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ABSTRACT

This paper presents the features and capabilities of a vertical axis wind turbine (VAWT) designed and built by the authors, which is meant to be the
reference machine for open data code validation purposes under the project VODCA, VAWT Open Data for Code Assessment. The machine, whose design
details are provided openly and summarized in the present document, has Individual Pitch Control (IPC) capability and it will be used for wind tunnel
tests. Related results will be shared with participants who want to validate their own code, in terms of prediction of the aerodynamics or assessment of [PC
strategies. The article reports a comprehensive overview of the state of the art of laboratory tests for VAWTs as well as the motivation of VODCA project,
further to the need of code validation against experimental tests in controlled environment. The various phases of the project are also presented.
Furthermore, the design of the carbon fiber blades, the structural components, as well as the mechatronics of the machine are summarized in this paper.
Moreover, the experimental characterization of the machine's effective capabilities and properties, carried out after the completion of the building

process, is reported and then the testing possibilities are defined and discussed.

1. Introduction

The technology of vertical axis wind turbines (VAWTSs) has been
extensively studied in the 70's-90's [1], without taking off as
effectively competitors of the more commercially accepted hori-
zontal axis wind turbines (HAWTS).

Nevertheless, as wind energy is moving to deep offshore sites
for exploiting higher quality wind resources as well as overcoming
social acceptance related issues, VAWTs are recently being
considered as potential alternative to HAWTs for floating offshore
wind turbines (FOWTs) [2,3]. Among others [4], one of the main
advantages of floating VAWTs is that the generator is placed at the
base of the tower, rather than at hub height, with obvious
enhancement on the stability of the floating system, bringing about
smaller floaters and then reducing the overall costs of the system
itself [5,6]. Therefore, the study of the technical aspects behind
VAWTs and the feasibility of such a technology, especially for deep
offshore applications, is living a revival through novel concept be-
ing recently considered, thanks to scientific and commercial
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partnerships (e.g. Spinfloat by EOLFI [ 7], Twinfloat by Nenuphar [8]
or the FP7 funded project DeepWind [9]).

However, the aerodynamic efficiency of lift based VAWTSs (i.e
Darrieus) is lower than HAWTs in that the different working prin-
ciple is characterized by inherently unsteady aerodynamics and
distorted and time-dependant wake, which greatly affect the effi-
ciency of the downwind sector of the machine, not to mention the
efficiency of drag-based ones (i.e. Savonious) [10]. Furthermore, the
variation of the angle of attack experienced by blades is much
wider in VAWTs than in HAWTs [11], causing the airfoils to
encounter dynamic stall [12,13] during main shaft rotation, espe-
cially at low tip speed ratio (TSR), affecting also the self-starting
capability of Darriues type VAWTSs [14].

For these reasons, variable pitch concepts can potentially in-
crease the overall performance of H-Darrieus types VAWTS, over-
coming the self-starting issue and improving the low TSR working
region [15,16]. A wide variety of possible different passive
mechanisms for blade collective pitch control systems has been
designed since the Darrieus' patent in 1931 [17], an extensive
review of such mechanisms (e.g. camlinkage, inertial and
aerodynamic force driven) can be found in Ref. [18]. More
VAWTs with variable pitch were tested in small wind tunnels,
either with passive systems [19-22] as well as some attempts
with active ones [23], although
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still lacking an extensive investigation of the effect of different
control strategies on various machine parameters.

In this scenario, the advanced numerical models aimed at pre-
dicting the complex aerodynamics and performance of VAWTSs
require verification, as well as validation against experimental data.
In this regard, beside rare cases of verification, such as in Ref. [24],
where a comparison among inviscid flow codes were carried out,
no relevant contributions can be register for VAWTSs; on the con-
trary, under international energy agency (IEA) tasks, remarkable
code comparison experiences must be registered for horizontal axis
offshore wind turbines (i.e. OC3 [25]). Regarding the numerical vs
experimental validation, the continuations of OC3 project, 0C4 [26]
and OC5 [27] must be reported, concerning respectively ocean
basin wind/wave tests on a semi-submersible floating HAWT and
also with open ocean data. These projects ([25—27]) are charac-
terized by openness, which provide useful specific modelling
experience to many engineers and scientist, with an undoubtedly
acceleration on findings and technological consequence.

