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Abstract: Micro wind turbines can be structurally integrated on top of the solid base of noise barriers
near highways. A number of performance factors were assessed with holistic experiments in wind
tunnel and in the field. The wind turbines underperformed when exposed in yawed flow conditions.
The theoretical cosθ theories for yaw misalignment did not always predict power correctly. Inverter
losses turned out to be crucial especially in standby mode. Combination of standby losses with
yawed flow losses and low wind speed regime may even result in a net power consuming turbine.
The micro wind turbine control system for maintaining optimal power production underperformed
in the field when comparing tip speed ratios and performance coefficients with the values recorded
in the wind tunnel. The turbine was idling between 20%–30% of time as it was assessed for sites
with annual average wind speeds of three to five meters per second without any power production.
Finally, the field test analysis showed that inadequate yaw response could potentially lead to 18%
of the losses, the inverter related losses to 8%, and control related losses to 33%. The totalized loss
led to a 48% efficiency drop when compared with the ideal power production measured before the
inverter. Micro wind turbine’s performance has room for optimization for application in turbulent
wind conditions on top of noise barriers.

Keywords: micro wind turbines; performance; experiment; field test

1. Introduction

Micro wind turbines have a potential to be utilized for energy production in the
urban environment. In order to reduce electricity production costs they can be installed on
buildings or on infrastructure. This has already been demonstrated at an affordable cost for
photovoltaics in the urban environment. The challenge is also indicated in a cost compari-
son of free standing micro wind turbines ranging from 6700 to 10900 €/kW (2017 equivalent
from US dollars) [1], while photovoltaic (PV) systems range from 2500–6700 €/kW (2017
equivalent from US dollars) [2]. Therefore, research is needed to find ways to reduce
costs for micro wind turbines and optimize the performance characteristics, thus lowering
electricity production costs.

For micro wind turbines, there are numerous claims, showing a wide range of energy
efficiencies and a wide range of costs, which are caused by an unregulated market without
proper standardization. Also, their operating performance differs largely per wind turbine
system and site of installation, hence more research is needed to identify all possible issues.
The poor performance of numerous systems is shown in [3] where capacity factors were
found extremely low up to an average of 0.085 when taking into account electrical standby
losses and 0.0415 when not. The ranges of the capacity factors of the various examined
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sites in England were between 0.001–0.20. This means that it is a difficult task for installers
to select a proper micro wind turbine system for a particular site. This paper addresses
some of the above issues as they have been found through experiments both in a wind
tunnel and from a field experiment on a noise barrier.

The micro wind turbine system that is examined in this article is structurally inte-
grated with noise barriers as seen in Figure 1. Noise barriers are part of many highway
infrastructures passing through populated areas and reduce the noise produced by the
passing vehicles. If micro wind turbines are structurally integrated with noise barriers,
then a part of the structural costs of the micro wind turbines is reduced due to the use of its
heavy support foundations that these barriers can provide to locate these turbines (multiple
infrastructure use). The tower costs for micro wind turbines can vary from 13%–31% of the
total investment cost [4] and if replaced instead by a simple flange as in Figure 1 in blue,
the electricity cost could be reduced. A similar integration has been demonstrated in [5] for
roof- and wall-mounted micro wind turbine applications on buildings.

Figure 1. Micro wind turbine integrated on top of the noise barrier.

In this article, a number of performance characteristics are investigated and a state-of-
the-art literature review is presented below. The intention is to aggregate the most relevant
aspects that determine the performance of a micro wind turbine in an urban environment.
The relevant characteristics are summarized as:

(1) Flow misalignment in open air experiments
(2) Electrical power conversion losses under dynamic external conditions
(3) Starting behavior of micro wind turbines in a varying wind speed environment
(4) Optimal power control of micro wind turbines in urban wind conditions

The first performance characteristic of this article refers to the misalignment of the
flow with respect to the rotor. Wind flows passing through the rotor of micro wind turbines
installed in urban environments, such as on noise barriers are not always perpendicular
with the rotor. This misalignment effect can be observed under two different operational
conditions. The first condition is when the wind flows are affected by urban obstacles such
as a noise barrier, thus resulting in a skewed flow towards the rotor. In the second condition
is the misalignment of the rotor with the flow due to the inadequate yaw response of the
micro wind turbine’s hub with the rapidly occurring wind variations at low heights.
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The first operational condition has been examined in [6] where it was shown that flow
on top of noise barriers is constantly misaligned with a range from +5 to +25 degrees for
all wind flow directions towards the barrier. This constant flow misalignment was shown
to lower the performance. The performance assessment was theoretically modelled with
cos3θ law that predicted power under skewed flow. The intention of the current article
is twofold. First to observe the validity of those theories with wind tunnel experiments
presented in the Section 3.1.1 and second to apply the theory and wind tunnel results for
observations from the field experiment.

