29 2.10 –

03/05/15
20:30

5.42 1.50 1.22 3.75 1.51 –

06/05/15
20:30

5.42 1.99 2.23 4.57 1.43 1.87

06/05/15
16:00

5.42 2.13 1.67 3.31 1.83 2.73

06/07/15
01:30

5.43 1.48 1.77 3.76 1.27 2.09

06/07/15
03:30

5.39 1.47 1.80 3.83 1.03 2.01

07/07/15
20:00

5.41 1.01 1.61 3.39 0.82 1.61

07/07/15
04:30

5.34 0.70 1.22 3.13 1.04 1.75

08/07/15
03:30

5.43 1.66 2.24 1.12 4.09 2.02

08/07/15
12:30

5.43 2.36 2.06 1.45 4.38 2.43

15/11/15
20:00

5.44 2.04 1.25 3.57 2.21 2.08

15/11/15
22:00

5.42 1.52 0.89 3.55 2.02 0.97

17/11/15
02:30

5.43 1.13 1.43 3.31 1.09 1.24

17/11/15
04:00

5.45 1.84 1.85 4.29 1.77 1.12

25/12/15
10:00

5.41 1.59 1.32 2.91 1.01 1.88

25/12/15
20:30

5.41 1.37 1.19 3.72 1.03 0.98

29/12/15
05:00

5.36 1.78 1.2 1.46 1.31 1.93

29/12/15
09:00

5.33 2.11 1.11 3.34 0.76 3.34

04/01/16
06:00

5.44 1.47 1.43 3.81 1.28 1.23

04/01/16
18:30

5.42 1.32 1.18 3.09 1.75 1.80

(continued)
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Table 1 (continued)

Date time A-Building Canteen Heating
plant

Balcony Garden Lecture hall

05/01/16
14:30

5.44 1.53 1.29 3.12 1.28 1.94

05/01/16
19:30

5.42 1.42 1.23 3.36 1.30 1.14

05/02/16
09:00

5.44 1.54 1.44 3.70 1.58 1.85

05/02/16
15:30

5.48 1.75 1.77 3.97 1.81 2.20

06/02/16
08:00

5.40 2.41 1.41 4.74 1.11 1.96

06/02/16
14:00

5.44 1.56 1.28 2.92 1.36 1.47

10/02/16
03:00

5.45 1.75 1.69 4.13 1.68 2.24

10/02/16
05:30

5.45 1.95 1.85 4.07 1.83 1.92

Fig. 6 Scatter plot of
measured wind speed against
simulated wind speed
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Results of the simulation using the canopy model are shown in the Fig. 7. Now, all
the simulated wind velocities are decreased compared to the previous case, but meet
the experimental data much better. However, station 1 (heating plant) still shows a
significant difference between the experimental data and simulation result. It should
be noted that this station is located only 30m away from the forest and thus is very
sensitive to the forest representation in themodel, which is—so far in this study and in
contrast to reality—horizontally homogeneous. An even more detailed forest model
might give further improvements. However, the results illustrate the importance of
having a realistic inlet profile by considering, for example, the forest canopy.
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Fig. 7 Scatter plot of
measured wind speed against
simulated wind direction
with a canopy forest
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3.2 Accelerated Flow Around and Above the Buildings

The following 3D figures where obtained using the post-processing tool Paraview
[1] which helps to identify the areas where the velocity is increased (in comparison
to the inlet velocity) and to visualise the air flow, both in three dimensions. Figure8
shows the velocity streamlines. Air flow patterns around buildings is quite complex.
At the windward surface of the buildings, where the wind first impacts the buildings,
the wind stream splits above and around the sides of the buildings. The air flow
accelerates around the corners of the building causing a high speed region of the
corner and a weak wind region on the sides of the buildings.

Fig. 8 Velocity stream lines at Morgenstelle campus. Colours indicates wind speed close to zero
(blue) up to 6 m/s (red) (color figure online)
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Fig. 9 Velocity contour-plots at height of: (top) 2 m, (centre) 20 m and (bottom) 50 m



Experimental and Numerical Wind-Resource Assessment … 13

Fig. 10 Model cells with a minimum velocity increase of 10%. Top: 3D view, and bottom: side
view

The velocity contour-plots at different heights (Fig. 9) illustrate this phenomena.
The wind speed is also increasing with altitude as expected (due to the logarithmic
wind profile at the inlet).

The blue area in Fig. 10 (top) represents the cells with a minimum horizontal wind
speed increase of 10%, which corresponds to a minimum of 5.5 m/s. This area is
located over the ‘A’-building and—due to its increased wind speed—is attractive for
wind-energy production. To reach this area, a mast of minimum 14m height with a
turbine on top would be necessary, as seen in Fig. 10 (bottom).
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4 Conclusion and Outlook

This paper reports the first step of the feasibility of wind power utilisation in a univer-
sity campus and find out how to model the wind flow in the built environment more
effectively. Two RANS simulations were performed for the flow over and through
the university buildings. Including a canopy model improved the simulation results
significantly, demonstrating the importance of having a realistic inlet profile. While
these simulations represent first results, they illustrate the potential for future inves-
tigations of canopy turbulence. And a more realistic ground model (and horizontally
heterogeneous inlet) would improve the results even more.

We planned tomeasure the incomingwind flowover the forest inmore detail using
a small unmanned aerial vehicle UAV [19, 20]. The research UAV MASC (Multi-
purpose Airborne Sensor Carrier) can resolve turbulence fluctuation of wind and
temperature up to 30Hz. Legs (straight and level flight sections) of approximately
1km total length can be flown over the forest at various altitudes. By comparing
turbulent statistics calculated over several legs at a given height, the average and
temporal trend of any spatially averaged variables can be computed for that height.
Therefore, new experimental data will be added for CFD validation.

The first step of this wind resource assessment helped us to identify important
parameters in our model which were validated with our long term measurements.
The next step will consist of identifying spots with higher wind speeds and low
magnitude of turbulence using CFD tools which can provide detailed information
of the flow in the whole calculation domain. After picking the best locations, the
optimal type of wind turbine will be chosen, and an estimation of the power output
can be given.

However, after 3 years the project funding ceased. During this period, six turbu-
lence stations were built and mounted, and a measurement data base including user
interface was designed. Also various CFD methods were tested and simulation runs
were performed on different computation clusters. It is understood that the presented
results are preliminary and that there is room for plenty of improvements and exten-
sions. Currently, the project is paused until we applied successfully for a new grant
or/and we found a new partner who wants to use the installations and the database
at the urban wind field research site Morgenstelle.
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Measurements of Semi-urban Gust Factors
for Wind Load Determination

O. L. C. Antonio and D. H. Wood

Abstract Wind turbine and building codes used to design photovoltaic installations
among other structures, typically use a gust factor to convert wind speeds averaged
over 10 min (IEC standards for wind turbines) or 1 h (many building codes) into
3 s averages for determining the extreme wind loads. The IEC standard for small
wind turbines assumes the gust factor has a universal value of 1.4, which is close
to that used in many international wind loading standards. Ultrasonic wind speed
measurements at a height of 50 m in a semi-urban location in north Calgary were
sampled at 100 Hz and analyzed to determine the gust factor in a novel manner.
692 h of measurements were obtained and fitted to the generalized extreme value
probability distribution function. We find gust factors as low as 1.26 at the 99%
confidence interval, corresponding to 3 standard deviations from the mean value.
Since the square of the gust factor is used in estimating extreme loads, this represents
a 19% reduction in these loads compared to the valuesmandated by the IEC standard.

Keywords Gust factor · Urban wind flow · Wind energy · Anemometry
Wind loads

1 Introduction

Structural safety and wind turbine standards like IEC 61400-2 [1] use a gust factor
(GF) in determining extreme wind loads. For example, Load Case H in IEC 61400-2
requires a small turbine to be safe for a “3 s gust wind speed” of Ve50 which is
1.4 times Vref , the reference wind speed defined as a 10 min average. In this case
GF � 1.4. Most wind speed data is averaged over either 10 min or 1 h and the
use of a GF can be viewed as a “correction” to obtain averages over the minimum
time period sufficient to cause severe structural damage. By convention, this time is
normally taken as 3 s, e.g. Holmes [2]. In determining wind loads, it is assumed, or
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must be assumed, that the GF is more general than the mean wind speed, but there
is surprisingly little information available for it, and none that we are aware of from
urban measurements. In this paper, GF is defined as the ratio of the 3 s to 10min
average wind speed. However it can have many definitions, Antonio [3].

AGaussianwind speed probability distribution function (PDF) is uniquely defined
by its mean, Ū , and standard deviation, σu . Then the GF can be related to the
turbulence intensity σu/Ū , by

GF � (
Ū + gσu

)
/Ū � 1 + gσu/Ū (1)

where g is the peak factor, which in turn can be calculated as described in Dav-
enport [4], Solari and Kareem [5] and Holmes [2]. Wang et al. [6] measured g and
GF as a function of Ū . Balderrama et al. [7] determined g for tropical cyclones on
the south-east coast of the USA and obtained GF in the range of 1.46 and 1.50.
GF was found to depend on σ u, surface roughness, and terrain. Davis and Newstein
[8] used regression to find GF as a function of Ū , and found GF tended to a con-
stant as Ū increased. Extreme wind speed estimation for wind energy applications
is described by Anastasiades and McSharry [9] and Ishihara and Yamaguchi [10],
who both use computer simulations to extend the wind speed database to estimate
extreme values. These results suggest that the complexity of urban wind flow may
require a range of values for GF, but as noted above, no serious study of urban GFs
has been undertaken.

Equation (1) allows another determination of GF. The normal turbulence model
in [1] specifies

σu/Ū � 0.12 + 0.9/Ū (2)

Holmes [2], Table 3.4 gives g � 2.5 for a 3 s gust and 10 min averages. Thus

GF � 1.3 + 2.25/Ū (3)

These methods of determining GF are not the only possible ones, especially if
GF can be assumed to be independent of Ū , as this decouples the determination of
GF from finding the extreme Ū . Furthermore, it is well-known that wind speeds do
not follow the Gaussian PDF and the more complex Weibull PDF is commonly used
as a better approximation.

A specific aimof thepresent investigationwas todeterminewhetherGF is constant
at high Ū for semi-urban settings as represented by our site. In addition, our mast
is fitted with ultrasonic anemometers. These have become available only relatively
recently and have very good frequency response, so that oldermethods of determining
GF, based on measuring peak values, can be avoided. We decided to determine
GF in a new way: through the Generalized Extreme Value (GEV) PDF, e.g. Kotz
and Nadarajah [11]. The GEV is applicable for extreme value statistics rather than
routine wind speed statistics. Nevertheless, it is a relatively simple PDF with three
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independent parameters that reduces to the widely used Weibull distribution for
suitable parameter values.

The overall aim of the present paper is to use the GEV to analyze wind speed data
to determine the GF and then to assess its dependence on Ū . The next section intro-
duces the GEV. The following section describes the measurement site and anemome-
ter mast, and the data acquisition and processing, followed by a description of the
application of GEV to the present data and the estimation of GF. The final section
gives the conclusions.

2 The Generalized Extreme Value Distribution

The GEV PDF for the instantaneous wind speed, U, is given by

p (U\k, μ, σ ) � 1

σ

[
1 + k

(
U − μ

σ

)]−1−1/k

exp

{

−
[
1 + k

(
U − μ

σ

)]−1/k
}

(4)

where k is the “shape factor”, Kotz and Nadarajah [11]. In GEV parlance, μ is
the “location parameter”, and σ is the “scale parameter”. The conventional mean is
related to these parameters by

Ū � μ − σ

k
[1 − � (1 − k)] (5)

where � is the Gamma function. Similarly the standard deviation is

σu �
√

μ − σ 2

k2
[
� (1 − 2k) − �2 (1 − k)

]
(6)

The GEV thus has only one additional adjustable parameter, k, than the Gaussian
and so is likely to bemore general but not excessively complex.When k < 0, the GEV
becomes aWeibull, sometimes called GEVType III, which is the most common PDF
used for wind speed analysis. When k � 0, (4) becomes

p (U\0, μ, σ ) � 1

σ
exp

{
−

(
U − μ

σ

)
− exp

[
−

(
U − μ

σ

)]}
(7)

This is the GEV Type I or Gumbel PDF. When k > 0, the GEV Type II or Frechet
distribution results. In the present work, (4) was applied to the PDFs from the 200
values of GF in each bin of 10 min-averaged wind speeds, to determine the three
parameters k, μ, and σ , and estimate GF for extreme wind speeds.
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Fig. 1 The top of the 50 m
anemometer mast in north
Calgary. The two ultrasonic
anemometers are on the left
hand side of the mast

3 The Measurement Site and Data Processing

The mast is installed in north Calgary (Latitude: 51.17490°, Longitude:
−114.22718°) at an altitude of 1273 m above mean sea level and 50 km down-
wind of the Rocky Mountains. There are no substantial buildings on or near the site,
which is grass-covered in summer and usually snow-covered in winter. The fetch
in all directions is mainly shallow hills and is more typical of wind farm sites than
urban installations, but it was not possible to install the 50 m mast closer to the city
centre. The predominant wind direction—and the direction of the strongest winds
and highest turbulence—is west-southwest, i.e. from the Rocky Mountains. Using
data from the mast, Sherry [12] determined the effect of atmospheric stability on the
turbulence structure of the wind and gave more details of the installation and gen-
eral wind characteristics. Figure 1 shows the top of the mast with the two ultrasonic
anemometers. The data described here comes from the top one and no account was
taken of atmospheric stability in processing the data.

692 h of data were sampled at 100 Hz. Each hour of data was divided into 10
min bins. Wind speeds in each bin were averaged to give Ū , and then the original
data was binned into 3 s segments to determine 200 values of GF for that period.
The data was checked for continuity and consistency before GFs were fitted using
Eq. (4) to determine the three parameters of the GEV. Given the forms of Eqs. (5)
and (6), this fitting is not a trivial process. The details of the data cleaning and the
Matlab codes used to fit the PDF can be found in Antonio [3]. This is not a standard
use of the GEV which is designed for extreme value statistics, but it can be viewed
as a flexible fitting of the data using a reasonable number of parameters. The GEV
fits were plotted as a function of 10 min mean wind speed. TheGF itself is a random
variable so it is impossible to specify a unique value.
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Fig. 2 GEV fitted to the PDF of gust factor. This is a 10 min sample with a mean wind speed of
14.30 m/s

4 Results

The GEV distribution was fitted to 4152 samples of gust factors, each sample with
200 data points. The probability density function of the GEV distribution fitted to a
10 min set of gust factors is plotted in Fig. 2 for the highest mean wind speed, Ū ,

obtained in this study, 14.30 m/s. The maximum gust was 19.03 m/s.
The results of this investigation are based on two methods described below, both

of which include the application of the GEV distribution.
The data did not provide high values of Ū , but Figs. 3, 4 and 5 are typical in

showing that the GEV parameters converged with increasing Ū so that extrapolation
to 40 m/s or higher is reasonable. The red lines in these figures show data fits meant
to test the high wind speed dependence of the shape, k, location, μ, and scale, σ ,
parameters. These asymptote to−0.33, 0.96 and 0.13, respectively. Since k is mostly
negative, the GEV reduces to the Weibull distribution for most of the datasets.

Those values were used to estimate gust factors using a method described by
Antonio [3], which gives a gust factor of 1.26 with a 99% confidence. In this method,
a “normalized” GEV distribution of gust factors is generated using the values of k,
μ, and σ above, which were found using regression analysis. Then a single value of
GF with a probability of 99% is selected from the GEV PDF.

Using another method also described by Antonio [3], we find that 99% of GFs
approach a mean value of 1.28. In this method, the GEV distribution is fitted to each
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Fig. 3 Shape parameter dependence on wind speed

Fig. 4 Location parameter dependence on wind speed
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Fig. 5 Scale parameter dependence on wind speed

10 min set of gust factors. Then, all GFs with probabilities of 99% are selected from
each GEV distribution. TheseGFs are plotted as a function of Ū , as shown in Fig. 6.
A single value forGF is therefore obtained using regression analysis. It is clear from
Fig. 6 that GF decreases with increasing wind speeds. This trend was also observed
by Wang et al. [6] and Davis and Newstein [8]. Figure 6 also shows GF as implied
by the IEC Standard [1] in the form of Eq. (3). The asymptotic result GF → 1.3
appears slightly high.

Since the square of the gust factor is used in estimating extreme loads, the values
of 1.26 and 1.28 represent a 19% and 16% reduction in these loads compared to the
value used in the IEC standard, respectively.

5 Conclusion

This paper describes the determination of the gust factor, defined as the ratio of the
3 s to 10 min average wind speed. 692 h of ultrasonic anemometer data from a 50 m
anemometer mast in the semi-urban setting in north Calgary were processed. For
each 10 min period, the gust factors were fitted by the Generalized Extreme Value
(GEV) probability distribution function. The GEV parameters: shape, location and
scale, asymptote to a constant value at high wind speeds, suggesting that a universal
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Fig. 6 Gust factors dependence on wind speed

value of the gust factor may be appropriate. It was observed that the gust factor
decreased as the wind speed increased.

Gust factors found in this analysis, 1.26 and 1.28, are lower than the gust factor
of 1.4 used in the IEC Standard for small wind turbines, [1]. This suggests that [1]
is conservative in estimating extreme wind loads by around 19%.
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Generation of Uniform Turbulence Profiles
in the Wind Tunnel for Urban VAWT Testing

A. Carbó Molina, G. Bartoli and T. De Troyer

Abstract This study presents an innovative wind tunnel approach to evaluate the
efficiency of Vertical-Axis Wind Turbines (VAWT) in turbulent flows, to study their
integration in urban environments. Thefirst part of the research is devoted to obtaining
highly-turbulent wind profiles in the wind tunnel, with the use of different configura-
tions of square grids. A careful study and validation of this technique is done, in order
to obtain uniform wind conditions with the adequate values of turbulence intensity
and length scales to model the urban flows. The set-up is used to test a H-Darrieus
VAWT under values of turbulence over 5%, in comparison with the operation of the
turbine under free stream. The preliminary results show that high levels of turbulence
do have a significant effect in turbine performance, with increases reaching 15%. The
errors in the measurements are analysed to identify the ways to improve the set-up
and possible future developments.

Keywords Turbulence · Wind Tunnel · Wind Energy · VAWT
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A Frontal Area (m2)
b Bar width (m)
c Turbine blade chord (m)
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CP Power Coefficient (–)
CPfs Maximum Power Coefficient at free stream conditions (–)
D Diameter of the rotor (m)
f Frequency (Hz)
H Height of the rotor (m)
Iu Intensity of Turbulence in wind direction (–)
Lux Integral Length Scale of turbulence in wind direction (m)
M Mesh size (m)
Q Torque (Nm)
R Turbine Radius (m)
U Longitudinal wind speed (m/s)
u Variable component of wind speed in wind direction (m/s)
V Total wind speed (m/s)
v, w Wind speed components transversal to wind direction (m/s)
x Distance from grid (m)
λ Tip Speed Ratio (–)
λfs Optimal Tip Speed Ratio for the free stream case (–)
ρ Density of air (kg/m3)
σ x Standard deviation of variable x
ω Angular speed (s−1)
HAWT Horizontal-Axis Wind Turbines
VAWT Vertical-Axis Wind Turbines

1 Introduction

1.1 Wind Harvesting in Urban Areas

Wind harvesting in urban areas imposes a specific challenge on the energy indus-
try. It could reduce drastically the transportation costs by on-site consumption, and
become a key factor for the autonomy of the future smart cities. Moreover, placing
wind turbines on the roof of skyscrapers allows to capture the stronger wind at high
elevation [1].

However, most of the urban wind installations have turned out to be a complete
failure. Still or underperforming turbines also give poor publicity for the technology.
An important problem that urban wind turbines face is that the wind climate in cities
is very complex. The wind typically has low intensity, high variability, high levels
of turbulence, and inclined and even reversed flows.

Acareful siting analysis is not usually done, so the turbine is placed in inconvenient
locations. Furthermore, the prototypes are mostly designed and tested for smooth
winds with low turbulence (Iu < 1% in a wind tunnel), while inside cities these
values easily surpass 10% [2].
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1.2 The Importance of Turbulence

Turbulence is said to exert a considerable effect in turbine operation: increase of
fatigue, unpredictability of energy production or influence on stall conditions [3].
From the description of an unidirectional flow with 3D turbulence [4], it can be
deduced that turbulent flow is more energetic due to the fact that the variable com-
ponents of the flow u, v and w (Eq. 1) add up to the power available by the law of
the cube (Eq. 2) [5]:

|V | �
√

(U + u)2 + v2 + w2 (1)

Pav � 1

2
ρAV 3 (2)

It is not clear, though, if turbines are able to harvest this extra power, or, if on the
other hand, fatigue and aerodynamic disturbances weight toomuch against operating
in turbulent conditions. In HAWTs (Horizontal-Axis Wind Turbines), it is generally
searched not to operate in turbulent flows to avoid the turbine being in yaw state
[6]. This fact does not occur for VAWTs (Vertical-Axis Wind Turbines) due to their
omnidirectionality, which is considered one of their main advantages over HAWTs.
Experiences like [5, 7, 8] for open field cases suggest that fact, but to date, there is
no study in a controlled environment to assure it.

The goal of the study is to develop a set-up that allows to individualize the effect
of turbulence in turbine performance, in the controlled conditions of a wind tunnel.
This will not only be used to test VAWT in urban conditions, but also to identify the
best-performing designs and improve them for urban operation.

2 Methodology

2.1 Wind Tunnel and Measurement Techniques

The research is performed at the Vrije Universiteit Brussel, in Belgium. The wind
tunnel of the Department ofMechanical Engineering is open circuit, of the Boundary
Layer type, with a length of 11 m that allow to develop stable turbulence intensity
and length scale levels before the test section. The test section, with 1.04 m of height
and 2 m width, permits testing scaled buildings and small wind turbines (Fig. 1).

The wind flow characteristics are measured with a Constant Temperature Hot-
Wire Anemometer, model Dantec mini-CTA 54T42. Its calibration is done using a
Pitot tube. The time histories obtained from the hot-wire are acquired by a National
Instruments Card and processed using Labview software to obtain mean speed U
and Turbulence intensity Iu, calculated as in Eq. 3:
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Fig. 1 Wind tunnel of the Department ofMechanical Engineering of the Vrije Universiteit Brussel,
Belgium

Fig. 2 Example of
non-dimensionalized
turbulence spectra obtained
in the measurements (blue),
fitted to Von Karman
spectrum (red)

Iu � urms

umean
� u

U
(3)

where u is the longitudinal component of the wind speed.
The values of the Integral Length scale Lux are calculated according to Taylor’s

frozen-eddy hypothesis and the results are confirmed by fitting the expression pro-
posed by von Kármán to the measured spectrum [9]. The Von Kármán spectrum
gives a good representation of the turbulence inside the wind tunnels and is often
used for consistency with analytical expressions [10]. Figure 2 represents the nor-
malized spectrum obtained at the test section centre with the grid at x � 3.75 m and
V � 9 m/s, which is fitted to the formula for the Von Kármán spectrum announced
in [10] resulting in a Lux � 0.11 m.
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Fig. 3 Smoke visualization of the flow passing through a turbulence grid (photograph by Thomas
Corke and Hassan Nagib, from van Dyke [14])

2.2 Squared Grids to Generate Turbulence

Squared turbulence grids have been used for decades to generate artificial turbulence
inside wind tunnels. They have been known to provide quasi-isotropic, Reynolds
independent profiles, and allow to reach turbulence levels of Iu > 15% [11]. The
turbulence intensity depends on the bar size b, and decreases with the distance x
from the grid (turbulence decay). The empirical law proposed by Laneville [12]
describes accurately the Iu levels found downstream of the grid (Eq. 4):

Iu � 2.58
( x
b

)−8/9
(4)

The complication falls in recreating the length scales of this turbulence. In urban
environments, the turbulence length scales are of the order of Lux ~ 1m [13]. The size
of the eddies depends on the bar size b, therefore this supposes a problem formedium-
sized wind tunnels, where not-too-wide bars should be used to avoid excessive drag
from the grid. An empirical law by Roach [11] for Lux is presented in Eq. 5:

Lux � 0.2b
( x
b

)1/2
(5)

It is true that those turbulent structures increase in length downstream, but also
here there is a limitation due to the decay of turbulence intensity. Figure 3 shows a
smoke visualization of laminar flow passing across a turbulence grid [14].
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Table 1 Characteristics of the first grid build for the study

Mesh size M 0.33 m b/M 0.22

Bar width b 0.072 m CD 1.04

Distance from grid x 3.75 m x/M 11.4

Predicted Iu [12] 7.7% Predicted Lux [11] 10.4 cm

After a careful study of literature and previous studies at theUniversity of Florence
[9, 12, 15, 16] it is clear that the largest scales that could be generated would be at the
order of Lux ~ 0.1 m, by using large mesh sizesM. This way, they would still be larger
than the chord of the wind turbine blade, which is c� 0.05 m. According to Bearman
and Morel [15], when Lux � c, the gross effect of turbulence can be estimated using
a quasi-steady assumption. Though not exact, this assumption is considered as valid
in this case.

The last feature that is asked from the grid is to create an uniform profile of wind
speed and turbulence, in order to compare the results accurately against the free
stream conditions. According to literature, the flow will be fully developed after a
distance x/M > 5. However, when using mesh sizes larger than 10% of the wind
tunnel dimension, the wind profile is heavily unstable [15], and small changes of
geometry can lead to significant modifications in the flow. This is a condition that
cannot be fulfilled and at the same time maintain the high values of Lux. Therefore,
a careful parametric study has been done to “tune” the grid parameters (Mesh size
M and bar size b), to obtain the desired uniform profiles.

2.3 Parametric Study to Achieve Uniform Turbulence Profiles

The starting point is a regular mesh of M � 0.33 m, with 6 cells horizontally and 3
vertically (wind tunnel test section is 2 × 1.04 m). The width of the bar is limited
by the blockage it causes in the wind tunnel. From the thesis of Laneville [12] an
expression for the drag coefficient CD is drawn (Eq. 6):

CD �
b
M

(
2 − b

M

)
(
1 − b

M

)4 (6)

It can be seen that CD increases drastically for values of b/M > 0.25. Therefore, a
width slightly under this value is chosen. The grid is placed at around 4 m from the
test section to obtain values of moderate turbulence. The characteristics of the grid
are shown in Table 1, and the grid is depicted in Fig. 4.

For simplicity, the wind and turbulence profiles are only analysed in the vertical
direction, which is the most challenging to obtain uniform profiles, as the size of the
mesh is much larger than 10% of the wind tunnel height.
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Fig. 4 Uniform grid with 6 × 3 cells

Fig. 5 Wind speed and
turbulence intensity profiles
obtained with free stream
and Grid 1 at x � 3.75 m

Figure 5 shows the profiles of wind speed and turbulence created by the first
grid, compared with the measurements taken with a clear wind tunnel. It can be
seen that the profile obtained with the grid cannot be considered uniform at all, as
the flow is clearly accelerated next to the walls. While the free stream velocity has
a σ u � 0.05 m/s (excluding boundary layer), this value for the Grid 1 profile is
σ u � 0.41 m/s, clearly unacceptable for comparison. This can be caused by the fact
that the 2 central bars create larger vortexes than the ones in the walls (immersed in
the boundary layer). This creates a bluff body effect in the wake of the grid.

The good part of these results is that the turbulence profile is reasonably stable
and its average value is Iu � 7.89%, not far from the one predicted by literature.

The solution to this was to reduce the space between the bars and the walls, to
stop this acceleration. The grid, then, was modified several times, varying the mesh
size M to select the best gap next to the walls (Fig. 6).
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Fig. 6 Different modifications of the grid to obtain uniform flow. From left to right, grids 2
(M � 0.33 m), 3 (M � 0.35 m) and 4 (M � 0.40 m)

Fig. 7 Normalized profiles
obtained with the different
modifications of the grid at
x � 3.75 m

For an easier comparison, the results are normalized with the average values
(excluding boundary layer), as the study searched the uniformity of the profile more
than precise levels of wind speed or turbulence. Therefore, it was predicted by lit-
erature, and will be proven by upcoming results, that the turbulence generated by
squared-bars grids is no speed dependant.

Figure 7 shows the comparison between the normalized profiles of wind speed
and turbulence intensity obtained with the different grids. It can be seen that in Grid
2, reducing by half the gap to the wall, the accelerated flow is still found. On the
other side, with Grid 4 the smallest gap near the walls causes the opposite effect, a
jet. Grid 3 seems to be the intermediate point, although, as predicted in the literature,
obtaining a uniform profile is highly complicated for these mesh sizes.

In fact, from a more extensive study it has been proved that small changes in
geometry (smaller than 1 cm) have large impact on the flow, and even a careful con-
struction of the grid leads to asymmetries in the flow that cannot be easily solved.
The conclusion is that an optimal flow is nearly impossible to achieve in these con-
ditions, so the best approximation to the free stream flow must be chosen, to be able
to compare successfully the turbine ratings in the various cases.

Table 2 summarizes the results of the preliminary study, compared with the free
stream. The bar size b and the distance to the grid x are fixed. Analysing the standard
deviation of the profiles, it can be easily seen that the profile obtained with Grid 3
is the only one that can be compared with the free stream values. Even though the
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Table 2 Summary of the parametric grid study

Grid
number

Mesh size
M (m)

b/M Gap next
to walls
(m)

gap/M Deviation
σ u (m/s)

Iu mean
(%)

Deviation
σ Iu (%)

Free
stream

– – – – 0.05 0.5 0.05

Grid 1 0.33 0.22 0.33 1 0.41 7.89 0.44

Grid 2 0.33 0.22 0.17 0.5 0.23 7.69 0.24

Grid 3 0.35 0.21 0.15 0.43 0.09 7.75 0.28

Grid 4 0.40 0.18 0.1 0.25 0.21 9.34 0.74

turbulence profile is not as good as the obtained with Grid 2, the uncertainty in wind
speed is the main factor to consider when evaluating turbine ratings, as it will be
demonstrated in the last chapter.

2.4 Generation of Different Levels of Turbulence

In order to test different levels of turbulence, the grid should be approached to the
test section. There is a limit in which the flow would still not be developed, which
is predicted at x/M < 5 by Bearman and Morel [15]. Grid 3 is then moved until 2 m
from the test section, which, according to the literature, would provide a Iu � 13.4%
and a Lux � 0.076 m. The power of the wind tunnel had to be increased with the
rise of turbulence, to obtain the most similar wind speed profiles that was possible.
Figure 8 presents the profiles of Wind Speed, Turbulence Intensity and Length Scale
obtained with Grid 3 for 9 m/s.

As it can be seen in Fig. 8, the wind speed profile when the grid is closer is not as
stable, showing slight acceleration near the walls. This is because of the divergence
of the wind tunnel, that has 1 cm more of height at x � 2 m than at x � 3.75 m.
However, the wind speed profiles are relatively uniform and similar in the area of
study (outside the boundary layer). About the Iu profile, it can be seen that as the
turbulence increase is more difficult to obtain an stable profile. The Lux values are,
as expected, lower when the grid is closer, but always higher than c � 0.05 m.

The tests were also performed at 8 m/s to study the effect of wind speed. Those
two speeds were chosen as there are within the operational range of the turbine and
no resonance is found around the optimal performance point. Table 3 summarises
the conditions under which the VAWT is tested in the wind tunnel. It can be seen
that the change in wind speed has practically no effect in the characteristics of the
turbulence, and how the grid in the position x � 2 m is not as optimized as before.

In this position, as explained in the previous section, turbulence is significantly
higher, and Lux lower (but still over c). The standard deviation of the wind speed
and Iu are higher than before, but still under 5% of the main signal value. This drop
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Fig. 8 Profiles obtained with grid 3 at different positions

Table 3 Input conditions for every test done on the VAWT

Grid
position x
(m)

x/M Umean
(m/s)

σ u (m/s) Iu mean
(%)

σ Iu (%) Lux mean
(m)

σ Lux (m)

No grid – 7.88 0.04 0.51 0.06 – –

No grid – 8.86 0.05 0.50 0.05 – –

3.75 10.7 7.90 0.09 7.71 0.28 0.104 0.011

3.75 10.7 8.82 0.09 7.75 0.28 0.105 0.011

2.00 5.7 7.85 0.12 14.34 0.61 0.078 0.008

2.00 5.7 8.76 0.13 14.46 0.55 0.078 0.008

in uniformity of the profiles is due to the fact that the grid has been optimized for
x � 3.75 m, and when bringing it closer to the test section, the wind tunnel height
slightly increases, due to its divergence to avoid blockage. Even though the height
difference between the two x positions is lower than 1 cm, this is already significant
for the flow. Furthermore, at x � 2 m the flow is not as developed as in the more
distant position.
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Fig. 9 VAWT turbine placed in the wind tunnel, with the turbulence grid 3.75 m upstream

2.5 Testing of the VAWT

The VAWT is a 2-bladed H-Darrieus design with D � 50 cm and H � 80 cm,
and it was built in lightweight carbon fibre at VUB (Fig. 9). The blades’ profile
is a NACA0018 with c � 5 cm chord. The turbine is supported by an aluminium
modular frame already tested in other VAWTmeasurements. The torque is measured
by LorenzMesstechnik DR-3000 torquemeter (max 5Nm, precision 0.1% of 2 Nm),
and the rotational speed is controlled using variable resistors [17]. The axis of the
turbine is coupled to a brushed DC motor/generator, that allows the start-up of the
turbine.

The parameter to calculate the performance of the turbine will be the Power
Coefficient (CP):

CP � Pturbine
Pwind

� Qω
1
2ρDHV 3

(7)

The conventional way of representing CP in wind turbine studies is plotting it
against the Tip-Speed Ratio of the turbine, a non-dimensional number that relates
the speed of the blade tip with the incident wind:

λ � ωR

V
(8)
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Table 4 Conditions assumed in the turbine combining experiment and literature data [11, 12]

Grid position x from
turbine (m)

x/M Iu mean (%) Lux mean (m)

No grid – 0.51 –

4.75 13.6 6.2 0.114

3 8.6 9.4 0.090

3 Results

This chapter is divided in two parts; in the first, the experimental results obtained
for the test matrix shown on Table 3 are presented. In those power curves error bars
are included to have an overview of the accuracy of the method, which was the main
objective of the study. The second part of the chapter explains in detail how this
uncertainties are calculated, and which are the key factors that influence the method
accuracy.

3.1 Power Curves in Different Turbulence Conditions

First of all, it is important to notice that the profiles obtained with the anemometer
are not identical to the ones the turbine will see. It can be seen in Fig. 9, that the
Hot Wire is placed at the beginning of the test section (top of the image), while the
turbine is in its centre (1.00 m downstream). This difference will not affect the shape
of the profile (at must, it will be more uniform as it is farther away from the grid).
Assuming the turbulence keeps following the laws from Laneville [12] and Roach
[11] (Eqs. 2 and 3), the values of turbulence and length scales are fixed as it follows
(Table 4).

Independent measures have been taken to ensure the previous assumption, and
that the wind profile behind the grid is not modified by the rotation of the turbine. The
blockage factor, however, would affect the measurements as the turbine is large com-
pared with the test section (Aturbine/Atest section � 19%). Jeong et al. [18] detected large
influence of blockage forA ratio larger than 15%, and according to the correction pro-
vided for Pope and Harper [19] the apparent increase of the wind speed for this case
would be a non-neglectable 5%, overpredicting the turbine performance. However,
in this study the overall performance of the turbine is not the main objective, but the
development of the set-up and the influence of turbulence at a constant wind speed.
Therefore, no blockage correction will be applied, although to completely validate
the methodology, the set-up must be replicated in the future in a lower blockage wind
tunnel to assess if the influence of turbulence on the turbine performance is affected
by blockage.

To obtain a complete CP-λ curve, the rotational speed of the turbine is tuned onto
different values, to sweep over the various λ. A point of the CP curve is registered
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Fig. 10 Power curves for V � 8 m/s, non-dimensionalyzed with the optimal values for the free
stream case

Fig. 11 Power curves for V � 9 m/s, non-dimensionalyzed with the optimal values for the free
stream case at 8 m/s

when theω value is constant (±0.2 Hz) during 1 min. The torque values present huge
deviations, due to the large variations of the instantaneous torque along a turbine
rotation [3]. However, when averaged during 60 s, the mean value of this torque is
accurately determined.

Figures 10 and 11 present the CP curves obtained for the tests at 8 and 9 m/s. Due
to confidential reasons, the CP and λ values have been non-dimensionalized with
the optimum values for the curves at free stream at 8 m/s. It can be seen that the
power extracted by the turbine increases significantly with the turbulent flow. As it
was stated in the introduction, the turbulent flow is more energetic, and here it can
be clearly observed that the VAWT is able to capture that excess of energy.

It can be seen that for moderate turbulence there are many points, and the curve
is more defined. This is because the control of the turbine, which is done manually,
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is much easier in that condition. In free stream the flow was not energetic enough to
withstand low λ, while for high turbulence the turbine was much more unstable in
its operation.

Comparing the two wind speeds, the Reynolds effect can be appreciated, as in
Fig. 11 (V � 9 m/s) all the curves are shifted upwards. It also catches the attention
that there are no points after CPmax in the case of V � 9 m/s. This is not due to the
wind speed, but to the fact that the turbine structure enters resonance around 20 Hz, a
fact that can only be counteracted by changing the shaft and all the turbine structure.

Another interesting fact from the graphs regards the error bars, which are larger
as turbulence increases. This is due to the fact that the main factor inducing errors is
the accuracy of the wind speed, and as it was seen in the previous chapter, the wind
profiles for the cases of high turbulence where not as accurate as the free stream
ones. These differences in the error bars are described in detail in the next section.

Overall, the increase of CPmax between the free stream case (Iu � 0.5%), and the
highest turbulence (Iu � 9.6%) is about 15%, while the moderate turbulence case
(Iu � 6.2%) represents an intermediate result. More values of turbulence should be
measured to draw a solid conclusion about the trend of this increase. There is no
significant effect of turbulence in the optimal λ, which is, at most reduced slightly
with the increase of CP.

3.2 Uncertainties Calculation

The uncertainties are calculated by the error propagation method, enounced in Eq. 9
[20] and developed in detail in [21]:

uR �
√√√√ N∑

i

(
∂R

∂xi
uxi

)2

(9)

To calculate the error in CP, the variables present in Eq. 7 are analysed:

• Torque Q: the sensor accuracy is the main source of error. The random error is
reduced as many samples are taken for each Q.