Therefore, objective of this work is to present the structural,
mechanical characteristics and control capabilities of an H-Darrieus
vertical axis wind turbine with active individual pitch control (IPC),
entirely developed at Politecnico di Milano. This prototype is meant
to be areference IPC-VAWTSs for code validation, following the same
openness philosophy as previous similar experiences ([25—27]).
This open data project will be run under the name VODCA, which
stands for VAWT Open Data for Code Assessment, as it will be
explained more thoroughly in the next paragraph. Furthermore, in
the following, the features of the facility, Politecnico di Milano
Wind Tunnel, where wind tunnel tests under VODCA project will
take place, are reported. VODCA project is meant to be a totally
open project. PoliMi is going to sharing, starting from the current
paper, all the detailed features and capabilities of the reference IPC-
VAWT, as well as wind tunnel results on the machine. Moreover,
the authors will coordinate the benchmark by carrying out the
comparison among the results of different participants’ codes,
welcoming master or PhD students to take part to the setting up,
conduction and post-processing of the experimental activities, so
that also the academic aspect is strengthened by the project, beside
obvious industrial R&D consequences.

2. Open data purpose and VODCA project

The VODCA project has been recently launched by the authors at
the symposium “Scientific and Technological Challenges in
Offshore Vertical Axis Wind Turbines” in Delft, The Netherlands
(September 2016). Further information can be found on the website
[28]. As previously mentioned, the main aspect of this project is the
openness. VODCA project is developed over three phases, within
two-years timeframe (although without time constraints):

e Phase I: Code-to-code comparison. In this phase, participants are
asked to run simulations considering the presented PoliMi's
machine as reference in specific working conditions, possibly
the ones which are going to be adopted for experimental vali-
dation in the phase II. However, this phase is supposed to
highlight the differences and capabilities of the various codes
adopted by participants to assess the performance of VAWT (e.g.
inviscid, CFD etc ...), with a thorough investigation of pros and
cons of different modelling approaches, which, according to
authors, has never been conducted so far on VAWT in a
comprehensive manner.

e Phase II: numerical Vs experimental validation. This phase will
take advantages by a first round of measurements in the low
turbulence test section of Politencnico di Milano wind tunnel,
whose characteristics are reported in the following. This first

step of testing is supposed to provide sources for validation in
fixed pitch condiand simple IPC control strategies. Therefore,
the approach of this phase of validation is “bottom-up”, in terms
of complexity.

e Phase III: numerical Vs experimental validation, with focus on
control. Following the experience and findings of phase II, this
phase is focusing on the implementation of more advanced
control strategies and wake measurements on the PoliMi
machine.

New participants from academia and industry are continuously
joining the project, contributing to the creation of an already
consolidated research hub for VAWT promoting the next VODCA
phases (e.g. IEA tasks, EU funded projects...).

3. The facility

The facility in which the PoliMi IPC VAWT is being tested is the
Politecnico di Milano 1.4 MW closed loop wind tunnel, Fig. 1. It is
composed of two test sections for different applications. An at-
mospheric boundary layer (ABL) test section, 3.84 x 13.84 m, where
the flow has 36 m to develop the desired wind profile and turbu-
lence intensity (up to 25%), generated by means of both passive
(obstacles) or active generator, before hitting the model which is
placed on a 13 m diameter turn table (360°), for investigating
different incoming flow angles. Active turbulence generation is
possible thanks to the independent control of each of 14 fans set in
two rows array. The maximum wind speed that can be reached in
this test section is 14 m/s with less than 2% of turbulence intensity
in smooth flow condition. In this test section, among different ABL
applications (e.g. bridges, stadiums and buildings), also wind en-
ergy measurement campaigns have been carried in the last decade
[29,30].

In the 4 x 3.84 m low turbulence test section, up to 55 m/s wind
speed with turbulence intensity less than 0.1% can be generated.
Two different configurations can be adopted, closed and open jet
(Fig. 2). The latter will be considered for testing the herein pre-
sented reference machine under VODCA project, as can be seen in
Ref. [31]. Moreover, the high quality of the flow in terms of

Fig. 1. Politecnico di Milano closed loop wind tunnel.