Regarding the different theories for prediction of power in misaligned flows, much
literature is presented. For example, in [7], a rotor power measurement under yawed
conditions was performed in a wind tunnel. It was found that there were anomalies from
model predictions regarding rotor power responses to yaw error variations in experimental
data. The conclusion was that higher accuracy prediction of wind turbine power per-
formance under yaw conditions required a more complete understanding of rotor and
blade aerodynamics. In [8], large eddy simulations were performed for yawed rotors of
large wind scale turbines. The authors found that the cos2θ and cos3θ power decay laws
respectively over and underestimate the power production in the experimental datasets
for an inflow with shear. In [9] and [10], the maximum power production versus the tip
speed ratio (TSR) was found to vary approximately like cos3(θ), where θ is the yaw angle
in this case. The turbine used in this experiment was rather small with a diameter of 0.15 m
and placed at a height of 0.125 m from the floor of the closed-loop tunnel. The power
was extracted with a small Direct Current (DC) generator. Even though the cosθ law was
applicable for this small turbine, care should be taken because the airfoils of such a small
turbine operate in very viscous flow and as a consequence the behavior will be different
from a larger turbine with airfoils that operate at higher Reynolds numbers. In [11], yaw
misalignment was studied for the MEXICO rotor with Computational Fluid Dynamics
(CFD) for three wind speeds at 30◦ yaw angle with respect to aerodynamic performance for
a 4.5 m diameter. In [12], wind turbine power performance was also investigated, showing
drops up to 40% in the power coefficient Cp with an increasing inclined flow (towards 40◦)
for a 75 kW system. Finally, in [13] a drop in the thrust coefficient CT and therefore in Cp
was observed for micro wind turbines in wind tunnel experiments for measurements of
wakes from yawed flow from 0–45 degrees. In the present paper, a comparison of the cosθ,
cos2θ and cos3θ laws was performed with experimental data from several wind turbine
configurations and at different yaw position. These theoretical approximations are based
on the momentum theory in steady yaw, the Glauert momentum theory model, and the
vortex cylinder model, which seem to be applicable for large scale wind turbines [14].

Beside flow misalignment losses, which were part of the noise barrier structural
integration, there were electrical losses that made the system inefficient. These were further
classified in generator losses and power conversion losses. In this study, the focus lies on
the power conversion losses with the point of measuring efficiency right after the generator
and before the inverter. Also, the inverter efficiency was determined during the operation
of the wind turbine. Nevertheless, some notable studies on efficiencies also including
generator losses were referred to as well. The conversion of mechanical power to electrical
within the generator for a miniature wind-turbine was observed in [15], where a micro
wind turbine of 0.15 m diameter was tested in a wind tunnel with various DC generators.
Performance of the generator was also assessed in [16] for a miniature wind turbine. These
studies presented losses between 60%–80% for DC generators. In the present study, a PMSG
generator was used for which better efficiencies were achieved up to 95% [17]. But as said,
the aim was not to study the generator losses but to focus on power conversion losses.

Power conversion related losses occurred in the conversion of the generator’s Alter-
nating Current (AC) to Direct Current (DC) for boosting up then back to fixed frequency
AC for grid connection. Most commercial micro wind turbines have a Permanent Magnet
Synchronous Generator (PMSG) that produces a three-phase power which is rectified to DC
and then depending on the voltage level of the generator a buck-boost converter brings it to



Energies 2021, 14, 1288 4 of 29

each AC grid country compatible frequency. The instantaneous loss was dependent on the
different electronic components and configurations and could be between 20%–40% [18].
These losses accumulate in the total power performance and can vary greatly depending
on rectifier topology [19–21]. The literature also indicated other electrical losses that should
not be neglected as it might lead to considerable reduction in cumulative energy yield.
These are, for example, the standby losses of the inverter connected to the turbine. Such
losses are hardly ever taken into account in commercial micro wind turbine manufacturer
websites and brochures. The standby losses depending on the inverter can contribute to
a considerable amount of energy lost. The field trials from Energy Savings Trust 2009
report indicated that in some cases, micro wind turbine installations were found to become
net-consumers of electricity due to the power consumption of the inverter taking its power
(~10 W continuously) from the mains supply even when the turbine is connected but is
not generating [22]. Similarly, [23] indicates that most small wind turbines have system
electronics that run in standby mode or monitoring mode if the turbine is not generating.
Depending on how much the wind turbine operates, these are additional losses for the mi-
cro wind turbine system. Due to lack of outdoor data in the literature, this is unfortunately
hard to quantify upfront.