• Angular speed ω: Same as in torque.
• Density ρ: Density is calculated with the perfect gases law from the values of Pres-
sure and Temperature. The accuracy in those measurements must be considered.

• Geometry D, H: If the measure is done accurately, their contribution in the error
is small.

• Wind speed V: The first source of error in V comes from the anemometer calibra-
tion. A Hot Wire Anemometer is very precise, but the pitot tube used to do the
calibration is not so much, adding uncertainties to the measurement. The second
source is the uniformity of the wind speed profile over the turbine swept area
(called σ u in the Methodology section).
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Table 5 Contribution of the different parameters onto the CP uncertainty, for different values of
turbulence at the optimal performance point for V � 8 m/s

Parameter Contribution to CP uncertainty

Iu � 0.5% Iu � 6.2% Iu � 9.4%

Q 2,12E−03 2,11E−03 2,21E−03

ω 4,37E−04 4,36E−04 4,56E−04

ρ 5,70E−05 4,74E−05 1,67E−04

D 6,88E−04 6,87E−04 7,18E−04

H 1,10E−03 1,10E−03 1,15E−03

V 3,98E−03 5,78E−03 7,08E−03

Total CP uncertainty 4,71E−03 6,30E−03 7,55E−03

λ error is calculated the same way. Table 5 shows how the different parameters
in Eq. 7 contribute to the uncertainty value of CP in free stream and turbulent cases,
for V � 8 m/s.

As it was already seen in Figs. 10 and 11, errors increase significantly with the
level of turbulence, and it is basically due to the uncertainty in wind speed, as all the
other factors remain quite stable.

4 Conclusions

• There is no experiment in literature that proves in a controlled environment that
VAWT operate better in turbulent flows.

• The recreation of urban turbulent flows inside a medium-sized wind tunnel is
possible regarding Iu levels, while Lux can only be approximated.

• The values of Lux and Iu are successfully predicted by literature.
• Main complication is that whenM/x > 0.1 the profile is unstable, highly depending
on small changes in grid geometry.

• It is possible to obtain uniform profiles by leaving 0.43 M grid spaces next to the
walls.

• The performance of the H-Darrieus VAWT increases steadily with turbulence,
until a 15% of CPmax increase for a 10% turbulence.

• The non-uniformity of the wind speed profile is the main source of error in the
measurements, even though anemometer calibration and torque sensor accuracy
have also significant influence.
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4.1 Future Developments

• With the same set-up:

– Reduce uncertainties.
– More Iu values to define a trend P − Iu.
– Measures of the effect of turbulence on vibrations and control.

• Modifying set-up:

– Effect of Lux (by building different grids)
– Effect of blockage (larger wind tunnels)
– Effect of turbulence on other turbines.

• Same set-up can be used for HAWT, buildings, bridges, etc.
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Operational Behaviour of SWT

M. Peppoloni, A. Hirschl and K. Leonhartsberger

Abstract Alongside photovoltaics, small scale wind turbines (SWT) represent one
of the few possibilities to yield energy in an environment friendly way in urban areas
and thus a step towards “nearly zero energy”-buildings. However, due to a lack of
experience in this regards, inmany cases the impact of the environment on the SWT’s
performance has been neglect. A poor energy yield, frequent faults and failures are
the result [1]. On top of this, safety aspects as well as the repercussions on the build-
ing and the people living in it, need to be considered. Therefore, the objective of the
presented work is to examine three different roof mounted SWT technologies (Savo-
nius, Derrieus-Helix and three blade horizontal rotor) in simulation environment as
well as under real life conditions while considering the influence of the roof shape.
The main focus thereby is: A validation of currently available simulation models. An
evaluation of the impact of complex obstacles on the local flow pattern as well as on
the SWT under real working and environment conditions. A metrological evaluation
of the repercussions of roof mounted SWT on its performance as well as on the build-
ing, the resident people and the direct environment in terms of noise, infra-sound,
body-borne sound, vibrations and safety relevant aspects. In order to meet this target,
two buildings (one with flat roof and one with gabled roof) are built in the “Licht-
enegg” energy research park. While previous studies relied on simulations and wind
tunnel tests on scaled models to gain understanding for the undisturbed operation of
SWT [2, 3], the test infrastructure deployed in the presented work allows monitoring
a SWT installed on the roof of a building under real life conditions. In order to get the
full picture of the operational behaviour of the tested SWTs, the following parameters
are measured: Inflow conditions at several points around the building. Energy yield
and selected operating parameters of the SWT (e.g. power, RPM, …). Vibration on
the SWT and on/in the building. Noise, infra-sound and body-borne sound. Since
vibrations have caused issues on building mounted SWT in several occasions [1], the
efficiency of vibration decoupling elements are evaluated. This is done by measuring
the vibrations as well as structure-borne sound in the building over a measurement
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period of 3 months and comparing the results with those obtained with the custom
fitted decoupling elements installed. Based on this comparison, recommendations
regarding the use of vibration decoupling elements for building mounted small wind
turbines are given. In regard to an estimation of the social and ecological impact of
SWT, a technological impact assessment of the three deployed models is performed.
Besides the Global Warming Potential, other factors such as energetic and financial
amortisation periods are determined.

Keywords Small wind turbine · Building mounted · Turbulence · Vibration
Oscillation · Acoustic noise ·Measurement

1 Scope of Work

Themain goal of the presented work is to gain practical understanding for the airflow
around low rise building as well as for the operation of building mounted SWT and
the related challenges and issues. Increased turbulence intensity and inhomogeneous
wind speed distribution over the rotor swept area cause losses and increased oscilla-
tions [4]. While most previous R&D activities relied only on CFD simulations and
scaled model testing in wind tunnels [5] to investigate the airflow around buildings
and through SWT rotors, the project “SmallWindPower@Home” enhances the CFD
simulations by validating them through real lifemeasurement on buildings in an open
field test site.

In a first step, CFD simulations of air flow around low rise buildings with various
roof shapes are performed using common simulation models. This is done to help
gaining applied knowledge on turbulence conditions, wake and stall effects, bubble
separation characteristics, acceleration of the air flow and other aerodynamic effects
[6, 7] over and around the specific buildings deployed in this work.

In a second step, the two one-storied buildings—one with flat roof and one with
gabled roof—are constructed in the “Lichtenegg” research park and wind conditions
are measured on several locations around the buildings by means of 3D ultrasonic
anemometers. The measurement results are then compared with the predictions of
the CFD simulations in order to validate or to improve the models if needed.

In a next step, three different SWT types are tested in sequence, eachmounted on a
free standing mast, on the flat roofed and the gabled roof building. Each combination
of turbine and supporting structure is operated andmeasured for at least threemonths.
During the long term evaluation periods, the turbine’s operation data is recorded.
The power curve and normalized energy yield measured of each combination is
then compared to identify whether the influence of the building is rather positive or
negative on the turbines performance and which type of turbine is better suited for
the altered urban-like wind conditions. Additionally, oscillation measurements on
the tower and in the building are performed in order estimate the occurring amount
of force which may cause excessive wear of the structure and eventually lead to
failure [8]. Furthermore, these measurement results are supposed to quantify the
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damping characteristics of the deployed oscillation decoupling element, the gabled
roof structure and the building itself. The oscillation measurement combined with
other parameters like wind speed and direction, rpm and power of the turbine help to
gain understanding for interaction of the turbine with the urban-like wind conditions.

As described by Mollasalehi et al. [9], acoustic emissions caused by rotating and
vibrating parts of the turbine or aero-acoustics effects [10] can be amplified by the
tower. In order to assess the sound levels human beings in the building are exposed to,
acoustic sensors at several locations in the buildingmeasure the sound and infrasound
emissions. The structure borne sound and vibrations are recorded in the building by
means of human vibration sensors and compared with maximum tolerable values
according to EU-directive 2002/44/EG.

Based on these findings, a socio-economic assessment is performed to determine
the social impact in a scenario where SWTs are deployed in large numbers in urban
or pre-urban areas. This assessment takes into consideration additional aspects like
shadow flickering, aesthetical appearance, ice throw and other safety related aspects
which can have repercussions on nearby inhabitants quality of life.

Finally, a life cycle assessment is performed to rate the overall CO2 foot print
and flow of material as well as energetic and economic amortisation periods of the
deployed turbines.

2 Test Site

Situated on the ridge of a hill at 800 m above sea level and featuring an average
annual wind speed above 5 m/s, the “Lichtenegg” energy research park serves as
test field for small wind turbines since 2013. According to [11], these conditions
paired with fact that no significant obstructions are located within 200 m, make this
site an excellent choice for performing long term operation evaluation of SWT. The
outstanding wind resource is confirmed by the meteorological measurements that
have been performed over the last few years.

The meteorological analysis has shown an average annual wind speed of 5.2 m/s
measured at 16.5 m above the ground as seen in Fig. 1. The most frequent wind
directions are north-northwest (NNW) with a frequency of occurrence of 23%
and south (S) with a frequency of occurrence of 21%. For these characteristics,
the “Lichtenegg” energy research park was chosen as a test site for the empirical
investigations and measurements in the project “SmallWindPower@Home”.

Figure 2 shows the picture of the site (left) side and a site plan (right) of the entire
energy research park. Location number 18 in the site plan indicates the position of
the wind measurement mast in the east of the research park. Several wind speed and
wind direction sensors are installed at 19, 16.5, 15 and 10 m above the ground. The
wind speed and direction is measured with 3D ultra-sonic anemometers at 16.5 and
19 m above the ground to acquire data in all three dimensions and gather statistical
data of the annual wind direction and wind speed distribution. At 10m above ground,
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Fig. 1 Weibull wind profile and wind rose

Fig. 2 Energy research park Lichtenegg and site map

the wind speed and wind direction is measured bymeans of classic cup anemometers
and wind vanes.

3 Test Infrastructure

Based on the wind direction distribution, the location and orientation of the new test
infrastructure was determined. The site map in Fig. 2 (left) shows the selected area
on the western side of the research park including the two buildings and met masts
marked as MP1 to MP6. The dimensions of the new test site are 38 m in length and
32 in width.

Figure 3 shows the measurement points MP1 to MP4 which are in line with the
main wind direction coming from NNW (331°). The first mast (MP1) is installed
in a distance of 10 m from the building. To evaluate the impact of the altered flow
pattern for the SWT, the wind conditions at turbine hub height above the building is
measured atMP2. The flow pattern and wake effects behind the building are captured
in 5m distance from the building edge atMP3 and in 15m distance from the building
at MP4. On each mast, tree 3D ultra-sonic anemometers are installed at a height of
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Fig. 3 Location of wind sensors

3.5, 7.5 and 10.5 m above the ground. Additional measurements at hub height on the
second building (MP6) and on the free standing mast SWT07 (MP5) enable a site
calibration which is performed before installing the turbines on the buildings.

The buildings are set up in an orthogonal orientation compared to themeasurement
line. This setup allows to record the flow condition for situations where the wind
meets the edge of the building in a right angle in case of NNWwind direction as well
as for situations where the wind meets the edge of the buildings in a steeper angle
in case of south wind. In both situations the met mast situated in upwind direction
allows measuring the undisturbed incoming flow pattern.

A site calibration performed before the construction of the two buildings allows
comparing the flow pattern around the buildings with the flow pattern in an open
field situation with identical slope and boundary conditions.

Figure 3 shows the alignment of themetmasts along themeasurement axis includ-
ing the height of the anemometers. As the terrain is sloping downwards with an
inclination of 10° and two almost opposite wind directions are evaluated, a potential
influence of the terrain inclination can be evaluated.

Studies with wind tunnel tests have shown that different roof shapes lead to a dif-
ferent impact on the flow pattern influencing the performance of a roof-top installed
small wind turbine [12]. In order to assess the impact on the turbines performance,
two typical roof shapes, gabled and flat roof are evaluated during die tests. The two
buildings are realized as precast concrete garages to reproduce a typical application
scenario for a building mounted small wind turbine. For the evaluation of the impact
of the buildings on small wind turbines and human beings it was important to choose
a garagemade of concrete to observe similar propagation characteristics for structure
borne noise and oscillations as residential buildings. The gross floor area of these
garages measures 6 m in length and 3 m in width whereas the turbines are installed
in the centre of the building at 7.5 m hub height in each case. Figure 4 pictures the
two roof types in side view including the masts and spot heights. The gabled roof
reduces the distance between the roof and the small wind turbine for about 1.5 m.

As shown in the sketch in Fig. 5, the mast on the building with gabled roof is
not connected to the building itself but to the roof framework. This is done to assess
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Fig. 4 Building with gabled and flat roof (dimensions in cm)

the damping effect of the wooden structure on oscillation and structure borne noise.
The damping effect is quantified by comparing the oscillations in the building with
the mast being connected to the roof structure, to the oscillations measured with the
mast being connected to the building with an elastomer absorber based connection
and a rigid connection respectively. By analysing the roof structure for structural
damage before interchanging the turbines between the various positions every three
months, it can be estimated whether this type of mast junction is a feasible and safe
method for building mounted SWT. Further reductions of oscillations are achieved
and evaluated by the use of an oscillation decoupling element as shown in Fig. 5.

First computational fluid dynamics simulations (CFD) served as base when the
measurement points along the measurement axis and fixing their relative distances.
Figure 6 illustrates the wind speed distribution with reference to the average annual
wind speed of 5 m/s measured in 16.5 m above the ground. On the left side the
building with gabled roof and on the right side the building with the flat roof is
imaged. The colour scale shows changes in wind speed which propagate far behind
the building. These changes also occur up to several meters over the building. For
this reason, one measurement point is aligned in front of the building in reference to
the main wind direction to measure all inlet parameter in three different heights. To
measure the influence of the building, two measurement points are aligned behind
the building to evaluate the influence on the building in different heights.

In Fig. 7 the test site is illustrated as a 3D model showing the third stage of the
project when the buildings and turbines are installed. To evaluate the influence of the
building, the terrain and the roof shape, the project is divided in three stages:
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Fig. 5 Mast junction with the gabled roof (left) and oscillation decoupler for VASWT (right)

Fig. 6 CFD simulation of the gabled and flat roof

• Site calibration—no buildings are installed but just the measurement masts along
the axis.

• Flat roof evaluation—the buildings are installed with the flat roof. The flow pattern
is measured and compared to the open field flow pattern.

• Gabled roof evaluation—the building in line with the measurement axis is
enhanced with a gabled roof structure and the flow pattern is remeasured.

• SWT test—the SWT are installed and tested on the buildings and the free standing
mast.

4 Small Wind Turbines

There are different ways to convert wind energy into kinetic energy in terms of shape
and orientation of the rotation axis of wind turbines. The key differentiator is the
orientation of the revolution axis. Beside the revolution axis the conversion principle
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Fig. 7 3D model of the test site

is another factor whereas resistance rotors work with air resistance and buoyancy
runners work with aerodynamic lift. Resistance runners are advantageous in areas
with a low average wind speed because they start off at low wind speeds. The main
disadvantage is the efficiency which is limited to 20%. In contrast to this, a buoyancy
runner has a higher efficiency compared to vertical axis SWT, ranging between 35
and 45%. Generally vertical axis small wind turbines have a lower efficiency that
horizontal axis small wind turbines but are better suited for use on turbulent sites or
sites with frequently altering wind directions [13].

In order to consider the influence of a buildingondifferent types of SWTs, the three
most common types are deployed and tested in the present investigations. Table 1
shows a summary of all three turbines investigated.

5 Measurement Setup

5.1 Sensor Alignment

The meteorological investigation shall consider the environmental impact in terms
of oscillation and vibration as well as noise emissions. Hence, different sensors are
deployed to measure all quantities. Figure 8 shows the alignment of different sensors
for both cases, gabled and flat roof installation. For the measurement of oscilla-
tion there are three different sensor types deployed. High frequency accelerometers
marked in red and ranging up to 10 kHz are used to capture high frequency oscilla-
tions causing long term fatigue in the structure and being audible for human beings.
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Table 1 Investigated small wind turbines

Turbina TE20 Rotor diameter 2 m

Weight 280 kg

Cut in speed 1.5 m/s

Rated speed 18 m/s

Type Vertical axis
resistance runner

Power 1.2 kW

Vertkon M Rotor diameter 2.4 m

Weight 150 kg

Cut in speed 4 m/s

Rated speed 15 m/s

Type Vertical axis buoyancy
runner

Power 0.95 kW

FU SkyWind Rotor diameter 1.5 m

Weight 16 kg

Cut in speed 4 m/s

Rated speed 15 m/s

Type Horizontal axis
buoyancy runner

Power 1 kW

Oscillation frequencies below 100 Hz which provoke high loads and stress in the
structure are measured with low frequency accelerometers marked in green. Captur-
ing high and low frequency oscillations by separate sensors is necessary as tuning the
sampling and analysis algorithms of the used acquisition devices need to be compro-
mised between acquisition speed, resolution and bandwidth. Separate measurement
channels allow for better compromising the settings.

Beside the stress for the supporting structure caused by the oscillations of the
SWT, the potential influence on human beings living in building is evaluated by
recording the oscillation levels in the building with sensors mounted on the floor
(marked in blue). Vibrating structures may cause the air to vibrate as well and lead to
noise and infra-sound emissions in the building. These emissions are measured with
a microphone in the building marked in yellow. Beside these values the rotational
speed and the power of each plant is measured.

Oscillation and vibration is first measured in direct proximity to the generator in
X and Y dimension with high and low frequency sensors. Previous measurements
have shown that oscillation and vibration in the vertical Z dimension are minor
due to the high rigidity of the structure in Z axis and can therefore be neglected.
As decoupling elements are installed between the generator and the mast along the
measurement campaign (see right illustration in Fig. 8), there is also a high and
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Fig. 8 Sensor alignment

low frequency sensor set installed on the mast to record the reduction potential of
these elements. The accelerometer sited at the mast attachment records the incoming
vibration before being induced to the building. Comparing this value with the values
recorded in the building allows evaluating the damping effect of the junction between
mast and building. The junction to the wooden roof structure is expected to give the
best results in this case. Seismic oscillations sensors installed on the wall and near the
corner of the building measure oscillation and structure borne noise in the concrete
mass. Oscillations that propagate from the floor via the feet to the human body are
measured with a special standardized sensor and are compared to the maximum
tolerated values defined in the EU-directive 2002/44/EG.
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5.2 Modal Analysis

Before the measurement of oscillation and vibration of the SWT, the tower and
the building a modal analysis is performed to identify all natural frequencies of the
system. By stimulating the oscillating system (SWT,mast and building) with amodal
hammer and recording the system response spectrum, the towers resonance forms
are identified. Knowing the natural frequencies of the system, resonant oscillation
events can be recognized and assigned more easily.

5.3 Triggering and Binning

The measurement process is divided in two stages, the first one is a measurement
stage only analysing statistical data. Alternated oscillation and vibration is measured
with a low sample rate and critical events are analysed. In a second measurement all
critical oscillation and vibration intensities are set as trigger events. Then only critical
events are recorded with a high sample rate and stored in the belonging bin. When a
certain amount of samples for each event is accumulated in a bin the measurement
is completed. By this method the amount of recorded data and the expenditure for
data processing is limited.

6 Conclusion

When planning and erecting a building mounted small wind turbine, many aspects
like the deployed SWT type, building height and shape, oscillations modes and
resonances, inflow conditions and others have an influence on the efficiency, safety
of operation and service life of a turbine as well as on the quality of life of nearby
inhabitants. In the past, many guidelines giving recommendation in these regards,
have been published [11, 14, 15].

By validating common CFD-simulation models with real life field measurements,
the infrastructure presented in this work provides an opportunity to gain practical
experiences and insights to many of the current insecurities in industry and science.

First results have indicated that in fact, the flow velocity and turbulence intensity
is influenced by a building and its roof shape. Following investigations and measure-
ments operating the presented setup will give additional comprehension for building
mounted small wind turbines and their behaviour in terms of efficiency, oscillation
and vibration intensity, acoustic emissions, structure borne sound and fed in power
quality. In combination with measurement validated simulation models of the site,
detailed understanding for the impact of unsteady inflowconditions on different SWT
types can be gained.
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Environmental Influences on SWT
Vibrations and Oscillations

M. Peppoloni, K. Leonhartsberger and A. Hirschl

Abstract Falling energy prices and attractive governmental funding as well as the
desire for energy autonomy of private households and enterprises are promoting the
expansion of renewable energy generation units. Alongside photovoltaic systems,
small wind turbines (SWT) represent one of the few feasible ways to generate elec-
tricity in areas with a high building density and in urban areas. In this way, electrical
energy can be generated on or near buildings. In comparison to photovoltaic systems,
small wind turbines face additional challenges such as the influence on the immediate
area due to rotating components. While some environmental impacts are taken into
account during the approval procedure, others such as vibrations and oscillations are
not considered. A roof-top installation of a SWT is mainly the only feasible way
to integrate wind turbines in urban areas with a high building density and guaran-
tee a laminar flow [1]. During the operation of SWTs, many factors such as mass
imbalances, aerodynamic imbalances (pitch tolerance), inclination of wind, turbu-
lences and gusts may result in inhomogeneous torque or load, leading to vibration
and oscillation of the entire system. Although all types of wind turbines are subject to
oscillation, the oscillation of building-mounted SWTsmust be seen critically because
they can be transduced to the building via the mast. In order to take this environmen-
tal impact into account, the “Urbane Windenergie” research project (FFG-number
845184) deals among other issues with the vibration and oscillation of horizontal
axis and vertical axis (Darrieus-rotor) small wind turbines. By means of accelerom-
eters, oscillations were metrologically recorded in direct proximity to the generators
of two different plants in the Lichtenegg energy research park in Lower Austria. In
the first measurement campaign, oscillations were recorded on a vertical axis small
wind turbine with a decoupling element installed between the generator and the mast
to reduce oscillation intensity. The second measurement, on a horizontal axis turbine
without a decoupling element, served to illustrate the different oscillation behaviour
of these two turbine types. The evaluated measurement values indicate that the type
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of small wind turbine influences the emitted oscillations and that these oscillations
must be considered in particular for turbines for roof assembly.

Keywords Small wind turbine · Vibration and oscillation
Decoupling element

1 Introduction

The fall in energy prices paired with attractive governmental funding and the desire
for energy autonomy of private households and enterprises, together with the EU
climate targets, are promoting the expansion of renewable energy generation. The EU
building directive (Energy Performance of Building Directive, EPBD) in particular
encourages a development thatmakes renewable power plants into amass application.

Alongside photovoltaic systems, small wind turbines represent one of the few
feasible ways to generate electricity in areas with a high building density and in
urban areas. In this way, electrical energy can be generated on or near buildings,
thus contributing to the EPBD targets. In combination with the desire for energy
autonomy, small wind turbines are becoming attractive for private households and
are being installed in areas with a high building density.

As compared with PV, small wind turbines face additional challenges such as the
influence on the immediate area due to rotating components. Environmental impacts
like noise emission, shadow flicker and safety requirements for instance have to
be considered so as to reduce the impact on the quality of life. This consideration
becomesmore important as small wind turbines are installed close to and in inhabited
areas. While some environmental impacts are taken into account during the approval
procedure, others such as vibrations and oscillations are not considered due to a lack
of awareness and information. Not only may roof-top installed small wind turbines
in particular involve health issues and influence the quality of life, oscillations trans-
mitted from the mast to the building may also cause long term fatigue of the building
structure.

In order to take this environmental impact into account, the “Urbane Winden-
ergie” research project (FFG-number 845184) deals among other issues with the
vibration and oscillation of horizontal axis and vertical axis (Darrieus-rotor) small
wind turbines. In the absence of normative information about the implementation
of oscillation measurements on small wind turbines, an independent measurement
concept was drawn up. A part of this concept is based on experiences with oscilla-
tion detection concepts for large-scale wind turbines. By means of accelerometers,
oscillations were metrologically recorded in direct proximity to the generators of
two different plants in the Lichtenegg energy research park in Lower Austria. In the
first measurement campaign, oscillations were recorded on a vertical axis small wind
turbine with a decoupling element installed between the generator and the mast to
reduce oscillation intensity. The second measurement, on a horizontal axis turbine
without a decoupling element, served to illustrate the different oscillation behaviour
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of these two turbine types. The evaluated measurement values indicate that the type
of small wind turbine influences the emitted oscillations and that these oscillations
must be considered in particular for turbines for roof assembly.

1.1 Problem

Due to smallwind turbines (SWT) being smaller than conventionalwind turbines, use
can be made of the energy potential of wind in built-up areas. A roof-top installation
of a SWT is mainly the only feasible way to integrate wind turbines in urban areas
with a high building density and guarantee a laminar flow [1].

During the operation of SWTs, many factors such as mass imbalances, aerody-
namic imbalances (pitch tolerance), inclination of wind, turbulences and gusts may
result in inhomogeneous torque or load, leading to vibration and oscillation of the
entire system. Although all types of wind turbines are subject to oscillation, the
oscillation of building-mounted SWTs must be seen critically because they can be
transduced to the building via the mast. In addition to low frequency oscillations
caused by mechanical or aerodynamic asymmetries of the rotor, high frequencies
emitted by the generator can be transduced via the mast to the foundation or the
building. As a consequence, load-bearing components and the whole supporting
structure is stimulated. These components have a range of different natural frequen-
cies that can be stimulated by the turbine and in the end lead to destructive resonant
oscillation [1].

The current solution for this issue is the installation of damping elements between
the generator and themast, also known as decoupling elements. Although oscillations
on SWTs can have a significant impact on the immediate environment, in many cases
the oscillation intensity of a plant is not taken into account and decoupling elements
are rarely installed [1].

1.2 Aim of Study

Solutions for vibrating plants are required to ensure a safe and reliable operation of
small wind turbines in urban and inhabited areas. The “UrbaneWindenergie” (urban
wind energy—FFG-number 845184) research project addresses this requirement by
assessing and comparing the oscillation intensity of a vertical-axis (VASWT) and a
horizontal-axis smallwind turbine (HASWT)with similar size and power output. The
prior focus of the presented investigation is on wind turbines in urban and inhabited
areas. In order to reconstruct a common situation for roof-mounted VASWT and
to achieve a safe and reliable operation of the VASWT (Darrieus-rotor), a patented
oscillationdecoupling element developed and engineeredbyDipl.-Ing.HansBanzhaf
was installed. This was not implemented for the HASWT because this type of turbine
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is usually not fitted with an oscillation-reducing element. Measurements of noise
emissions and the evaluation of the economic aspect are not covered in this paper.

In detail, the work described in this paper aims at:

• Evaluating the frequency and oscillation velocity range of the oscillation and vibra-
tion occurring.

• Assigning spectral shares of oscillation to their stimulating causes.
• Comparing the oscillation behaviour of a VASWT and a HASWT.

2 Measurement Concept

The evaluation of vibration and oscillation on small wind turbines requires an ade-
quate measurement concept including the alignment of sensors and the choice of
bandwidths and the determination of all essential quantities. The measurement of
oscillations was conducted by means of piezo-electric and capacitive MEM-sensors
measuring the amplitude of the oscillation-acceleration, and inductive sensors mea-
suring the amplitude of the oscillation velocity. These sensors cover a bandwidth of
0.5 Hz–5 kHz. Beside oscillation, various quantities of the wind were determined,
partly according to the EN 61400-2 standard. As the averaging period of 1 minute for
wind speed defined in the standard is not suitable to analyse brief oscillation events,
proprietary averaging had to be defined. Themade assumptions are explained in Sect.
“2.2. Measured parameters—External influences”.

2.1 Small Wind Turbines

2.1.1 Amperius VK250

In the “Urbane Windenergie” research project, an investigation was made of the
vibration and oscillation of a VASWT and a HASWT. The selected VASWT was the
Amperius VK 250 made by KD Stahl with a nominal power output of 5 kW. The
rotor measured 4.5 m in diameter and 5.46 m in height, resulting in a swept area of
24.57 m2. The plant itself weighed 880 kg and was installed on a tubular mast at a
hub height of 20 m (see Fig. 1a).

2.1.2 Schachner SW05

The second wind turbine investigated in the project was the Schachner SW05, a
downwind horizontal axis turbine (HASWT). The plant was installed on a tubular
mast at a hub height of 12 m. Its rotor has a diameter of 5.6 m. The resulting swept
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Fig. 1 a Amperius VK250 (VASWT), b Schachner SW05 (HASWT)

area of 24.63 m2 and nominal power output of 5 kW are almost equivalent to the
VASWT (see Fig. 1b).

2.2 Measured Parameters

An oscillating system is described as the periodic alternation over time of a certain
quantity. Parameters such as pressure, temperature, angle and velocity can represent
this alternating quantity [2]. Vibrations can be considered as a special type of oscilla-
tion as they are periodic alternations which are perceptible by human beings. Hence,
vibrations are oscillations of frequencies ranging between 10 Hz and 20 kHz that are
induced into the body via hands or feet. When the exposition of a human being to
vibration exceeds a certain limit value, health issues may arise [3].

In the present assessment, oscillation acceleration and velocity were selected as
the main measurement values, whereat the oscillation frequency was always taken
into account. As these parameters allow conclusions to be drawn on the intensity
and energetic content of oscillation, they were selected to describe the influence on
turbine components.

Different quantities influence the oscillation behaviour of a wind turbine, and so
external and internal influences were determined:

• External influences: wind speed, turbulence intensity, inclination of wind.
• Internal influences: rotational speed.
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The deflection of a vibrating or oscillating system represented for instance by
a spring pendulum can be described with a displacement/time function. The value
x̂ represents the maximum amplitude of the displacement and ω0 is the natural
frequency of the system. The displacement is calculated as follows:

osci l lat i on di splacement x(t) � x̂ · sin (ω0 t) (m) (1)

The differentiation of the function x(t) results in the oscillation velocity/time
function, which shows the velocity of a body during one alternation.

osci l lat i on veloci t y ẋ(t) � ω0 · x̂ · cos (ω0 t) (mm/s) (2)

Another differentiation of the velocity/time function results in the accelera-
tion/time function, which shows the acceleration of an alternating system from its
neutral to its peak position.

osci l lat i on accelerat i on ẍ(t) � −ω2
0 · x̂ · sin (ω0 t) (m/s2) (3)

Figure 2 shows the qualitative relation between oscillation displacement, oscilla-
tion velocity and oscillation acceleration. Depending on the output unit of an oscil-
lation sensor, the desired unit can be calculated by integrating or differentiating. One
should note the phase shift, as the oscillation acceleration leads to the oscillation
velocity by 90° and to the amplitude by 180° [4].

2.2.1 Oscillation Acceleration ẍ

The majority of oscillation sensors measure the amplitude of an oscillating system
as the acceleration in m/s2. Triaxial sensors measure oscillations in three orthogonal
dimensions. The resulting vectors ẍx , ẍy and ẍz rate the three directions respectively.
Due to the high rigidity of the mast in the z-orientation, relevant acceleration and
velocity values occurmainly in the x and y directions only. For this reason the vertical
component (z) was not taken into account in the evaluation. In order to examine the
level of oscillation in the light of internal and external influences, root-mean-square
(RMS) values ẍx_RMS and ẍy_RMS were calculated based on a one-second block size
with a 75% overlap of each block. The RMS values represent the effective level of
oscillation and facilitate a statistical evaluation.

The single axis vectors were then aggregated to a plane oscillation vector ẍxy_RMS

according to standard ISO 7919-1:1996:

ẍx y_RMS �
√
ẍ2xRMS

+ ẍ2yRMS
(m/s2) (4)
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Fig. 2 Displacement, velocity and acceleration [4]

2.2.2 Oscillation Velocity ẋ

Commonly available sensor technology cannot directlymeasure the oscillation veloc-
ity over awide frequency range. The velocity value inmm/swas obtained by integrat-
ing the acceleration signal with a digital data processing function. To obtain a stable
output signal, a Butterwoth-type HP-filter with a cut-off frequency of 0.5 Hz had to
be used. This filter, however, causes a significant phase shift at frequencies below
5Hz (see Fig. 3). This effect can be neglected when comparing oscillations of similar
frequencies or when adding RMS values as the filter characteristics were identical
for all measured velocity channels. With the available data processing functions, a
second integration of the signal to obtain the oscillation displacement at frequencies
as low as 0.5 Hz would lead to an unstable output signal and was therefore dis-
carded. The resulting RMS-value in plane ẋxy_RMS was calculated analogous to the
oscillation acceleration.
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Fig. 3 Frequency response of the integration function including a Butterworth filter 4th order

2.2.3 External Influences

According to EN ISO 61400-2, external environmental influences can be divided
into extreme and normal wind conditions. The measurement of these quantities is
crucial to show whether the wind has a significant influence on the plant’s oscilla-
tion behaviour or not. Normal conditions are defined as the wind speed within the
operating range of the tested turbine at turbulence intensities up to 50%, while gusts
are an extreme external influence. The wind speed was measured by a 3D ultrasonic
anemometer in three dimensions vw_x , vw_y and vw_z . The resulting wind signal in
plane and in space were calculated with the following formulas:

vw_x y �
√

v2
w_x + v2

w_ y

(m
s

)
vw_x yz �

√√
v2

w_x + v2
w_ y

2
+ v2

w_z

(m
s

)
(5)

For the evaluation an average value vw_AV E_2 in m/s with an averaging time of 2 s
(block size) and a block overlap of 75% was calculated.

A turbulent airstream is defined as an abrupt alternation of wind speed taking
longitudinal, transversal and vertical alternations into account. The intensity of such
a turbulent airstream is calculated by dividing the standard deviation σ in m/s by
the average wind speed [5]. As an average value the 20 s average value vw_AV E_20

was selected instead of the one-minute average value according to the standard. The
reason for this was the fact that in a 20 s averaging period certain oscillation events
can be assigned more accurately to one turbulent airstream. Accordingly, turbulence
intensity was calculated according to the following formula:

T I � σ

vw_AV E_20
(%) (6)
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The vertical angle of the wind direction was calculated relative to three wind
dimensions vw_x , vw_y and vw_z with a trigonometric function. In order to determine
the inclination, the wind speed on a horizontal plane vw_xy was first calculated with
vw_x and vw_y . In a second step of the calculation, the inclination was determined in
degrees with the vertical wind speed component vw_z :

I N �
arctan

(
vz

vx y

)
· 180

π
(◦) (7)

According to the IEC-61400-2 standards, gusts are defined as an increase in wind
speed of at least 5 m/s within less than 20 s and lasting for more than 3 s [5, 6].

2.3 Sensors and Data Acquisition

For themeasurement of oscillation, three different types of sensorswere used to cover
all frequency ranges. Two sensors measured the oscillation acceleration with capaci-
tive MEMS technology and piezo-electric charge. One sensor directly measured the
oscillation velocity via induction. Each sensor showed different characteristics and
sensitivities according to the measurement.

The first sensor measured medium to high frequencies between 2 and 5,000 Hz by
means of piezo electric charge. Themain advantage of this sensor is its accuracy at the
previously mentioned frequency range. A disadvantage is the limit for frequencies
below 2 Hz, at which significant oscillations can occur. For this reason, a second
acceleration sensor with capacitiveMEMS technologywas used to cover frequencies
from 0.5 to 2 Hz. As the high-pass filter, used when integrating the acceleration value
into a velocity value leads to damping effects at low frequencies, a geophone was
used to record the oscillation velocity directly.

Test measurements showed that only low frequencies ranging between 0.5 and
100 Hz indicate significant amplitudes of the oscillation velocity and that the geo-
phone was not adequate to record oscillations at frequencies below 3 Hz accurately.
Accordingly, the capacitiveMEM sensor was used for further investigation, a relative
measurement error of 20% was accepted for oscillations from 1 to 2 Hz. Oscillations
below 1 Hz were not taken into account in the present assessment.

To enable accurate data acquisition, an adequate sample rate for data recording
must be selected relative to the maximum expected signal frequency. First tests of
the measurement equipment showed that a sample rate 10–20 times higher than the
maximum frequency was reasonable and would prevent any aliasing effects. Hence,
oscillation acceleration and velocity data was sampled with 2,000 Hz. Signals which
alternate more slowly such as wind speed and wind direction were recorded with
200 Hz sample rate in order to reduce the amount of data acquired. Additionally,
trigger events for high oscillation, gusts and high turbulence were set at certain limit
values:
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Fig. 4 a Sensor alignment on SWTs and b measurement layer on SWTs

• Oscillation velocity—trigger value 80 mm/s
• Turbulence—trigger value 25% turbulence intensity
• Gust—wind speed > 5 m/s relative to 20 s average value vw_AV E_20

When the trigger is not active, oscillation data was stored only in form of RMS
and peak values twice a second to reduce the amount of data.

2.4 Sensor Alignment

To capture the maximum oscillation amplitude of the majority of the oscillation
modes, MEMS-technology accelerometers were sited at the upper end of both masts.
To allow a comparison of the load and stress for the supporting structure, the oscil-
lation intensity considered in this work was captured under the installed damping
rod construction for the VASWT. Figure 4a shows a sketch of the VASWT with the
decoupling element.

Figure 4b demonstrates how the sensorswere connected to themast. The assembly
consisted of an aluminium elbowwith a suitable linkage to accommodate the sensors.
The assembly was strapped to the mast by a tension belt with a tension greater than
500 N. This setup provided enough rigidity to avoid self-oscillations up to 500 Hz.
Oscillations of higher frequency are therefore not taken into account in this work.

Auxiliary piezo-electric and inductive sensors were deployed at nearby locations.
First measurements, however, revealed that these sensors were not suitable for cap-
turing the low frequency oscillation generated by the SWT.

The rotor speed was determined by tapping the generator phase and converting
the high voltage AC to a 5 V TTL signal. As the frequency of the generator phase
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Fig. 5 Rotational speed versus Oscillation velocity a HASWT (SW05) and b VASWT (VK250)

is proportional to the rotor speed, the rpm can be determined by measuring the
frequency of the resulting TTL signal, with the generators pole pair number needing
to be factored in.

The wind speed, gusts and the inclination of the windweremeasured at a height of
19 m with a 3D ultrasonic anemometer on a preinstalled met mast. The anemometer
was located 20 m from the plant.

3 Measurement Results

After prefiltering the datasets of the 16-day measurement operation and excluding
downtime periods, the measurements were analysed statistically for an overview
of the parameters with the strongest influence on the oscillation intensity of the
tested turbines. In a second step the significant sequences with elevated oscillation
intensity were analysed in detail and spectral shares of oscillation were assigned to
their stimulating cause.

Oscillation velocity was selected as the major evaluation criteria for oscillations
below 500 Hz since this parameter is less vulnerable to high frequency disturbance
compared to oscillation acceleration and is well distinct at low frequencies.