Fig. 2. Low turbulence test section of Politecnico di Milano wind tunnel in open jet
configuration.

reproduction of closely free condition, which is not obvious in the
open jet condition and with a rotor spinning as for VAWT, has been
intensively investigated [32], providing satisfactory results. For the
sake of clearness, in Fig. 3, the variation of the measured pressure
coefficient, at mid height, as function of the distance y from the
center (y = 0) is reported and in the whole wind tunnel speed
range. It can be observed that the negligible loss is found approx-
imately up to 1700 mm, which is consistent with rotor radius of the
reference machine in the operational configuration (R = 1000 mm,
Fig. 4), as it will be reported in the following. For further distances
from the center of the test section, the flow becomes wider, due to
the absence of walls (open jet configuration), causing a drop of
pressure coefficient. The presence of spinning rotor will inevitably

-0.05 Convergent's wall

. 01 r —O—5m/s |
- — o 10m/s
L% 15m/s
< —O0—20m/s
40 m/s

—O0—50m/s Ny
02F —O— Max velocity Blade's tip |
-0.25 |

|
|
|
|
|
|
|
|
I
0.5 —6—30m/s }
|
|
|
|
|
|
|
|

.
200 400 600 800 1000 1200 1400 1600 1800 2000
y [mm]

Fig. 3. Low turbulence test section: measured difference of pressure coefficient along
ACp, at mid height, as function of distance y from the center (y = 0).

cause an incoming flow deviation, nevertheless, quantifying this
deviation for different operational conditions of the wind turbine
being tested is not obvious. However, it is being investigated at the
time of this paper, through a numerical and experimental approach.

4. The design

The PoliMi VAWT was dimensioned for Tip Speed Ratio (1) 4,
and angular speed (w) 300 rpm (5 Hz) of rotational speed and
radius R = 1.5 m. It was originally designed for a different appli-
cation, however it rapidly turned into VODCA project idea, as the
international renewed attention to VAWTSs was growing louder. Fig.
4 reports the overall dimension of the reference machine, the choice
of the airfoil (four digits NACA 0021) and the chord length C are
justified in the following paragraph. Moreover, with reference to Fig.
4, the solidity of the machine, which governs the aero-dynamics of
VAWTs, defined as:

NC
Uzﬁ (M

where N is the number of blades and R the rotor radius, has two
different values. This is due to two possible radii R available, 1.5 m
and 1 m for studying also the effect of different solidities as well as
limiting the blockage effect and flow deviation in the wind tunnel
open-jet configuration. This makes possible to test with two
different solidity configurations.

The machine consists in carbon fiber blades, connected by means
of twin braces, upon which aerodynamic fairings can be placed
during the tests, to the hollow aluminium shaft, with external
diameter of 200 mm and with sectional changes. This is connected
in series to the main shaft motor and to rotary slip rings, which
gathers all the input/output cables, passing through the hollow
shafts. A main supporting steel structure, visible in Fig. 4, is placed
upon a steel table so that the middle height of the rotor (H/2)
coincides with the exact center of the open jet test section (Fig. 2).
Being an IPC machine, each motor unit is placed at lower end of
each blade, as explained in the following.

4.1. Aerodynamics

In order to get the aerodynamic forces for the structural design
of the blades, the Double Multiple Stream Tube (DMS) code has
been adopted [34], with the conventions reported in Fig. 5. Since
the final aim is to implement different control strategies on the real
machine, that were not a priori known during the design stage, an
optimal control law was defined either to have a reference for the
dynamic dimensioning of the blades and for the choice of the
proper actuators. The optimal variation of the pitch angle ¢ was
found as to maximize the tangential force F;, for each azimuthal
angle 9, both for upwind and downwind (Egs. (2) and (3)). Since
gradient-base optimization algorithms implied excessive compu-
tational effort, due to the number of possible combinations of pitch
angles in the two sectors of the stream tube, a genetic algorithm
(e.g. ga.m Matlab subroutine) was adopted.