In the present article, the above phenomena were observed through the wind tunnel
experiments in which different inverters were tested. The results were used to quantify
the annual energy yield and standby losses for 9 location cases in the Netherlands with
accenting wind speed. Finally, the performance of the inverter, for the experiments where
the micro wind turbine was integrated on noise barrier structure, is presented.

The starting and idling behavior of the micro wind turbines was another important
performance aspect not to be neglected. The low wind speeds in combination with the
highly turbulent wind environment at low heights will certainly influence performance
and knowing the turbine’s behavior at low wind speeds is important. Most micro wind
turbines need a gust to overcome cogging torque and to complete the starting sequence
at low wind speeds, quite often about 4 m/s [24]. Even when starting, the wind turbine
might spend much time in idling mode until the inverter is able to boost the generator
voltage to an acceptable level where it can be inverted to AC. Only then sufficient voltage
is built up from the controllers in order to connect to the grid. Cogging torque is important
and in [25] researchers tried to minimize it. But looking at the greater picture, the effect
of the idling and starting behavior can significantly influence the overall energy yield.
During the experiments that will be presented in this paper, the starting behavior of micro
wind turbines is observed for various yaw positions and wind regimes. After that, a
quantification of the time that turbine would be in idle, stop, or operation is presented for
different wind speeds.

Finally, the performance aspect of controlling a micro wind turbine is crucial for
identifying the maximum power performance point. Wind turbines have an optimal
operating rotational speed for each wind speed. This rotational speed gives the best
aerodynamic power extraction from the given wind flow [26]. The system’s controller
should ideally control the power electronics in order to find the optimum rotational speed
in rotations per minute(RPM) at all times for all wind speeds. If such controller is badly
designed then a potential micro wind turbine project can turn into a financial disaster.
There are numerous studies on control of micro and small wind turbines and on how to
assess and define the performance metrics such as power coefficient Cp and tip speed ratio
(TSR or λ) curve for micro wind turbines.

In [27], the authors address the importance of the Cp-λ curve for micro wind turbine
operation and how power electronic converters are currently programmed with power and
speed curves, which do not effectively optimize the power generation. For compensating
the high costs and complexity of wind tunnels, authors designed an emulator to assist
the development of controllers of small wind turbines. In the present study, data are
analyzed and shown with respect to the Cp-λ curve response of the turbine. Additionally, a
qualitative presentation of the results of the controller performance in the field experiment is
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shown to address the importance of the maximum power performance controller operating
in a highly turbulent environment.

All aforementioned studies mentioned here present performance characteristics. The
motivation for the current study is generated by the fact that numerous individual issues
are addressed regarding the performance, but an overall holistic understanding of those
characteristics with respect to the overall power production performance is lacking. The
novelty in this article is hence found in a holistic approach to present and discuss the
results of the experiments. One set of experiments conducted in a wind tunnel and used as
a comparison basis for the other set of field experiment, where the performance of micro
wind turbines integrated with highway infrastructures such as noise barriers is recorded.
The article does not address the fundamentals of the aerodynamic, electrical, and control
performance of the systems described, but rather addresses the key aspects that result in
an energy efficient system. All the performance characteristics addressed with respect to
the field experiment are classified and quantified for a 22 minute dataset. However, the
results can be also interpreted in a qualitative manner and inspire the research community
to investigate further those aspects in a combined holistic effort.

The article is organized as follows. In Section 1, a literature review and scope are
presented. In Section 2, a detailed set-up description is presented of the wind turbine
systems examined as well as the methodology used. In Section 3, results are presented for
each key performance characteristic. In Section 4, a discussion on the obtained results can
be found. Finally, in Section 5, the conclusions are presented.