3.1 Statistical Analysis

In Fig. 5 the oscillation velocity of each oscillation event is plotted in correlation to
rotational speed, creating a probability distribution. This statistical evaluation shows
the probability of elevated oscillation velocity over the turbine’s rpm range. At first
sight it can be noted that the oscillation velocity of the (a) HASWT is perceptibly
below that of the (b) VASWT.

The diagram (a) for the HASWT (Schachner SW05) shows three peaks marked
ranging between 50 and 120 mm/s at a rotational speed of 40, 100 and 130 rpm.
These peaks were caused by the stimulation of a resonance or natural frequency
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Fig. 6 Wind speed versus Oscillation velocity a HASWT (SW05) and b VASWT (VK250)

of the mast by the rotor. Near the nominal rotational speed of 240 rpm, oscillation
values are scattered and a specific peak value cannot be assigned.

In contrast, the rotational speed of the VASWT (b) (Amperius VK250) caused
four peaks ranging between 100 and 200 mm/s over the entire rpm range. Peaks one,
two and three are assignable to a specific speed but the fourth increased oscillations
appears to build up when approaching the nominal rpm.

These statistical results show a good correlation between rotor rotational speed
and increased oscillation intensities. As the rpm is tuned continuously during the
operation of an SWTand the frequency of driving forces caused by gyroscopic effects
depend linearly on rpm, natural frequencies of certain components are stimulated at
dedicated rpm ranges causing resonant oscillations. In Sect 3.2, the rpm ranges at
which elevated oscillation velocities were detected are analysed in detail.

As the rotational speed rises with the wind speed, it appears likely that oscilla-
tion intensities also correlate with the wind speed. Figure 6 shows the probability
distribution of oscillation velocities at specific wind speeds. Figure 6a shows the
probability distribution of the horizontal axis wind turbine (Schachner SW05). A
peak at 120 mm/s appears at a wind speed ranging between 2.5 and 10 m/s. A com-
parison of the wind speed and the rotational speed shows that these scattered wind
speeds (range 2.5–10 m/s) appear at the critical rotational speed of 130 rpm. This
scattered wind peak (see Fig. 6a) represents the oscillation peak at 130 rpm in Fig. 5a,
blurred by the fact that 130 rpm can and did occur at different wind speeds. Hence,
there is no direct or a weak correlation between the wind speed and high oscillation
velocities.

The same effect can be observed in Fig. 6b for the vertical axis wind turbine
(VK250). The wind speed is scattered at every peak and these scattered wind speed
ranges in Fig. 6b appear at each peak in Fig. 5b. Again, the wind speed indirectly
corresponds with oscillation peaks at the vertical axis wind turbine.

A turbulent airstreammay appear as an abrupt alternation of the wind speedwhich
is equivalent to a stimulating oscillation. This alternating wind speed can stimulate a
natural frequency of a component. For this reason, turbulence intensity was analysed
in correlation with oscillation velocity. In addition, the wind speed that corresponds
to each turbulence intensity and oscillation velocity was overlaid in colour because
the force of a turbulent flow increases with rising wind speed.



Environmental Influences on SWT Vibrations and Oscillations 69

Fig. 7 Turbulence intensity versusOscillation velocity aHASWT (SW05) and bVASWT (VK250)

Figure 7 shows the evaluation of turbulence intensity, oscillation velocity andwind
speed for the HASWT (Fig. 7a) and the VASWT (Fig. 7b). Figure 7a shows an even
distribution of turbulence intensity except for one peak value at a low oscillation
velocity ranging between 20 and 40 mm/s. Turbulence intensities between 5 and
30% all have the same distribution of oscillation velocity and wind speed (colour).
Figure 7a shows a homogenous probability distribution for all turbulence intensities
with velocities around 20 mm/s having the highest probability of around 8%. One
exception is a peak at 5% turbulence intensity, 20 mm/s oscillation velocity and a
wind speed of 10–12 m/s. As there is few data for low turbulence intensities at high
wind speeds, the probability for such an event is relatively high. Thus, this peak
corresponds to the scattered rotational speed data at 250–300 rpm in Fig. 5.

Figure 7b shows the influence of turbulences on oscillation of the VASWT show-
ing again an even distribution between 30 and 200 mm/s of turbulence intensity in
combination with wind speed. Two peaks at very low oscillation velocities are an
exception. These peaks can be considered as an arbitrary distribution of turbulence
intensity and oscillation velocity.

Hence, it can be reasoned the turbulence intensity has only minor influence on
the level of oscillation velocity.

The inclination of the wind was also analysed for both plants and the results
showed a uniform progression of oscillation velocity in correlation to different angles
of wind attack. For this reason, the influence of the inclination of the wind was
considered as minor like for turbulence.

3.2 Spectral Analysis

The statistical analysis shows that rotational speed has the predominant influence
on the oscillation intensity of SWT compared to external influences such as wind
speed, turbulences and the inclination of the wind. Therefore, the spectral analysis
only analyses the correlation between rotational speed and oscillation velocity. As
shown in Fig. 5, natural frequencies are stimulated at given rotational speeds causing
resonant oscillation of various components of the turbine.
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Fig. 8 FFT HASWT at 104 rpm

Fig. 9 Scope HASWT at 104 rpm

The first resonant oscillation peak of the HASWT is illustrated in Fig. 8, showing
an apparent peak at 1.71 Hz in a Fast-Fourier-Transformation (FFT). The first order
oscillation caused by the imbalance of the rotor stimulates a frequency of 1.71 Hz at
104 rpm. The amplitude for the oscillation velocity of the mast is 41 mm/s at 1.71 Hz
(1st order). The 3rd and the 16th order caused by the rotor blade passing the tower
and the generator poles passing the stator coils respectively, do not emerge from the
rest of the signal. This means that these orders do not stimulate any natural frequency
of the mast or the plant at this rpm.

The current oscillation velocity over time in Fig. 9 shows the peak value of Fig. 8
at 1.7 Hz. The lines for the X and Y dimensions are phase shifted by 180°, which rep-
resents an orbital oscillation of the plant. In addition, the frequency of the oscillation
(1.71 Hz) can be observed, as one period lasts for 584 ms.

Figure 10 illustrates the frequency range at 131.5 rpm measured on the mast in
direct proximity to the generator. The figure shows peak values in the X andY planes.
The first peak value is at 2.2 Hz at an amplitude of 96.6 mm/s and the second peak
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Fig. 10 FFT HASWT at 131 rpm

is at 6.59 Hz at an amplitude of 10.8 mm/s. These peaks represent the first and third
order of the rotational speed. For the tested HASWT, there are generally three major
sources that cause a periodic displacement of the turbine:

• 1st order—rotor imbalance
• 3rd order—frequency of three rotor blades passing the tower (tower-shadow)
• 16th order—frequency of the 16 generator poles passing the coils (magnetic forces)

At a rotational speed of 131.5 rpm a stimulating frequency (1st order) of 2.2 Hz
stimulates a natural frequency of the mast in combination with the turbine. The 3rd
order caused by rotor blades passing the tower has a minor impact indicated by the
oscillation velocity (10.8mm/s).At 131.5 rpm, 6.58Hz is three times the frequency of
the rotational speed caused by three rotor blades. The momentum is generated when
aerodynamic lift and draft is reduced due to the wind shadow caused by the tower
(tower shadow effect). The 16th order does not appear in the FFT. One assumption
is that the synchronous generator that has twisted poles along the rotation axis has a
smooth operational performance that does not create a significant momentum.

Figure 11 shows an oscillogram of the peak at 131 rpm. The phase shift of 180°
between X and Y axis can be observed. Unlike in Fig. 9, the amplitudes of X and
Y differ. Additionally, the shape of line X is triangular which indicates an elliptic
movement of the tower caused by the first order. The frequency (2.19 Hz) of the
first order can be observed, one period of the main oscillation lasting for 450 ms. In
addition, the third order is superimposed on the line of the first order with one period
lasting for 150 ms which equals 6.58 Hz.

Figure 12 shows one event of the scattered peaks in Fig. 5 of the HASWT between
250 and 300 rpm. In this case the plant was spinning at 270.4 rpm, generating a
stimulating frequency of 4.5 Hz. This first order does not appear in first place in the
FFT chart. In addition to the first order at 4.5 Hz and the third order at 13.52 Hz
there is a peak at 1.7 Hz with an amplitude of 70.9 mm/s which does not correspond
to any stimulating frequency occurring in this operation range. Figure 13 shows this
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Fig. 11 Scope HASWT at 131 rpm

Fig. 12 FFT HASWT at 270 rpm

oscillation at 1.7 Hz, since this event cannot be assigned to any stimulating order, it is
likely that this oscillation component is caused by an interference of two oscillations
leading to a local resonance in the structure. This is however only an assumption and
cannot be verified with the data information.

In comparison to the HASWT, the VASWT shows a similar behaviour at critical
rotational speeds. As marked in Fig. 5b there are four different peaks at a rotational
speed of 15, 43, 67 rpm and a last peak increasing by square until it reaches its
maximum at 137 rpm.

15 rpm is the single rotational speed of the rotor while the plant is starting. This
specific rotational speed of the rotor results in an oscillation frequency of 0.73 Hz,
which stimulates the mast to oscillate with a maximum amplitude of 81 mm/s as
seen in Fig. 14. In this case the third order which is the rotor blade passing frequency
does not appear in the FFT.

Figure 15 confirms this behaviour shown in the FFT, the main oscillation has an
amplitude of 80 mm/s on average and one period lasts for 1,360 ms, which equals a
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Fig. 13 Scope HASWT at 270 rpm

Fig. 14 FFT VASWT at 15 rpm

frequency of 0.73 Hz. The oscillation in the Y dimension is slightly less than the X
dimension and phase shifted by 90°, which represents an elliptic movement of the
mast.

The second significant peak is shown in Fig. 16 with all three orders marked.
At a rotational speed of 43.8 rpm, a stimulating frequency of 0.70 Hz is generated,
stimulating the natural frequency of the mast. The third order at 2.19 Hz caused
by three rotor blades passing the tower was also stimulated and led to an ampli-
tude of 61.9 mm/s. The 20th order caused by the generator poles does not emerge
significantly from the rest of the signal.

The oscillogram in Fig. 17a shows this behaviour at 43.8 rpm on a time scale. The
first order is dominant, as indicated by the amplitude and the duration of 1,420 ms of
one period. Superimposed on the first order, the third order changes the oscillation
significantly, leading to a double-circular movement of the mast as seen in the orbit
in Fig. 17b.
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Fig. 15 Scope HASWT at 270 rpm

Fig. 16 FFT VASWT at 43.8 rpm

Fig. 17 a Scope HASWT at 270 rpm and b orbit
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Fig. 18 FFT VASWT at 63 rpm

Fig. 19 Scope VASWT at 137.9 rpm

As the rotational speed increases up to 63 rpm, the first order appears at 0.98 Hz
with an amplitude of 26 mm/s, but in this case the third order at 3.16 Hz is the most
dominant order with an amplitude of 105.9 mm/s, as shown in Fig. 18. In this case
the passing frequency of the rotor blades stimulates a natural frequency of 3.16 Hz
of a mast component. In this case aerodynamic imbalances of the rotor are the main
cause for oscillation.

This predominant third order can also be observed in the oscillogram in Fig. 19.
The duration of the dominant oscillation corresponds to 310 ms and an amplitude of
105 mm/s in average to the third order. The first order is superimposed on the third
order and observable as a fluctuation of the main oscillation. The Y dimension is
lower than theX dimension and phase shifted by 90°, indicating an ellipticmovement
of the tower.
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Fig. 20 FFT VASWT at 138 rpm

Fig. 21 a Scope VASWT at 138 rpm and b orbit

Figure 20 shows the last and highest peak of the operational range of the VASWT
with a first order of 2.20 Hz, which corresponds to a rotational speed of 138 rpm.
Figure 21 again shows the movement of the mast in the scope (a) and orbit (b).

Table 1 shows an overview of all measured oscillation frequencies which could
be assigned to a plausible causing effect (order) and showed a significant velocity
amplitude, at examined rotor speeds. It will be noticed that the same oscillation
frequency of 1.71 Hz, is stimulated by the first order (rotor imbalance) at 100 rpm
and at 270 rpm by a non-harmonic effect. For this reason it can be assumed that the
frequency of 1.71 Hz is a natural frequency of the mast or other components.

Table 2 shows the same list for the VASWT. In this case two frequencies appear
to match at different rotor speeds. The natural frequency of the structure at 0.7 Hz is
stimulated at 15 rpm by some non-harmonic effect and at 43 rpm by the imbalance
of the rotor (1st order) causing increased oscillations. Another natural frequency of
2.1 Hz is stimulated at 43 rpm by the 3rd order (rotor blades facing upwind) and at
137 rpm by the imbalance of the rotor (1st order).
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Table 1 Resonance frequencies HASWT (SW05)

Rotational speed (rpm)

100 131 270

1st order (Hz) 1.71 2.18 4.15

3nd order (Hz) 5.13 6.55 12.21

16th order (Hz) 27.36 34.93 72. 00

Extra order (Hz) / / 1.71

Table 2 Resonance frequencies VASWT (VK250)

Rotational speed (rpm)

15 43 63 137

1st order (Hz) 0.3 0.7 1 2.2

3nd order (Hz) 0.8 2.1 3.2 6.9

20th order (Hz) 5 13.9 21 46

Extra order (Hz) 0.7

4 Conclusion

An analysis of the vibrations and oscillations of a SWT must consider the turbine
as a combination with its supporting structure. Since each building has specific
natural frequencies which will be stimulated under particular wind flow conditions
and rpm ranges by different types of SWTs, an evaluation of a wind turbine (without
supporting structure) is of low relevance. Thismakes the evaluation and interpretation
of the vibration and oscillation of building-mounted SWTs complex and difficult to
compare. Each supporting structure, be it amast or a building, has a particular rigidity
and range of natural frequencies which will influence the displacement, velocity and
acceleration over the oscillation spectrum and thus the behaviour of the turbine. This
fact makes it virtually impossible to assess and compare the oscillation of different
SWT types installed on different supporting structures.

On the other hand, there are SWTs which cause more oscillations and develop
higher force or strain in the structure than others. The two turbines investigated could
not be tested on the same tower, an absolute assessment and comparison of the dis-
placement, velocity and acceleration cannot be performed based on the measurement
results.

General advice worth followingwhen evaluating the oscillation of a SWTorwhen
choosing a turbine for a specific building is to ensure either overcritical or undercrit-
ical operation at higher wind speeds by making sure that the natural frequencies of
the supporting structure are not stimulated at an rpm range within 50% or more of
the nominal power or wind speed of the turbine. A good tool to do this is a Campbell
chart.



78 M. Peppoloni et al.

An unbalanced mass-distribution of the rotor blades caused bymanufacturing tol-
erances is mostly responsible for the low frequency oscillation of SWTs. However,
irregular air flow, turbulences or pitch deviations of the rotor blades result in aerody-
namic imbalances. In particular with vertical-axis small wind turbines, aerodynamic
imbalances are a systemic problem and should be taken into account. The reason for
this is the inhomogeneous rotor blade geometry [1].
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Dynamic Experimental and Numerical
Analysis of Loads for a Horizontal Axis
Micro Wind Turbine

F. Castellani, M. Becchetti, D. Astolfi and F. Cianetti

Abstract The optimal use of micro wind energy conversion systems is not only a
matter of efficiency, but it also involves a number of issues related to the technology
and the dimensions of the system in relation with the environment. The growing
request of micro wind energy technology for urban areas is nowadays stimulating the
research on several subjects. Structural safety is crucial, in order to prevent damages
in case of gusts. Noise and vibration assessment andminimization is another relevant
issue too, especially for horizontal axis machines with higher efficiency and larger
rotational speed. On these grounds, in this work a horizontal axis wind turbine having
2 m of rotor diameter is studied experimentally and numerically. Experimental tests
have been performed with steady and unsteady wind conditions and accelerations
have been collected, at meaningful operating conditions of the wind turbine, and
consequently analyzed. The analysis of the experimental spectra is compared against
numerical simulations performed with the aeroelastic code Fatigue, Aerodynamics,
Structures and Turbulence (FAST) and this allows to interpret the complex load
structure to which the wind turbine is subjected. In particular, evidence of the blade-
passing phenomenon is collected: due to the small size of the system, the tower and
blades undergo an interesting mechanical interplay.
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1 Introduction

The attitude of public opinion and policy makers towards micro wind energy sys-
tems [22] is particularly demanding. Micro wind turbines should be sufficiently
simple (and therefore they should have a sufficiently advanced control system) to
be handled by citizens without specific expertise. They should convert wind kinetic
energy with a certain efficiency, in particular to counteract prejudices [7] on this
kind of technology, according to which it performs intrinsically poorly. Their use
in urban environment [4–6, 15] poses further challenges: strongly varying loads to
which micro turbines, especially in case of gusts [1], are subjected, can cause heavy
stresses on all the components, with large noise and vibrations and risks of dam-
age and breakage of the device. Structural safety [19] is therefore a pressing need.
Optimizing power extraction means, especially for horizontal axis wind turbines
(HAWT), increasing rotational speed and this can introduce vibration and noise
problems [9, 14, 16, 21], to which customers and policy makers are particularly
susceptible in urban environment. For all these reasons, a deep knowledge of the
dynamic behavior of micro wind turbines [10] is fundamental to develop mitigation
strategies of noise and vibrations and the present work is a contribution to this topic.
Thiswork dealswith anHAWThaving 2mof diameter: its design has been optimized
through numericalmodeling andwind tunnel testing at theUniversity of Perugia [18].
The excellent power extraction and therefore the high rotational speeds reached by
the test case HAWT make it the ideal candidate for studying noise and vibration and
the possible role of the control strategy for mitigating. This requires a careful aware-
ness of mechanical loads and spectrum [2, 20] and this is actually what is pursued in
the present work. An experimental campaign is conducted at the “R. Balli” wind tun-
nel facility of the University of Perugia.1 Acceleration measurements are collected
at meaningful points of the wind turbine under different working conditions (steady
and variable wind flow) and the spectra are interpreted through numerical model-
ing. Actually, the aeroelastic code FAST [8] is employed to simulate the mechanical
response of the test case wind turbine. The structure of the work is therefore the
following: Sect. 2 is devoted to the description of the methods and the facilities
(numerical and experimental). In Sect. 3, the results are collected. Conclusions are
drawn and some further direction is sketched in Sect. 4.

2 The Facilities and the Methods

2.1 The Wind Tunnel

The wind tunnel “R. Balli” of the University of Perugia is in a closed loop config-
uration (Fig. 1). A 375 kW electric motor, with 11 blades in carbon warped shell,

1https://www.windtunnel.unipg.it.

https://www.windtunnel.unipg.it
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Fig. 1 The wind tunnel
facility

accelerates the air up to amaximum speed of 50m/s. The open test room has approxi-
mately 5m2 of effective section with a recovery section of about 7m2; the turbulence
of the flow is conditioned and reduced by means of a honeycomb section. The wind
flow is further accelerated by a converging duct into the testing room. Two Pitot
tubes measure the wind speed blowing on the test section, and a control station in
the testing room measures in real time static air pressure, temperature and relative
humidity. The wind tunnel is commonly employed for research activities about small
wind turbines [18] and two-wheeled vehicles [11, 12, 17].

2.2 The Wind Turbine

The test case wind turbine (Fig. 2) has 2 m of diameter. It is three bladed and the
blades are made of glass fiber-reinforced polymer, realized through injection mold-
ing. In [18], the design of the blades of this wind turbine has been optimized by an
aerodynamic point of view, compatibly with economical constraints (the need of low
cost). In [18], it is also shown that the rpm versus power curve of this wind turbine
displays significant rpm intervals along which the output is almost flat, supporting
the use of the turbine also in considerably turbulent environments. For this study,
the wind turbine was controlled using an experimental power curve extracted from
previous tests in the wind tunnel. The main reason of this choice was having the
wind turbine in its real working condition: this point is also crucial for the FAST
simulation, because it is not allowed to simulate the power control of thewind turbine.
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Fig. 2 Front view of the test
case HAWT in the wind
tunnel

2.3 The FAST Code

The FAST code has been developed at the National Renewable Energy Laboratory
(NREL) of the US government. It is an aeroelastic multibody simulator, devel-
oped for modeling two and three bladed HAWTs, offshore and onshore. FAST
combines multibody and modal approaches for the dynamical study of the equa-
tions of motion defining at each time step the state of the mechanical system. For
three bladed HAWTs, as the test case of this work is (Sect. 2.2), 24 degrees of free-
dom are selected (Fig. 3) for describing the support platform (modeled as a rigid body
with 6 dofs), the tower (modeled as Euler-Bernoulli beam), the nacelle (modeled as
a rigid body with 1 dof), the transmission and the generator, the furling effect, the
blades.

In Fig. 4, the flow chart for the FAST simulation is reported. The primary input
file calls all the other files containing information about the blades, the physical and
mechanical properties of the tower, and how to model them (Aerodyn file).

2.4 The Methods

TheHAWThas been instrumentedwith accelerometers. In particular, as Fig. 5 shows,
a three-dimensional accelerometer has been mounted below the nacelle at the top of
the tower, and a mono axial accelerometer has been mounted on the tail.

In FAST, it is not possible to simulate the behavior of the tail of the turbine, so
a purely experimental vibration analysis was performed in order to understand the
criticality of the tail itself. The accelerometer placed on the tail has been employed
for collecting measurements under a wind ramp from 6 to 11 m/s, reported in Fig. 6.
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Fig. 3 Configuration of a three-bladed HAWT in FAST

Fig. 4 Flow chart for FAST simulation

Fig. 5 Reference axes for FAST Tower references (black) and reference axes for accelerometer
measurements (red) (color figure online)
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Fig. 6 Revolutions per minute, wind speed and acceleration signal for the analysis of the tail of
the wind turbine

Table 1 Dimensions of the
system, according to Fig. 5

Quantity Dimension (m)

Lp 1

Ht 0.98

Hv 0.55

XG 0.13

YG 0.2

Concerning the tower vibrations, the objective is to compare the experimental
data against the FAST simulations, especially as regards the frequency content and
its interpretation. For doing this, a careful set up must be fine tuned. The structure
of the tower and its fixing is shown in Fig. 5. The dimensions of the characteristics
parameters of the turbine are shown in Table1.

In order to accept the input file data for the tower, FAST needs the dimensions
and the Rayleigh coefficient to compute the modes of the structure.

The natural frequencies of the tower have therefore been measured using an ham-
mer as excitation, with the turbine stopped. Using ANSYS [13], a model of the
tower was reconstructed and tuned using the information for the natural frequencies
collected through these experimental tests.

In the following Fig. 7, an example is reported of a wind intensity signal employed
for the experimental tests. This kind of signal is reproduced numerically and pro-
vided as input to the FAST environment, in order to compare the simulations to the
experimental results.

After the first trials, it has been observed that the influence of the tower is very
relevant for the matching of numeric ad experimental data. The FAST code has
actually been developed for large wind turbines, where the distance from the blade to
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Fig. 7 Experimental wind speed signal

the tower is so large that it is not relevant by amechanical point of view. For themicro
wind turbine under investigation, the blade-tower distance is such that the blade-
passing phenomenon [3] is relevant, i.e. the mechanical interplay between tower and
blades. This happens especially at high wind intensities, when the flexibility of the
blade pushes the distance from the tower to its minimum.

3 The Results

3.1 Tower Analysis

The comparison of numerical against experimental results has been focused on the x
oscillations of the tower (Fig. 5), as a reference for auto-tuning of the post-processing.
First of all a frequency analysis has been performed and the results are collected in
Fig. 8, where the main frequency inputs of the acceleration signals are highlighted.

To properly interpret Fig. 8, it is important to recall what are the main loads
transmitted to the tower and their frequency contribution. The main loads are divided
into mechanical loads and aerodynamic loads. Mechanical loads can be static loads
or dynamic loads: the former are constant over time and cause a constant deflection
linked to the rigidity of the structure. Staticmechanical loads are therefore essentially
due to the force of gravity. Dynamic loads are related to the motion of the rotor and
the interplay with the control systems. If the rotor is unbalanced (i.e. it has uneven
mass distribution), the imbalance can be modeled as the presence of a mass material
point m at a certain distance r from the rotor. The mass m gives rise to a moment
(which is variable in time) with respect to the rotational axis and to a centrifugal
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Fig. 8 Frequency analysis on tower acceleration on axes x during ramp test

force having components in the rotor plane and also resulting in bending and torque
on the tower. These loads due to imbalance have a frequency component equal to
the rotor rpm (1P). Aerodynamic loads can be divided into static loads, cyclic loads
and random loads: static loads are caused by constant wind conditions and result in a
constant deflection of the structure; random loads arisemainly due towind turbulence
and are one of the major causes of fatigue breaking. Cyclical loads, due to particular
aerodynamic effects, are cyclically present in the rotary (blade) reference system
and in the fixed reference system of the tower. These loads are crucial for studying
the evolution of the Fast Fourier Transform (FFT) of the experimental acceleration
measurements. In the rotary reference system (for example at the blade root) the
cyclic loads are harmonic (multiples) of the rotor angular velocity. Then there will
be loadswith inputs of 1P, 2P, 3P and so on. In the fixed reference system (tower base),
these loads, due to the presence of the three blades, translate and become multiples
of three times the rotor angular velocity: it is therefore possible to see loads with
frequency content 0P, 3P, 6P, 9P. In the case of the turbine under investigation, the
1P component is visible in the graph as 6P. The unbalancing of the rotor is linked
to 1P. For 6P, the reason is the blade-passing phenomenon. This effect is due to the
passage of the shovel near the tower and it is present in both downwind turbines
and upwind turbines: it is due to the modified flow conditions at the tower. In the
case of downwind turbines, the tower creates a real shadow area and therefore the
velocity of the fluid upstream the turbine is consistently diminished when the blade
passes near the tower. For these reasons, even if the considered turbine configuration
is upwind, the numerical set up has carefully fine tuned as regards damping ratio and
tower shadow coefficient in order to include the blade passing interferences induced
by the very small blade-tower gap. In Fig. 9, a comparison between FAST simulation
and experimental data is provided.
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Fig. 9 FFT of numerical and experimental data: 10 m/s of wind speed

Figure9 refers to the case wind speed equal to 10m/s and the numerical model
is set with d = 5% and TS = 0.65, where d is the damping and TS is the tower
shadow coefficient. These coefficient have been tuned using a systematical iteration
of FAST solver in order to improve the numerical analysis. Finally numerical and
experimental data have a good degree of correspondence in terms of location of
aerodynamic peaks 3P, 6P and 9P. The intensity of the peaks is influenced by the
tower factor and its fine-tuning deserves further devoted studies.

3.2 Tail Analysis

Awaterfall (Fig. 10) andorder (Fig. 12) analysis has beenperformed, for investigating
the frequency content of the vibration of the tail, linked to the tower vibration. The
same analysis has been performed in the y direction of the tower accelerometer
(Fig. 11).

As can be seen in Fig. 12, the vibration of the tower is very low and no traces of
constant frequencies appear. For the tail waterfall diagram, instead, many frequen-
cies compose the spectrum and remain constant when the rotational speed increases.
Comparing Figs. 11 to 10, the interpretation is confirmed, according to which the
vibration of the tail induces also vibrations on the tower. In fact, where these lines
cross a rotational line (as happens at the 48th order of rotation), the level of acceler-
ation grows up to excite the tail.

This analysis demonstrates that, for these small devices, also secondary elements
in term of overall weight (such as the tail), can give a meaningful structural exci-
tations that can induce severe loads in some operational conditions. This can be
quickly crosschecked with experimental measurements but can be hardly modeled
numerically.
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Fig. 10 Waterfall of vibration of the tail in y direction

Fig. 11 Waterfall of vibration of the tower in y direction

4 Conclusions and Further Directions

In this work, an experimental and numerical analysis has been conducted on a micro
HAWT. The experimental analysis has been carried out at the wind tunnel facility of
the University of Perugia and it basically consists in accelerometer-based vibration
analysis. On the numerical side, a model of the wind turbine is implemented through
the aeroelastic code FAST. The main outcome of this work is that such an integrated
approach is not only valuable, but somehow unavoidable, if one wants to construct a
numerical framework capable of reproducing and interpreting the complex dynamics
between the wind flow and such a small wind turbine. Actually, for example, one of
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Fig. 12 Order of vibration of the tail in y direction

the main peculiarities of micro wind turbines is the blade-passing phenomenon: it is
the mechanical interplay between the blades and the tower and it can be particularly
relevant at high rpms, when the flexibility of the blade pushes the relative distance
to its minimum and the vibration transmits to the tower. In order to take into account
this phenomenon, the numerical model must be fine tuned as regards damping ratio
and tower shadowing coefficients and this requires a constant feedback between
experiments and computational framework. Actually, the experimental analysis of
Sect. 3.2 demonstrates that also secondary elements in term of overall weight (such
as the tail) can give meaningful contributions to the spectrum under certain operating
conditions but this is very difficult to model, while it is more intelligible to detect and
interpret experimentally. On the other hand, once a reliable aeroelastic model of the
system has been set up, it becomes particularly useful for interpreting the complex
load structure on the system: the frequency content of the measured tower vibrations
have actually been discussed comparing to the numerical model (Fig. 9). Sideways,
frequencies associated to rotor unbalancing have been observed. Further directions
of this work include the assessment of the role of the control system and the interplay
with the aeroelastic dynamic structure. Actually, the overall future objective, in the
framework of the SOFTWIND research project, is testing and validating control
strategies in terms of efficiency in responding to variable speed and capability to
relieve dynamic loads. The structural behavior of the system, the stress state of the
components and the noise response of the wind turbine shall be addressed for a
360◦ perspective on numerical modeling and experimental testing for the purposes
of micro wind turbine technology.
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Rooftop Siting of a Small Wind Turbine
Using a Hybrid BEM-CFD Model

F. Balduzzi, A. Bianchini, D. Gentiluomo, G. Ferrara and L. Ferrari

Abstract The benefits of wind turbine rooftop installations are related to the
exploitation both of a higher elevation within the atmospheric boundary layer and of
possible local accelerated flows originated by the interaction between the wind and
the surrounding landscape. The selection of the proper turbine positioning is however
pivotal to ensure maximized energy yields. Although the complete solution of the
flow field surrounding the rotors would lead to most accurate results, lower-fidelity
models with a more affordable computational cost are still about to be preferable for
multivariate optimization analyses. In this study, a set of simulations using a hybrid
BEM-CFD model were carried out to optimize the siting of a small HAWT in the
rooftop of a suburban building. The parametric study on the urban landscape and
the turbine positioning showed that the proposed approach hybrid approach provides
interesting prospects in view of more energy-efficient urban installations of wind
turbines.
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Cμ Turbulence model constant
Cp Power coefficient
Cs Roughness constant
d Displacement (m)
D Distance between UB and IB (m)
h UB height (m)
H IB height (m)
Ĥ Mean buildings height (m)
HAWT Horizontal Axis Wind Turbine
Ks Sand-grain roughness (m)
k Turbulent kinetic energy (m2/s2)
IB Installation Building
L Buildings width (m)
P Turbine power (W)
R Turbine radius (m)
R2 Coefficient of determination
RANS Reynolds-Averaged Navier-Stokes
TSR Tip-Speed Ratio
UB Upwind Building
u* Friction velocity (m/s)
V Flow velocity (m/s)
VAWT Vertical Axis Wind Turbine
VBM Virtual Blade Model
yp Height of the ground cells centroid (m)
z0 Roughness length (m)

Greek Letters

γ Skew angle (deg)
ε Turbulent kinetic energy dissipation rate (m2/s3)
κ Von Karman constant
ω Specific turbulence dissipation rate (s−1)

1 Introduction

An effective conversion of the wind potential in the built environment is becoming
a key topic in the field of distributed generation from renewable energy sources.
Due to the intrinsic benefits of local integration, focus is particularly given to the
use of medium and small wind turbines. In case of rooftop installations or building
integration, the conventional siting aspects of the rotor require even more attention,
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if one wants to correctly exploit the speed up effect due to the interaction between
the Atmospheric Boundary Layer (ABL) and the surrounding environment.

The use of computational fluid dynamics (CFD) is well established for large-
scale wind farm simulations, while in case of the siting of small machines it is not
common to perform dedicated numerical studies for an accurate evaluation of both
the localwind conditions and the corresponding energy yield potential. Since the flow
conditions above the roof of buildings are different and more complex with respect
to an open landscape, the identification of the main characteristics of a suitable site in
the built environment is being addressed in current studies. Ledo et al. [1] analyzed
the relationship between the wind flow characteristics and the profile of the roofs
and they concluded that flat roof is the most favorable shape to yield high power.
Abohela et al. [2] analyzed the effects of the roof shape, the wind direction, the
building height and the surrounding urban configurations on the wind flow above the
roof. The optimum mounting locations were found in correspondence to those roof
shapes which allow a central positioning on the roof: velocity increases up to 15%
were observed and, consequently, a theoretical enhancement of the energy yield up
to 50% could be hypothesized. Similarly, Herrmann et al. [3] showed that an increase
up to 29% in the available energy can be gained depending on the configuration of
the upwind structure. Some of the authors presented in [4–6] the results of a thorough
activity on the estimation of the energetic suitability of both Horizontal Axis Wind
Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT) installations in the
rooftop of a building in a reference European city. Two dimensional CFD simulations
were carried out to characterize the flow field in the rooftop area of an installation
building as a function of the proportions of the upwind building and of the average
surrounding buildings height. The results were used to calculate the available wind
distributions and the yearly energy production of the turbine in view of a more
detailed understanding of the performance improvement or detriment related to the
specific installation.

Few examples do exist in the technical literature concerning the prediction of the
actual energy production of a roof-mounted turbine, mainly due to the remarkable
complexity and computational cost of the simulation. Unsteady CFD RANS calcu-
lations were presented by Schily and Paraschivoiu [7] and Zanforlin and Letizia [8]
for VAWTs, whose geometrical features allow a 2D simplification of the domain.
Conversely, fully three-dimensional simulations require an extremely high compu-
tational effort and are then suited more to single cases rather than to optimization
analyses. For these latter cases, in which multiple configurations have to be inves-
tigated, the assessment and tuning of simplified numerical tools for predicting the
attended performance in an urban siting may be of major relevance in view of more
accurate feasibility analyses. One of the simplest approaches of use to this end is the
Actuator Disk Model (ADM), in which the turbine is modelled as a sink of momen-
tum in the main flow. This technique was used by Micallef et al. [9] to assess the
power performance of a small HAWT as a function of the height above the roof of
a generic cubic building: the results showed that the rotor should be placed at least
3 m above the roof level to conveniently exploit the wind potential.
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In this study, a newly-customized version of theVirtual BladeModel (VBM)of the
commercial solverANSYS® FLUENT® was used to evaluate the energetic suitability
of a small HAWT installation in the rooftop of a building. With the VBM model, a
3D RANS calculation of the flow field is performed for the domain surrounding the
rotor, while the effect of the rotating blades on the fluid is simulated through a body
force, calculated by a simplified Blade Element Method (BEM). In previous works
[10, 11], the authors compared and validated the results of VBM simulations with
both wind tunnel data and fully CFD RANS simulations. The main features of the
interaction between turbine wakes, in case of either a single rotor or two rotors, were
properly captured by the model. A reliable estimation of the turbine performance
was also provided in all the study cases. Conversely, the ADM model did not reveal
the same accuracy, especially at higher wind speeds.

The present paper shows the results of a first application of the model to the
simulation of a small HAWT placed in the rooftop of a building in a densely built
environment. The goal of the analysis was to identify some siting criteria for the rotor
and to understand the impact of different locations on the wind energy exploitation.
In particular, the effects of both the urban landscape and the turbine positioning were
investigated to show the potential of such approach in characterizing the real working
condition of the machine. Finally, the prospects of the proposed approach in terms
of saving of computational resources in comparison to a full CFD RANS calculation
are presented and discussed.

2 Theoretical Approach

2.1 Modelling of the Atmospheric Boundary Layer

The simulation of the ABL flow in urban locations requires an accurate consideration
of the effect of the ground roughness on the flow. Indeed, the velocity profile is quite
different from the classical log-lawprofile [12],with a shift of the zero-velocity height
(displacement, d) depending on the average height of the surrounding buildings
(Fig. 1). A common approach is to use the standard wall functions and to apply the
equivalent sand-grain roughness Ks [13] to the wall-adjacent cells to express the
effect of terrain on the flow. Blocken et al. [14] found a relationship between Ks and
the roughness length z0:

Ks � 9.793
z0
Cs

, (1)

where Cs is a constant varying between 0 and 1. The near-wall cell size is directly
related to the wall roughness, since the distance from the wall of the first mesh node
yp must satisfy the condition of yp > Ks.

The main issue of this approach is to satisfy the yp constraint both at the ground
boundary and on the building walls boundary; for z0 values in the urban context
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Fig. 1 Side view of the computational domain for the urban landscape

(~1.0 m), the resulting size of the mesh cells at the ground would be excessively
large (yp ~ 30 m) if compared to the grid size on the building walls (z0 � 3.0 × 10−4

m, yp ~ 0.01 m). Following the methodology already shown in [4, 5], the roughness
length of an open-landscape environment was used at the ground to reduce the first
cell height (z0 � 3.0 × 10−2). An explicit modeling of the roughness elements was
then applied by introducing a row of three square blocks in front of the investigated
buildings (see Fig. 1) having the function to virtually reproduce the real roughness
effects on the flow.

The roughness elements height (Ĥ) corresponds to the average building height
of the investigated urban area whereas the number, width and spacing between the
elements are chosen in order to preserve the inlet velocity profile.

The steady-state three-dimensional simulations presented in this paper were car-
ried out using the commercial code ANSYS® FLUENT®. The Reynolds-averaged
Navier–Stokes (RANS) approach was adopted in a pressure-based formulation, as it
is traditionally used for incompressible flows. The operating conditions are standard
ambient conditions, i.e. a pressure of 1 × 105 Pa and a temperature of 293 K.

Some of the authors have already assessed and validated the main settings for a
proper numerical setup for the simulations of the Atmospheric Boundary Layer in
[4, 5] using the OpenFOAM® open-source code. The accuracy of such simulations
has been successfully verified by means of experimental wind tunnel measurements
of the CEDVAL laboratory [15] on a test case consisting of a single building block
(1:200 scale). For the sake of completeness, the main numerical settings are shortly
summarized below. The turbulence closure was achieved by means of the Standard
k-ε model. The use of a ε-based turbulence model is suggested by [2, 3, 7, 9] since
its application is recommended in free shear flows, i.e. jet-wake and mixing layers,
while ω-based models reveal strong sensitivity on freestream values of both k and ω.
On the other hand, ε-based models tend to over-estimate the turbulent kinetic energy
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in the separated region, but an accurate prediction of the flow within this zone is
not necessary since the goal is to place the turbine in zones with no recirculation
[9]. The pressure-velocity coupling was made with the SIMPLE algorithm and the
residuals convergence was set to 10−6 for the whole set of RANS equations. The
second order upwind scheme was used for the spatial discretization of the equations.