Ft,tot(197¢u7¢d) = F(9,04) + Ft( =9, 04) (2)
max (F.tot (9)) = Fr.ot (9, @opt (V)

Therefore, once defined the design dynamic conditions (1 = 4,
»w=300 rpm) and the azimuthal discretization (A¢ = 2°), the
random initial “population” of solution ¢(¥) was defined. Then, the
genetic algorithm iteratively converged to the optimal solutions
through the following steps: crossover (reproduction), mutation,
fitness function computation (based on Eq. (2)) and elimination of
the individuals (solutions) with the least fitness. This led iteratively
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In Figs. 6 and 7 the lift and drag forces on the airfoil, due to the
optimal pitch angle ¢,p;, are reported, whereas in the Fig. 8 the lift
force spectrum only is shown, representing the greatest
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Fig. 8. Lift force spectrum for the design conditions.

aerodynamic contribution. From Fig. 8 it turned out that the most
relevant frequency is about at 4.2 Hz, imposing that the blade had
the first bending frequency f; at least greater than 2—3 time the
lowest aerodynamic forcing due to pitch variation. In Fig. 9 the
comparison of the machine's performance between fixed and
optimal pitch configurations is also reported.

4.2. Blades and structure

Being the machine presented a reference wind turbine for
experimental validation of numerical codes, rather than a scale
model of a full-scale prototype, as it is recently being done for
floating offshore wind turbine in some European projects [33], the
airfoil was chosen among the 4 digits NACA airfoil, to rely on
commonly shared profile geometry and aerodynamic polars.
Moreover, the choice of the specific airfoil was not only due to
aerodynamic considerations but also structural. Therefore, an
optimal compromise was found also considering the capability of
different airfoils to be fitting an elliptic inner structural beam. The
reason why an elliptical shape was chosen was for having a shape
coupling to easily transmit the torque from the IPC actuating unit
to the blade as well as preventing the adoption of pins or keys for
the torque transmission from the IPC motor shaft directly to the
blade's carbon fiber.

With reference to Fig. 10 it is evident that the dimension of the
ellipsis (a and b) and the thickness s, have influence on the moment
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Fig. 9. Power coefficients for fixed and optimal pitch angle.

of inertia as well as the mass per unit length of the inner elliptical
beam. So that a compromise was to be chosen between increasing
the former and reducing the latter. Moreover, it is clear how,
chosen the dimension of the beam's section, then the choice of the
airfoil can have consequences on the building of the carbon fiber
reinforce ribs and their coupling with the elliptic inner beam, in
that they have different thickness over chord functions. Defining
some geometrical constraints on the ellipsis parameters, which
varies among different airfoils, to ensure the shape coupling and to
make sure the technological feasibility, the reported genetic
algorithm was implemented both considering the minimization of
the maximum static displacement, considering safely pin joints at
the blades' ends, as equivalent kinematic scheme, as well as the
maximization of the first bending frequency. With regard to the
former, design conditions were considered for the centrifugal load,
as well as the aerodynamic forces. In Figs. 11 and 12 the pareto-
optimal outputs of the implementation of a genetic algorithm are
reported, showing different results for different beam-airfoil
coupling. Beside the aerodynamic efficiency, NACA0021 profile
turned out to be the optimal in terms of maximum static
displacement wp, Vs the overall blade's mass mpjqqe; the combined
evaluation with the dynamic optimization (Fig. 12)defined the
final geometrical parameters for blades, Fig. 10. The following di-
mensions (Table 1) were found out of the optimization process,
with reference to Fig. 10:

In Fig. 10 also the carbon fiber layup for the elliptic beam is re-
ported, consisting in two inner unidirectional layers and two outer
balanced (45°) layers. Regarding the reinforcing ribs, which are
made of carbon fiber/composite sandwich, consist in supports for
the final layer of balanced carbon fiber, which completes the
external cover of the blades (Fig. 10). The final 3D blade structure
was verified with a more detailed model Finite Element Method
(FEM) (e.g. carbon fiber layup, effective constraints, etc...), see Fig.
13.

In Fig. 13 an overview of the structural design of the other parts
of the machine, and the related finite element analysis carried to
the check the structural consistency of the design, is reported.

All the structural parts, except for the main support and blades,
are made of aluminium 7075-T6, whose properties, characterized
by the aluminium lightness and high static and fatigue resistance,
are reported in Table 2. The twin braces of each blade are
connected to the rotating main shaft from one side, and to the IPC
control unit from the other, through flanges with bolt couplings,
Fig. 15. FEM analysis has shown that the maximum stresses were
well below the yielding limit (Table 2), and they are connected to
local stresses due to controlled bolt tightening. Furthermore, the
structure support-ing the main shaft (lower left of Fig. 13) is made
of steel, with welded transversal braces. The function is also to
support the main shaft motor which actuates the main shaft itself
(1 in Fig. 14) through a key connected hollow shaft flange (7, in Fig.
14). The structural integrity of this support was verified statically
(welding points) and dynamically, more specifically, the first
bending fre-quency is circa 50 Hz, so that can be considered as rigid
in the operational range.