2. Materials and Methods

To provide a quantitative and qualitative assessment of the performance characteristics
of the micro wind turbines for installation on noise barriers, the following experimental set-
ups, methods, hardware, and equations were used. The experiments were done in a wind
tunnel under controlled conditions, in order to have a properly calibrated environment
where micro wind turbine performance aspects can be determined. An outdoor field
experiment with a micro wind turbine installed on top of a noise barrier was also presented
in order to understand the “real-world” conditions and how such outdoor conditions can
affect the performance of the micro wind turbine. Numerous wind tunnel experiments
inspired the methods of this article in many ways [16,28–31].

The methods and experimental conditions for both the wind tunnel tests and the field
experiment are subsequently presented in the following subsections.

2.1. Wind Tunnel Experiment

The experiments were conducted in the Open Jet Facility (OJF) of TU Delft. This is a
closed-circuit open jet wind tunnel with a jet diameter dnozzle of 2.85 meters. Wind speed
was measured with a pitot tube placed inside the wind tunnel’s nozzle and was calibrated
for the distance from the exit of nozzle in which all micro wind turbines are placed as
seen below in Figure 2. Even though some literature suggests that blockage corrections
are necessary even for small wind turbines like in [32] and [33], this is mainly the case for
experiments in closed test sections. Since the current test object is exposed to an open jet
flow in significantly larger diameter, the blockage effects were considered negligible. Open
jet blockage corrections were typically one order of magnitude smaller and of opposite sign
compared to closed tunnel sections with similar diameter [34]. The use of open jet sections
was a well-known setup for reducing blockage effects [35,36]. The Open Jet Facility tunnel
in TU Delft was used before with success for many aerodynamic studies on blunt body
loads as well for small scale wind turbine rotors like in [37].
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Figure 2. Diagram of installation of micro wind turbine in the Open Jet Facility (OJF) and wind speed
pitot-tube.

Two commercial wind turbine hubs were used in the experiments, the DOD Electric
and the WindChallenge. For the DOD Electric, 3 different rotors were used. The standard
commercial 5 bladed rotor from the manufacturer, an American 5 bladed rotor, and an
American 3 bladed rotor. All these rotors had a blade radius of 0.83–0.87 m. WindChallenge
was a 3 bladed downwind turbine with blade radius of 0.86 m. All hubs had a permanent
magnet synchronous generator with a rated power of 375 watts. All the turbine rotors were
installed at the same distance from the wind tunnel’s jet exit.

To study the losses of the inverter and the loss due to the skewed flow misalignment,
the generator was directly connected to a grid-tied inverter before all energy was fed to
the grid. This configuration is depicted in Figure 3. The nacelle of the wind turbine, see
Figure 3, was locked at several yaw misalignment positions θ degrees with a tightening
bolt. In that way, the effect of flow misalignment was calibrated and hence potential
detrimental effects of the yawed and skewed flow of a micro wind turbine installed on a
noise barrier can be identified.

Figure 3. Schematic of configuration of skewed flow losses experiments and inverter losses for the wind turbine (WT) and
its permanent magnet synchronous generator (PMSG), together with all relevant measured parameters

In order to assess the energy losses, different measurement points were defined for
each configuration, as seen in Figure 3. with measurement Point 1 and 2 before and after
the inverter. The measurements were recorded in a DEWETRON data acquisition computer.
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Line-to-line voltage VLL (Volts) and line-to-line current ILL (Amps) in each phase were
measured with a 10 kHz sampling frequency. Voltage was measured with DAQP-V-B
and DAQP-V-HV modules and current were measured with Fluke clamp meters. For the
calculations, the root-mean-square (RMS) values were considered, while the rotational
speed (RPM) was estimated from the voltage zero-crossing. From those, the 3 phase power
produced from the micro wind turbine was derived using the equations below. Grid
voltage Vg (volts) and grid current Ig (Amps) measurements were also considered at the
grid side and power was estimated with the equations below.

Pgen =
√

3VLLILL (watts) (1)

Pgrid= VgIg (watts) (2)

These power values were later processed in order to find the efficiency of the inverter,
but also to compare the power values for different yaw misalignment angles θ (◦). Especially
for yaw misalignment angles, a comparison of the experimentally recorded power at the
measurement points with the theoretical estimation was considered. The general equation
for the theoretical power P (watts) was estimated using Pgen (watts) at each angle θ◦.