The inlet boundary conditions for the ABL profile were imposed by the assump-
tion, proposed by [16], of a constant shear stress with the height. The profiles for the
velocity, turbulent dissipation rate and turbulent kinetic energy satisfy Eqs. (2), (3)
and (4), respectively:

V (z) � u∗
κ

ln
(z − d)

z0
, (2)

ε(z) � u∗3

κz
, (3)

k(z) � u∗2

√
Cμ

, (4)

where u* is the friction velocity, κ is the von Karman constant, and Cμ is the turbu-
lence model constant.

2.2 Rotor Model

The Virtual Blade Model (VBM) is a user-defined function implemented in the com-
mercial solver ANSYS® FLUENT®. This add-on was originally conceived to model
the aerodynamics of propellers and helicopter rotors and it is still used extensively
for these purposes, even in military applications [17]. Its application to HAWTs is,
however, quite straightforward [18].

Analogous to the actuator disk approach, the rotor geometry is replaced by a disk-
shaped fluid corresponding to the area swept by the turbine blades. In further detail,
blades are not explicitly modelled and their effect is simply represented by a body
force acting inside the equivalent volume (Fig. 2).

Their time-averaged aerodynamic effects are accounted for through a source term
in the momentum equations solved only for the mesh elements of the rotor disk fluid
zone. At the beginning of the calculation, the source terms are unknown and they are
iteratively updated during the solution, until convergence. This terms are calculated
with a classical BEM approach [19], then depending on the chord length, the angle
of attack, and the tabulated lift and drag coefficients of the airfoils. In addition, the
VBM allows a spanwise discretization of the rotor from the root to the tip in order
to compute the momentum sources as a function of twist, chord and airfoil type
for each individual segment along the radius. For further details on the numerical
implementation of the model, please refer to [20].
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Fig. 2 Schematic representation of the equivalence between a rotor blade element and the corre-
sponding VBM annular area

Moreover, in the present study a customized version of the model was used, in
which the stall delay model by Du and Selig [21] was implemented within the VBM.
The prediction capability of the VBM was assessed by the authors in Refs. [10, 11]
for different test cases including: (1) a single turbine; (2) an array of two turbines
with one rotor working in the wake of the other one; (3) an array of two staggered
rotors; (4) several configurations of rotors working in yawed-flow. The CFD results
showed that the model was able to properly capture the main features of the wake of
all the turbines and to provide a reliable estimation of the turbine performance.

For completeness, the only results of the simulations in yawed flow are reported,
since they suitably represent the actual operating conditions that can be attended
in rooftop installations. Wind tunnel data particularly refer to the tests carried out
by Andersen [22] at the NTNU in Norway. The experimental test section was 12 m
long, 2.7 m wide and about 1.8 m height. The tested rotor was a 3-blade NREL
turbine with a S826 airfoil, a diameter of 0.894 m and a design tip speed ratio (TSR)
of 6. Performance and wake measurements were first carried out on a single turbine,
which was rotated to induce a yaw angle between the incoming wind and the turbine
axis. Then, the effects on the downstream rotor were analyzed.

Figure 3 shows the results of the VBM predictions for the single turbine in yawed
flow. Good agreement was appreciated between experiments and simulations for
both the maximum Cp variation and the wake profiles.

The 2-turbine case is analyzed in Fig. 4, where the power coefficient curves of
the downstream rotor as a function of TSR are reported for three relevant yaw angles
of the upstream rotor of 0°, 20° and 40°, respectively. Sound agreement was found
between experiments and simulations, with a correct description of the Cp values,
the curve shape and the position of the peak efficiency, confirming the suitability of
the model itself for small HAWT siting in the urban environment.
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Fig. 3 Test results in yawed flow: a reduction of maximum Cp as a function of the yaw angle; b
wake profile description in yawed flow: near wake (1D) for γ � 20°

Fig. 4 Test results in yawed flow for two turbines: a NTNU wind tunnel; b Cp versus TSR for the
downstream turbine

2.3 Study Cases

According to the literature [2, 12] and to previous authors’ experience [4] the instal-
lation building (IB) is supposed to be sufficiently higher than the surrounding ones in
order to exploit some intense local accelerations of the oncoming flow. The paramet-
ric CFD analysis reported by in [4] was carried out to characterize the rooftop flow
field as a function of the installation building height H, the height h of its upwind
building (UB) and the distance D between the buildings themselves, as shown in
Fig. 1. Highest accelerations were observed for an IB height quadruple than the city
average height in case of a close distance between IB and UB.

For the present analysis, two urban landscape configurations (namely Environ-
ment 1 and Environment 2, see Table 1) were selected in order to highlight the influ-
ence of the upwind building height on the effective energy yield of a roof-mounted
rotor. In both cases, H and D were fixed to 4Ĥ and 0.5Ĥ, respectively. The two
values of hwere chosen to achieve a suitable compromise between high velocity and
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Table 1 Urban landscape test cases

Configuration H D h

Environment 1 4Ĥ 0.5Ĥ 3.25Ĥ

Environment 2 4Ĥ 0.5Ĥ 2.50Ĥ

Fig. 5 Analyzed rotor
configurations

Configuration y z
A3 0 m 3 m
A4 0 m 4 m
C3 y+yt = L/2 3 m
C4 y+yt = L/2 4 m
OPT optimized optimized

relatively low skew angle (Environment 1) and to exploit the maximum accelerating
effect regardless of the skew (Environment 2). For all of the buildings, a square base
was chosen tomaintain the typical proportion ofmodern tall buildings of city centers.

First, both configurations were simulated without any installed turbine to charac-
terize the flow above the roof of IB.

A study turbine was then designed by means of an aerodynamic scaling of the
NREL Phase II, which led to a rotor with a total diameter equal to 2 m [23]. Three
different mounting locations were investigated according to the following siting
strategies: (1) installation of the turbine in the edge of the building roof with the
rotor plane aligned with the building façade. According to Refs. [12, 24] this can
be considered the most suitable application in order to exploit the wall effect of the
oncoming flow; (2) installation of the turbine with the tower centered in the middle
of the building roof, for stability and aesthetical reasons; (3) mounting location
optimized through the dedicated CFD simulation of the local flow conditions. In
case of centered or aligned positions, two different tower heights were considered
since the flow characteristics (i.e. acceleration and turbulence) vary substantially
with the height above the roof. Globally, five rotor positions (see Fig. 5) were then
simulated for each environment, namely:
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Table 2 Roughness properties and the wind characteristics

London data

Mean building height (Ĥ) 13.6 m

Percentage of the total area occupied by
buildings

55%

Roughness length (z0) 0.29 m

Friction velocity (u*) 0.55 m/s

• A3 and A4: aligned rotor with a 3 m and 4 m tower, respectively;
• C3 and C4: centered rotor with a 3 m and 4 m tower, respectively;
• OPT : optimized via CFD.

For the definition of both the parameters needed by Eqs. (1)–(4) and the compu-
tational domain dimensions, the roughness properties and the wind characteristics
were specified based on a real city data set. In particular, literature data for London
city [25, 26] were chosen (Table 2). The displacement value d was calculated by
Eq. (5), following the indications of the ESDU [27]:

d � Ĥ − 4.3z0(1 − Ah) � 13m. (5)

2.4 Computational Grid

The dimensions of the computational domain (Fig. 1) were imposed as a function of
the tallest building height H, as suggested by [28, 29]. The inlet and outlet bound-
aries were placed 5H upstream and 15H downstream of the installation building,
respectively. The domain height and width were set to 15H and 5H, respectively.

The definition of the mesh properties in proximity and within the disk replacing
the blades was based on a sensitivity analysis carried out on the test case of [22]. Four
meshes (labelled from M1 to M4) were tested by progressively doubling the VBM
domain elements up to the maximum level of discretization intrinsically allowed by
the VBM tool itself (≈8000 elements). The results of the sensitivity analysis were
evaluated in terms of the coefficient of determination (R2) [30] between the velocity
wake profiles at different distances from the rotor. From a perusal of Fig. 6, it is
apparent that with roughly ≈4000 elements the VBM model is able to guarantee
mesh independent results, being R2 > 0.98 for all of the analyzed distances.

The global fluid mesh was obtained by means of an unstructured tetrahedral grid
in the whole domain, except for the near-wall regions where an extrusion of prismatic
layers was adopted for the boundary layer description. The sizing of the elements was
extended from the 2D analyses carried out in [4, 5] to the 3D domain by maintaining
the same wall refinement and the same cells expansion ratio. A proper refinement
in front of the virtual rotor and in the wake region was also introduced, in order to
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Fig. 6 Mesh sensitivity analysis for the VBM disk

Fig. 7 Computational grid: a global view of the mesh of the urban environment b detail of the
mesh of the VBM disk

accurately resolve the flow field on the rooftop. The resulting grid size was in the
range between 6.2× 106 and 6.6× 106 mesh cells for all of the rotor positioning. It is
worth observing that the VBM approach requires the use of very similar meshes with
respect to the simulations of the urban landscape only. Indeed, both Environment 1
and Environment 2 require roughly 5.1 × 106 cells for the simulation of the ABL
evolution in the urban landscape. Therefore, the introduction of the VBM disk only
leads to a 25% increase in the overall cells count.

Figure 7a reports a global view of the surface mesh (grey) for the discretization
of the ground and the building walls, and a slice of the mesh (light blue) along the
vertical mid-plane to show the mesh details in the fluid region. The increased-density
zones on the roofs of each building and the increased-density zone around the VBM
mesh, also comprising a considerable part of the domain downstream the IB, are
clearly visible. Figure 7b reports a detail view of the mesh of the VBM disk, the
turbine tower and the nacelle.
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3 Results

3.1 Wind Turbine Performance Characterization in Yawed
Flow

A preliminary analysis to assess the aerodynamic behavior of the study turbine, both
in aligned and yawed flow, was first carried out. The rotor performance was evaluated
with a dedicated set of CFD simulations making use of the VBM model within a
cylindrical domain representing ahypotheticalwind tunnel. For the sakeof simplicity,
the turbine was simulated only with the rotor disk virtually reproducing the blades,
while both the nacelle and the tower were not modeled. The study was carried out for
different TSRs with an inflow velocity of 8 m/s at the inlet boundary, considered as
a representative value of the average wind speed in the built environment considered
further on. To avoid any blockage effect, very large wind tunnel dimensions were
set, leading to a test section with a length of 32 m and a radius of 10 m. These
dimensions were also sufficient to allow a rotation of the turbine during the tests
in order to induce a yaw angle between the oncoming wind and the turbine axis.
As recently analyzed by the authors in [10, 11], the VBM model is indeed able to
properly model the aerodynamic behavior of the rotors in yawed flow: this feature
makes then it particularly promising for all those applicationswhich are characterized
by misaligned flows (e.g. the urban environment).

Figure 8 reports the calculated power coefficient curves as a function of the tip-
speed ratio and three yaw angles, up to a maximum value of 30°, while the variation
of the maximum value of Cp as a function of the yaw angle is shown in Fig. 9.

The peak performance was obtained at TSR � 6 for all of the analyzed cases.
Upon examination of Fig. 9, one can notice that the yaw conditions do not affect
significantly the turbine aerodynamics up to γ � 10° compared to the aligned flow
case, while differences notably increase for higher angles, following approximately
the cosine square of the yaw. Thanks to these preliminary considerations, the optimal

Fig. 8 Cp curves as a
function of the TSR for
different yaw angles
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Fig. 9 Reduction of
maximum Cp as a function
of the yaw angle

TSR for the turbine simulations in the urban landscape was selected: the value of
TSR � 7 was used, being the first stable operating point above the power peak.

3.2 Built Environment

CFD simulations of the urban environment were first performed without the turbine
to characterize the flow above the roof of the installation building. This preliminary
study was needed to evaluate the wind potential in the siting locations defined in
Fig. 5 and to identify the locations with locally accelerated flow suitable for the
maximization of the energy extraction. Figure 10 reports the velocity streamlines in
Environment 2 to highlight the properties of the three-dimensional flow structures.
The flow is not strongly modified by the buildings having the height of the city
average. Conversely, high-rise buildings strongly interact with the incoming wind,
leading to vortices and regions of accelerated flow. In particular, the aim of the
analysis was to investigate the modifications in terms of flow velocity occurring at
the rooftop of IB when a different height of UB is considered. The velocity contours
on the central vertical plane for both Environment 1 and Environment 2 are reported
in Fig. 11. The y-component of velocity (Vy) along the streamwise direction was
considered, since it is the actual component that leads to the energy extraction by
the rotor. The values of Vy are reported in a dimensionless form with respect to
the undisturbed y-velocity at the same height of Eq. (2) to clearly highlight the
acceleration and deceleration areas for the correct choice of the optimized position.

The five positions on the rooftop where the turbine is thought to be installed
are also represented, as defined in Fig. 5. It is apparent that neither the aligned nor
the centered rotor configurations are located in the zone of maximum acceleration.
Moreover, the area with maximum Vy is not located in the same position for the two
environments, testifying that the optimized position actually depends on the height
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Fig. 10 Velocity streamlines in Environment 2

Fig. 11 Dimensionless y-velocity contours: a Environment 1; b Environment 2

of UB. In detail, the separation zone has a larger extension for Environment 2, due
to a different interaction with a lower building, leading to a higher optimal position.

Analogous to previous case, Fig. 12 reports the contours of turbulence intensity
on the same vertical plane. According to [1], a turbine should not be exposed to
wind with turbulence intensity greater than 16–18% not to affect the operability of
the machine. All of the turbine configurations operate within the aforementioned
limit, except for case C3 of Environment 2. In general, the closer the turbine to a
recirculation zone, the higher the risk of excessive turbulence intensity. Therefore,
higher towers are preferred both to avoid turbulence issues and to exploit higher
velocities.



Rooftop Siting of a Small Wind Turbine … 105

Fig. 12 Turbulence intensity contours: a Environment 1; b Environment 2

Fig. 13 Comparison of the results between the two environments as a function of the rotor config-
uration: a velocity modulus; b skew angle

Finally, flow variations were quantified in terms of velocity modulus and skew
angle approaching the turbine, i.e. the angle between the local velocity vector and the
wind main direction (perpendicular to the façade). Figure 13 reports the results for
the two environments and the five different rotor positions. Aligned positions (i.e. A3
and A4) are characterized by large values of velocity but they also suffer from high
inclination angles. Conversely, centered positions (i.e. C3 and C4) allow the turbine
to operate with a flow almost normal to the rotor surface, even if the wind speed is
lower. The optimal configurations must be then identified as the best compromises
between high velocity and moderate skew angles. Moreover, it is worth noticing
that the higher accelerations were observed on the top of IB in the Environment 2,
although this entails higher skew angles compared to Environment 1.

In case of aligned configurations, a tiltmounted turbine could also be advantageous
to compensate such high values of skew angle and to best exploit the speed up effect.
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3.3 Turbine Performance in the Built Environment

After the 3D study of the urban area, a newly-customized version of the VBMmodel
for the commercial solver ANSYS® FLUENT® was used to evaluate the energetic
suitability of a small HAWT installation in the rooftop of a building. For the present
analysis, the two urban landscape configurations of Table 1 were selected in order to
highlight the influence of the upwind building height on the effective energy yield
of a roof-mounted rotor. Therefore, the 3D RANS calculations of Sect. 3.2 were
replicated including the effect of the rotating blades on the fluid through a body
force.

Figure 14 and Fig. 15 report the dimensionless y-velocity contours for four dif-
ferent positions of the turbine (see Fig. 5) on the rooftop of Environment 1 and
Environment 2, respectively. One can notice that the centered cases are sited in a
slow flow area, caused by the separation occurring on the corner of the installation
building. For this reason the wake structure is clearly distinguishable for the aligned
cases compared to the centered cases. This discrepancy is more pronounced for the
Environment 2 in Fig. 15.

The results for the optimized rotor siting are reported in Fig. 16 and Fig. 17 for
Environment 1 and Environment 2, respectively. In these cases, the turbine is exposed
to the maximum flow velocity and it is placed exactly to exploit the maximum
acceleration originating from the upwind corner of IB. From the velocity contours,
the straightening effect of the flow in the turbine wake due to the presence of the rotor
is clearly visible in both cases, if compared to the simulations of Fig. 11 without the
turbine. This phenomenon was also observed in wind tunnel simulations, resulting
from the steering effect caused by the rotor when working with misaligned flow.

It can be finally stated that the effect of the height of the upwind building in the
turbine siting was definitely not negligible, since the shift in the optimal position
of the rotor center between the two environments was 1.4 m in height and 1.7 m
streamwise.

Finally, the results were quantified in terms of power generated in all of the tested
configurations. Figure 18 and Fig. 19 report the power output—expressed in a dimen-
sionless form, with respect to the power of the optimized case—for Environment 1
and Environment 2, respectively. As expected, the maximum power is always pro-
vided by the optimized configuration. The performance reduction is quite significant
when siting the turbine in arbitrary positions, and the entity of the reduction strongly
depends on the skew effect induced by the urban landscape. Indeed, in case of low
skewed flows (Environment 1) the reduction is between 5–35%, depending on the
rotor position, while in case of high skewed flows (Environment 2) the reduction
increases up to 11–62%. Therefore, the turbine siting is more critical in case of high
speed up effect due to the interaction between the ABL and the upwind building.

In addition, it is worth noticing that the reduction is not consistent with the pre-
dictions of Fig. 13 for the simulations without turbine, since the y-component of
velocity for the C4 configuration was in the same order of magnitude of A3 and
A4 configurations for both environments. Conversely, when considering the mutual
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Fig. 14 Dimensionless y-velocity contours for the aligned and centered configurations: Environ-
ment 1

interaction between the turbine and the rooftop flow, the performance predicted for
theC4 configuration decrease, being 8–14% lower than the power in the A4 position.

As an additional remark, it is worth noticing that the simulations required a small
increase in the computational cost with respect to the simulation of the urban land-
scape only. Indeed, the time needed to achieve convergence was roughly 80% higher,
while in case of a full three-dimensional simulation of the rotor geometry the esti-
mated increase would be up to 500%. Based on the above, it can be finally noticed
that the Virtual Blade Model confirmed its versatility for this type of analyses and
can be then considered worth of consideration as a valuable tool for the turbine siting
in the built environment.
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Fig. 15 Dimensionless y-velocity contours for the aligned and centered configurations: Environ-
ment 2

Fig. 16 Dimensionless y-velocity contours for the optimal configuration: Environment 1
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Fig. 17 Dimensionless y-velocity contours for the optimal configuration: Environment 2

Fig. 18 Power generated in
Environment 1 as a function
of the rotor position

Fig. 19 Power generated in
Environment 2 as a function
of the rotor position



110 F. Balduzzi et al.

4 Conclusions

In the present study, a numerical analysis has been carried out to evaluate the energetic
suitability of a small HAWT installation in the rooftop of a building in an urban
landscape. To this end, a newly-customized version of the Virtual Blade Model of
the commercial solver ANSYS® FLUENT® was used to perform a parametric 3D
RANS analysis for the evaluation of the turbine performance as a function of the
urban landscape and the turbine positioning. The goal of the analysis was to identify
some siting criteria for the rotor and to understand the impact of different locations
on the wind energy exploitation.

The parametric study pointed out some general tendencies, which showed that:

• the choice of the turbine site has a great impact on the power generated by the
rotor, due to large variations of the local flow conditions on the rooftop of the
installation building. A wrong positioning can lead to a performance drop down
to less than 50%;

• it is mandatory to account for the mutual interaction between the turbine and the
rooftop flow for an accurate prediction of the rotor performance. A simulation of
the urban landscape only for the analysis of the flow conditions on the rooftop of
the installation building is indeed not sufficient for correctly estimating the power
output;

• the optimal turbine site depends on the surrounding landscape and it is crucial in
case of high skew effects, thus requiring a parametric analysis for the performance
evaluation;

• in order to achieve notable benefits in the analyzed urban installation, the tower
should be at least 4 m high.

In conclusion, the VBMmodel confirmed its potential in case of non-conventional
siting problems, representing a more flexible approach for steady-state simulation
of HAWTs with a strong reduction of the requirements in terms of computational
resources. Its future use for these applications is thought to potentially provide notable
benefits in terms of improved turbine siting, leading to higher energy yields and then
to a superior convenience of the investments.
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Numerical Wind Tunnel Tests of an Open
Data IPC-VAWT

P. Schito, I. Bayati, M. Belloli, L. Bernini, V. Dossena and A. Zasso

Abstract The evaluation of the performance of a Darrieus Vertical Axis Wind
Turbine is performed using an actuator line code. This allows to investigate the
aerodynamics of the turbine and the interaction with the boundary conditions. Blade
Pitch control, tip-effects modelling and blockage effects in an open-jet wind tunnel
test section are studied and investigated. Pitch control allows to enhance the power
extraction, tip effects allow to generate a more realistic model, while the modelling
of the open-jet test section allows to validate the numerical approach on experimental
data intrinsically characterized by not negligible blockage effects.

Keywords CFD · VAWT · Independent Pitch Control · OpenFOAM

1 Introduction

Vertical axis wind turbines (VAWT) have a very complex aerodynamic behavior,
characterized by a highly separated and unsteady flow [1]. VAWT can be, at a first
stage, separated in Savonius (drag effects) and Darrieus (lift effects) wind turbines.
Both turbines are characterized by a highly unsteady flow, therefore a reliable numer-
ical model needs to take into account the actual unsteady flow conditions. In case of
Savonius WT, the detailed modelling of the flow field around the turbine is manda-
tory so that complex numerical models can’t be replaced by simplified ones. As a
consequence, Savonius WT can be modelled only by CFD approaches, using expen-
sive computations for 3D analysis, that is affordable on a single turbine [2], or 2D
analysis for parametric studies on wind farm arrangements [3].

On the other hand, on the basis of a possible simplified modelling of the lift
effect, several methodologies are available for the numerical modelling of Darrieus
VAWTs [4], from most simple approaches of the Double Multiple Stream Tube
(DMST) theory [5], to more complex approaches modelling the flow around the
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turbine itself. These approaches consist in vortex methods [6], panel methods [7]
and Computational Fluid Dynamics (CFD) models. Historically, VAWTmade use of
methods originally developed for Horizontal AxisWind Turbines (HAWT), although
in case of HAWT simpler approaches can be implemented due to the symmetry
around the rotor axis. The development of High Performance Computer (HPC) facil-
ities lead to the possibility to resolve very complex flows, modelling with increasing
detail the turbulent structures of the flow. The most complex models can describe
with high accuracy the blade-flow interaction, numerically modeling the blade
boundary layer during its rotation, but current HPC facilities are not sufficient to
perform parametrical studies on the performance of the turbine itself. At this purpose
a simplified approach shows nowadays the best modelling performances, relying on
the sectional airfoil aerodynamics of the blades generalized through a hybrid CFD
approach to the 3D entire turbine. The hybrid approach allows to insert in the CFD
equations the aerodynamic actions of the blades directly in terms of momentum
source terms, using tabulated airfoil data to compute the lift and drag forces as a
function of the airfoil section relative flow. This technique, referred as High-Fidelity
modelling of HAWT is currently performed using an actuator line modelling (ALM)
of the aerodynamic forces acting on the blades formerly developed by Sorensen and
Shen [8]. Recent implementation of ALM to VAWT if described in [9]. The ALM
technique allows finally a straight forward implementation within a CFD modelling
of wind farm wakes and atmospheric boundary layer effects as shown in [10].

An original contribution to the ALM technique has been recently developed at
Politecnico diMilano (POLIMI) in theOpenFOAM framework through the Effective
Velocity Model (EVM) improving the estimate of the actual airfoil section relative
flowand consequent aerodynamic forces [11–13].At the same time an original imple-
mentation of this model to VAWT has been developed at POLIMI accounting for
implementation of the blades Independent Pitch Control feature (IPC) [14, 15], com-
plex boundary conditions as thewind tunnel open jet flow [16, 17] and corrections for
the complex 3D effects of the VAWT wake and the tip effects of the turbine [16, 17].

The VAWT turbine that studied in the present paper is a prototype three bladed
H-Darrieus rotor, with Independent Pitch Control (IPC), developed at POLIMI
within the VODCA project and fully referenced in [18]. The large open jet con-
figuration of POLIMI Wind Tunnel [19] allowed for the construction of a large
size prototype, achieving large Reynolds numbers and providing valuable data
finalized at experimental validation of different numerical modelling approaches.
Key purpose of the high fidelity ALM developed at POLIMI and implemented
on VAWT is to allow the most effective use of the experimental prototype data,
accounting for the actual testing conditions inclusive of unavoidable wind tunnel
blockage effects and overall 3D flow features, e.g. making the prototype results
valuable for validation of reduced order numerical models.

The present paper shortly describes the POLIMI ALM implemented on VAWT,
investigating the effect of different conditions, such as IPC strategies, tip effects
modelling and boundary conditions effects, comparing the VAWT performances
expected in open air testing with those expected in POLIMI open-jet wind tunnel
testing. IPC predictive features of the numerical model have been also tested for
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future application on improving the energy harvesting capabilities of the Darrieus
VAWT, as well as possible structural load dynamics reduction and implementation
of possible control-driven self–starting capabilities.

2 VAWT Numerical Model

The H-Darrieus VAWT available at Politecnico di Milano is extensively described
in [18], since it is used as a benchmark for the VODCA project. The geometry is
reported in Fig. 1, where the main dimension is reported. The blade airfoil is a
NACA0021, with a radius of 1 m and a total height of 2.7 m. The turbine is equipped
with a main shaft motor and with three independent blade motors for the actuation
of the pitch for each blade. The large scale model allows to test the wind turbine
with a Reynolds number equal to the full–scale one and to realize all mechanical and
actuation components with a size that can be implemented in a commercial wind
turbine concept.

The turbine will be tested in the open-jet test section of the Politecnico di Milano
Wind Tunnel reported in Fig. 2. The characteristics of this section is a size of
4 × 3.8 m, a maximum wind speed of 55 m/s and a turbulence I < 0.1%.

It is evident that the dimension of the turbine in relation with the size of the wind
tunnel test section arises large blockage effects: to limit the interference between
the turbine and the wind tunnel test section, it is expected to test the wind turbine
in an open-jet condition. Blockage effects will not be negligible when comparing
the VAWT performances with respect to an open–field condition, therefore the need
for a tool for the assessment of the blockage effects is needed. If blockage effect
cannot be estimated the data obtained by wind tunnel experimental tests will not be
useful for the validation of numerical models that cannot take into account of the

Fig. 1 H-Darrieus VAWT geometry and main dimension
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Fig. 2 Politecnico di Milano wind tunnel drawing: when the yellow section is removed the tunnel
works with an open-jet condition

wind tunnel testing conditions or with respect to the performances attended for a
open–field operation of the turbine. The numerical tool that allows to estimate the
wind turbine performance in an open–jet condition is an actuator line modelling,
since it is possible to compute the interaction of the flow with both the turbine and
the boundary conditions.

The numerical model of the wind turbine is realized in the OpenFOAM frame-
work, implementing the aerodynamic forces in the Detached Eddy Simulation (DES)
equations. The VAWT numerical model was firstly developed for HAWTs by Schito
[11] in his PhD thesis; successively it was improved by two master students in [12].
Successively it was applied to VAWT by Schito and Zasso [13] in its master thesis;
the open-jet applications and tip effects were studied by Ferlini [17]. Momentum
equation can be generally written as:

δρu
δt

+ ∇ · (ρuu) − ∇ · (μ∇u) + f � −∇p

where f are the aerodynamic forces computed using the Effective Velocity Model
(EVM). The standard Improved Delayed DES solver of OpenFOAM, using a
Smagorinsky SGS model and a Spalart–Allmaras near wall modelling, has been
modified to solve the aerodynamic forces of the VAWT. Each time-step the aerody-
namic forces are computed according to the actual flow field and introduced in the
momentum equations.

Two different meshes are realized: one that reproduces an open-field condition
and one representing the open-jet test section of Politecnico di Milano wind tunnel
(see Fig. 3). The mesh is mainly structured, with some trimmed cells close to the
tunnel walls. The open-jet test section of the wind tunnel is modeled in the CFD
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Fig. 3 Open-jet test section geometry modeling in OpenFOAM

model, using the OpenFOAM tools for meshing, allowing to consider the blockage
effect of the turbine itself [16, 17].

2.1 Effective Velocity Model

The effective velocitymodel has been developed at Politecnico diMilano to correctly
model the aerodynamic interaction between an airfoil and the air using an actuator
linemethod [11, 12]. Standard actuator linemodelling uses the circulation theory that
relies on the center of pressure location, however the discretization errors introduced
by the CFD mesh introduces some errors that may be limited when using the EVM
model. The detailed description may be found in [13], but the main idea is to relate
the flow upstream an airfoil with the reference wind speed and angle of attack of the
airfoil. The flow approaching the airfoil is affected by the airfoil itself (change in
wind speed and direction), but it is possible to define a relation between the lift and
drag coefficient of the wing profile and the induction of the airfoil on the flow.

3 Results

Performances of the wind turbine are presented evaluating different indicators: the
power coefficient as a function of Tip Speed Ratio (TSR), the tangential force as
a function of blade azimuthal position and the flow field around the turbine. The
sensitivity of the turbine performance is compared against the open-field condition.
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The turbine power coefficient CP is computed as:

CP � P
1
2ρAV

3

where P is the power generated, ρ is the air density, A is the frontal area of the turbine,
V is the undisturbed wind speed.

3.1 Blade Independent Pitch Control

The forces and the torque generated by aerodynamic forces on the turbine show large
oscillations during the turbine rotations. The availability of IPC allows to exploit
strategies for the reduction of the load oscillations, the increase of the power pro-
duction and to investigate possible pitch actuation strategies to obtain self–starting
capabilities to the turbine. The effect of IPC on the turbine performance has been
evaluated by applying a sinusoidal wave oscillation to the blade, in analogy with a
cyclic pitch control, but more advanced and effective control laws are under inves-
tigation. The effect of cyclic pitch variations with an amplitude of 5° and a period
of 1 turbine revolution can be observed in Fig. 4: the performance of the wind tur-
bine with fixed blades is compared against the IPC. The performance of a turbine
with IPC is higher than the fixed blades for all turbine working conditions, with
lower improvements towards the regions where extreme TSRs are considered. The
variation of the blade pitch angle allows to enhance the production of power of the
turbine for the main blade azimuthal angles, increasing the tangential force during
the turbine rotation.

Fig. 4 IPC effect on
Darrieus VAWT power
coefficient
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3.2 Tip Effects

To include tip effects some theories have been recovered from HAWT modelling.
The classic tip effects corrections that are adopted are the Prandtl correction and the
Glauert correction [17].

Prandtl correction is expressed as:

F � 2

π
cos−1

[
exp

(
− B (R − r)

√
1 − λ2

2R

)]

while Glauert correction is written as:

F � 2

π
cos−1

[
exp

(
− B (R − r)

2r sinϕ

)]

where B is the number of blades, R the length of the blade, r the distance from the
blade center, λ is the TSR, ϕ is the airfoil angle of attack.

As can be seen in Fig. 5, the actuator line model is not able to consider tip effect,
showing a small decrease of the lift force towards the blade tips, mainly due to the
deflection of the flow imputed to the drag force of the turbine, rather than by the
tip vortices. When computing the tip effects using Prandtl or Glauert correction, the
effects are much more localized and noticeable.

The effect on the power coefficient of the turbine is shown in Fig. 6, where the
effects aremore evident in the high CP region, rather than in the low efficiency region.

3.3 Boundary Condition Effects

Tests on the Vodca VAWT available at Politecnico di Milano will be conducted in
the open-jet test section, where blockage effects cannot be ignored. To evaluate the

Fig. 5 Lift force developed along a blade: neglecting tip effects (left), considering Prandtl correc-
tion (center) and considering Glauert correction (right)
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Fig. 6 Power coefficient of
the VAWT including tip
effects

Fig. 7 Power coefficient of
the VAWT rotating in an
open-field condition and in
the open-jet
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blockage effects, the comparison of the CFD analysis for the open-field condition and
for the open-jet condition has been evaluated [17]. The blockage is mainly affecting
the wind speed up in the region around the turbine, affecting the wind speed and
the angle of attack of the turbine blades. The variation of the power coefficient is
reported in Fig. 7, showing significant differences especially for larger CP values.
This is mainly related also to the VAWT global drag value, since the wind speed-up
close to the turbine blades is different in the two cases. Very large values of CP are
computed for the open-jet wind turbine, since the reference wind speed is evaluated
as the flow rate in the wind tunnel section.

Looking to the flow characteristics close to the wind turbine, it is possible to
evaluate very different flow features: the open-field condition shows moderate flow
accelerations close to the wind turbine wake, and wake zone with low momentum,
while the open-jet test section shows a larger flow acceleration close to the wake, and
higher wind speed in the wake region, suggesting that the wind turbine kinematics
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Fig. 8 Flow field on a plane perpendicular to the turbine axis in the open-field condition (left) and
the open-jet simulation (right). Turbine is working with a TSR � 3

has blade incidence angles very different in the two cases. This result is evident when
looking to the power coefficient values that show large discrepancies (Fig. 8).

4 Conclusions

An actuator line model of a Darrieus Vertical Axis Wind Turbine has been realized
in the open–source framework of OpenFOAM. This tool showed appreciable capa-
bility to reproduce the complex aerodynamics of a VAWT, allowing also an efficient
implementation of the blades Independent Pitch Control (IPC) feature realized on
the experimental prototype available at POLIMI. The actual 3D flow features at the
blade tip has been captured through implementation of Prandtl and Glauert correc-
tion methods, and the specific boundary conditions of the prototype wind tunnel
experiment were considered through a detailed modelling of the actual open jet test
section flow configuration and associated complex blockage features. The complete
numerical model finally implemented was able to offer the appropriate numerical
environment for an adequate use of the experimental data provided by the prototype
VAWT at experimental vs numerical validation purposes.

The first simulations performed showed the relevant role played by the actual
open jet test section features influencing at a great extent the turbine performance.
It was shown that for the experimental validation of reduced order VAWT models,
unable to reproduce the actual experiment open jet blockage, the speed–up effect
due to the experimental testing boundary conditions must be considered.

The VAWT actuator line modelling technique implemented showed high fidelity
in modelling many different turbine working conditions, so that offering a valuable
tool for verifying and enhancing the reduced order VAWT models, on the basis of a
correct reference to the experimental validation prototype data.
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Wake Measurements of Small-Scale Vertical
Axis Wind Turbines at Politecnico Di Milano:
A Critical Review

G. Persico, V. Dossena and A. Zasso

Abstract In the last ten years, four measurement campaigns were performed at
Politecnico di Milano on two Darrieus Vertical Axis Wind Turbines (VAWT) for
micro-generation of different architecture (H-shaped vs troposkien), but sharing the
blade number (3), the blade profile (NACA 0021), and the swept area (1.5 m2). The
experiments, carried out in the large-scale wind tunnel of Politecnico di Milano,
included detailed wake measurements. This paper presents a review of the research
activities related to velocity and turbulence measurements in the wake, proposing
an analysis of both the technical aspects and the scientific outcomes of the investi-
gation. In particular, the wakes of these turbines were measured on several surfaces
downstream of the rotors for different tip speed ratios and different Reynolds num-
bers, searching for corresponding conditions between the two rotors. The paper first
presents the technical issues involved in measuring the flow velocity in the wake
of VAWT rotors with intrusive techniques such as hot wire anemometers and pres-
sure probes. The second part of the paper proposes a comprehensive analysis of the
wakes shed by the tested models. The wakes appear asymmetric and roughly follow
the shape of the rotor, their width and velocity deficit being strongly dependent on the
tip speed ratio. Flow angle measurements show the onset of large-scale tip vortices,
for both the H-shape and the troposkien rotors, even though resulting from different
aerodynamic mechanisms in the two architectures. A discussion on the impact of the
wake features on the implementation of VAWTs in the urban environment concludes
the paper.
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1 Introduction

Harvesting the energy made available by the wind in the urban environment is a
challenging task that still needs proper demonstration. Several concepts have been
proposed in Literature (see, for example, [1–4]) leading to the so-called Building-
Augmented Turbines (BAWT) and suggesting that, in the urban environment, the
vertical axis wind turbine (VAWT) might be competitive against the horizontal axis
wind turbine (HAWT), that nowadays dominates the market of wind energy conver-
sion. In presence of buildings, that interacts in a complex way with the atmospheric
boundary layer, the insensitivity to yaw, thanks to the peculiar shape of the VAWT
rotors, and the lower acoustic pollution, provided by the lower optimal tip speed ratio
(TSR), make the VAWTs competitive with respect to their horizontal counterparts,
despite their inherent flow complexity and fatigue loads. Among the several concepts
proposed for VAWTs, such as drag-driven machines and hybrid drag-lift Savonius
turbine, the most promising configuration is the lift-driven Darrieus turbine, which
provides the highest performance that can be made even comparable to the one of
the HAWT. Also, for VAWTs simple models are available in Literature to correct
their performance and loads in skewed flow [5].

Among the challenges that the design of BAWT has to face, the optimal inte-
gration of the rotors within the urban environment is one of the most critical and
needs to be pursued with Computational Fluid-Dynamic (CFD) models including
the atmospheric boundary layer, the buildings, and the turbine. The ideal simulation
tool for such complex configuration (the unique that leads to a reasonable compu-
tational cost), is the so-called actuator-line CFD model, proposed in [6] for VAWT
and further developed in [7, 8], in which the blades of the turbine are replaced by
rotating volume forces. These forces are provided through the profile polars.

Due to the significant modeling effort required by this kind of simulation tool, a
proper validation of the computational model is required, for what pertains to both
the rotor performance and the wake.

Unfortunately, the low industrial penetration of theVAWT technology has implied
a still limited knowledge on the turbine aerodynamics, especially regarding the wake
shed by these turbines. Therefore, a significant need of experimental data on the
wake shed by VAWT is crucial to investigate the technical feasibility of the use of
this technology in the urban environment.