4.3. Individual pitch control unit and signals handling

The design of the IPC unit, reported in Fig. 15, was critical in the
sense of combining the functionality of an “on-board” actuation
with very limited space at the base of the blade. With reference to
Fig. 10, the blade's inner beam is coupled thanks to the elliptical
shape to a hollow shaft, referred to as “motor-blade coupling shaft”.
The actuation to this shaft, and then to the blade, is given through
the key of a further intermediate shaft connected to the reducer’s
one by means of an elastic joint. The motor-reducer unit was



Carbon fiber structural beam:
2 Uni-directional

" + 2 Balanced

2a

A

Fig. 10. Carbon fiber internal blade structures.

700
600 | ——NACA 0012

—— NACA 0015
500 ——— NACA 0018
400| — NACA 0021

Wy, [mm]

w

o

o
T

200 -

100 | S——
0 \ . \ . I '
1.5 25 3 3.5 4 4.5

M Blade [kg}

Fig. 11. Aero-structural optimization of the airfoil comparison among different NACA 4
digits airfoils.

NACA 0021

160 T T T T 25

150 F Static Opt. {24

140 | — = =Dynamic Opt| 5,3

130 122
E 120 121 -
S 110t 120 &
= 100 {19 ™=

90 118

80 117

70 116

2 25 3 3.5 4 4.5

MBlade kY]

Fig. 12. Static and dynamic combined results for the optimal airfoil choice.

Table 1
Geometrical characteristics of the optimal NACA0021 airfoil.
2a (mm) 2b (mm) s (mm) C (mm)
40 50 2 250

chosen through the “alpha-beta” optimization developed at
Politecnico di Milano [35], where alpha and beta are respectively the

acceleration factor and the load factor. The choice of the motor-
reducer to be purchased, among a large amount of different pos-
sibilities (performance, technology and cost), is reduced merely to
the comparison between these two different parameters, which
depend on the elements that the user can find in the data sheets as
well as the specific application. Therefore, if alpha is greater than
beta the related motor-reducer combination is eligible to be pur-
chased. Therefore, at each time step, the reported genetic algorithm
was run coupled to the aerodynamic code [34] (as explained in
§4.1) to define the best pitch angle as function of the azimuthal
angle. This produced the time varying aerodynamic forces in the
design operational condition, which were considered as an
estimate for the computation of the load factor in the procedure
[34], along with the static forcing (centrifugal load) that the rotor
need to counteract due to the blade's eccentrical center of mass.

The IPC motors are controlled by miniaturized inverters, which
are placed nearby and attached on the twin arms, Fig. 16. The IPC
motors' current and velocity control loops are closed on board
nearby these inverters, whereas the position loop, in terms of
blade's pitch angle is closed by the higher level controller, imple-
menting the [PC-VAWT control laws to be tested, and relying on
the feedback signal of an encoder installed at the opposite end
(top), as shown in Fig. 16. Therefore, a reference velocity actuation
signal is given to the motor based on the position control loop, the
former is an analog signal, whereas the latter digital (i.e. encoder's
A/B/Z, A-/B-/Z-). Furthermore, beside the control laws aimed at
optimizing the aerodynamic performance of the machine, the
feedback signal of the encoder is also used as a feedback for the
homing operation, which are set to place the airfoil perpendicular
to the radius a 0-azimuthal angle before starting. All the cables,
carrying input/output and digital/analog signals, pass through the
hollow shaft and are gathered by slip ring rotary contacts and then
handled by the higher-level controller. Also, the main shaft motor
is hollow, so that it is connected to the main shaft at one end (Fig.
14) and to the slip rings system at the other end. An industrial
inverter directly controls this motor, however, the reference in
terms of angular speed is given by the high level controller, which
can potentially implement speed control laws in addition to IPC
control laws at constant angular velocity. As for the IPC motor also
for the main shaft one, effective velocity and current (torque) are
available to the high-level controller (and for acquisition during
wind tunnel tests). Moreover, attached to the motor-shaft
connecting flange (i.e. 7 in Fig. 14), an encoder wheel rotates with
the main shaft, and two inductive proximitor sensors detect its
passage, one for homing purposes and the other for defining the
effective position of the shaft, for IPC control target.
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Table 2 5. Characterization of the effective capabilities
Mechanical properties of Aluminum 7075-T6.
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Fig. 14. Overview of the structural design of the reference machine.
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Fig. 16. Overview of the actuations, measurements and signal handlings.