P(θ = θi)= Pgen

(
θ = θ

◦
)
× cos θ (watts) (3)

For the Cp-λ study, the 3 phases of the generator were connected to a DC bridge
rectifier and then to a DC controllable load unit on which a constant voltage could be set as
seen in Figure 4. By setting up different voltages, the rotational speed of the rotor can be set.
In that way, the performance of the micro wind turbine was assessed for different tip speed
ratios TSR (see equation below). TSR is the ratio of the rotational speedω (rad/s) times the
rotor radius R (m) divided by the incoming wind speed uw (m/s). Further analysis of the
equation to use the RPM measured from the equipment is shown in the equation.

Figure 4. Configuration of DC-controllable load tests in wind tunnel.

Studying the TSR and generated power at each instance was important since this
can confirm if the commercial MPPT (Maximum Power Point Tracker) inverters used
were operating in the maximum performance possible. This configuration is visualized in
Figure 4.

TSR(−) =ωR
uw

=
2π
60×RPM× Rrotor

uw
(4)

The summary of all equipment that was used for the wind tunnel experiments can be
found in Table 1:
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Table 1. Wind tunnel experimental equipment and relevant descriptions.

Equipment Description

Wind tunnel facility
Open jet Facility (TU Delft)
Wind speed ranges 0-30 m/s
Jet diameter 2.85 m.

Turbine generator(s) Both are 3 phase PMSG
Prated = 375 W

Rotors used

3 bladed upwind (R = 0.87 m)
5 bladed upwind (R = 0.86 m)
5 bladed upwind large (R = 1.06 m)
3 bladed downwind (R = 0.85 m)

Grid-tied inverters DF-SUN500-GWAL
Custom-made for WindChallenge

DC bridge rectifier
3 phase bridge rectifier Zhejiang Jing Tai
Electronics
(MDS60–16)

DC controllable load KIKUSUI (PLZ1004 W)

Data loggers
DEWETRON (DEWE-5000)
National Instruments (cRio9063 with relevant
modules)

Voltage measurement

(before inverter) - DAQP-V-B module
(DEWETRON) with 0.05% accuracy
(after inverter) - DAQP-HV module
(DEWETRON) with 0.05% accuracy

Current measurement
Fluke i30 (current clamp) with Accuracy <1%
Chauvin Arnoux MN38 (current clamp) with
Accuracy <1%

In Figure 5, a compilation of photos is presented showing all the experimental geome-
tries tested in the jet of the OJF wind tunnel.

Figure 5. Photo-compilation of the micro wind turbines installed in front of the nozzle of the Open
Jet Tunnel, (left photo) 5 bladed upwind in skewed flow configuration, (middle photo) 5 bladed
upwind turbine in 0◦ skew angle and (right photo) 3 bladed downwind turbine.

2.2. Field Experiment

Finally, field experiments were performed using the WindChallenge downwind micro
wind turbine integrated on top of a noise barrier. The noise barrier was located at the road
intersection of N470-A13 near TU Delft in the Netherlands. The micro wind turbine was
situated on top of the noise barrier with the hub 2 m above the noise barrier. A special
flange was fabricated in order to allow the micro wind turbine be attached on the noise
barrier, as seen in the left part of Figure 6. The micro wind turbine was connected to its
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dedicated designed inverter and is grid connected similar to the sketch in Figure 3. The
power measurements, calculations, and equations were as explained in Figure 3. in the
previous subsection. For the measurement of the hub’s yaw direction, a digital compass
was designed and integrated with the hub of the turbine as in Figure 1.

Figure 6. Visualization of the micro wind turbine structural integration with the noise barrier.

The observed directional data were then compared to the wind direction measured
from the sonic anemometers next to the wind turbine as can be seen in Figure 7. The
rotational speed of the micro wind turbine (RPM) was measured via a magnetic pulse
counter installed on the hub’s shaft. The RPM measured in combination with the local
wind speed was used to define the tip speed ratio (TSR) of the micro wind turbine. The
yaw orientation was also measured with the digital compass installed on the hub of the
generator. Finally, the power was measured before and after the inverter similar to the
wind tunnel set-up but with different data acquisition equipment and power, voltage, and
current sensors of similar accuracy.

Figure 7. Micro wind turbine integrated on noise barrier field experiment. The 6 sonic anemometers
are visible on the right located on two masts on three heights. The scaffolding behind the barrier is
for access purposes and does not influence the incoming flow over the barrier.
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Finally, Table 2 below describes the equipment used.