These considerations acted as motivation for a wide experimental campaign on
micro vertical axis wind turbines, launched in 2009 as a collaboration between
Politecnico di Milano (IT) and Università di Trento (IT). The study was performed
on two Darrieus rotors (an H-shaped rotor and a troposkien one), that share the blade
profile (NACA 0021), the number of blades (3) and the swept area. The turbines were
designed and manufactured under the supervision of the turbomachinery Research
Group of the Università di Trento (IT). The aerodynamics of the turbines were inves-
tigated in controlled conditions, by resorting towind tunnelmeasurements performed
in the large-scale wind tunnel of Politecnico diMilano. Four test campaigns were car-
ried out between 2009 and 2016. Measurements included both aerodynamic torque
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Table 1 Main geometrical features of the tested rotors

Rotor type H-shaped Troposkien

Swept area, A (m2) 1.5 1.5

Blade profile NACA 0021 NACA 0021

Blade chord, c (mm) 85 85

Blade number, N (−) 3 3

Rotor equatorial diameter, D
(m)

1.030 1.510

Rotor height, h (m) 1.457 1.510

Blade length, L (m) 1.457 2.233

Rotor solidity, σ (−) 0.25 0.38

and thrust recorded through a high precision test bench on the rotor, and also con-
sidered the characterization of the turbine wakes by means of time-resolved velocity
measurements by traversing multiple hot-wire and pressure probes.

In the present paper, focus is made on the wake profiles and their unsteady evo-
lution, with the aim of reviewing the main indications inferred by the experiments,
identifying the similarities and the differences between the wake shed by the two
machines.

2 Turbine Models

The section presents the two VAWT models considered in this research. Table 1
summarizes the main geometrical features of the two rotors. As recalled in the Intro-
duction section, the turbines are one of H-shape and another one of troposkien archi-
tecture; both the rotors have 3 blades which implement the same symmetrical profile
NACA 0021 with chord equal to 85 mm; the rotors also share the same swept area
(1.5 m2). The rotor solidity σ appearing in Table 1 is computed according to the
equation σ � N c L/A. Figure 1 depicts the images of the rotors.

3 Experimental Set-up

3.1 The Large-Scale Polimi Wind Tunnel

The large scalewind tunnel of the Politecnico diMilano (IT), shown in Fig. 2, consists
of a closed-loop facility in which the air is circulated by two arrays of multiple fans
working in parallel. The facility is a double-tunnel system; the first tunnel has a larger
cross-section (16 m width and 3.84 m height) and operates at low wind speed (up to
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Fig. 1 The H-shaped rotor (left) and the troposkien-shaped rotor (right), both with NACA 0021
profile

Fig. 2 Schematic view of the large scale wind tunnel of the Politecnico di Milano (IT)

16 m/s); the second one operates at high-speed (up to 55 m/s) and has 4.00 m width,
3.84 m height and 6.00 m length. The turbines were tested in this latter section.

High flow quality in the high-speed section is assured by a combination of hon-
eycombs and anti-turbulence screens, leading to very low a freestream turbulence
intensity (<1%) at the rotor test section.

For the present test campaign, the wind tunnel was operated using a “free jet”
(open channel) configuration, obtained by removing the test room and positioning
the rotor directly facing the upstream tunnel and at the center of the jet. Comparative
tests were also performed in closed channel configuration, in which the two turbines
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have a solid blockage (defined as swept area divided by the total area of the cross
section) of 10%.

Throughout the study, an estimate has been done for the free-jet blockage, as a
few studies exist in Literature on this topic [9, 10]. The procedure proposed in [10]
has been applied to both the turbines in the present configuration (see [11] for more
details); it indicates that the blockage correction ratio for the present cases should be
within 1–2%, and it is therefore considered negligible for the present study. Much
larger differenceswere recorded by comparing open and closed tunnelmeasurements
and an experimental correction was also proposed in [12]. Such evaluations were
instrumental for the present experimental study are recommended to other researchers
interested in doing wind tunnel tests of wind turbines.

3.2 The Traversing Systems

The wakes of the turbines were investigated on several surfaces downstream of the
rotors. To this end, several pressure and hot-wire probes were traversed on these
surfaces, by mounting them on a traversing system that is able to apply the imposed
movement. Due to the wide extension of the covered area the design of the travers-
ing system was not negligible and evolved with time from the first to the last test
campaign.

Three guidelines drove the design of the traversing system:

• to guarantee the mechanical resistance of the structure for all the positions of the
probes;

• to minimize the vibration of the structure, that might affect the quality of the
unsteady velocity measurements;

• to minimize the blockage induced by the encumbrance of the traversing.

The very first traversing configuration, manufactured in 2009 to match the afore-
mentioned requirements, was subsequently evolved to on the basis of the experience
gained during the tests. Three main configurations were historically manufactured
and applied, summarized in Fig. 3.

Figure 3a shows the first layout, used for wake measurements of the H-shape tur-
bine only, subsequently documented in [11]. The traversing allowed the probes to be
traversed on a 2D plane, namely in vertical (axial) and transversal (cross-wise) direc-
tions, by two computer-controlled actuators; in addition to these movements, another
computer-controlled actuator supplied the rotation of one of the probes around its
own axis. The probes were mounted on a slender beam that was placed on a support,
so to cover the upper half of the wake. When operated, this system demonstrated
negligible blockage (even in closed-room tests) and adequate mechanical resistance,
but exhibited relatively high vibrations for wind speed exceeding 16 m/s (for the
H-shaped turbine rotating at 400 rpm).

Since an interest existed in extending the tests beyond the aforementioned limited,
the traversing system was re-designed for the second test campaign (2012, in which
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(a): 2009 (b): 2012 (c): 2013—2016

Fig. 3 Pictures of the different traversing systems manufactured for the tests campaigns, during
operation

again only the H-shape turbine was studied, and the results documented in [12]); the
resulting layout is reported in Fig. 3b. The concept remained the same, with a slender
beam bringing the probes sufficiently high to cover the upper half of the wake; how-
ever, to limit the vibrations at high wind speed the beam was constrained to move
transversally along two parallel runners at the bottom and at the top of the beam. This
led to manufacture a ‘portal’ contouring the vertical-transversal measurement area.
This system resulted very effective in reducing the vibrations but originated a signif-
icant blockage when the turbine was tested in closed-room environment (especially
for near-wake tests, close to the rotor).

With the aim of minimizing both vibration and blockage, a third system was then
developed for the tests of 2013 (in which only the troposkien turbine was studied,
documented in [13]), later confirmed in the campaign of 2016 (in which both the H-
shape and the troposkien turbines were studied). The idea was to return to the original
beam system, traversing on a single runner, stiffening the beam and measuring the
bottom half of the wakes. Moreover, the probes were mounted on a second beam,
so that the vertical beam and the supports were considerably recessed with respect
to the probe position and much farther from the rotor. This system resulted stable
and with low vibration at high speed (as high as 20 m/s), with negligible blockage.
The horizontal beam was equipped with a further actuator to move the probes in
horizontal (stream-wise) direction, thus ensuring a 3D traversing of the probes. A
second rotating actuator was added to rotate two probes around their own axis, thus
leading to a 5 computer-controlled actuators available during the most recent tests.

In this paper, wake measurements performed on straight planes downstream of
the rotors are presented. For the H-shape turbine, two measurement surfaces are
considered, covering both the top and bottom halves of the rotor, placed 1.5 radii
distant from the turbine shaft (i.e., 0.5 radii distant from the cylinder swept by the
blades). For the troposkien turbine, only one measurement surface is considered
covering the bottom half of the rotor, placed 1.7 equatorial radii distant from the
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Fig. 4 Probe system
mounted on the traversing in
2016 test campaign

rotor shaft (i.e., 0.7 equatorial radii distant from the circle swept by the blades on the
equatorial surface).

3.3 Instrumentation

Pressure, velocity and turbulence measurements were performed using two kinds of
probes. A directional pneumatic five hole probemeasured the time-averaged pressure
field and the three-dimensional velocity vector. Two single-sensor hotwire anemome-
ters provided the time-resolved stream-wise (i.e., in horizontal direction) and cross-
wise (i.e., in transversal direction) velocity components, as well as the intensity of
the stream-wise turbulence component. Calibration of the aforementioned probes on
a calibrated nozzle lead to estimate an accuracy of 2% in the velocity measurement.
Full details on the measurement technique, on the measurement accuracy and on the
data reduction are reported in [12, 13]. A picture showing the probes mounted on the
traversing system is reported in Fig. 4.

4 Wake Character

The comprehensive nature of this paper and the amount of data available prevents
from reporting a complete analysis of the wake measured in all the conditions (that
can be found in [11–13]). Conversely, a selection of the most relevant experimental
results is shown, with the aim of reviewing the most interesting and general wake
features and provide technical guidelines resulting from them.
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Fig. 5 Wake velocity field for the H-shape turbine at TSR� 2.4. Top: top half of the wake. Bottom:
bottom half of the wake

4.1 H-Shaped Rotor

The H-shaped rotor exhibited maximum power coefficient for a tip speed ratio (TSR)
of about 2.5, and a significant reduction of performance for lower and higher TSR.
Of these two latter conditions, the one at low TSR is the most relevant in urban appli-
cation, due to the low angular speed experienced by the turbine in the (presumably
frequent) start-up/shut down transients. In this work both the optimal and TSR� 1.5
condition are considered.

Figure 5 shows the wake measured for the turbine operating close to the peak Cp
condition (TSR � 2.4). The wake is observed to be asymmetric around the turbine
axis, due to the asymmetry experienced by the blades in their revolution.

In particular, the left side of the wake (for Y/R < 0) results from the section
where the blades move windward (where the aerodynamics is more favourable).
Conversely, the right side of the wake (for Y/R > 0) results from the section where
the blades move leeward (where the highest peak values and gradients of incidence
and Reynolds number occur). In fact, the asymmetry is limited in the midspan area;
in this region, the wake of the shaft is clearly visible all along the span, and it appears
slightly shifted towards the right side of the wake. Similar features were observed by
other authors [14, 15], thus confirming the general validity of the proposed remarks;
it is to be noted that the present measurements provide a full reconstruction of the
wake all along the span, for turbines in their real scale configuration and operated at
the Reynolds number typical of the microgeneration in the urban environment.

The asymmetry increases away frommidspan; at about 50% of the semi-height of
the blades the trace of the struts appears on the left side of the wake (visible only in
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Fig. 6 Wake velocity field for the H-shape turbine at TSR� 1.5. Top: top half of the wake. Bottom:
bottom half of the wake

the bottom side of the wake, thanks to higher resolution of the measurement grid on
this side of the machine). At the tip, the left side of the wake marks the presence of a
wider velocity deficit, which is consistent with the onset of the tip vortex. Flow angle
measurements show that the tip vortex, in this area, is clockwise; on the other side
of the wake, a much weaker vortex appear, migrated towards midspan and counter-
clockwise rotating. The analysis of the blade incidence on the different phases of
the rotation suggests that the tip vortices are dominated by the phenomena occurring
in the upstream section of the rotation, where the wind velocity and, hence, the
aerodynamic forces, are higher.

Figure 6 reports the wake distribution for TSR � 1.5, using the same format
of Fig. 5. As well known, for lower TSR the oscillations in blade angle of attack
and Reynolds number grow in amplitude, leading to the onset of dynamic stall. In
this context, the asymmetry between the blade aerodynamics in the windward and
leeward phases grows and, therefore, the asymmetry in the wake is greatly amplified.
The wake appears weakened in width and velocity deficit, and it is shifted towards
the negative Y direction. As found also for peak Cp condition, the asymmetry further
enhances in the tip region, where a much larger velocity deficit appears on the left
side of the wake, as a result of the strong tip vortex. The corresponding flow angle
distribution, shown in Fig. 7, highlights the presence of the strong tip vortex on the
windward side of the wake.

The analysis of the time-resolved velocity signals in the wake (not reported for
sake of brevity, the interested reader is referred to [13]) showed a general increase
of both periodic and turbulent unsteadiness for low TSR. This effect is connected to
the onset of dynamic stall, whose traces appear especially in right side of the wake,
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Fig. 7 Flow angle distribution in the top half wake of the H-shape turbine for TSR � 1.5

originated in the leeward phase of the revolution. The tip vortex was also found to be
highly unsteady, due to the periodic oscillation of blade loading also in the windward
phase of the revolution.

The near wake of the H-shaped turbine was found to roughly follow the shape
of the rotor and it still shows the main features of rotor aerodynamics: (i) the asym-
metry in working principle between the two main phases of the revolution; (ii) the
concentrated losses due to the viscous wakes of the struts and of the shaft; (iii) the
asymmetric and highly pulsating the tip vortex, counter-rotating on the two sides
of the wake; (iv) the reduction of velocity deficit at low TSR; (v) the increase of
unsteadiness for low TSR.

4.2 Troposkien Rotor

The wake shed by the troposkien rotor exhibits some similarities to the one of the H-
shaped turbine in the equatorial section. Large differences appear close to the turbine
tip. Figure 8 reports the bottom half of the wakes measured for peak Cp condition
(TSR � 3.1) and low TSR condition (TSR � 2.4).

For both the conditions, the wake follows the highly tapered rotor shape, and it
appears shifted towards negative Y direction. The viscous wake of the shaft is clearly
visible. As already observed for theH-shaped turbine, a general reduction of thewake
velocity deficit occurs as the TSR reduces, especially for Y > 0, corresponding (as
for the other rotor) to the wake shed during the leeward phase of the revolution
movement. The asymmetry between the two wake sides, already visible for peak Cp
condition, grows significantly for low TSR.

Moving away from midspan, the character of the wake changes: the velocity
deficit reduces and the wake becomes almost symmetric across the shaft. This is
due to two main reasons. At first, measuring the wake of a Troposkien turbine on
a flat surface leads to increase significantly the distance between the rotor and the
probes in the tip regions, and thus the wake measured there has already undergone
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Fig. 8 Wake velocity field for the Troposkien turbine at TSR � 3.1 (maximum Cp, top) and at
TSR � 2.4 (low loading, bottom)

a significant mixing process. Secondarily, the local TSR reduces significantly in the
tip regions, amplifying the incidence and Reynolds number oscillations during the
revolution and making these oscillations more similar between the windward and
leeward phases of the rotation. As a further result, the work extraction—and hence
the wake deficit—reduces due to the onset of severe dynamic stall on both the side of
the rotor, as confirmed by the unsteady velocity components (not reported for sake
of brevity, the reader is referred to [13] for full details).

Just above the tip area (−0.8 < z/H < −0.6), an accurate inspection of the wake
profiles reveals the presence of ripples on the right side margin of the wake, that do
not appear on the other side. The distributions of flow angle, reported in Fig. 9 for the
two TSR conditions under consideration, indicate the presence of a counter-rotating
vortex in this area. Due to the closed-tip configuration of the Troposkien rotor, these
vortices cannot be generated by the trailing vorticity as occurred for the tip vortex of
the H-shaped turbine. Conversely, these vortices result from the detachment of shed
vorticity from the blade profiles, that lie on surfaces non-orthogonal to the turbine
axis and, therefore, generate a vorticity component in the stream-wise direction.

It is to be noted, however, that these vortex cores are smaller and weaker than
those observed in the wake of the H-shaped turbine and, therefore, are expected to
have a lower impact on adjacent objects.
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Fig. 9 Flow angle distribution in the wake for the Troposkien turbine at TSR� 3.1 (maximum Cp,
top) and at TSR � 2.4 (low loading, bottom)

4.3 Reynolds Number Effect

The wake of both the turbines have been observed to change significantly with the
TSR. To complete the characterization of the VAWT wakes, it is of interest to also
investigate the impact of the Reynolds number on the wake. In practice, the actual
Reynolds number at which the blades operated changes during the revolution, but it is
not evaluable in the experiments as the actual relative velocity of the flow approach-
ing the blades during the revolution is unknown. As an alternative, a ‘peripheral’
Reynolds number is usually defined as:

ReU � UEQDEQ/ν

with UEQ and DEQ the peripheral speed and the diameter on the equatorial section
respectively, and ν the cinematic viscosity. In the wind tunnel tests, the TSR was
changed by changing the wind speed at constant angular speed (400 rpm), thus
keeping constant ReU. The impact of Reynolds number was, therefore, investigated
in a dedicated test campaign in which the angular speed was changed at constant
TSR.

The maximum excursion of Reynolds number available in the tests, imposed by
the maximum excursion of angular speed available (limited by structural aspects
at high speed, and by measurement reliability considerations at low speed), was
achieved for the Troposkien rotor, which was operated in the range 250–600 rpm.
This resulted in an excursion of ReU in the range 114,000–273,000 (with 180,000 as
reference value of the basic tests at 400 rpm).
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Fig. 10 Impact of Reynolds number on the Troposkien turbine wake. Top: n � 600 rpm, ReU
� 273,000; Bottom; n � 250 rpm, ReU � 114,000

This range is considered relatively large, especially because of the low general
levels of Reynolds number usually found in VAWTs for microgeneration.

Figure 10 shows the wake distributions measured for the Troposkien rotor for the
ReU � 273,000 (top) and ReU � 114,000 (bottom) for TSR 3.1, which corresponds
to peak Cp condition at high Reynolds number while, for low Reynolds number, it
is slightly lower to the peak Cp condition (which occur for TSR � 3.3).

In general, the shape of the wake does not change and retains the same features
of the one commented before for nominal angular speed, especially for z/H > −0.5.
However, a significant change in velocity deficit occurs. The velocity deficit is seen
to increase significantly with the reduction of Reynolds number, especially in the
regions affected by the viscous wake of the shaft—which is, of course, wider and
stronger at low Reynolds number. The velocity deficit also increases on the left side
of the wake; as performance measurements indicate a lower performance in this
condition, it is argued that the increase of velocity deficit is caused by viscous and
turbulent effects in the wake stream-wise evolution and not by an enhanced work
exchange.

In the tip region of the wake the reduction of Reynolds number has the highest
impact, as the wake for ReU � 114,000 appears more enlarged, probably due to an
enhanced mixing process occurring in this area, in which high oscillations occur due
to the low local TSR. Unsteady velocity oscillations, not reported for sake of brevity,
confirm a significant increase of turbulence unsteadiness on the whole right side of
the wake for the lowest Reynolds number.
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5 Conclusions

This paper has presented the technical aspects and the most relevant outcomes of a
comprehensive wind-tunnel test campaign on the wakes shed by two vertical axis
wind turbines for microgeneration.

The complexity involved in traversing the probes on sufficiently large measure-
ment surfaces has been highlighted and themeasurement system required by this kind
of investigation has been discussed, with the aim of providing significant technical
indications to be useful for future similar studies.

The wakes measured downstream of H-shaped and Troposkien turbines exhibited
significant similarities. The wakes roughly follow the shape of the rotor, they appear
enlarged and almost symmetric for high TSR, while result weaker, more asymmetric,
and more unsteady at low TSR.

Despite these general similarities, that make the wake of the two machines very
similar in the equatorial zone, significant difference arise between the wakes of the
two machines in the tip area. In particular, a large-scale system of tip vortices has
been observed in the wake of the H-shaped turbine, as a result of the trailing vorticity
detached by the blades; this vortex system changes its sign and its amplitude on
the two sides of the wake, resulting much stronger on the side corresponding to
the ‘windward’ blade motion, as a result of the asymmetric working principle of
the VAWT. The generation of these vortices is clearly inhibited in the Troposkien
turbine, as a result of the tapered shape of the rotor; however, small-scale vortices are
observed close to the tip region on the side of the wake corresponding to the leeward
phase of the blade rotation. These vortex systems are connected to the shed vorticity,
in a region where the tapered shape of the rotor causes a very low local TSR and a
three-dimensional vortex detachment process (so that the detached vorticity acquires
a stream-wise component).

Whenoperating theTroposkien rotor at very lowReynolds number, thewake prop-
erties change significantly, resulting wider, with higher velocity defect and affected
by higher turbulent unsteadiness.

On the basis of the observed features, a potential for optimization seems to exist
for the placement of multiple turbines in the urban environment. As a matter of
fact, the inherent asymmetry of the VAWT wakes might be exploited to reduce the
distance between consecutive machines. Moreover, the Troposkien turbine seems
particularly interesting as its wake affects a limited amount of space in the tip region,
which is also free from wide vortical structures. However, the exploitation of these
features requires the availability of reliable prediction tools. From this perspective,
the measurements performed on VAWTs at Politecnico di Milano constitute a signif-
icant data-base of results. Future works will include the analysis on the stream-wise
evolution of the wake on the equatorial surface, also considering time-resolved flow
angle measurements and estimates of the turbulent scales.
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A Review Based on Evaluation Experiences
with Ten-Years Activity in VAWT
Experimental Wind Tunnel Testing

L. Battisti, E. Benini, A. Brighenti, S. Dell’Anna, M. Raciti Castelli,
V. Dossena, G. Persico and B. Paradiso

Abstract The purpose of this paper is to provide guidance on the practice gained
on vertical-axis wind turbine (VAWT) testing by a combined group of researchers
from the Università di Trento (IT) and the Politecnico di Milano (IT), from early
experiences dating back to 2007 up to the present day. The adopted operating pro-
cedures are discussed with particular care set to the achievement of high precision
measurements to be used both as a benchmark for the validation of numerical codes
and as a contribution to a deeper understanding of the flow field around VAWTs, to
be converted into novel measurement procedures. As a matter of fact, by providing
historical and technical information from the ongoing research activity, the lessons
learned about the main obtained results could serve as a valuable tool for use by other
research groups who are facing similar activities, providing information on which to
help base their project plans.

Keywords VAWT · H-shaped and troposkien rotors · Wind tunnel testing
Blockage

1 Introduction and Background

Experimental campaigns onmicro vertical axis wind turbines (VAWTs) in controlled
conditions started in 2011 at the large scale, high speedwind tunnel of the Politecnico
di Milano (IT), focusing on different three bladed Darrieus rotors (an H-shaped rotor
[1] and a troposkien one [2], designed and manufactured under the supervision of
the Università di Trento, (IT), with a symmetrical profile. A second troposkien three
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bladed rotor, with an asymmetrical profile [3], was successively tested as a result
of the contributions from the DeepWind project, supported by the European Com-
mission, with the aim of exploring also some crucial technological and operational
aspects of floating wind turbines.

Themain driver for all such campaignswas the recognition that (i)VAWTbehavior
and flowfieldwas far to be completely understood; (ii) thiswas one of the reasons that
caused commercial VAWTs fail to become operational [4], in spite of all the research,
perseverance and money invested so far. As a matter of fact, a very sensitive point
and a recurring matter of discussion was (and still is) the reliability of numerical
methods—blade element momentum (BEM), computational fluid dynamics (CFD),
vortex models, etc.—in reproducing the main features of the rotor flow field and,
consequently, in correctly predicting extreme and fatigue loads for the structural
design of the rotor.

Aiming at giving some valuable contribution to a deeper understanding of the
complex flow physics of VAWTs, characterized by a continuous variation of each
blade angle of attack during its revolution [5] and by a wakemeandering downstream
with respect to the rotor disc [6], aerodynamic torque and thrust were measured
through a high accuracy test bench, while the velocity field in the wake of the tested
rotors was fully characterized by means of an instrumented traversing system.

At the initial stage, the investigations concentrated mainly on the effect of block-
age, comparing the results obtained for both close chamber and open channel wind
tunnel configurations [1, 7], and on the influence of the turbine shape (i.e. straight-
bladed versus Troposkien) on its overall performance, also comparing the measured
wakes downstream with respect to the rotor test section [2]. The measurements then
aimed mostly at obtaining high quality data to be used as benchmark for the valida-
tion of numerical codes [3] and, finally, the impact of an inclined flow field on the
performance of a troposkien rotor was evaluated, with the purpose of quantifying
the effect of a tilted operation for an offshore turbine mounted on a floating platform
[3, 8]. Part of the obtained results was also numerically replicated by resorting to
CFD analyses [9], providing further information on the flow field.

2 The Experimental Setup and the Most Relevant
Measurement Procedures

2.1 The Wind Tunnel

The large scale—high speed wind tunnel of the Politecnico di Milano (IT) shown
in Fig. 1—consists of a closed-loop facility characterized by a working section of
4.00 m width, 3.84 m height and 6.00 m length. It is capable of providing high wind
speeds (up to 55 m/s) by resorting to two arrays of multiple fans working in parallel.
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Fig. 1 Schematic view of the large scale wind tunnel of the Politecnico di Milano (IT)

Fig. 2 Side view of the test section with the H-shaped rotor and the traversing system (on the right)

High flow quality is assured by a combination of honeycombs and anti-turbulence
screens, leading to very low a freestream turbulence intensity at the rotor test section,
less than approximately 1%.

For the here presented campaign of measurements, the wind tunnel was operated
both using a classical closed chamber and a “free jet” (open channel) configuration,
obtained by removing the test room (upstream the diffuser leading to the arrays of
fans) and positioning the rotor directly facing the upstream tunnel. Figure 2 shows a
side view of the open test section during the measurements on the H-shaped rotor.
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2.2 The Instrumented Test Bench and the Collection of
Aerodynamic Data

Rotor mechanical loads measurements were performed by resorting to a high accu-
racy test bench,whichwas instrumented on a shaft below the lowest blade attachment,
using two strain gauge bridges (installed on the support mast and capable of detect-
ing both streamwise and transversal aerodynamic thrusts), an absolute encoder (to
provide both rotational speed and the azimuthal position of a reference blade) and a
precision torque meter (to measure the mechanical torque at the rotor shaft). In order
to monitoring the VAWT structural safety, two axial accelerometers were mounted in
the upper part of the supporting mast to check the streamwise and longitudinal vibra-
tions of the structure. Figure 3 shows a schematic description of the instrumented
test bench, whose sensors and main characteristics are listed in Table 1.

A synchronousmotor/generatorwasmounted on the power train and controlled by
an inverter to operate at a constant rotor angular velocity during each measurement.
An aerodynamically-shaped hull was installed around the measurement train, as
shown at the bottom of Fig. 3.

The data acquisition system provided rough information with a sampling fre-
quency of 2 kHz, converted from voltage or current to derived quantities of interest,
such as shaft mechanical torque Qmec and bending moment MT (provided by strain
gauges). The bearing losses Qloss were measured and combined to the mechanical
torque and rotational speed ω, computing the aerodynamic power Paero as:

Paero � (Qmec + Qloss)ω � Qaeroω

Fig. 3 Scheme of the
instrumented test bench
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Table 1 Sensors type, measurement range and accuracy

Signal output Sensor type Sensor range Sensor accuracy

Tower bending
moment

Strain gauge (full
bridge)

±250 Nm ±1.5 Nm

Shaft torque Torque meter ±200 Nm ±0.1 Nm

Rotational speed Absolute encoder Till 6000 rpm ±0.04 rad/s

Blade azimuthal
position

Absolute encoder Full range ±1.8° (at 200 rmp)
±3.6° (at 400 rmp)

Air temperature RTD PT 100 From −196 to 300 °C ±0.012 °C

Air pressure Barometer From 800 to 1060 hPa ±1 hPa

Rotor thrust T was assumed to be acting at rotor midspan (which was located at a
certain distance d from the strain gauges). It was therefore derived from the bending
moment MT, in formula:

T � MT/d � (Aδ + B)/d

being δ the strain gauge full bridge signal, while A and B are the sensor calibration
coefficients.

A measurement uncertainty analysis was conducted according to the standard
ISO ENV 13005 guide [10]. Even though the methodology is not here reported for
brevity’s sake, a short discussion is nevertheless proposed to allow a better compre-
hension of the adoptedmeasurement procedure: for eachmeasurement (characterized
by a constant rotor angular velocity and a constant wind tunnel speed), the time series
were divided into 1-revolution bins. All bins mean values were then computed, thus
leading to a final data being the average of all such mean values (mechanical torque,
bending moment, rotational speed and wind speed). The standard deviation and the
type A measurement uncertainty were determined. Also the type B uncertainty was
evaluated from sensors data sheets. Finally, the combined standard uncertainty of
the derived measurements (power, thrust, coefficient of power and thrust) was deter-
mined according to Chap. 5 of [10].

2.3 The Traversing System

Wake measurements were performed in vertical planes located downstream of the
rotor test section by resorting to a motorized sensor arrangement (see Fig. 4) capable
of collecting data on both the time averaged and the time resolved flow field. Velocity
and turbulence measurements were performed using:

• a directional pneumatic five hole probe, for the measurement of the time-averaged
pressure field and the three-dimensional velocity vector;
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Fig. 4 Motorized sensors
arrangement for the
measurement of the wakes
downstream of the rotors

• two single sensor hot wire anemometers, the first probewasmounted in the vertical
direction and was rotated in multiple angular positions to achieve, via directional
calibration, the time-resolved measurements of velocity magnitude and horizontal
flow angle. The second probe was mounted in the streamwise direction, so to
achieve a direct velocitymeasurement avoiding any specific directional calibration.

Such sensors were traversed on a proper measurement grid, extending from the
rotor equatorial plane to its blade tip (due to flow field symmetry, only half of the
wake was investigated apart from the case of the inclined troposkien rotor, where
the measurements extended also in the upper wake portion). For further details, the
interested reader is referred to [2, 3].

3 The Tested Rotors

Table 2 summarizes the main geometrical features of the three tested Darrieus rotors.
They are all characterized by a three-bladed architecture. The H-shaped rotor and
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Table 2 Main geometrical features of the tested rotors

Rotor type H-shaped Troposkien shaped N.
1

Troposkien shaped N.
2

Swept area, A (m2) 1.5 1.5 2.63

Blade profile NACA 0021 NACA 0021 DU 06-W-200

Blade chord, c (mm) 85 85 101

Blade number, N (–) 3 3 3

Rotor equatorial
diameter, D (m)

1.030 1.510 2.028

Rotor height, h (m) 1.457 1.510 1.902

Blade length, L (m) 1.457 2.233 2.945

Rotor solidity, σ (–) 0.25 0.38 0.31

Fig. 5 The H-shaped rotor (left) and the troposkien-shaped rotor (right), both with NACA 0021
profile (N. 1)

the first troposkien one share also the same swept area (1.5 m2) and blade section
(the classical NACA 0021 airfoil characterized by a chord of 85 mm), while the
second troposkien rotor is significantly bigger (being characterized by a swept area
of 2.63 m2) and adopts an asymmetrical profile (the DU 06-200).

Rotor solidity is computed according to the equation σ � N c L/A. Figure 5
shows a comparison between the H-shaped rotor and the first troposkien one, while
the second troposkien rotor is shown in Fig. 6.
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Fig. 6 The
troposkien-shaped rotor with
DU06W200 profile (N. 2)

4 Main Achievements of the Measurement Campaigns

Although space prohibits a thorough examination of every aspect of all the conducted
campaigns of measurements (whose details the interested reader can found in [1–3,
7, 8]), the here presented paper concentrates on a comprehensive review of their
major achievements. Even though in outward appearance this does not look very
different from a mere list of the obtained results, the authors aim to collect a certain
number of very specialized information to document the stages of evolution of the
knowledge acquired during the experimental campaigns, to be made available to
other research groups who are facing similar activities, providing information on
which to help base their future project plans.

4.1 Review of Blockage Ratios Adopted During Experimental
Tests from Literature

Since the wind tunnel test section is characterized by a confined volume, aerody-
namic measurements could not resemble those obtained during open field operation
and researchers usually have to deal with the necessary correction of the wind tunnel
blockage. From a preliminary literature review, it clearly appeared that too high geo-
metric blockage factors were often used (see e.g. [11, 12]), thus leading to potentially
altered power curves with respect to those resembling open field operation.

In order to assess the behavior of the tested rotors in an open-field environment, a
preliminary quantification of blockage correction in open-tunnel can be performed
applying the Merker and Wiedemann model [3, 13]. As collected in Table 3, the
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Table 3 Blockage of the tested rotors

Rotor type H-shaped (%) Troposkien shaped N. 1 (%) Troposkien shaped N. 2

Solid
blockage,
A/Achamber (–)

9.7 9.7 17.0

Blockage
correction,
V′

0/V0 (–)

1.5 2.1 3.2

blockage correction, defined as the ratio between the open-field wind speed (V′
0)

and the open-jet wind speed (V0) is sufficiently small to avoid any correction on the
measured quantities.

4.2 Critical Analysis of Blockage Models from Literature

Aiming at deeply investigating the effect of blockage on the aerodynamics of the
tested rotors, the H-Darrieus was operated in both closed and open (free jet) wind
tunnel configurations, in such away to quantify the blockage for different operational
conditions [1, 7].

The blockage correction coefficient is defined as the ratio between the velocity,
V0

′, measured in the open jet wind tunnel and the one measured using the closed
chamber wind tunnel configuration, V0, which determine the same thrust on the
rotor. Literature correlations usually adopted to account for blockage effects are the
original Glauert correlation [14], and the one proposed by Mikkelsen and Sørensen
[15, 16].

Figure 7 shows the evolution of the experimental and theoretical blockage correc-
tion coefficients as a function of the thrust coefficient, CT. It can be clearly observed
that the adopted correction models do not provide accurate estimates of the blockage
effect: as a matter of fact, both the Glauert model and the Mikkelsen and Sørensen
model correctly predict the increase of blockage at lower thrusts (<0.7). This sug-
gests that, as the angular velocity increases with respect to the wind speed, the rotor
becomes more “solid” and, as a consequence, the amount of flow that transits within
the virtual cylinder traced by the blade motion reduces and a larger amount of flow is
forced to move around the rotor itself. On the other hand, both models dramatically
fail in reproducing the shape of the whole curve.

Such behavior can be explained by considering that the complex fluid-dynamics
of a VAWT is barely modeled by a simple 1D momentum approach. The relevant
discrepancies registered between measured data and the available theoretical mod-
els suggest that specific corrections should be developed for VAWTs, based on the
development of an “actuator cylinder” approach, which appears as much more suit-
able (due to the three-dimensionality of both the rotor and its wake) than classical
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Fig. 7 Wind speed correction factors as a function of the thrust coefficient; comparison between
measured values and themost adopted theoretical correctionmodels from literature for theH-shaped
rotor

modeling tools based on a simple actuator disc (formore details, the reader is referred
to [1, 7]).

4.3 Performance and Wake of the H-shaped and Troposkien
Rotors

The purpose of the here described campaign of measurements was to shed some light
on the main differences between two of the most adopted VAWT architectures. To
accomplish this, an H-shaped rotor and a troposkien one, sharing the same swept
area, as well as blade number (N� 3) and blade section (NACA 0021, chord 85mm),
were tested using the open jet wind tunnel (to further reduce the effect of blockage).

Performance measurements (see Fig. 8) clearly showed that the troposkien rotor
outperforms the H-shaped one (in terms of power exchange), mostly thanks to its
larger midspan section (resulting by the constraint imposed on the swept area and
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Fig. 8 Measured aerodynamic power and thrust for the H-shaped rotor and the troposkien one as
a function of the wind speed for a constant angular velocity of 400 rpm (the maximum refers to the
troposkien rotor)

Fig. 9 Wake comparison between H-shaped (left) and troposkien (right) rotors at optimum tip
speed ratio, where H is the half-blade height, R is the maximum rotor radius, IPER is the root mean
square of periodic unsteadiness, and the ITU is the turbulence intensity [2]

determining a higher Reynolds number) and to the absence of non-aerodynamic
struts (which appear to affect the H-shaped rotor with a significant loss penalty) [2].

The above described features resulted consistent with the character of the wakes
shed by the rotors, as shown in Fig. 9. In particular, large scale vortices (pulsating
significantly during each revolution, due to the periodic fluctuation of the blades
aerodynamic loading) dominated the tip region of the wake shed by the H-shaped
rotor.

Conversely, the highly tapered shape of the troposkien rotor prevented the onset
of tip vortices; on the other hand, the dramatic reduction of tip speed ratio passing
from the equatorial section to the tip ones promoted the onset of local dynamic stall,
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characterized by high periodic and turbulent unsteadiness in the tip region of the
wake (for further details, the reader is referred to [2]).

All of the above taken into account, the higher power performance, combined to
the higher structural resistance with respect to the H-shaped machine, could make
the Troposkien architecture a favorable solution for VAWTs, despite the higher man-
ufacturing cost and complexity. Further investigation should be performed, aiming
at a better understanding of the behavior of such promising rotor architecture.

4.4 Effect of the Skew Angle on the Operation of a
Troposkien Rotor

Even though the low center of gravity that characterizes VAWTs is generally capable
of generating a large overdriving moment, floating troposkien rotors for offshore
installations are expected to tilt during operation, acting as a gyro and describing
an elliptical trajectory on the water plane. As far as the dynamics of the interaction
betweenwind and rotor is concerned, a quite similar situation is registered forVAWTs
operating on top of high-rise buildings, where the velocity vector is expected to be
skewed by 10°–20° with respect to the horizontal [17].

Such issues raise several concerns about the aerodynamic behavior of the rotor,
prompting for further investigation aiming at a deeper comprehensionof the operation
of VAWTs in skewed flows. Figure 10 shows a view of the tested troposkien VAWT,
characterized by three glass fiber blades, extending from hub to hub and made of a
DU 06-W-200 blade section. It was mounted on a high precision test bench, whose
axis was suitable to be inclined up to 15° with respect to the upright configuration.

Measured data, collected for a 15° inclination of the shaft with respect to the
vertical direction, were consistent with the simple model proposed by Scheurich and
Brown [18] for evaluating the performance of a VAWT in oblique flow (based on
the swept wing theory, see [19, 20]). According to such theory, the component of
wind speed parallel to the shaft has no effect on rotor aerodynamics, thus determin-
ing a reduction of the effective unperturbed velocity perceived by the turbine (and,
consequently, an increase of the effective tip speed ratio).

As can be inferred from Fig. 11, the overall aerodynamic performance of the rotor
operating in skewed flow is lowered by the combined effects of reduced effective
velocity and increased effective tip speed ratio. Nevertheless, if the reduction depen-
dent on the perceived wind speed always decreases the aerodynamic efficiency over
the whole range of operating conditions, the higher effective tip speed ratio could
also increase the rotor performance (depending on the sensitivity of the rotor power
coefficient on its tip speed ratio). Interestingly, the model from Scheurich and Brown
[18]was able to predict the decay of rotor performance due to tilting in relatively good
approximation, as the theoretical results lie within the band of uncertainty of tilted
rotor measurements for most of the operating range. This was probably dependent
on the troposkien architecture, which minimizes the sensitivity of rotor aerodynam-



A Review Based on Evaluation Experiences … 151

ics on skew; in such a configuration, it is reasonable that the main impact of tilting
affects the effective incoming velocity. As the geometry of the troposkien rotor is
roughly comparable to a sphere, a very small variation of the energy extraction area
was registered as a consequence of the shaft inclination. Hence, contrarily to what
found by authors focused on H-VAWTs [17], no appreciable increment of power
output was obtained when passing from upright to tilted operation.