and IPC control bandwidth, with the goal of defining more precisely Therefore, hammer test based modal analysis was conducted with
the actual testing range of the machine under VODCA project. the aim of characterizing the effective natural frequencies of the
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system. As depicted in Fig. 17, up to 20 accelerometers where
placed to detect the structural dynamics of the whole machine in
parked condition. The most relevant information is that the first
main shaft bending frequency was found to be around 19.5 Hz,
lower fre-quency was found for the coupled sub-system arms-
blade, how-ever the spinning rotor is acting as stiffener for this
mode. A lot of different frequencies were found in the system,
however, only the ones with high coherence function, theoretically
equal to 1, were considered having physical meaning, in that
coherence was found between the input signal (hammer) and the
output (accelerom-eter), as common practice in modal analysis
[36]. The main shaft bending natural frequency set an upper limit
in the main shaft speed, as depicted in Fig. 17. In fact, with the
willing to have a ratio between the first bending shaft natural
frequency and the 3P greater than 2 times, it can be accepted an
angular frequency around 3 Hz. This also to make sure that no
resonant vibrations can occur during wind tunnel tests. However,
also the IPC bandwidth must be considered, since it is strictly
connected to the maximum angular velocity (e.g. the same function
of pitch angle Vs azimuthal position, for higher angular speeds,
require a wider motor control bandwidth). Therefore, the
characterization of the actual control capabilities, in the frequency
domain, was necessary. This was carried out providing imposed
sine waves for different pitch angles computing the frequency
response function between the input angular position and the
effective one, looking at the deficit in the magnitude as well as the
phase shift of the response. It was found that, considering a
possible control law containing up to 3P of the fundamental
harmonic (main shaft rotation) with an amplitude of 5°, a
maximum main shaft angular frequency is to be limited to 2.5 Hz,
which is consistent with the structural limit above reported.

These considerations are summarized in Fig. 18, where the tip
speed ratio A (Eq. (4)):

wR
r=22 (4)

function of the angular speed w, the radius R and the undisturbed
inflow velocity, which governs the aerodynamics of VAWTS, is re-
ported as function of the main shaft rotational frequency f. In this
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Fig. 18. Testing region for the reference machine.

graph, the testing region is bounded by the above mentioned
rotational limit, as well as line linked to the open jet test section
operational limits. In fact a range 4—20 m/s can be considered
reasonable for VODCA project: the lower limit is due to a minimum
wind speed required for a good control of the wind flow as well as
for having a useful signal/noise ratio in the measurements, whereas
the upper bound limit is due to the specific application. The testing
region is defined as the intersection between the low and high
solidity conditions, even if, as mentioned, VODCA project is prob-
ably going to be operating with the higher solidity, which brings
about also interesting challenges in the modelling. Higher rota-
tional frequency can be considered, up to the structural limit of
3 Hz, if less aggressive control laws will be implemented either in
terms of bandwidth or amplitude of the harmonics.



6. Conclusion and ongoing development

The PoliMi's vertical axis wind turbine with individual pitch
control capabilities was designed and built by the authors and its
features, openly shared, have been reported and commented. The
design approach and choices were also reported and the mechan-
ical and electrical components shown in detail.

The machine is supposed to be a reference VAWT for code
validation purposes, under the open data project VODCA, whose
aim is to share wind tunnel tests data on the PoliMi IPC-VAWT to
participants who wants to validate their own codes. PoliMi will lead
the coordination of the project with the goal of providing and
sharing insights regarding the complex aerodynamics of VAWTs,
through a numerical/experimental approach. Furthermore, IPC
control capabilities of the machine will allow to assess the potential
improvements due to self-starting and optimal control imple-
mentation, also considering the recent interest in adopting IPC-
VAWTs for Multi -Megawatt floating offshore wind turbines.
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