5 Concluding Remarks: What Lessons Can Be Learned
from the so Far Performed Campaigns of Experimental
Tests?

The present paper presents the experimental procedure and some experimental results
obtained from wide wind tunnel experimental investigations on full-scale VAWTs
for microgeneration.

The here discussed project certainly helped improving the understanding of the
flow physics associated with VAWT operation. This mainly derived from the fact that
the campaigns were not limited to simple performance measurements (power versus
wind speed curves), but deployed a sensors net able to measure also the thrust acting

Fig. 10 Side view of the
tilted rotor arrangement
inside the wind tunnel open
chamber
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Fig. 11 (right) Measured power coefficient as a function of the tip speed ratio for both upright and
15° tilted rotor operation at 300 rpm [3]; the power coefficient computed according to the simple
model from Scheurich and Brown is also shown; (left) time-mean velocity (normalized with the
unperturbed wind speed at the test section entrance) on a vertical plane located downstream of the
test section, for different operating conditions (the projection of rotor swept area is also represented
by means of continuous black lines)

on the rotors and the flow field in the wake. It clearly appears that the absence of such
a comprehensive approach would have determined an important missed opportunity.

The aerodynamic axial thrust was measured in both a confined and an uncon-
fined environment on the H-shaped turbine, in order to compute the experimental
blockage factor between closed and open chamber configurations. Results show that
that the rotor solid blockage (almost 10%) introduces a non-negligible interference
with the wind tunnel walls. Moreover, the experimental blockage correction factor
is found to strongly depend on the operative condition and rotor shape. Lastly, the
comparison with well-established blockage models indicates the need of specific
blockage correction models for VAWTs.

Performance and wake measurements show that the rotor shape and the oper-
ational conditions had a key impact on the turbine performance and on the wake
features, contrarily to what happens to thrust loads.

At the same rotational rotor speed, the troposkien rotor outperforms the H-shaped
turbine thanks to its larger midspan section (that produces a larger Reynolds number)
and to absence of the additional drag contributions (to the non-aerodynamic struts
and blade-strut attachments) that characterize the H-shaped rotor. The unsteady and
asymmetric work exchange typical of all VAWTs are clearly evidenced by the wake
measurements.

Besides the here presented initial findings, the present experimental data-base
allows to carry out a deeper investigation on the rotor and wake behavior to serve
as to experimental benchmark, in order to complement and support validation and
calibration of numerical codes.
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Small Wind Turbine Performance
Assessment for Canada

A. Medd and D. H. Wood

Abstract This paper investigates the performance of small wind turbines across
Canada through an analysis of wind resource and turbine performance data. Four
sets of data from 25 installations have been analyzed: 12 data sets from a Wind
Energy Institute of Canada (WEICan) small wind project completed in Western
Canada, 5 from small wind test projects at the WEICan test site on Prince Edward
Island; and 8 collected sporadically across Prince Edward Island. The results are
compared to previous studies in the U.S.A., Ireland, and England. The consistent
finding is that some turbines performed well but there is a pattern of low availability,
poor power performance, and low capacity factor. Some possible reasons for the poor
performance are advanced.

Keywords Small wind turbines · Power output · Field testing
Availability · Power curve · Capacity factor

1 Introduction

While the largewind turbine industry is booming inNorthAmerica and elsewhere, the
small wind turbine industry is not. There was an installed distributed wind capacity
of 28 MW in the U.S.A. in 2015 but only 4.3 MW of small wind capacity, defined
as turbines with rated power of 100 kW or less, Orrell and Foster [1]. This limit
on the size of small wind turbines includes a locally-made turbine but exceeds the
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IEC Standard 61400-2 [2] limit of a rotor swept area of less than 200 m2, or a
rated power less than approximately 50 kW. For convenience we will continue to
use the larger upper limit. The small wind industry began to contract in 2013, with
investment dropping to $21 million in 2015 from $36 million in 2013, Orrell and
Foster [1]. Thiswas dramatically illustrated by the sudden closure of themarket leader
Southwest Windpower in 20131 and the leading Canadian manufacturer, Endurance,
went bankrupt in 2016.2 There is no similar data for small wind and distributed
capacity and the industry for Canada but the available evidence suggests that some
of the underlying reasons, such as poor performance and low availability, are similar
to those in the U.S.A. The purpose of the current research is to attempt to quantify
the operational problems with small wind turbines and seek explanation of them.

A strong case can be made that small wind is failing partly because of the increas-
ing competitiveness of distributed solar power. California for example, currently has
over 660,000 small scale photovoltaic (PV) installations.3 PV offers high reliability,
very low maintenance, relatively predictable power output, no noise issues, and less
visual impact. Also important is the dramatic fall in PV prices, by a factor of over
two since 2009, Fu et al. [3], which has not been matched by small wind. The compe-
tition faced by small wind is intense; significant improvements in cost-effectiveness,
performance and reliability are required to meet these challenges.

Several studies have investigated the field performance of small wind turbines.
Twenty-one free-standing turbines (i.e. not building mounted) of 10 kW rated power
or less in Massachusetts were found to be producing approximately 29% of their
predicted energy, Shaw et al. [4]. No wind speed measurements were made at the
individual turbines, so considerable uncertaintymust be attached to this result but it is
noteworthy that no turbine performed better than anticipated, as would likely occur if
thewind speed errorswere random. This suggests generic problemswith the turbines.
Reference [4] attributed this under-performance to a combination of factors, includ-
ing windmap inaccuracy in determining the wind resource, annual variations in wind
speed, inaccurate turbine performance data including power curves, and inaccurate
site modeling assumptions (e.g., wind shear, obstacles). The Warwick trials in the
United Kingdom, Encraft [5] and James et al. [6], also observed under-performance
of building mounted turbines by more than 50% in many cases. Stand-alone small
turbines in rural locations generally performed better, Sissons, [7]. Pagnini et al. [8]
monitored several free-standing turbines in urban locations and found that turbulence
appeared to significantly influence the power output. It is clear that thewind resource,
particularly in urban areas, is more difficult to estimate accurately and cheaply than
the solar resource. For example, the clean energy software tool RETscreen4 provides
monthly averaged solar insolation and 10 m wind speeds for Calgary at one location

1See, for example: http://www.irecusa.org/2013/05/what-happened-to-southwest-wind-power/
accessed 3 May 2017.
2See, for example: http://vancouversun.com/business/local-business/award-winning-surrey-
supplier-of-global-wind-turbines-goes-bankrupt accessed 3 May 2017.
3See http://www.gosolarcalifornia.ca.gov/ accessed 3 May 2017.
4http://www.nrcan.gc.ca/energy/software-tools/7465 accessed 4 May 2017.

http://www.irecusa.org/2013/05/what-happened-to-southwest-wind-power/
http://vancouversun.com/business/local-business/award-winning-surrey-supplier-of-global-wind-turbines-goes-bankrupt
http://www.gosolarcalifornia.ca.gov/
http://www.nrcan.gc.ca/energy/software-tools/7465
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only, the airport. The authors obtained over 20 years of high quality wind and solar
data from the University of Calgary weather station, approximately 10 km distant
from the airport. The two sites had the same monthly average insolation to within
1%, but vastly different wind speeds. Because average wind speed has a significant
effect on average power output as will be documented in Sect. 4, it is important
to determine it accurately but cheaply. It is likely, however, that poor quality wind
resource assessment will lead to as many under-predictions as over-predictions but
none of the field trials we know of have demonstrated over-performance of the tur-
bine relative to the manufacturer’s power curve combined with the initial resource
assessment. We conclude that factors related to turbine design and technology are
the main causes of under-performance.

This paper is organized as follows. The next section describes the field data. This
is followed by a description of the analysis methods to determine capacity factor,
CF, and availability. The results are presented in Sect. 4 and the conclusions in the
last section.

2 Field Data for This Study

The new data presented here comes from: the study of 12 turbines from the Wind
Energy Institute of Canada (WEICan) unpublished small wind project completed in
Western Canada; 5 time series datasets fromWEICan small wind test projects; and 8
multi point datasets collected sporadically across Prince Edward Island (PEI) from
50 kW turbines. For comparison 16 datasets from the Irish Wind Trials.5

For the Western Canada study, 1 min wind speed and direction was collected at
a height as close as possible to hub height. NRG 40C anemometers and NRG 200P
direction vanes were typically used with Campbell Scientific CR1000 loggers. Met
towers were within 2–4 rotor diameters of the tower as required by the IEC standard
for power performance measurement, [9].

Data collection was typically for 1–6 months only. This should not influence
the calculated power curve but would influence any calculation of annual energy
production, AEP. For this reason, AEP is not shown here. IEC [9] states that data be
excluded when:

• The turbine was not producing due to low wind speeds.
• External conditions other than wind speed are out of the operating range of the
wind turbine (e.g. due to fog).

• The turbine had a fault.
• The turbine was manually shut down or in a test of maintenance operating mode.

5The performance data for the Irish trials were made available informally toWEICan. Subsequently
we have not found any published references for the data and our e-mail enquiries to the Sustainable
Energy Authority of Ireland and the consultant who undertook the study and drafted the final report
have not been answered. The data appear to be of high quality and consistent with the Canada
results. None of our conclusions would be altered if the Irish data were not considered.
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Table 1 Western Canada capacity factor and availability

Turbine 1 2 3 4 5 6 7 8 9 10 11 12

Capacity factor 0.08 0.05 0.00 0.25 0.18 0.02 0.02 0.00 0.06 0.04 0.01 0.09

Availability 0.98 0.96 0.11 0.77 0.84 0.22 0.53 0.01 0.91 0.51 0.06 0.94

• Failure or degradation of test equipment (e.g. due to icing).
• The wind direction was outside the “disturbed” measurement sector(s) as defined
in [9]. The disturbance is due to obstacles causing unusually high turbulence and
possibly low mean wind speeds.

Manual data quality control was also used to filter corrupt data. Any significant
and unexplained fluctuations in data were omitted.

The measured and manufacturer’s power curves were non-dimensionalized to
facilitate the comparison of turbines of different power ratings and to maintain
anonymity among wind turbine manufacturers.

3 Analysis

Because there is a wide range of problems that can affect turbine performance the
analysis was kept simple.

33 sets of 1 min data for turbines ranging in capacity from 1.3 to 50 kW were
analyzed. The data is from the Western Canada project, summarized in Table 1, the
Irish Wind Trials (Tables 2a, 2b), select WEICan certification data (Table 3), and
a number of 50 kW turbines installed on PEI, (Table 4). CF and availability was
calculated for every data set. The former is simply the average power output divided
by the rated power and is a measure of the site wind resource as much as the turbine
performance. For comparison, the CF dependence on wind speed of the Skystream
2.4 kW wind turbine determined from the manufacturer’s power curve is given in
Table 5. The analysis is described in Chap. 12 of Wood [10]. The nearly linear
dependence of CF on average wind speed demonstrates the point made about their
relationship in a footnote on a previous page. It is a general rule-of-thumb for small
wind turbines that a “good” hub height average wind speed is 5 m/s which Table 5
shows gives a CF ~ 0.20 which we will take as indicative of “good” performance.

Table 2a Irish wind trials capacity factor and availability

Turbine 1 2 3 4 5 6 7 8

Capacity factor 0.18 0.12 0.09 0.17 0.15 0.22 0.07 0.09

Availability 0.97 0.51 0.98 1.00 0.97 1.00 0.57 0.78
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Table 2b Irish wind trials (completed) capacity factor and availability

Site index 9 10 11 12 13 14 15 16

Capacity factor 0.07 0.19 0.26 0.29 0.22 0.20 0.15 0.08

Availability 1.00 0.96 0.84 0.99 0.83 0.89 0.97 0.47

Table 3 WEICan test site (PEI) capacity factor and availability

Turbine 1 2 3 4 5

Capacity factor 0.25 0.07 0.27 0.05 0.25

Availability 0.84 0.55 0.50 0.31 0.61

Table 4 PEI 50 kW Turbine Capacity Factor and Availability

Turbine 1 2 3 4 5 6 7 8

Capacity factor 0.07 0.07 0.08 0.17 0.24 0.16 0.37 0.07

Availability 0.58 0.62 0.62 0.82 0.88 0.56 1.00 0.52

Table 5 Capacity factor dependence on wind speed for the Skystream 2.4 kW turbine

Wind speed (m/s) 2 3 4 5 6 7 8 9 10

Capacity factor 0.01 0.035 0.092 0.177 0.259 0.327 0.386 0.429 0.457

Availability was estimated as the fraction of data points where the power exceeded
1 W while the wind speed was above cut in, typically assumed to be 2 m/s higher
than the value quoted by manufacturers as it is well known that small wind turbines
start at wind speeds higher than the cut-in speed determined from the power curve,
e.g. [10]. This method was used because there is no other way to determine from the
data provided when the turbine was broken down and unavailable. Availability gives
additional information to CF, because it is possible for a turbine to underperform
relative to the manufacturer’s power curve but be mechanically robust and so have a
relatively high availability.

4 Results

The initial data analysis suggested no correlation between availability or CF with
turbine rated power but, for brevity, the results are not shown. Figure 1 plots CF
against availability. The average availability from Tables 1, 2a, 2b, 3 and 4 is 0.7
and average CF is 0.13. The data from the Irish wind trials appears to indicate better
overall performance. This may be due to better maintenance as well as generally
higher wind speeds. In addition a number of the turbines monitored in the Irish wind
trials exceeded the manufacturer’s power curve, at least for a considerable range of
wind speeds. If the data from the Irish wind trials is ignored, the average availability
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Fig. 2 Capacity versus wind speed factor from Tables 1, 2a, 2b, 3 and 4

drops to 0.61 and the average capacity factor falls to 0.12. From the data, there is a
correlation between availability and capacity factor, as expected.

Figure 2 shows CF against mean wind speed for the Skystream 2.4 kW turbine as
provided by the manufacturer and the measured CFs for the turbines in this study.
The Skystream CF shows the strong dependence of average output on wind speed
that was mentioned previously. This not a cubic dependence as sometimes claimed,
but a linear one with high slope. For example increasing the wind speed from 5 to
6 m/s gives nearly a 50% increase in average power. It is clear from Fig. 2 that there
is a significant problem with small wind turbines that is not due to availability as
a number of small wind turbines from different manufacturers with different rated
capacities were not performing to expectation. There are a multitude of reasons for
these problems, however, it is difficult to diagnose without completing more research
on each individual turbine.
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Fig. 3 Power curves from Table 1. The red line is the manufacturer’s curve for the Skystream
2.4 kW turbine and the blue dashed line is the average of the Western Canada results. Note that all
power curves have been normalized to a maximum value of unity

TenWestern Canadian sites provided IEC-compliant power curves that are shown
in Fig. 3. The data was non-dimensionalized to the rated capacity of the turbine to
ensure that manufacturers are not identified. An average of all power curves is also
shown in Fig. 3. A moving average was used to smooth the average curve. Some
turbines performed but a significant number produced significantly less power than
claimed by the manufacturer.

The Western Canada sites also showed a deviation in CF when compared to CF
calculated with WindPro6 or RETScreen. On average, WindPro overestimated CF
by 50% and RETScreen overestimated AEP by 56%. The estimate inaccuracy could
be due to any number of factors including poor turbine availability, low quality
meteorological data input to the models and inaccurate power curves depending on
the site in question.

Three sites from the Western Canada data will be investigated further in this
section. All three sites had availabilities over 0.9 and capacity factors less than 0.1
and had detailed site information including pictures and turbulence data in some
cases. In two cases the wind turbines were surrounded by low brush with buildings
approximately 100 m away. The third turbine was immediately adjacent to a hedge
row with buildings nearby, this turbine was exposed to a low roughness field to the
west. These installations are similar to those studied by Sissons et al. [7].

In all three cases, the low capacity factors of 0.09, 0.15 and 0.17 are attributed to
siting, the turbulence caused by nearby obstacles and high surface roughness coupled
with typically low tower heights associatedwith small wind turbines. In all three sites

6http://www.emd.dk/windpro/

http://www.emd.dk/windpro/
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the measured average wind speed was within 1 m/s of the Canadian Wind Atlas7.
WindPro was used to interpolate the values from the Canadian Wind Atlas at 50 m
to hub height based on the topography and roughness of the turbine site. The two
sites that had turbulence data show turbulence intensities in the range of 15–20%.
Two other sites with acceptable performance and availability exhibited turbulence in
the range of 10–15% which agrees qualitatively with the finding of Pagnini et al. [8]
that turbulence can reduce performance.

In summary, the main contributors to underperformance were found to be: devia-
tion from manufacturer’s power curve, poor siting, and low availability. Other possi-
ble factors such as problems with power electronic issues, low generator efficiency,
and aerodynamic characteristics of blades were not addressed.

5 Conclusions

To date, WEICan has shown with some certainty that some small wind turbines
are underperforming due to optimistic power curves and AEP predictions. These
two issues are likely caused by unreliability, poor siting or poor turbine design.
These conclusions closely mirror the results of the Status Report on Small Wind
Energy Projects Supported by the Massachusetts Renewable Energy Trust [4] and
the Warwick Trials [5].

Economically, given the large initial cost and continuousmaintenance costs, small
wind as a distributed renewable energy source has become extremely unattractive
from a financial point of view. If the plummeting cost of photovoltaics is considered
along with their near zero maintenance requirement, small wind cannot compete in
most markets.

Acknowledgements Part of this work was funded by the Saskatchewan Research Council’s Small
Wind Study.
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Energy-Yield-Based Optimization of a
H-Darrieus Wind Turbine in Skewed Flow

A. Bianchini, F. Balduzzi, G. Ferrara and L. Ferrari

Abstract Recent experiments and theoretical models showed that the aerodynamic
performance of H-Darrieus wind turbines can even be enhanced in case of moderate
skew angles, which are typical of installations in the urban environment. In this
study, a design procedure oriented to the maximization of the annual energy yield in
skewed flow, instead of the maximum rated power, was carried out. 14400 test cases
of H-Darrieus rotors were simulated with a numerical code based on a Blade Element
Momentum approach, including an in-house model to account for the skewed flow,
and compared on the basis of their energy-yield capabilities for different annual
wind distributions. The analysis highlighted that the optimal design configurations
in skewed flow significantly differ from the corresponding ones in case of aligned
flow and also that a design oriented to the maximum energy-yield in skewed flow
can make H-Darrieus rotors competitive for urban installations in comparison to
HAWTs.
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c Blade Chord (m)
cP Power Coefficient
D Turbine Diameter (m)
F Force (N)
f Frequency
H Turbine Height (m)
HAWT Horizontal Axis Wind Turbine
m Mass (kg)
N Blades/Struts Number
P Power (W)
R Turbine Outer Radius (m)
Re Reynolds Number
T Annual Time of each Wind Class (h)
Tpar Parasitic Torque of the Struts (Nm)
t Airfoil Thickness (m)
TSR Tip-Speed Ratio
u Wind Class (m/s)
U Wind Speed (m/s)
U∞ Wind Speed at Infinite (m/s)
Ū Average Wind Speed (m/s)
VAWT Vertical Axis Wind Turbine
w Relative Wind Speed (m/s)

Superscripts

* Per Unit Area
→ Vectorial Quantity

Subscripts

air Air
b Blade
en Energy
lim Limit
res Resistant Component
ST Struts
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Greek Letters

Φ Turbine Shape Factor
γ Skew Angle (deg)
ηen Energy-conversion Efficiency
ϑ Azimuthal Angle (deg)
ν Kinematic Viscosity (m2/s)
ξ Chord/Diameter Ratio
ρ Density (kg/m3)
σ Solidity
j Structural Stress (N/m2)
ω Rotational Speed (rad/s)

1 Introduction

Even though the majority of the wind energy capacity presently installed world-
wide is provided by large wind farms comprised of horizontal axis wind turbines
[1], increasing interest is received by smaller rotors in view of a delocalized power
production [2]. Typical examples of such installations are represented by turbine
integration in smart energy grids [3] or wind energy use to satisfy the demand of
off-grid communities [4] or remote users [5]. Installed capacity comprised of smaller
turbines, both on- and off-grid, is growing particularly in the U.S. [6] with similar
trends notable in other developed countries. Research into novel small designs is also
on the increase.

Building integration forms a large part of this, with studies looking at the chal-
lenges presented by the pre-existing built environment [7–9] or aiming at designing
new buildings that produce favorable conditions for wind energy production [10].

Darrieus-type vertical axiswind turbines (VAWTs) have been identified as suitable
for small-scale installations due to theirmechanical simplicity and ease of installation
andmaintenance afforded by the positioning of generation equipment at ground level
[11]. They are also particularly suited to urban installations due to their good handling
of turbulent and unstructured flows, with low noise emissions and high reliability
[12, 13]. In particular, recent experimental studies [14, 15] and theoretical models
[16, 17] have demonstrated that—differently from HAWTs [18]—Darrieus turbines
can even enhance their efficiency in case of moderately skewed flows (up to a 20%
increase of the power coefficient, depending on the turbine design), which are typical
of urban installations [10, 19] and of floating platform functioning [20], which indeed
represents the other promising application for these rotors.

The physical reasons underlying this behavior are multiple. As first discussed by
Ferreira et al. [16], even though—analogous to HAWTs—the effective wind speed
on the blade is reduced by the cosine of the skew angle, for moderate skew angles
(up to 30°–40°) the area swept by the turbine is increased in reason of the arising
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contribution from the discovered downwind part of the virtual cylinder swept by the
blades. As will be illustrated in Sect. 2, it was also shown by Bianchini et al. [17]
that the flow conditions in different parts of the machine are altered by an oncoming
skewed flow, generating a larger energy extraction in the downwind region.

Based on the above, it can be argued that dedicated design studies aimed at
optimizing a Darrieus rotor for an attended non-null angle of skew may induce an
improvement of the energy-conversion efficiency of these machines, making them
more competitive with HAWTs, which conversely suffer from a strong efficiency
reduction in similar conditions. In the present study, the results of a multivariate
analysis are reported, whose main aim was to optimize the proportions of a small
H-Darrieus VAWT for use in installations having different mean skew angles and
attended wind distributions.

2 Methods

2.1 Energy-Yield Based Design Approach

Due to marketing reasons, the majority of commercial rotors are generally designed
and optimized for a specific wind speed (e.g. the speed which ensures the highest
energy production), but the rated power values, which are often perceived by the final
customer as the most valuable indicator of the “quality” of the product, are declared
for their nominal wind velocity, i.e. the highest functioning speed, which provides
the maximum power production. Although the importance of accounting for energy
instead of power does not come as a surprise to researchers, the implications of this
theoretical dichotomy are quite often not completely understood by the final cus-
tomer of small and medium wind turbines [21]. In further detail, the actual operating
conditions of a rotor over a year can indeed be very far from the nominal one [22]; the
available wind energy indeed can be concentrated at the lower wind velocities of the
yearly distribution in the installation site, which can be often correctly approximated
by a Weibull function [23]; in addition, the specific features of the final environment
(e.g. local accelerations, effects of obstacles, etc.) are very important in determining
the real characteristics of the flow which invests the rotor (e.g. [24]). As a result, a
turbine optimized only for one (generally quite high) wind speed could provide poor
performance during the largest part of its operating time, with a remarkable reduction
of the energy produced and, consequently, of the convenience of the investment [19];
this effect is maximized whenever the shape parameter of the distribution is low, i.e.
when the higher wind velocities give a remarkable contribution to the global energy
harvesting, although the mean velocity is quite low.

A design approach for small Darrieus turbines based on the maximization of the
annual energy-yield (i.e. the sum of the energy contributions at all the wind speeds
experienced over the year) was then recently proposed by Bianchini et al. [25].
The same approach is also proposed in the present study and detailed below. More
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specifically, the goal of the design process was to define the overall dimensions of a
turbine having a given swept area of 4 m2 (typical of small VAWTs) able to ensure
the maximum energy harvesting in a yearly horizon as a function of the attended
wind distribution in the installation site and the skew angle (assumed constant for
all the wind speeds). With this goal in mind, 14400 test cases, i.e. permutations of
a specific geometrical configuration (100 cases), a wind distribution (6 cases), load
system (3 cases) and a skew angle (8 cases), were tested and analyzed by means
of a specifically developed numerical code based on an improved Double Multiple
Streamtubes Blade Element Momentum (BEM) approach and able to account for the
skew angle effects.

2.2 Wind Distributions

According to the original study of Bianchini et al. [25] for a conventional aligned
flow, six annual wind profiles were considered during the design process.

More in detail, the general shape of a Rayleigh distribution (i.e. a Weibull distri-
bution having a constant shape factor equal to 2.0 [26]) was selected, whereas the
scale factor of the same was modified in each case in order to match an average wind
speed (Ū) increasing by one from 3 to 8 m/s. A constant cut-out velocity of 16 m/s
was imposed for safety reasons to all the tested rotors [25], based on the authors’
experience in small industrial Darrieus rotors. On the other hand, the cut-in speed
was directly calculated with the aerodynamic code for each rotor on the basis of its
aerodynamic behavior at low wind conditions: a variable cut-in speed between 2 and
3 m/s was measured in the tested rotors.

The wind profiles investigated in this study are shown in Fig. 1, in which the cut-in
and the cut-out limits are also displayed.

Fig. 1 Considered wind
distributions and turbine
operating ranges
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2.3 Design Variables and Test Plan

Since the possible design choices for a Darrieus rotor can be indeed very many, a
preliminary selection of some of them was needed in order to let the attention be
focused on the effects of a skewed flow. The followingmain assumptions were made:

• the H-Darrieus configuration (i.e. straight blades) was selected for all the rotors
(see Fig. 2) with a constant blade number N � 3, since it actually represents the
best compromise in terms of efficiency and structural solidity [27];

• a constant swept area of A � 4 m2 was considered. Such a value is somehow
representative of small urban wind turbines in terms of overall dimensions and
rated power (approximately 2 kW @ 14 m/s);

• blades were made of a NACA0018 airfoil along the entire span;
• two supporting struts for each bladewere applied,whose dimensionwas varied as a
function of the calculated structural stresses due to both the centrifugal component
and the aerodynamic loads [25].

Regarding the airfoil, it must be noticed that in the present study the selection
of the NACA0018 profile must be intended by the reader net of the virtual camber
correction [28]. In further detail, it is here assumed that each airfoil actually perform
like the NACA0018 in straight flow; as a result, the different turbines should be
manufactured in each case using conformally transformed airfoils (based on the
chord-to-radius ratio of the rotor) with inward concavity [29].

Some significant design parameters to be analyzed as a function of the attended
skewanglewere then chosen.According to the proposal of [21] and [25], the attention
was focused on:

• the height/diameter ratio (Φ = H/D);
• the chord/diameter ratio (ξ = c/D);
• the struts dimensions and shape.

Fig. 2 Schematic
description of a H-Darrieus
rotor including the main
design parameters
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The aerodynamic implications of these parameters have been discussed exten-
sively by [25] and are only briefly summarized here.

TheΦ ratio has a double effect in defining the features of the rotor. First, it can be
considered as a “shape factor” of the turbine, i.e. an indicator of the visual proportions
of the cylinder swept during the revolution. On the other hand, it is quite relevant in
defining the “aerodynamic requests” of the rotor, i.e. for a fixed swept area, low Φ

values are typical of a machine which needs to maximize D in order to increase the
peripheral speed. Conversely, high Φ values can be related to machines in which the
efficiency of the blade (i.e. high blade Aspect Ratios—Eq. 1) is preferred.

ARb � H

c
. (1)

The ξ ratio is instead an indicator of the solidity (σ ) of the rotor, being (Eq. 2):

σ � Nc

D
. (2)

Moreover, the ξ ratio can also suggests how the Reynolds number (Reb—Eq. 3)
needed for an efficient behavior of the airfoils is about to be obtained on the blades:
high values of ξ indeed indicate that the chord length is increased, whereas low ξ

values can be related to rotors in which the relative wind speed is increased by means
of an increase of the relative wind speed on the airfoil [21], as readily arguable upon
examination of conventional Eq. 4 applied in BEM models.

Reb � wc

ν
. (3)

w � �ωR + �U (1 − a) . (4)

The struts’ dimension and shape is finally of major importance for small H-
Darrieus rotors, since their parasitic torquemay substantially reduce the power output
[27]. Moreover, in case of skewed flow, they are subject to a non-null incidence, then
they even more directly contribute to the overall performance of the turbine.

Stated the above, Table 1 reports the test plan of the present study.
Finally, focusing on the boundary conditions in terms of loads applied to the

rotor, the three different configurations proposed by Bianchini et al. [25] were again
analyzed:

• CASE 1—Aerodynamics only: this configuration actually refers to an hypothet-
ical solution of a fully aerodynamic relationship between the geometrical features
of the rotor and the power performance (i.e. neither structural limitations nor the
parasitic torque of the struts are included). Although not feasible in reality, Case 1
results are particularly interesting since they allow one to define the aerodynamic
dependence on the different design parameters.

• CASE 2—Centrifugal load: a limitation on the centrifugal stress acting on the
blades was added as a function of the optimal design rotational speed.
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Table 1 Test plan of the present study

Parameter Value/range

Φ � H/D 0.2–0.4–0.6–0.8–1.0–1.2–1.4–1.6–1.8–2.0

ξ � c/D 0.005–0.010–0.015–0.020–0.040–0.060–0.080–0.100–0.150–0.200

A 4.0 (m2)

Airfoil NACA0018

Ū 3–4–5–6–7–8 (m/s)

Constraints aerodynamics only—centrifugal load—struts’ parasitic torque

Skew angle (γ) 0–5–10–15–20–25–30–35 (deg)

• CASE 3—Strut parasitic torque: in this latter configuration, both a limitation on
the centrifugal stresses and strut dimensions variable as a function of the rotational
speed were included. The resistant torque of the struts was also taken into account.

The structural characteristics of the rotors can indeed be extremely variable in
dependence on the design, the material and the manufacturing technology. A mul-
tivariate analysis on these aspects is outside of the scopes of the present study. In
order to provide a realistic estimation of the structural loads, however, a manufac-
turing technology based on extruded aluminium blades with a hollowed section was
considered, utilizing real data on both the maximum centrifugal stress and the maxi-
mummechanical stress on the struts available from previous design experience [30].
In detail, in Case 2 the cut-out speed of the turbine was calculated in each case-study
based on the hypothesis that the maximum centrifugal stress at the middle of the
blade (where the maximum displacement is located) would not exceed a fixed stress
limit (Eq. 5).

ςb � Fb

Ares_b
� mbω

2R

Ares_b
≤ ςlim _b (5)

where Ares_b is a conventional resistance area which takes into account the structure
of the stiffeners inside the airfoil. In particular, all the airfoils were reproduced with a
hollowed section having a constant skin thickness (3 mm) and three, equally spaced,
rectangular stiffeners perpendicular to the chord of variable thickness; moreover, the
trailing edge was considered as solid with a fillet radius increasing proportionally to
the chord of the blade (Fig. 3).

Fig. 3 Hypothesized blade
manufacturing solution
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In addition, inCase 3 even the dimensions of the two struts per bladeweremodified
from one configuration to another in order to satisfy the stress limit of the blades due
to the centrifugal force (Eq. 6).

ςST � FST

Ares_ST
� 1

NST

mbω
2R

Ares_ST
≤ ςlim _ST (6)

It is worth remarking that the load case considered in Eq. 6 takes into account
only the tensile stresses generated by the centripetal acceleration of the rotor. In the
authors’ experience [31], this load condition is quite realistic for small-size rotors
(i.e. with a swept area up to 4–5m2). In this work, the bending stresseswere neglected
but a more accurate description of their influence will be carried out in future works.

Finally, regarding the strut shape, a constant designwas figured out, corresponding
for simplicity to the same airfoil (i.e. NACA0018) of the blades.

2.4 Simulation Code and Skewed Flow Model

Performance simulations were carried out with the VARDAR code of the Depart-
ment of Industrial Engineering of the University of Florence. The code has been
specifically developed for H-Darrieus wind turbines using an improved version of a
Double Multiple Streamtubes Approach with Variable Interference Factors [11, 32]
embedded with some advanced routines to account for the main secondary and par-
asitic effects [30], including different dynamic stall models [33] and tip-losses. The
prediction capabilities of the VARDAR code have been validated with several test
campaigns in the wind tunnel on 1:1 models of H-Darrieus rotors. The code was able
to correctly predict both the power curves at different wind speeds and the starting
ramps of rotors with two or three blades, either straight or helix-shaped. Further
details on the code, its validation and main features can be found by the reader in
[21, 28, 30, 33]. In particular, the code includes two original sub-models which were
pivotal for the present analysis. The first one is the model for the performance analy-
sis in skewed flow conditions, that has been validated by some of the authors against
experimental data in [15, 17], obtaining notable agreement as testified by Fig. 4
which reports the comparison of model predictions with the data of Ferreira et al.
[16] (Fig. 4a) and Bianchini et al. [17] (Fig. 4b), respectively. For brevity reasons, all
the theoretical assumptions of the model and their implementation within the BEM
theory cannot be reported here but can be found by the reader in [17].

It is however mandatory to briefly summarize here the mail model characteristics:

• the aerodynamic performance of the rotor in skewed flow is directly simulated (no
a posteriori correction);

• the cross-flow principle is applied [34], i.e. the wind speed component which
actually contributes to the creation of the lift and drag forces on the airfoils is the
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Fig. 4 Validation of the theoretical model for skewed flow conditions against: a experiments by
[16]; b experiments by Bianchini et al. [17]

Fig. 5 Theoretical turbine schematization in the skewed flow model (from [17])

only projection of the absolute wind speed on the direction orthogonal to the blade
span (i.e. a function of the cosine of the skew angle);

• the increase of the turbine equivalent swept area is considered as in Fig. 5a;
• the turbine is divided into five sectors, in each of which the blade-flow interaction
changes as a function of the azimuthal position, i.e. the turbine works either in a
multitubes-like or a double-multitubes-like way (Fig. 5b).

The second important module of the VARDAR code was represented by the
routine for the calculation of the resistant torque of the struts. Indeed, some of the
authors recently developed a model for the estimation of this contribution in case
of aligned flow [35], which provided a very accurate estimation in comparison to
experiments. In case of a skewed flow, however, the model needed a further update
since the skew angle may in fact lead to a non-negligible contribution (even a positive
one) by the airfoil-shaped struts. To this end, the original model—in which the
induced aerodynamic drag of the strut section during the revolution is thought to be
given by the projection of the relative speed (variable with the radius and calculated
with a multitubes BEM approach for each azimuthal position) on the tangential
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Fig. 6 Theoretical model for the calculation of the torque of the struts in skewed flow

direction [35]—was here modified to reconstruct in each azimuthal position the
velocity triangle on the strut at different span sections of the same (Fig. 6a). Under
these hypotheses, the incidence angle on the strut (Fig. 6b)—at which the lift and
drag coefficients of the strut itself are considered—is given for a generic azimuthal
position ϑ and span section j by Eq. 7 (Fig. 6c):

tan α j � U sin γ

ωr j +U cos γ cosϑ
(7)

This new model was also validated against experimental data. In particular, the
results of [15] were used, where the struts of a H-Darrieus turbine, made exactly of
a NACA0018 airfoil, were tested in the wind tunnel for different skew angles. As
an example, Fig. 7 reports the comparison between the measured torque (reported in
a dimensionless form to preserve the non-disclosure agreement with the industrial
partner of the activity) of the six struts (two per blade)—in case of either aligned or
skewed flow (γ � 10°)—and the numerical model for the same skew angle. Upon
examination of the figure, good agreement can be appreciated between simulations
and experiments. In particular, the new model was able to properly estimate the
mitigation of the parasitic torque in case of a moderate skew angle in comparison to
the original values in aligned flow. Finally, it has also to be noted that, in case of a
skewed flow, lower struts (struts are considered applied to the blade ends) partially
shadow a portion of the blade span. For simplicity, it was here considered that the
active span of the blades is directly reduced by the projection of the strut length on
the span at each azimuthal position.
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Fig. 7 Validation of the new
model for the resistant torque
of the struts in skewed flow

2.5 Data Reduction

The VARDAR code provided the attended power coefficient of each configuration
at all the wind speeds within the rage from the cut-in (variable) to the cut-out (fixed)
limits.

The rated power coefficient at each wind speed was conservatively evaluated in
correspondence with the calculated performance 0.2 points of TSR after the peak
of the operating curve [25]. It is also worth noticing that the cut-in speed was set to
the wind speed for which a positive power coefficient was obtained. For each wind
distribution in the site (i.e. for each average wind speed), performance maps were
created [21], each of which contained the overall energy conversion efficiency (ηen)
of the specific rotor, defined as in Eqs. 8 and 9.

ηen �
∑cut−out

u�cut−in cP (u) · u3 · T (u)
∑cut−out

u�cut−in u
3 · T (u) (8)

T (u) � f (u) · 8760. (9)

As one may notice, the energy conversion efficiency (ηen) was defined as the ratio
between the annual energy yield of the turbine over the year (i.e. the real extracted
power at each wind speed multiplied by the time fraction—in hours—during which
that wind blows T(u)) and the theoretical energy contained in the wind itself. Based
on its definition, ηen differs from the classical power coefficient and allows one to
simultaneously take into account both the efficiency of the turbine at all the wind
speeds expected over the year and the effects related to the starting and resistance
capabilities of the rotor (due to the variable cut-in and cut-out velocities considered).

A typical energy efficiencymap is shown in Fig. 8 (e.g. Ū � 6m/s, γ � 5°, Case 3).
A linear interpolation was performed between the calculated points (see Table 1)

in order to more sharply outline the contours. An optimum-design zone (white-
colored in the figure) can be typically distinguished in the bottom side, where the
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Fig. 8 Sample energy
efficiency map (Ū � 6 m/s,
γ � 5°, Case 3)

combination of the Φ and ξ parameters ensures the best compromise in terms of
functioning Reynolds numbers on the airfoil (high peripheral speed and chord) and
efficiency of the blades (high Aspect Ratio). Moreover, one can also notice that the
efficiency is almost zero in the left side of the map, where the very small chords
remarkably reduce the lift generation, and becomes lower also in the right-bottom
corner of the map, where the turbine height tends to zero.

Within each map, a numerical identification of the maximum was performed,
with the constraints of neglecting design solutions which imply blade Aspect Ratios
lower than 5 (too high tip effects, not adequately modeled by the code) or higher
than 35 (too slender blades [25]). This procedure finally led to the definition of the
geometrical features of the rotor able to provide the best energy harvesting over a
year for the attended load case, average wind speed and skew angle in the site.

3 Results and Discussion

The variation trends describing the dependence of the optimal values of the most
relevant design parameters on the average wind speed for the investigated configura-
tions in Case 1 are presented in Fig. 9. In the figure, the left-hand side charts refer to
an aligned flow condition (γ � 0°), while the right-hand side ones report the results in
case the oncoming wind is inclined by a constant skew angle γ � 10° with respect to
a plane orthogonal to the rotor axis. For brevity reasons, this latter condition was here
taken as representative of the modifications induced by the skewed-flow conditions
on the turbine design for each load case.

Focusing first on the baseline case with no skew, it can be noticed that the same
trends originally described by [25] were here confirmed. In particular, when the
average wind speed in the site increases, the best solidity decreases constantly and
the Aspect Ratio rises significantly. Focusing on the dimensional parameters, the
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Fig. 9 Optimal trends of the relevant design parameters of the turbine as a function of the average
wind speed in the site in Case 1: a comparison between designs in aligned or skewed (γ � 10°)
flow

blade chord decreases by increasing the average wind speed (with a steeper trend for
medium-low Ū and a flatter trend with an increased Ū), whereas the turbine diameter
and height have an opposite trend with a decrease and an increase in the first part,
respectively, followed by a fairly constant trend in the second part. Analyzing the
aerodynamic implications of these trends, it is worth pointing out that, when the
average wind velocity experienced by the turbine is low (left side of the plots),
the best design is that ensuring the highest local Reynolds numbers on the blade
by means of the geometrical proportions. As a consequence, the chord values are
maximized (Eq. 3) at low wind speeds and then the solidity values are high (Eq. 2).
By increasing the average wind speed, the relative velocities experienced by the
blades are increased, mitigating the dependence on the Reynolds number, even if the
chords are reduced. For the highest average wind velocities, the further increased
Reynolds number allows a reduction of the diameter, coupled with a simultaneous
increase of the turbine height, which ensures higher Aspect Ratios (AR � H/c), i.e.
more efficient blades [11].

Focusing now on the same trends in case of a skewed flow, it is first apparent that
they are generally less pronounced. The overall decrease of the solidity—mainly
connected to the reduction of the chord—as a function of the average wind speed
is still distinguishable, confirming the strong dependence of the aerodynamic on
the local Reynolds number on the blades. However, it can be noted that as soon as
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Fig. 10 Optimal trends of the relevant design parameters of the turbine as a function of the skew
angle in Case 1 (Ū � 6 m/s)

the Reynolds number implications become less demanding (approximately starting
from average wind speeds higher than 6 m/s), the optimal design solution suddenly
becomes independent on the average wind speed. In these conditions, the optimal
design is defined by the maximization of the skewed flow effects. In particular,
comparing the optimum design configurations with their homologous ones in aligned
flow, it can be noticed that:

• larger diameters are preferable, since they maximize the increase of the swept area
(see Fig. 4), i.e. the wind flow “captured” by the turbine [16];

• the upper limit in the maximization of the diameter is of course imposed by a
balance with the blade efficiency loss due to tip-effects (function of the blade
Aspect Ratio), which sets out the minimum blade height;

• for a given average wind speed, the larger diameters increase the peripheral speed
and then the blade Reynolds numbers with respect to the same cases in aligned
flow. As a result, chords can be generally shorter, mitigating the problems in terms
of reduced blade AR;

• as a consequence of the above, the optimal rotors in skewed flow are generally
characterized by lower solidities with respect to the aligned-flow cases.

If the above comparison of design trends between aligned and skewed flow con-
ditions can be considered of general validity, it is also interesting to analyze the
dependence of the same parameters on the skew angle, reported in Fig. 10. Upon
examination of the figure, it is apparent that:

• the modifications induced by the skewed flow strongly affect the design of the
rotor as soon as the skew angle reaches approximately γ � 10°;

• beyond that value, the optimal design remains more or less constant (even if the
discussed trends are still slightly visible). This is again due to the fact that a further
diameter increase to exploit the skew angle would dramatically reduce the AR of
the blades (the reader has to remember that the optimization was carried out for a
fixed swept area);
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Fig. 11 Optimal trends of the relevant design parameters of the turbine as a function of the average
wind speed in the site in Case 2: a comparison between designs in aligned or skewed (γ � 10°)
flow

• on the other hand, when the skew angle becomes too large (i.e. approximately
beyond γ � 30°), the trends are suddenly inverted. In this condition, the reduction
of the relative speed on the blades induced by the decreased active component
of the wind speed [16] indeed again poses problems connected to the Reynolds
number conditions and then to blade efficiency. Moreover, as discussed by [16],
if the Φ ratio is too low, part of the wind can pass through the rotor without
interacting with the blades;

• as a result, for high skew angles, the optimalΦ ratios re-start increasing (in reason
of an increase of the turbine height) together with blade AR, ensuring a recovery
of the aerodynamic efficiency of the same. The diameters are accordingly slightly
reduced.

The results obtained from Case 1 are very useful to comprehend the aerodynamic
trends; structural constraints like the centrifugal load have, however, relevant impact
on the best design compromise of amachine. To this end, Fig. 11 reports the results of
the investigation on the study-cases in Case 2, in which a jlim_b (Eq. 6) of 90 N/mm2

was considered [17]. As already noticed by [25], the introduction of a limit on the
centrifugal stresses (i.e. on the combination of the peripheral speed of the rotor and
the blade mass, mainly dependent on the chord) remarkably modifies the optimal
design of the turbine.
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Focusing first on the aligned-flow case, it can be noticed that, when the aver-
age wind velocities are low (i.e. 3–4 m/s), the structural constraints slightly affect
the definition of the best design parameters with respect to Case 1; the operating
rotational speeds at these wind velocities are indeed low and the resulting centrifu-
gal loads do not exceed the structural limits. As soon as the average wind speed
increases, however, the reduction of the solidity with the average wind speed noticed
in Case 1 ceases (an almost constant value is reached). To respect the limits on the
centrifugal stresses, the revolution speed of the turbine has to be decreased (the cen-
trifugal stresses have indeed a quadratic dependence on the revolution speed). To
do so, the optimal chords increase once again together with the diameter: the best
compromise in terms of energy-yield capabilities in fact comes from a reduction
of the peak efficiency of the turbine (high solidity and lower AR) which, however,
ensures a reduction of the operating rotational regime [11, 27] and then a mitigation
of centrifugal loads.

Focusing instead on the trends in case of a skewed flow, it is apparent that in this
case the introduction of a limit on the centrifugal stresses did not modified the design
configurations highlighted in Case 1. As discussed, the effects of the skewed flow
had already modified the shape of the rotor in the sense of an increase of the diameter
to exploit the increased swept area of the machine: the optimal configurations were
then already characterized by lower optimal tip-speed ratios.

Moreover, the centrifugal stresses in case of a skewed flow can also take advantage
from a general reduction of the chords (i.e. of the blade mass) allowed by both the
larger diameters and the need of partially recover the blade efficiency through an
increase of the AR.

According to Case 1, Fig. 12 finally reports the variation of the optimal design
ad a function of the skew angle. Even if the absolute values are slightly modified
with respect to Case 1 (e.g. for Ū � 5 m/s), the same considerations are still valid
here, highlighting like—in a general scenario where the diameters are increased to
ensure the maximum exploitation of the skewed flow effects in terms of major wind
captation—for higher skew angles, the optimalΦ ratios re-start increasing (in reason
of an increase of the turbine height) together with blade AR, ensuring a recovery of
the aerodynamic efficiency of the same.

Focusing finally on a real-type machine, a further constraint must be included in
the identification of the best design trends: the parasitic torque of the struts is, in fact,
a key element in defining both the peak efficiency of the machine and its functioning
behavior at different wind speeds. In Fig. 13 the optimum design trends in Case 3
are then presented.

Upon examination of Fig. 13, some interesting remarks on the effect of the para-
sitic torque can be made. Focusing first on the aligned-flow condition, remembering
that the parasitic torque generated by the rotating structures in this case does not
contribute to the torque and has a quadratic dependence on the rotational speed of
the rotor and a lighter and more complex dependence on the wind velocity, one can
notice that:
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Fig. 12 Optimal trends of the relevant design parameters of the turbine as a function of the skew
angle in Case 2 (Ū � 6 m/s)

Fig. 13 Optimal trends of the relevant design parameters of the turbine as a function of the average
wind speed in the site in Case 3: a comparison between designs in aligned or skewed (γ � 10°)
flow

• the trends of the design parameters as a function of the average wind speed are
now flattened. The best design solutions collapse in those configurations which
minimize the contribution of the parasitic components;

• as a result, optimal geometries are characterized by higher diameters with respect
to Case 2 (and, consequently, lower heights) in order to reduce the operating
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Fig. 14 Optimal trends of the relevant design parameters of the turbine as a function of the skew
angle in Case 3 (Ū � 6 m/s)

revolution speed of the rotor by means of an increase of the peripheral speed (see
Eq. 4).

Moving now on the skewed-flow case (γ � 10°), it is readily noticeable that the
application of all the constraints lead to the definition of a rotor geometry which is
definitely independent on the average wind speed. As discussed, diameters larger
than those expected in aligned flow are preferable, since they maximize the increase
of the wind flow “captured” by the turbine; this tendency—yet discussed for both
previous load cases—is even more marked here, since the airfoil-shaped struts are
even able to provide a slightly positive contribution to the final torque in some cases.
Once again, it is here hypothesized that the upper limit in the maximization of the
diameter is imposed by a balance with the blade efficiency loss due to tip effects
(function of the blade Aspect Ratio), which defines the minimum values for the
blade height and chord length.

Focusing on the variation trends as a function of the skew angle (Fig. 14), the
overall trends are again confirmed, even if a general flattening of the same is again
noticeable. It is also interesting to point out that a general reduction of blade chord
can be noticed here with respect to Case 2. This trend has to be related to the fact
that the strut dimensions are directly proportional to the mass of the blades, i.e. to
the chord. By reducing it, the use of thinner struts is therefore enabled, with a direct
benefit in terms of parasitic component reduction.

As a final remark on the best design trends, Fig. 15 reports the variation as a
function of the attended skew angle of the diameter (which was identified as the
leading variable in case of skewed flow) in the three load cases and for two different
mean wind speeds. Upon examination of the figure, it is apparent that—for low wind
speeds (Fig. 15a)—the use of larger diameters for low skew angles is preferable in
order to bypass too low blade Reynolds numbers. Moreover, the introduction of the
strut torque makes the optimal diameter increase even further for moderate skew
angles, where the positive effect of the airfoil-shaped struts can be maximized.



184 A. Bianchini et al.

Fig. 15 Optimal turbine diameter as a function of the skew angle in the three investigated load
cases: a Ū � 3 m/s; b Ū � 6 m/s

Fig. 16 Average wind speed Ū � 6 m/s: a efficiency of energy conversion of the most efficient
rotor at each attended skew angle; b variation of the energy yield between the optimized rotor at
each skew angle and the original rotor designed for working in aligned flow

If the results presented so far mainly focused the attention on the design features
of the optimal rotors as a function of the attended working conditions (in terms of
wind speed and skew angle), focus must be given finally to the real benefits offered
by the proposed design strategy in terms of energy yield. It should be remembered
that the enhancement of the actual energy production is indeed the only way to make
Darrieus rotors somehow competitivewithHAWTs.With reference to Case 3 (i.e. the
most realistic one, considered fully representative of a real-life design), two different
analyses were carried out, and whose main outcomes are reported in Fig. 16.

In particular, Fig. 16a compares—for a representative wind distribution having
Ū � 6 m/s—the energy conversion efficiency (i.e. the actual energy yield) for the
most efficient rotor at each skew angle. It is apparent that the intrinsic capability
of H-Darrieus rotors to take advantage from moderately skewed flows (up to 30°)
can lead to notable increases of their producibility: for an attended skew angle of
20°, the increase of energy conversion with respect to the aligned flow case was
estimated in approximately +40% (ηen@20° � 0.339 vs. ηen@0° � 0.242). Beyond
the limit value of γ � 30°, a decrease of energy conversion was instead noticed
(approximately −9%).
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Figure 16b conversely reports the difference in terms of actual energy yield
between the rotor optimized for an aligned flow and the optimal one at each skew
angle. This second analysis is indeed representative on how much a design strat-
egy oriented at maximizing the exploitation of the skewed effects can improve the
performance of a H-Darrieus rotor.

It can be noted indeed that, even if also the baseline configuration at γ � 0° is
able to somehow perform better in skewed flow, a rotor specifically optimized to
work at that specific skew angle can provide additional benefits in terms of energy
production (up to +20% at γ � 20°).

Described results are thought of particular interest for future applications of
H-Darrieus turbines in the urban environment, with particular reference to rooftop
installations, in which the attended skew angle can be reasonably considered
constant and a priori estimated upon analysis of the surrounding environment [9].

4 Conclusions

In the present study, a numerical analysis has been carried out to define the potential
benefits of a design process for H-Darrieus rotors oriented to the optimization of
the annual energy yield as a function of the average wind speed and the attended
skew angle in the installation site. In particular, on the basis of six Rayleigh wind
distributions with different average wind speeds and seven skew angles (from 0° to
35°), 14400 test cases were tested and compared.

In terms of energy yield capabilities, the results showed that:

• the intrinsic capability of H-Darrieus rotors to take advantage from moderately
skewed flows can lead to notable increases of their producibility: for an attended
skew angle of 20°, the increase of energy conversion with respect to the aligned
flowcasewas estimated in approximately+40%.Beyond the limit value ofγ �30°,
a decrease of energy conversion was instead noticed (approximately −9%);

• a rotor specifically optimized to work at a prescribed specific skew angle can
provide additional benefits in terms of energy production (up to +20% at γ � 20°)
with respect to the rotor originally optimized for aligned flow (which, however,
also performs better in skewed flow).

Focusing instead on the design parameters, the optimal design solution in skewed
flow was shown to be fairly independent on the average wind speed. In these con-
ditions, the optimal design is in fact defined by the maximization of the skewed
flow effects. In particular, comparing the optimum design configurations with their
homologous ones in aligned slow, it can be noticed that:

• larger diameters are preferable, since theymaximize the increase of the swept area,
i.e. the wind flow “captured” by the turbine;
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• the upper limit in the maximization of the diameter is imposed by a balance with
the blade efficiency loss due to tip effects (function of the blade Aspect Ratio),
which defines the minimum blade height;

• for a given average wind speed, the larger diameters increase the peripheral speed
and then the blade Reynolds numbers with respect to the same cases in aligned
flow. As a result, the chord can be generally shorter, mitigating the problems in
terms of reduced blade AR;

• as a consequence of the above, the optimal rotors in skewed flow are generally
characterized by lower solidities with respect to the aligned-flow cases.

Finally, it is worth pointing out that aforementioned results can be thought of
particular interest for future applications of H-Darrieus turbines in the urban envi-
ronment, with particular reference to rooftop installations, in which the attended
skew angle can be reasonably considered constant and a priori estimated upon anal-
ysis of the surrounding environment. In these conditions, a wind turbine specifically
conceived to work under skewed flow can provide substantial increases of the energy
yield, becoming then competitive with horizontal-axis wind turbines, which instead
suffer from a constant performance decrease in skewed/yawed flow conditions.
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Numerical and Experimental Comparison of
Performance of Two Stage and Helical
Savonius Wind Turbines

L. Brito Kothe and A. Prisco Petry

Abstract This paper presents a numerical and experimental comparison of vertical
axis wind turbine involving two stage and helical Savonius rotors. The experimental
study is conducted in the Aerodynamic Tunnel Professor Debi Pada Sadhu at the
Fluid Mechanics Laboratory of the UFRGS. The rotors are manufactured by 3D
prototyping technique. The numerical simulations are performed using the Finite
Volumes Method. The dynamic torque coefficient, power coefficient, and an aerody-
namic analysis of the two turbines are compared for tip speed ratios (λ) between 0.2
and 0.8. The torque and power coefficients of the helical turbine are higher than the
two stage turbine formost cases. The helical turbine shows less torque variation along
each rotation when compared with the two stage turbine. The differences between
the numerical and experimental values obtained are between 6.17 and 13.3% for the
two stage turbine and between 2.34 and 13.11% for the helical turbine.

Keywords Vertical axis wind turbines · Numerical study · Experimental study

Nomenclature

A Area, m2

c Chord, m
CP Power coefficient
CT Torque coefficient
dh Hole diameter, m
db Bucket diameter, m
e Thickness, m
epe Thickness of the buckets, m
F Force, N
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g Gravity, m/s2

h1 Turbine stage height, m
h2 Thickness of the intermediate plate, m
k Turbulent kinetic energy, J/kg
mBALANCE Balance mass, kg
mLOAD Load mass, kg
P Power, W
r Rotor radius, m
rt Total radius, m
rSHAFT Shaft radius, m
Re Reynolds number
s Overlap, m
tSTRING String thickness, m
T Moment, N·m
Vo Undisturbed air flow velocity, m/s
u Velocity flow, m/s
u′ Velocity fluctuation, m/s
ū Average velocity, m/s
Δt Time step, s
Δθ Angular step, °
μ Air dynamic viscosity, kg/(m·s)
ν Air kinematic viscosity, m2/s
θ Angular position, °
ρ Atmospheric air density, kg/m3

λ Tip speed ratio of the rotor
ω Specific turbulence dissipation rate, s−1

ωo Angular velocity, rad/s
τ Reynolds stress

1 Introduction

Responsible to transform the kinetic energy of wind in mechanical energy, the wind
turbines has become a major means of alternative and renewable energy production
in order to reduce environmental pollution and exhaustion of non-renewable sources.
These types of turbines can be classified into horizontal and vertical axis. The purpose
of this article is to study a vertical axis wind turbine, which it is emphasized the
Savonius type, presenting a simple construction when compared with other types
[1].

The Savonius rotor type, invention patented by Sigurd J. Savonius in 1920,
presents a vertical axis, where its original formatting had the blades in a S-shaped
form placed along the axis which the rotation occurs mainly due to the drag force
provided by the wind in its concave and convex buckets [2]. Initially, this type of
rotor is commonly used for pumping stations and driving force due to its high torque
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developed and low angular velocity. However, changes such as an increase in its
aspect ratio can be made, providing higher velocity and increasing generation of
power [3–5], especially when the cost is more important than efficiency, also could
be installed in combination with other types of turbines or other types of generation,
such as photovoltaic cell. This type of small turbines can be used in places such as
homes, commercial farms and buildings which can cover part or all of the energy
required. Another advantage of this type of turbine is the suitability to operate in
urban centers due to the ability to take advantage of the winds with large and fast
direction changes [4, 6].

In the literature it is possible to find experimental and numerical studies seeking
to represent and optimize the main features of this type of turbine. For conventional
Savonius rotors, studieswere performed to analyze performance coefficients, varying
characteristics such numbers of stages, aspect ratios and overlap ratio. Fujisawa [3]
conducted an experimental study with a comparison between different overlap ratio
for a rotor with and without rotation. For the static torque, the performance was
improved by increasing of overlap ratio, especially on the return bucket due to the
effect of pressure recovery by flow through this overlap. For the rotation rotor the
peak values of the torque and power coefficients was achieved for an overlap ratio of
0.15. Saha et al. [4] conducted tests in a wind tunnel to get results on the aerodynamic
performance of rotor with one, two and three stages. The authors mixed the format
of the buckets between semicircular and twist, the number of buckets and the use
of valves on the buckets. The main observations of the authors is that the optimal
number of buckets found has two, both for one, two or three stages. Two stage rotors
had higher power coefficients with respect to one and three stage rotors.

In recent years, computational solutions were used by authors such as [7, 8].
Menet and Bourabaa [7] checked the behavior of a rotor for Reynolds values between
1 × 105 and 5 × 105. For this range of values, there is an increase in performance
coefficients for almost the entire range,with the highest values obtained for the largest
Reynolds values. Akwa et al. [8] simulated Savonius rotors with different overlap
ratio using the Reynolds Averaged Navier-Stokes equations methodology (RANS)
and turbulence model SST k-ω. Among the analyzed settings, the best performance
was obtained for 0.15 which a power coefficient of 0.3161 for a tip speed ratio (λ)
of 1.25. According to the authors, a space between the buckets permits the passage
of air from the forward to return bucket, increasing the pressure of the back side of
concave bucket and reducing drag force on this part of the rotor.

In view to improve the performance of Savonius turbines, seeking greater uni-
formity in torque, some authors [6, 9–12] proposed the study of a helical Savonius
turbine with a twist along its vertical axis. According to [6], the 180° twist buckets
provides more uniformity in the coefficient of dynamic torque of the turbine and less
oscillatory behavior of the torque. Kamoji et al. [9] presented results indicating that
the helical rotors have positive static torque coefficient for every rotor angle.

According to published studies, it was possible to verify that the performance of
Savonius rotors can be improved. It was observed also discrepancies between numer-
ical and experimental results due the differences found between the used method-
ologies. In this paper was presented a comparative study between the numerical
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Table 1 Chosen parameters for the turbines

Parameters Two stage dimensions (mm) Helical dimensions (mm)

D 95.0 95.0

H 380.0 380.0

df 4.5 4.5

dpe 104.5 104.5

epe 7.5 7.5

e 5.0 5.0

h1 187.5 –

h2 5.0 –

c 51.35 51.35

s 7.7 7.7

and experimental analysis on the performance of a helical and two stage Savonius
turbines.

2 Methodology

2.1 Wind Turbine Models

For the comparison be performed numerically and experimentally it is necessary to
maintain the same characteristics, such as height, diameter, overlap ratio and size of
the end plates. The both turbines are first designed by a 3D CAD software and then
is manufactured through 3D prototyping. The numerical simulations are performed
with the same geometry created by 3D CAD.

Figure 1 shown a comparison of the dimensions of Savonius turbines. The height
is 0.380 m, the rotor diameter is 0.095 m and the thickness of the buckets is 0.005 m,
so that the maximum frontal area projected by the rotor is 0.0361 m2, not requiring
blockage effect correction as the cross-sectional area of the test section has 1 m2.
The buckets have an overlap of 15%. According to Akwa [13], overlaps with values
between 10 and 30% of the chord give good results for the average power ratio in
operation. In Table 1 are described all the parameters necessary for manufacturing.

The diameter of the end plates is 0.1045 m, and their thickness is 0.0075 m.
According to Akwa [13], end plates improves the aerodynamic performance of the
rotor, because its presence prevents air leakage in the concave part of the buckets
to the external flow, while maintaining the differential pressure in the concave and
convex parts of bucket.

The aspect ratio for these turbines is 4.0. According to Alexander and Holownia
[14], high aspect ratios should improve efficiency.
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Fig. 1 Two stage (left) and helical (right) Savonius rotor

2.2 Numerical Methodology

Numerical simulations of the Savonius rotors are performed in the commercial soft-
ware Fluent/Ansys using Finite Volumes Method. Finite Volumes Method uses the
integral form of the conservation equations as its starting point [15]. The solution
domain is divided into a finite number of adjacent control volumes, and the conserva-
tion equations are applied to each control volume. An algebraic equation is obtained
for each volume control that is solved iteratively for each volume [16]. The mass
conservation equations and linear momentum are solved by the Reynolds Averaged
Navier-Stokes (RANS) equations.

Reynolds decomposition consisting in decomposes a scalar or vector variable in
a medium temporal part and another as floating part, as Eq. 1 [17]. It is possible to
make a replacement in the principle of mass conservation, Eq. 2:

u(t) � ū + f̄ (�x, t) (1)

∂ ūi
∂xi

� 0 (2)
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For a given notation, with Reynolds decomposition for velocity and pressure by
the momentum principle, the balance equation of momentum is obtained as Eq. 3:

∂ ūi
∂t

+ ū j
∂ ūi
∂x j

� − 1

ρ

∂ p̄

∂xi
+ ν

∂2ūi
∂x j∂x j

− ∂

∂x j
u′
i u

′
j (3)

The tensor correlations described by (u′
i u

′
j ), composes the Reynolds stress tensor,

which is a symmetric tensor and can be expressed by (Eq. 4):

−ρu′
i u

′
j (4)

According to [17], the Reynolds stress represents the reciprocal of fluids due to
the presence of fluctuations, and not due to the proper tensor. Its increase in Reynolds
equation generates a closure problem caused when there are more unknowns than
equations. To solve this problem, turbulence models are used. For this paper is used
the turbulence model SST k-ω.

For the time step value in each case it is used the Eq. 5:


t � 
θπ

180◦ωo
(5)

2.2.1 Computational Domain

The simulations with stationary turbine, which are used for obtaining the evaluation
of mesh quality, are steady and three-dimensional. The simulations with rotating
turbine are transient, three-dimensional, with a turbulent length scale of 0.07 m and
using a turbulence intensity of 2%. The simulated tip speed ratios are 0.2, 0.35, 0.5,
0.65 and 0.8. For each case is used three complete turns of the turbine and an angular
displacement (
θ) of 2.5°.

The computational domain and the boundary conditions are presented in Fig. 2.
The length of the computational domain is 6mand its cross area is 1m2. The turbine is
located downstream2mof the inlet region. The computational domain is based on the
aerodynamic tunnel dimensions used for the experimental tests. The interface region
includes the simulated turbine located at the center. Thus it is possible to impose
an angular velocity in the turbine without changing the prescribed velocity inlet.
The convergence criterions used in the solutions are 10−4 for the steady simulations
and 10−5 for transient simulations. The boundary condition at the inlet region has a
velocity of 7.6 m/s. For the outlet region was considered pressure outlet.

The Reynolds number is calculated from Eq. (6):

Re � ρDVo

μ
(6)
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Fig. 2 Computational domain

For D being the rotor diameter and Vo the undisturbed flow velocity, providing a
Reynolds number of 49,640 for a temperature of 15 °C.

2.3 Experimental Methodology

Experimental tests are performed in the open circuit aerodynamic tunnel at the Fluid
Mechanics Laboratory of the UFRGS.

With the support of the Information Technology Center Renato Archer, the mod-
els are produced in polyamide (nylon), a material that has good strength, by a laser
printer—Fig. 1 as described in Sect. 2.1. Due to small imperfections in the printed
form, it is performed a post process with the application of rubbing compound, sand-
ing and painting process. Figure 3a shows the turbine before and after the finishing
process. Figure 3b shows the support for fixing the turbine in the aerodynamic tunnel.
The support consists in a vertical wooden pole with two horizontal bars, one upper
and one lower, which are cable-stayed at the top and bottom of the tunnel in order to
reduce vibrations due to the flow. Each bar has a rolling bearing, a shaft attached to
the bearing and an attached disk in the shaft end. Between these two discs is that the
turbine is located. To reduce the flow interference in the turbine, the support bracket
is attached on the side wall of the aerodynamic tunnel.

The tests are performed for an inlet velocity of 7.6m/s at the voltage source inverter
set to 40 Hz. The inlet velocity is checked by a Pitot tube situated in the test section
upstream of 0.5 m. The turbine rotation is measured with a digital photo-tachometer,
model MDT 2244B. This instrument operates in a range of 2.5–99,999 rpm and has
an accuracy of ±(0.05% + 1D).

Due to the need for more results, it has been proposed to manufacture a simplified
dynamic torquewrench similar to that used by [5, 11]. For the assembly of the system
is necessary: a string, a digital balance, a pulley and different portions of weights.
The operating principle is to create a contact between the string and the axis of the
turbine. Attached to one end of the string is a digital balance, with 5 g resolution.
On the other side, the string pass by a pulley and go down to an outside region of the
aerodynamic tunnel where this tip will be placed loads to function as a brake. Each
load is weighed before the test in a digital precision balance, with 0.1 g resolution.
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Fig. 3 Savonius helical turbine model: a printed model and b support

With the rotor in operation, the rotation of the rotor will pull a load on the digital
balance, and thus, the resultant force (F) on the shaft can be calculated by Eq. (7).

F � (mBALANCE − mLOAD) g (7)

where mBALANCE is the mass measured in the balance; mLOAD is the mass of the load
hanging on the string and g is the gravity. To determine the dynamic torque (T ),
Eq. (8), a multiplication of the resultant force by the radius (r) of the shaft is made,
the rotor radius is given by r � rSHAFT + tSTRING where rSHAFT is the radius of the
shaft with 0.005 m and tSTRING is the string thickness which has 0.0022 m.

T � F · r (8)

At the moment when the turbine is rotating it is necessary to measure the angular
velocity (ωo) to determine the tip speed ratio and the estimated power as described
in Eq. (9):

P � T · ωo (9)

Torque coefficient (CT ) and power coefficient (CP) are determined by the Eq. (10)
and Eq. (11), respectively.

CT � T
1
2ρAV

2
o r

(10)
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Vo

Fig. 4 Dynamic torque wrench scheme

CP � Tω
1
2ρAV

3
o

(11)

In Fig. 4 a schematic picture of the photo tachometer and the system with the
digital balance, string, pulley and load is displayed.

A more accurate method for estimating the uncertainty of results was presented
by [18]. His method is based on a detailed specification of the uncertainties of the
different primary experimental measurements. Assuming a series of measurements
is made and the uncertainty in each measurement can be expressed in the same form,
it is then possible to use them to calculate the uncertainty of the experiments [19].

For the results, the measurement uncertainties are considered and the used equa-
tions are presented in [20].

2.4 Mesh Quality Evaluation

The mesh refinement of this paper is accomplished by the GCI method (Grid Con-
vergence Index). According to Roache [21], the GCI is based on the generalized
Richardson extrapolation involving comparison of discrete solutions in two different
spacing meshes.

The application of GCI method is performed for three tetrahedral meshes with
different refinements. Each mesh has an interface region, which has tetrahedral vol-
umes, and a region representing the aerodynamic tunnel domain. The aerodynamic
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Table 2 Mesh refinement

Mesh Number of volumes in the
rotor region

Total number of volumes

M1 6,068,584 9,750,624

M2 3,491,682 7,173,722

M3 2,244,807 5,926,847

Table 3 Results of static
torque coefficient for each
simulated mesh

Mesh Static torque coefficient

M1 0.3744

M2 0.3948

M3 0.4248

tunnel domain is invariant to the three meshes and composed with 3,682,040 vol-
umes. The area near the turbine interface region has different refinement, as Table 2.
Each mesh has 10 prismatic layers in the contour of the turbine. The refinement was
performed for the mesh of the helical turbine.

The results of the static torque coefficients for the three simulated meshes are
shown in Table 3.

With the results of the static torque coefficient of each mesh (Table 3) is possible
to apply the GCI method. The found value for the estimation of exact solution of
the torque coefficient for the finest meshes (M1 andM2) is 0.3656, the convergence
rates for the meshes (GCI12 and GCI23) are 3.407% and 9.691%, respectively. The
value of asymptotic convergence is 0.948. The application of the method indicates
that for values close to 1, the solution is within the range of asymptotic convergence.

Based on the results it is possible to conclude that the solution iswithin the range of
asymptotic convergence and the rotor static torque ratio is estimated to be 0.3656%.
The mesh with the bigger refinement, with 9,750,131 volumes, is chosen for the
paper continuity due to the best results. The same mesh parameters were used to
create the mesh of the two stage turbine, obtaining a mesh with 9,760,131 volumes.

3 Results and Discussion

This section presents comparisons of performance of the helical and two stage tur-
bines. Comparisons between numerical and experimental results are also shown.
Tests are performed to λ values of 0.2, 0.35, 0.5, 0.65 and 0.8 for numerical and
experimental cases, where the values of λ vary with the angular velocity of the tur-
bine. At the end, it is presented a curve of torque for different angles of rotation of
the turbines and similar results found in the literature.
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Fig. 5 Comparison of torque coefficient results for: a numerical cases and b experimental cases

3.1 Comparison of Performance Coefficients

For the measurements are considered the pressure and temperature conditions of the
laboratory at the time of the tests, being 750 mm Hg and 24 °C, respectively. In a
free condition, for a flow velocity of 7.6 m/s is obtained a rotation of 160.32 rad/s
for the helical turbine and 130.37 rad/s for the two stage turbine. Because of this,
for the helical and two stage turbines it is possible to conduct measurement only for
lower λ values than 1.0 and 0.8, respectively, by issues of sensitivity of a measuring
system.

In a comparison of torque coefficients, graphics for different tip speed ratios
are presented. In Fig. 5 is shown a similarity between the values. The helical tur-
bine showed higher values in general, however, due to uncertainties in experimen-
tal measurements, this difference can vary up to ±0.02292 for the helical turbine
and ±0.0208 for the two stage turbine in the experimental results. The maximum
relative difference in the numerical comparison is 9.3% for a tip speed ratio of 0.65,
as in the experimental comparison, the difference is 9.9% for a λ value of 0.2.

In a comparison of power coefficients, Fig. 6 shows a greater difference in the
maximum coefficient obtained for the tip speed ratio of 0.65. The relative difference
obtained for the both cases are the same that is obtained for de CT values. In the
experimental comparison, due to uncertainties, the difference of the results can vary
up to ±0.0101 for the helical turbine and ±0.00938 for the two stage turbine. In
general, the helical turbine showed higher values.

3.2 Experimental and Numerical Comparison

The numerical and experimental power coefficients of the turbines are presented in
Fig. 7 for a comparison. For the helical turbine (a), it can be seen that the CP values
are similar for both cases, with a larger relative difference of 13.11% for a λ of 0.35 is
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Fig. 6 Comparison of power coefficient results for: a numerical cases and b experimental cases

Fig. 7 Numerical and experimental comparison of power coefficients: a helical and b two stage

found. The lowest difference found is 2.34% for a λ of 0.2. This percentage difference
is the difference between the values found in the numerical and experimental tests
divided by the value found in the torque coefficient in the experimental test. For the
two stage turbine (b), it is may be seen that is a maximum ofCP for the tip speed ratio
of 0.65 where the value grows to this value, and then decreases again. The relative
differences between the values obtained are between 6.17 and 13.3%.

3.3 Comparison of a Torque Curve in a Revolution

In this section is compared the torque simulated numerically for a complete turn of
the turbine. For stability, the results are taken for the third round of the turbines.
Figure 8 shows a different behavior between helical and two stage turbines. In the
helical turbine it is possible to visualize a smaller oscillation of the torque along the
turn. As for the two stage turbine occurs a greater torque oscillation, which is not
positive for power generation. In addition, the helical turbine has two largest peaks
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Fig. 8 Comparison of torque for different rotation angles for the helical and two stage turbines

Fig. 9 Power coefficient curve of a two stage turbine (adapted by [9])

in the torque fluctuation; however, the two stage turbine has four peaks of torque.
The average torque for a turn is 0.01255 Nm for the helical turbine and 0.01149 Nm
for the two stage turbine, showing superiority for the helical turbine by 8.47%.

3.3.1 Comparison with Others Savonius Rotors

The results obtained for the turbines are compared with the results already reported
in the literature. Kamoji [9] conducted an experimental study on Savonius rotor with
one, two and three stages. The two stages rotor showed an aspect ratio of 2.0 and
an overlap of 15%. From the experimental tests, it was possible to create a power
coefficient graph (Fig. 9) for the two stages turbine for different Reynolds numbers
ranging from 48,900 to 97,800.
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Fig. 10 Power coefficient
curve of a helical turbine
(adapted by [10])

In Jeon [10], it is obtained a similar trend behavior for a turbine with a twist of
180° and an aspect ratio of 2.0. In the study, turbines are tested in different conditions
and for different flow velocities. In Fig. 10 is showed the power coefficient behavior
for different values of tip speed ratio, presenting maximum values near of 0.65.

4 Conclusions

This paper presents a numerical and experimental comparative analysis of the perfor-
mance of helical and two stage Savonius turbines, manufactured by 3D prototyping
method. The 3D prototyping technique is used because of the ease to create models
of great complexity, an important characteristic for comparative studies due to the
necessity to generate models while maintaining the same dimensions and material.

In a comparison between the helical and two stage performances it is possible to
note a similarity of behavior in the coefficients. The performance results of helical
turbine are superior, however, due to measurement uncertainties, the results may be
closer. The helical turbine also has a smaller oscillation of the torque along the turn.
Moreover, the two stage turbine was easier tomanufacture due to its direct formatting
of buckets.

In a comparative between numerical and experimental results, for the helical
turbine, in both cases the maximum tip speed ratio value for the power coefficient is
given for 0.65. The maximum value of torque coefficient is also approximate in the
numerical and experimental studies, where the maximum value is obtained for a λ

of 0.2. The average differences between the results are maintained between 2.34 and
12.5%. For the two stage turbine, the maximum tip speed ratio values are also 0.65
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for the power coefficient and 0.2 for the torque coefficient. The average differences
of the results are in order of 3.8–13.4%.

The used method for assessing the mesh quality is significant in chosen the most
appropriate mesh and quantification of the intrinsic error. The torque wrench showed
similar results to those found numerically.

The obtained results are important to increase characteristics of performance of
Savonius wind turbines in the literature, adding numerical and experimental values,
and also showing the importance of increasing the numerical methodology in this
type of research. For future experiments, hybrid forms and open field simulations
can be performed.
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MPPT with Current Control for a PMSG
Small Wind Turbine in a Grid-Connected DC
Microgrid

D. Zammit, C. Spiteri Staines, A. Micallef and M. Apap

Abstract This paper presents a Maximum Power Point Tracking (MPPT) system
for a small wind turbine (SWT) connected to a DCMicrogrid under grid-connection
conditions. The system consists of a Permanent Magnet Synchronous Generator
(PMSG) driven by a SWT which is interfaced to the DC microgrid through a rec-
tification stage and boost converter. The proposed MPPT system is based on the
relationship between the DC link power and voltage, which are used to obtain the
required inductor current in the Boost converter to provide maximum power output
at all wind speeds. The MPPT system, the Boost converter and current control are
explained in detail. Simulation of the systemoperating under varyingwind conditions
is presented, showing the performance of the developed MPPT algorithm.

Keywords MPPT · PMSG · Boost converter · SWT · DC microgrid

1 Introduction

Small wind turbines (SWTs) are defined as turbines which do not exceed 50 kW and
are mainly found installed close to inhabited areas where large scale wind turbines
cannot be erected. In countries where high wind speeds are common, installation of
SWTs in remote sites (or for off-grid applications) are a viable option even though
they have high installation and maintenance costs. Such sites normally consist of
a small group of buildings located relatively close to each other, which makes the
application of amicrogrid system very attractive for their electricity supply. Amicro-
grid system consists of a cluster of generation sources (such as photovoltaic, wind
turbines and even fuel based generators) and electrical loads which can function
both connected to the main electrical grid as well as independently from the supply
network. The microgrid’s control aims at maintaining a constant voltage under all
operating conditions.
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There exist two types of microgrids, mainly; AC and DC. An attractive aspect
of microgrids is the ability to operate both in grid-connected mode as well as in
islanded mode. In grid-connected mode the microgrid is connected through a cou-
pling point to the electrical grid, while in islanded mode the microgrid is operated in
an autonomous way disconnected from the electrical grid. In this paper, the connec-
tion of a SWT to a grid-connected DC microgrid shall be discussed. DC microgrids
offer a number of advantages, such as, lower conversion losses (fewer DC to AC or
vice versa conversions), no synchronisation, phase or frequency issues (as present
in AC microgrids), and also independence from voltage sags, dips, and other power
quality issues occurring on the electrical AC grid side.

The most common configuration for SWT grid-connected systems of powers less
than 20 kW normally consist of a high pole pair permanent magnet synchronous
generator (PMSG) feeding a three phase rectifier followed by a boost converter and
a grid-connected single phase AC inverter. When incorporating a SWT to a DC
microgrid, the grid-connected inverter can be omitted, thus decreasing the power
conversion system cost by more than half, while at the same time increasing the
efficiency of the overall system. The most critical and complex part of the standard
AC grid-connected system is the control of the boost converter which is used to
regulate the voltage amplitude at the terminals of the PMSG allowing for maximum
power transfer.Manywind turbine (WT)manufacturers provide awind turbine power
curve to be used for theMPPTcontrol,which is normally inbuilt in the grid-connected
inverter.However, unfortunately this characteristic can be inaccurate resulting in poor
MPPT operation. In addition, the pre-programmed characteristic is fixed and hence
does not cater for changes which occur over the years. Thus it is recommendable
that the MPPT for wind based systems should either be adaptive [1] or independent
of the WT characteristic [2, 3]. There are three types of MPPT systems in SWTs [2,
4]:

1. Power Curve Characteristic Control: which requires accurate knowledge of the
turbine parameters, and requires power and rotational speed measurement.

2. Optimal Tip Speed Ratio Control (λopt): which requires knowledge of λopt, wind
speed and rotational speed.

3. Perturbation and Observation (incremental MPPT) Control: which requires no
knowledge of the turbine characteristics and needs power measurement (and in
some cases speed measurement).

The first twomethods have got a better dynamic responsemaking them suitable for
situations of rapid wind variations. On the other hand, the third method is parameter
independent, simple to implement, and can be applied more to a wide range of
different types of SWTs.

This paper proposes an incremental MPPT control methodology for direct con-
nection of a 5 kW SWT to a DC microgrid system, which includes current control.
An incremental MPPT system covered in [5] was based on the direct variation of the
duty cycle of the Boost converter according to the change in the DC link power. In
this proposed MPPT algorithm the variation is made in the current, according to the
change in the DC link power. This current is used as the reference to a Proportional-
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Integral (PI) controller which controls the Boost inductor current, providing more
controllability and robustness to the system.

The paper is organized as follows. Section 2 gives an introduction on wind energy
conversion. Section 3 shows the considered systemmodel, anddescribes the electrical
conversion modelling and the MPPT algorithm. Simulation results for varying wind
conditions are presented in Sect. 4.

2 Basics of Wind Energy Conversion

The power available in a wind stream Pair is given by [6, 7]:

Pair � 1

2
ρAV 3

w (1)

where, Pair is the power available from the wind (W), ρ is the air density (kg/m3),
A is the cross-sectional area of the stream (m2) and Vw is the free wind velocity
(m/s). This power cannot be completely extracted and the conversion efficiency is
dependent on the power coefficient CP. The power coefficient expresses the ratio
between the extracted power Pw and the available power Pair as defined by (2).

CP � Pw

Pair
(2)

CP can have a maximum of 0.593, known as the Betz limit. It is a function of two
variables: the blade pitch angle β and the tip speed ratio λ. λ is defines as:

λ � ωrot R

Vw

(3)

where, R is the radius of the rotor (m) and ωrot is the rotational speed of the rotor
(rad/s). Hence, the power extracted by the rotor of a wind turbine is given by:

Pw � 1

2
ρAV 3

wCP (β, λ) (4)

In the case of the SWT, the pitch angle is fixed, thus CP is solely a function of
the tip speed ratio λ. A typical Cp-λ curve for a horizontal axis three bladed wind
turbine is shown in Fig. 1.

By controlling the rotational speed ωrot of electrical generator, the tip speed ratio
can be adjusted to maximize the CP. However as shown in Fig. 2, the maximum
power operation point depends also on the wind speed. For every different wind
speed there is a different optimal tip speed ratio. By using variable speed operation
of the electrical generator maximum power extraction can be achieved at different
wind speeds.
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Fig. 1 Typical Cp-λ curve for three bladed WT

Fig. 2 Normalised extracted power curves for wind turbine

3 System Modelling

The considered DCmicrogrid setup is shown in Fig. 3. For the case being considered
in this paper, the microgrid is assumed to be operating in grid-connected mode
through the Grid Inverter. The SWT consists of a 5 kW PMSG feeding a 3-phase
rectifier whose DC output voltage is controlled via a DC/DC converter. The latter
converter has a boost topology and is used to interface the rectifier output to the DC
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Fig. 3 Small wind turbine connected to a DC microgrid

microgrid. The boost converter was controlled to obtain maximum power from the
SWT into the DC grid.

3.1 FMA Analysis of the PMSG

Figure 4 shows themost commonly used topology for the rectification of PMSGsused
in small wind turbines. The three phase diode rectifier normally has a largely capac-
itive DC link which determines the voltage across the PMSG’s terminals. Figure 5
shows the equivalent single phase circuit of the PMSG after applying fundamental
mode approximation (FMA) to the terminal voltage phasor VAN:

VAN1 � E − ZSIS (5)

Fig. 4 PMSG feeding three
phase rectifier with large DC
link capacitance
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Fig. 5 FMA single phase
equivalent circuit for PMSG
with capacitive three phase
rectifier

Zs Is

VAN1E

where,VAN1 is the fundamental voltage of the machine, ZS is the PMSG impedance,
IS is the phase current, and E is the back-emf of the machine (proportional to the
rotational speed).

The single phase apparent power generated by the PMSG is given by:

S � VAN1I∗S (6)

where,

IS � E − VAN1

ZS
(7)

Substituting (7) in (6) it can be shown that the real power component is given by:

P � VAN1E cos(θZ − δ)

Zs
− V 2

AN1cos(θZ )

Zs
(8)

where, VAN1 is the RMS value of the fundamental component of the terminal voltage,
E is the RMS value of the back-emf, and Zs is the magnitude of the impedance. δ

is the angle between the back-emf and the terminal voltage, and θZ is the angle of
the PMSG impedance. In the case of low power PMSGs such as those used in small
wind turbines, the PMSG impedance normally is predominantly resistive (θZ ≈ 0)
and the real power can be approximated by:

P � VAN1(E cos(δ) − VAN1)

Zs
(9)

The total output power for the three phase machine is obtained by multiplying (9)
by a factor of 3. Moreover from (9), one can note that the real power is dependent
on the DC link voltage amplitude. The latter shall form the power control basis for
the considered PMSG topology.
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3.2 Boost Converter Topology and Control System Design

The boost converter shown in Fig. 6 is a switching converter that produces a higher
average output voltage (DC microgrid voltage Vdcgrid) than the input voltage (DC
link voltage Vdc).

For the boost converter, the voltage conversion ratio of the output voltage to the
input voltage (M(D)), which is a function of the duty cycle (D) is given by:

M(D) � Vdcgrid

Vdc
� 1

1 − D
(10)

The boost converter inductor (L) value can be found by:

L � VdcD

2�iL fs
(11)

where, �iL is the desired inductor current peak ripple, and f s is the switching fre-
quency of the boost converter.

The boost converter capacitor (C) value can be found by:

C � Vdcgrid D

2�voR fs
(12)

where, �vo is the desired output voltage peak ripple, and R is the load resistance.
Since in this particular case R is not used in the simulation, it can be considered as the
minimum load resistance to ensure Continuous Conduction Mode (CCM) operation
of the converter.

To design the PI current controller, the transfer function of the duty cycle to the
inductor current Gid(s) should be used. This transfer function can be obtained by
using the small signal equivalent circuit of the boost converter. The derivation of the
boost converter small signal equivalent circuit and the transfer function are covered
in [8]. In this case, the boost converter is being operated within a DC microgrid
which is operated in grid-connected mode through the inverter. Hence, the transfer
function of the duty cycle to the inductor current Gid(s) can be reduced to:

Gid (s) � i
∧

L (s)

d̂
� Vo

sL + RL
(13)

Fig. 6 Boost converter
topology
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Fig. 7 Block diagram of the boost converter control system

where, i
∧

L (s) and d
∧

are small ac variations around the quiescent values for the inductor
current and duty cycle, respectively. L andRL are the inductance of the boost inductor
and the inductor resistance, respectively.

Figure 7 shows the block diagramof the control system including theMPPTblock.
The control system consists of a PI controller to control the inductor current, whose
current reference value is obtained from the MPPT system. The MPPT algorithm
uses the DC link current and voltage, Idc andVdc, respectively, as its inputs to provide
the requiredMPPT current Impp as an output. The current Impp is used as the reference
current, iref , to the current controller. In this paper, the DC link is being defined as
the connection between the rectifier output and the boost converter input.

The current PI controller, Ci(s) is of the form:

Ci (s) � Kp +
KI

s
(14)

where, KP is the proportional gain term, and KI is the integral gain term.
The plant transfer function Pi(s) for the current PI controller is obtained by:

Pi (s) � Tmod × Gid (s) (15)

where, Tmod is the transfer function representing the pulse width modulation stage.
The pulse width modulation stage produces the duty cycle d that is proportional

to the control voltage vc. The pulse width modulator makes a comparison between
the control voltage vc and a sawtooth waveform with a peak to peak amplitude
Vm. The value for Vm is selected by the designer. The frequency of the sawtooth
waveform corresponds to the desired converter switching frequency f s. The pulse
width modulation stage can be modelled by the transfer function Tmod given by:

Tmod � 1

Vm
(16)

The design of the boost converter as shown in Fig. 6 was done using (10), (11)
and (12) to find the duty cycleD, the inductor L and the capacitorC, respectively [8].
The predefined set parameters and the calculated values are shown in Table 1. The
inductor resistance RL and the equivalent series resistance (ESR) of the capacitor Rc

were taken from actual inductor and capacitor datasheets.
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Table 1 Boost converter parameters

Set parameters

Input voltage (DC link voltage) Vdc 50–339 V

Output voltage (DC grid voltage) Vdcgrid 400 V

Switching frequency f s 10 kHz

Converter power P 5 kW

Inductor current peak to peak percentage ripple
2�iL

0.01%

Output voltage peak percentage ripple �vo 0.5%

Inductor resistance RL 0.002 	

ESR of capacitor Rc 0.03 	

Calculated values

Duty cycle D 0.153–0.875

Inductor L 35 mH

Capacitor C 550 μF

The plant transfer function Pi(s) was used to design the current PI controller
gains in Matlab. The value for Vm was selected to be 440 V, a value larger than the
maximum voltage in the system, in this case the DCmicrogrid voltage of 400 V. The
values for the proportional gain term KP and the integral term KI for the current PI
controller are 23.76 and 880, respectively. The bandwidth for the current closed loop
which was designed is of 104 Hz.

3.3 MPPT Algorithm for Small Wind Turbine

The proposed algorithm only requires power output measurement for operation. This
can be readily achieved from the DC link’s current and voltage without requiring any
speed or wind measurements. Maximum power operation for a wind turbine occurs
when:

dP

dω
� 0 (17)

Moreover the back-emf of a PMSG is proportional to the rotational speed, ω, and
hence it can be shown that:

dP

dVdc
� 0 (18)

where, Vdc is the DC link voltage which is proportional to the amplitude of the
PMSG’s terminal voltage. Therefore, the power difference dP can be used to deter-
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Fig. 8 Flowchart of MPPT
algorithm for SWT boost
converter
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PDC[n]/VMPP[n]

MPPT
END

N Y

mine the need to increase or decrease the DC link voltage and consequently the DC
link current to obtain maximum power at that particular wind speed.

Figure 8 shows the flowchart of the MPPT algorithm used in the simulations
presented in this paper. This algorithm obtains maximum power by calculating the
required current value IMPP at that particular wind speed. IMPP is then used as the
reference for the current PI controller. The MPPT algorithm increases or decreases
the internal reference MPPT voltage VMPP in steps according to the increase or
decrease in the DC link power PDC . The selection of the step size constant �V is
very important. A too small step size causes the MPPT algorithm to take longer to
track the maximum power point. On the other hand, a large step size, although it
accelerates the tracking, causes larger oscillations around the steady state operating
point [2]. Therefore, a compromise for the step size value should be found between
fast tracking and minimized oscillations.

4 Simulations

Simulation of the microgrid system was carried out for a 5 kW small wind turbine
whose parameters are given in Table 2. A block diagram of the complete system
is shown in Fig. 9. The wind turbine including the PMSG and the boost converter
were modelled in Simulink, and are shown in Fig. 10. The simulation considered
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Table 2 PMSG and SWT
parameters

PMSG parameters

Rated power 5 kW

Stator resistance Rs 1.95 	

Stator inductance Ls 1.9 mH

Number of pole pairs 15

Rated speed 200 rpm

System inertia 1 kg/m2

Viscous damping 0.024 Nms

SWT parameters

Cut-in wind speed 2.5 m/s

Rated wind speed 12 m/s

Rotor diameter 5.5 m

the operation of the SWT with the microgrid operating at a fixed DC voltage Vdcgrid

of 400 V under grid-connected conditions and with varying wind speed conditions.
A typical wind speed profile from 6 to 12 m/s was provided to the wind turbine
model with steps in wind speeds, shown in Fig. 11. Although a step change is not
representative of actualwind speed changes, it provides theworst case for the tracking
algorithm. The voltage step size constant �V was selected to be 0.1. The PWM
frequency was set to 10 kHz.

The simulation results for the DC link output power, the DC link voltage, the DC
link current, and the PSMG rotor speed are shown in Figs. 12, 13, 14 and 15. These
results show the attainment of maximum power transfer as the wind speed varies
using the proposed MPPT algorithm. Figure 12 shows the DC link output power. At
wind speeds of 6 m/s, 8 m/s and 10 m/s, the output power achieved was about 700W,

+- Control
iref

iL

ImppVdc

Vdcgrid

400V
PMSG

Pmech

isa,b,c

Teωm

MPPT
Idc

Fig. 9 Block diagram of the wind turbine including PMSG, boost converter and control system
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Fig. 10 Wind turbine including PMSG and boost converter simulink model

Fig. 11 Wind speed profile

1.84 kW and 3.3 kW, respectively. The rated power of the PMSG was reached with
a wind speed of 12 m/s, as expected, delivering a DC link power of 5 kW. Figure 13
shows how the DC link voltage before the boost converter changes with wind speed,
while Fig. 14. shows the changes in the DC link current. As explained in Sect. 3, the
current reference is increased/decreased according to the increase/decrease of the
DC link power. Figure 15 shows the corresponding PMSG rotor speed for the above
conditions. Figures 16 and 17 show the distortion in the stator phase current and the
line terminal voltage of the PMSG, respectively.
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Fig. 12 DC link output
power

Fig. 13 DC link voltage

Fig. 14 DC link current

5 Conclusion

The paper presented anMPPT algorithm to obtain optimal power operation of a small
wind turbine connected to a grid-connectedDCmicrogrid. The system consisting of a
PMSG driven by a SWT was interfaced to the grid-connected DCmicrogrid through
a rectification stage and a boost converter. The proposed MPPT algorithm is based
on the power-speed characteristic of the wind turbine system, but is independent of
the system parameters. The proposed MPPT algorithm controls the boost inductor
current according to variations in the DC link power, to obtain maximum power
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Fig. 15 PMSG rotor speed

Fig. 16 PMSG stator
current Ia

Fig. 17 PMSG line to line
terminal voltage

output. This algorithm was successfully implemented in the simulation model, and
simulations for varying wind speeds from 6 to 12 m/s were carried out. The boost
converter allowed for successful transfer of energy from a DC link voltage of around
200 V to a fixedmicrogrid voltage of 400 V, with a varying DC link current of around
3.5 to 25 A.

The simulation results showed that the optimal power operating point was
achieved for all wind speeds. This tracking algorithm provided maximum power
output into the DC microgrid under all conditions.
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Landscape Compatibility of Wind Energy:
Suggestions from Italian and Foreign
Guidelines
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Abstract The need of a widespread landscape quality (European Landscape Con-
vention, 2000 [7]) has led, in Italy as abroad, to the establishment of laws, procedures
and tools for a preliminary assessment of territorial transformations in relation to their
landscape compatibility. The awareness of the ineffectiveness of a purely prescrip-
tive rule has led to a wide production, since some decades, of “guidelines” as a tool
to accompany design activity with qualitative suggestions, stemming from a careful
reading of the landscape in which the project is placed. The paper analyses guide-
lines for wind farms, referring, in particular, to micro wind turbines and the urban
environment. It wants to highlight their structure, contents and methods of com-
munications. Through the comparison of national and international experiences the
paper reflects, first, on suggested methodologies for landscape knowledge: consid-
ered issues, suggested analyses, study scales, data and knowledge sources; then, on
suggested design criteria: considered aspects (e.g. materials, colours, localization),
sources from which they came from (e.g. best practice, theoretical studies), repre-
sentation modes (e.g. drawings, sketches, photos). Nevertheless, the paper points out
possible shortcomings and reflects on the policies and tools necessary for guidelines’
dissemination in order to guarantee a more effectiveness in practice. Research was
conducted by exploring literature on the subject and web resources. In particular, the
Italian context has been explored consulting regional and national guidelines pro-
vided by institutional bodies. The main international guidelines on wind energy has
been explored too, allowing to compare the Italian situation with a broad context.
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1 Introduction. Landscape Compatibility: A Key Question
in Territorial Transformations

The increasing awareness of the problems associated with the use of fossil fuels
has, for the last twenty years, oriented Italy towards renewable sources, especially
wind. This environmental requirement, arising from Italy’s signing of the Kyoto
Protocol, must compare, in our country, with the design of new energy landscapes
in a context characterized by extraordinary landscape values. Hence the need to
regulate the installation of wind turbines in relation to the impacts they may have on
the landscape.

The practice shows, in fact, how large-scale wind farms have indiscriminately
spread, regardless of the reference contexts and without a design quality capable
of creating new landscapes. This is a problem that does not yet involve micro-wind
turbines, uncommon in Italy, but that seems urgent to address to avoid effects already
experienced in the telecommunications sector, where proliferation and poor quality
projects have determined quality shortage of many places.

Moreover, the poor development of micro wind power in Italy, as in other coun-
tries, is due to the low ability to manage their landscape impacts, particularly in the
urban environment, in areas of historical and environmental value [2].

The need of a widespread landscape quality [7] has led, in Italy as abroad, to the
establishment of laws, procedures and tools for a preliminary assessment of territorial
transformations in relation to their landscape compatibility [8].

The awareness of the ineffectiveness of a purely prescriptive rule has led to a
wide production, since some decades, of “guidelines” as a tool to accompany design
activitywith qualitative suggestions, resulting from a careful reading of the landscape
in which the project is placed.

The landscape project is, in fact, the only opportunity to highlight the specifici-
ties of the places object of transformations, whether it is a conservative approach,
adapting as much as possible to the contextual features, through the research of the
minimum possible incidence of the new project; whether it is an innovative approach,
reinterpreting carefully contextual relations and characters and proposing new sig-
nificant references able, however, to respect the consolidated values.

The reference landscape and the type of plant suggest the best approach; in both
cases, however, a careful design is required that considers multiple factors from the
choice of location, to the positioning of the different components, to the choices of
materials and colours, or the arrangement of the surroundings, etc. More the project
is going to be innovative, more it will have to understand the changes introduced in
the pre-existing palimpsest and take care of sharing the new values introduced.

After all, the acknowledgment of the landscape value of an area is based on what
is perceived and attributed by population according to their culture in each period
[7].

Thus, landscape scenarios can be modified over time by community’s perception.
An effective landscape approach implies a dynamic management, able to fit to

the social context and not limited to passive limitations to design [15].
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Guidelines could be a useful tool in this direction when they are the result of the
integration of scientific knowledge and practices. Their aim is, first of all, to develop
a landscape sensibility.

The paper analyses guidelines for wind farms, referring, in particular, to micro
wind turbines and the urban environment.

Through the comparison of national and international experiences the paper
reflects on suggested methodologies for landscape knowledge and design criteria:
considered aspects (e.g. materials, colours, localization), sources from which they
came from (e.g. best practice, theoretical studies), representation modes (e.g. draw-
ings, sketches, photos).

Due to their constant updating they allow to reflect on current trends in raising
awareness on landscape design of wind turbines, social acceptance of the theme,
policies and tools implemented at different scales.

Nevertheless, the paper points out possible shortcomings and reflects on the poli-
cies and tools necessary for guidelines’ dissemination in order to guarantee a more
effectiveness in practice.

Research was conducted by exploring literature on the subject and web resources.
In particular, the Italian context has been explored consulting regional and national
guidelines provided by institutional bodies. The main international guidelines on
wind energy has been explored too, allowing to compare the Italian situation with a
broad context.

2 Guidelines as a Tool for Landscape Design of Wind
Turbines

2.1 General Characters of the Guidelines

The theme of landscape compatibility of wind energy is, therefore, essential to all
project scales.

In Italy, at a national level, the legislator first dealt with the issue through the
Ministerial Decree of 10 September 2010 “Guidelines for the authorization of plants
powered by renewable sources”.

Referring primarily to wind farms, the guidelines set out the criteria by which
Regions should identify measures for an appropriate landscape integration of the
plants, to delimit areas that are not suitable for specific plant types and to define
compensatory measures.

In particular, they suggest the reuse of areas already affected by human activities
such as industrial sites, quarries, landfills, brownfield.

They invite to a design related to the specificities of the project area. Particularly
with respect to agricultural areas, the integration of the plant is important in the
context of local food and rural traditions, both in terms of its realization and its
operation.
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They are looking for research and experimentation of innovative design solutions,
capable of ensuring the best possible integration of plants in historical, natural and
landscape contexts.

They invite to citizen involvement in the planning and design stages and to a
conscious information before the realization of the plant.

Still at a national level, the Heritage and Landscape Code (Law no. 42/2004)
has introduced the “Landscape Report” (DPCM 12 December 2005) as a necessary
tool for the authorization of transformation projects in listed areas. In consequence,
the Ministry of Culture has proposed specific guidelines for wind energy [11] that
suggestmethodological criteria to guarantee landscape compatibility ofwindprojects
considering the specific characters (morphological, formal, historical, perceptive,
etc.) of each site. They represent a reference both in the formulation of regional-
scale guidelines and in design practice; however, they refer to large plants and do not
take into account the micro-wind technology (at that time not emerging in Italy).

The Regions are the main promoters in recent years of directives and guidelines
for renewable energies both as a tool for design support and decision making.

These are heterogeneous documents [5, 29] that in most cases only secondly con-
sider the landscape aspects and have the aim, instead, of streamlining the process,
developing an implementation tool according to the Regional Energy Plan (where
approved), defining the tools to ensure that the authorized plants are actually imple-
mented, clarifying to the stakeholders the criteria and parameters on which assess
the environmental compatibility in accordance with the current rules [1, 20, 22].

Regional guidelines are generally monothematic and therefore devoted solely to
wind energy; except for Puglia and Lombardy who also devise guidelines for other
types of renewable energy. Except for Puglia and Lombardy, the guidelines do not
relate to regional landscape planning tools; they are more frequently linked to the
Regional Environmental Energy Plan.

There is also a case of guidelines developed at a provincial level (Provincia di
Foggia) in a close relationship to the landscape of competence.

The production of the guidelines is quite diffused also abroad: among others,
France [16], Scotland [25, 26], Denmark [9], UK [27] and Australia [3] have done a
widework onwind farm providingmethodological criteria both to read the landscape
and to adopt design criteria related to it.

Some guidelines are specifically devoted to micro wind turbines and the urban
context [4, 6, 14, 17, 18, 24, 25].

Foreign guidelines are produced by government agencies, but also by private
associations or producers involved in sustainable development; they are dedicated to
the theme of the wind in general, but also specifically to the micro-wind power and
refer to the entire national territory.

In some cases, landscape is consideredwithin the environmental aspects; in others,
they focus directly on the landscape.

Some explicitly state the need to consult a landscape architect; others take into
account aspects of population involvement in the design phase. They are generally
addressed to technicians, administrators, but also to final consumers.
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More frequently than the Italian ones, foreign guidelines are subject to updating.
They advocate the use of bad and best practices and guide the reading with the
development of an iconography rather substantial.

Brief guidelines devoted specifically to the landscape design of mini and micro
turbines derive from some scientific research [13, 28].

2.2 Landscape Analyses

The heterogeneity of the guidelines produced in the different countries in relation
to wind power is a sign of the many aspects that need to be considered in designing
a wind plant that takes into account the landscape. There is widespread awareness
that any intervention that modifies the configuration of a place, even of small size,
such as mini and micro-wind turbines, must be considered a landscape project or
should start from a careful consideration of the relationship between the plant and
the reference context [4, 10, 12, 19, 21, 23].

Siting, design, materials and colours of machines, arrangement of surrounding
areas will have to be the result of an organic project that knows how to enhance the
pre-existence and bring added value. It is necessary to have an adequate knowledge
of the place where it operates.

The design of single machines or small groups of machines generally linked to
single utilities cannot avoid a careful monitoring of the context conditions and in
particular of the fragmentation of the agricultural area, the presence of watercourses,
vegetation, more or less notable and historical buildings to which the intervention is
linked. If, in fact, the most important landscape impact is related to visual perception
due to the need to install the turbines at a certain height and to the movement of
the blades, however, the alterations of the systemic and symbolic relations among
the different elements of the local and supra-local landscape cannot be neglected,
alterations that generally increase in proportion to the number of installed turbines.

Schematically the impact on the landscape of wind turbines, even of a small
dimension, can be recognized in:

• visual intrusion: appearance of new forms in “vertical” competition with other
consolidated elements or isolated in landscapes from predominantly horizontal
development;

• modifications of existing alignments and patterns;
• alteration of the social perception of the place.

If most studies insist on the centrality of visual analysis and requires the definition
of the “visual influence zone” that points out where the turbines can be seen, other
studies [10, 12, 14, 19, 23] emphasize the need to consider possible interferences
with:

• historic or traditional centers of recognized importance;
• panoramic and landscape paths, belvedere and sensitive views;
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• areas of high natural value, listed landscapes;
• landscapes characterized by a high degree of integrity, recognizability and
notoriety;

• valuable agricultural areas.

Concerning specifically urban environment, there has been limited research into
urban small scale wind energy [4].

Many highlight the economic inefficiency of this energy resource in urban envi-
ronment due to the many interferences and turbulences caused by the concentration
of different buildings and structures of different heights. Key characteristic of this
landscape is a predominance of urban complexity, industrial buildings, infrastructure
or a combination of these [10].

Most guideline underline the necessity to survey possible obstacles nearby the
turbines.

In fact, where a site has obstacles nearby, a turbine needs to be sited higher than
those obstacles, with more impact on the amenity of a place [4].

Anyway, also in urban environment visual analyses are not enough to guarantee
an effective landscape project.

Before proceeding with a wind installation, it is necessary to proceed with an
accurate detailed survey not only to detect the technical capacity of the wind, but
also the layout and height of the buildings, the relationship between closed spaces
and open spaces, if the site is surrounded by ground, obstacles such as buildings and
trees, and the heights of these obstacles, the presence of buildings of interest, the
presence of public areas, or places of collective memory.

Not many studies specify how these analyses can carried out, sources and repre-
sentation moods.

2.3 Design Criteria

By referring explicitly tomini andmicrowind turbines (both to small isolated turbines
and to small groups of small-size machines tied to single utilities), Italian and foreign
guidelines dictate some landscape criteria to minimizing impacts, if inevitable.

An accurate landscape design of mini and micro wind turbines in urban environ-
ment depends on the following factors.
Site
Site assessment is one of the key factors in the successful installation of small and
micro wind turbines. It may play an effective role in reducing visual impacts and
improve the general perception related to the technology, making it more acceptable
to the public [14].

Thus, a proper site assessment is a difficult process that includes, as well as the
wind resource assessment, the evaluation of the landscape characters of the site [18].

The siting of the turbines have to prefer locations where possible amenity impacts
can be mitigated; locations as habitats of sensitive species, visually sensitive land-
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Fig. 1 Deciding where a site is suitable: in urban context turbines should be sited near the edge of
built up area [4]

scapes, townscapes and buildings of architectural/historical importance are consid-
ered, in most cases, inappropriate [14, 19, 21].

Instead, some of the best urban wind resources are to be found along the edge of
the built up area and atop tall buildings [4, 17] (Fig. 1).

In peri-urban areas the presence of other infrastructures such as power lines and
towers, agricultural buildings and roads may create a context that visually absorbs a
wind energy development. Visual complexity of industrial structures, for example,
can help to assimilate a wind energy development where it becomes just one more
element in the landscape.

A useful support can be tall elements as tertiary buildings, chimneys,water towers,
gas meters, silos, sheds, electricity plants, urban furnishing items [19].

Anyway it is necessary to avoid the creation of visual confusion and spatial dom-
inance where landscapes are already cluttered, but take advantage of a moderate
amount of visual absorption that might be provided by existing structures and/or
infrastructure [10].

The essential key is order and simplicity. Wind energy developments can themat-
ically complement the contemporary technology expression of these landscapes and
visually relate to their functional nature [10].

In case of placement on ground-based supports, it is opportune to favour, as far
as possible, infrastructural placements: streets, railway lines, technological corridors
[19] (Figs. 2 and 3).
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Fig. 2 Sensitive siting: roads and galleries are a suitable site for the installation of micro wind
turbines well integrated in the structures [19]

Fig. 3 Sensitive siting: micro wind siting seems more appropriate on buildings and structures that
already have a technological character or at their open spaces such as parking areas at commercial
or industrial centres [23]

Land form and pattern
The study of topography is essential to evaluate both the strength of the wind and the
existence of any obstacles and the visibility of the plant in relation to the accessibility
and the presence of natural and built visual barriers (Fig. 4).

The siting of single turbines or groups of small turbines must be adapted to the
morphological characteristics of the site and of the visibility they produce: therefore,
in a flat condition the prevailing view from the bottom should be considered, in hill
or mountain conditions the view from high points [19].

Ideally turbines are located high up to take advantage of the prevailing winds.
Anyway it is opportune to take advantage of the possibility of a relationship

between a wind energy development and a settlement, following its pattern: thus, for
example, wind turbines can be arranged regularly in a line parallel to a straight field
boundary or a road [4, 6, 19, 26].
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Fig. 4 Land form: wind turbines reflect the existing pattern of built development by following
settlement location, elevation and land form [6]

Fig. 5 Patterns: wind turbines follow the existing patterns of the landscape [26]

Also the height of towers should relate to the scale of landscape and the height
of existing vertical elements such as light columns, telegraph poles, trees, buildings
and other structures [26] (Fig. 5).
Built up
Theplacement ofmicrowind turbines in relation to existing buildings requires special
attention. It has to guarantee respect for its dimensional, morphological and stylistic
characteristics, taking into account, for example, the full-empty relationship, the
presence of decorative or symbolic elements, any existing symmetry [14, 19] (Fig. 6).

Roof mounted turbine have not to detract from the architectural integrity of the
building, especially if the building has conservation value. Anyway, the guidelines do
not strongly recommend (or forbid) the installation on buildings of historical and/or
architectural value.

Siting on a roof should consider the relationship to other existing roof structures
such as chimneys, aerials, masts equipment housing, or where they can follow the
form and positioning of traditional elements on roofs like chimneys.

Appropriate placements are behind cornices and parapets of flat roofs.
Anyway, instead of positioning on the highest point of the roof, to reduce their

visual impact, guide lines suggest to locate wind turbines at a lower position provided
they have a sufficient clearance from the base of roof.
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Fig. 6 Placement on flat roof of a residential building in accordance with the character of the
building [23]

Fig. 7 Positioning of turbines with respect to the symmetry character of the building [19]

In urban context the better positioning is at the rear of the property to minimise
visual impacts from street level but care needs to be taken when back elevations are
also visible from frequently accessed public recreational spaces.

Favourable placement is on accessory structures (garage and similar) when not
visible from the road.

Where more than one turbine is proposed the aim should be to achieve a balanced
composition, by grouping them together or installing through the use of symmetry
(Fig. 7).

In some circumstances it may be better to site a turbine on a tower in the land
adjacent to a building, particularly where a roof mounted turbine will damage the
building’s architectural integrity.

Turbines’ height should relate to the existing buildings and vertical elements on
site and the surrounding landscape [26].
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Fig. 8 Integration of wind technology into a 0-emission housing project [23, 28]

Also tower mounted turbines would not integrate easily on historic buildings and
their open spaces that are, in most cases, as valuable as the built structure itself and
contribute towards their conservation value [14].

Different is the case of newly constructed buildings and complexes where the
installation of the micro wind turbines can be suitably and totally integrated [23, 28]
(Fig. 8).
Materials and colours
The colour and finish of the wind turbines need also to be taken in consideration and
should be appropriate to the surroundings to minimise visual impact and reflection
of light.

The adoption of different colours for micro wind turbines, as a mitigationmeasure
against visual impact, depends on the view point from which the turbine is seen.
Anyway, within most environments, neutral pastel colour as light no reflective grey,
is highly adaptable to most lighting and weather conditions [14].

Some guidelines recommend specific colours depending on the background: an
off-white colour may be appropriate where the main background is the sky, while
green/brown colour may be suitable if the main background is vegetation or building
elements [26].

Bright or dark colours as well as black or white should be avoided as these tend
to stand out more [14].

In all cases, it is recommended the use of turbines with colours similar to the
support and of no reflective colours, and to avoid affixing commercial logos [19].
Design
Aesthetic considerations represent some of the most critical issues in relation to wind
energy development [30].

Compositional balance and harmony, rhythm, aesthetic order and clarity are essen-
tial to a positive perception of wind energy developments.

Concerning spacing, guidelines generally recommend a uniform type in any given
wind energy development, rather than amixture. Regular spacing ismore appropriate
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Fig. 9 Design: several
designers have applied to the
issue of micro wind turbines
for domestic use. The image
show a model based on a
modular structure, an open
and flexible “add-on” system
made of mini windmills,
which works like a LEGO
puzzle. It may be located
between buildings or over
them being part of the whole
construction (http://www.
industrial-design-germany.
com/innovations/wind-
energy-system-windflock.
html)

for wind energy developments in landscapes of clear and orderly land cover pattern;
irregular spacing is more appropriate in landscapes of varied land cover pattern;
graduated spacing of turbines is acceptable for wind energy developments where
accentuation of a landscape feature is sought.

The same considerations apply to turbines’ heights: a single height of themachines
is preferable. This should be seriously considered when a new machine is added to
an old plant. A wind energy development comprising two distinct turbine heights
may be acceptable provided the resulting composition is carefully considered, so as
to achieve an aesthetic effect.

If the choice of the machine may be of secondary importance in rural areas, the
design becomes crucial in an urban environment where the system must necessarily
deal with the existing [4].

Turbine types for urban application include horizontal and vertical axis wind
turbines. Vertical axis turbines are often preferred for urban application for perceived
aesthetic advantages, low noise levels and improved performance in turbulent flows
[17].

Where possible, an innovative design should be adopted to create new positive
landmarks (Fig. 9).

Designmachines should be thematically related to different kind of landscapes and
buildings when roof mounted, strengthening a certain identity (industrial contexts,
infrastructures, modern buildings, open green spaces) (Fig. 10).

In most cases the use of a single type of machine is recommended within the
same view .

http://www.industrial-design-germany.com/innovations/wind-energy-system-windflock.html
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Fig. 10 Design: the choice of the machine has to be related to the characters of the building of
support [28]

Cumulative effects
The potential visual and amenity impacts are likely to be greater when micro wind
turbines are located in the vicinity of each other [19]. This issue is significant for
roof mounted micro wind turbines when located in densely developed urban areas
and for tower mounted turbines too [14]. The location of more than one turbine on
any particular site needs to consider the use of turbines of a similar form, design,
colour and scale of those already existing.

Particular attention must also be paid to the placement of a new plant in relation
to existing plants and significant landscape elements ensuring the maintenance of
spatial relationships between [26].
Some conclusions and perspectives
The comparative analysis of Italian and foreign guidelines shows some shortcomings
and some potentialities.

They are certainly a useful tool to ensure a wider landscape quality.
In fact, mostly foreign guidelines address designers but also final consumers.

Expecting a greater development of micro wind technology in urban environment,
this factor is very important: where, for small installations, the intervention of a
landscape architect (in any case recommended) is not considered, the guidelines are
a means of raising awareness of a landscape culture that anyone can understand.

Thus, the presence of a consistent iconographic apparatus and the use of bad and
best practices is very useful, allowing a clear, quick and effective comprehension of
the most appropriate way to operate depending on the context.

This mode that, at the moment, applies to the design criteria, should be also
developed in relation to landscape analyses necessary to an appropriate wind energy
installation.

In particular, referring to urban context there is some lack in guiding the reader to
understanding its complexity, through what analyses and surveys, what instruments,
what cartographic elaborations.
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A further deficiency is to be found in the lack of integration of the guidelines in
the territorial planning tools. It seems to be essential in prevision of a more exten-
sive micro wind turbines development to avoid possible negative landscape impacts
caused by uncontrolled dissemination of these plants.

Local governments, within their planning tools, may dictate priority localization
and distribution rules, taking into account other existing or planned technology ele-
ments and specific local connotations; the wording of the criteria for the pooling and
centralization of domestic plants should be addressed to them.

In this sense, the further development of the aspects dedicated to the involvement
of the population in the wind energy design process (already developed abroad for
wind farms) can have clear benefits from a landscape perspective,making community
actions more effective than individual initiatives.

If the continuous updating of the guidelines (still to be pursued in Italy) and
referring to current practices show current trends, the effectiveness of guidelines in
practice is, nowadays, difficult to evaluate, lacking a monitoring system for interven-
tions.

The introduction of a monetary and tax incentive mechanism for project compli-
ance to the guidelines could be explored.

Guidelines are a tool of considerable interest that seems useful to continue to
develop and deepen.

They help to define, in the design of technological infrastructures, a landscape
culture.

The landscape project does not necessarily implies impress it a new sign; some-
times the minimum intervention criterion may be more appropriate.

A conservation approach to recognized values is not the sign of a passive attitude,
but rather of conscious enhancement. Only from this, innovative landscape design
can result.
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