Table 2. Field experimental equipment and relevant descriptions.

Equipment Description

Noise barrier Height =5.2 m
Wind turbine 3 phase PMSG - Prated = 375 W
Rotor 3 bladed downwind (R = 0.85 m)
Grid-tied inverters WindChallenge

Current sensor (after inverter) CR4200 (accuracy +/−2% below 0.5 A and
+/−0.5% above it)

Current and voltage sensor (before inverter)
EM24 DINAV53DM1X
(Energy Meter before inverter with accuracy
+/−0.5% rdg

Data loggers National Instruments (cRio9063 with relevant
modules)

Digital compass
A magnetometer with that measures 0–360◦

the orientation of the turbine. Sampling rate 15
Hz and stored at 10 Hz

RPM meter Hall effect sensor with magnets placed inside
the turbine’s hub

3. Results

The following section includes the results relating to the performance characteristics
addressed in the introduction with the experiments described in Section 2. Each subsection
addresses each performance characteristic measured in the wind tunnel or the field test and
relevant discussions address the importance with respect to the overall performance. The
overall performance is addressed extensively with a post analysis in the Discussion section.

3.1. Flow Misalignment Losses

As presented in the Introduction, flow misalignment losses can play a detrimental role
into the overall lifetime performance of the micro wind turbines. In this part, experimental
results from wind tunnel tests of different rotors in different yaw angles are compared with
the theoretical approaches. Finally, these theories are projected to potential losses due to
inadequate yaw response of micro wind turbines on a noise barrier.

3.1.1. Skewed Flow Losses

The theories regarding skewed flow were compared with wind tunnel observations
for different wind turbine configurations. Rotors were tested in different skewed flow
angles with respect to the wind tunnel free stream. The difference of Pgen (watts) generated
power before the inverter of 3 different rotors and the reference power Pgen at a skew angle
θ = 0 degrees is presented in Figure 8. The result is shown as the ratio ηyaw (−) between
the measured power and the reference power at zero skew angle:

ηyaw(θi)(−) =
Pgen(θi)

Pgen

(
θ = 0

◦
) (5)

The results for the DOD-Electric micro wind turbine in the 5 bladed and 3 bladed
upwind rotor configurations are shown for yaw angles of 22◦ and 45◦ in Figure 8. For
angles of 22◦, the difference was between 80%–95% of the reference power for all tested
wind speeds. For 45 degrees, it dropped significantly to 35%–65% for the 5-bladed rotor
and to 20%–35% for the 3-bladed rotor. These differences might be attributed due to the
blade aerodynamic performance and the controller. A decrease in the relative difference of
power at higher wind speeds than 10 m/s was observed.
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Figure 8. Ratio of experimentally measured power to the reference power at θ = 0◦ expressed as
ηyaw(−) at different skew angles θ (15◦, 22◦, 30◦, 40◦, 45◦) for (a) 5 bladed upwind, (b) 3 bladed
downwind, and (c) 3 bladed downwind configurations.

For the 3-bladed downwind turbine, see in Figure 8, the different skew angles con-
sidered were 15◦, 30◦, and 40◦. There were no specific reasons for this difference with
the other rotors. For 15◦, the generated power was between 94%–100% of the reference
power. For 30◦ it drops to 85%–95% and for 40◦ to 75%–85%. This turbine seemed to have
a better aerodynamic skewed flow performance than the other rotors, which could also be
attributed to its controller and blade aerodynamic design.

Next, the theoretical approximations for yawed flow power were compared with
the experimental data of the 3 different turbine configurations. The results are shown in
Figure 9. The comparison was made with the cosθ, cos2θ, and cos3θ theories, which were
presented in the introduction of the article. Each theoretical generated power is presented
in the equation below. These theories were coming mostly from rotor aerodynamics and
thus do not include generator losses; however, the generator losses were assumed constant
for any yaw angle θ (◦) to be compared. Thus Ptheoretical (watts) is estimated from the Pgen
(watts) power at the reference angle θ = 0◦.

Ptheoretical(θi) =

Pgen

(
θ = 0

◦
)
× cos θi

Pgen

(
θ = 0

◦
)
× cos2θi

Pgen

(
θ = 0

◦
)
× cos3θi

(watts) (6)

To assess the validity of each theory using the experimental data, the following ratio
ηtheory was used.

ηtheory =
Ptheoretical(θi)

Pgen(θi)
(7)

For the 15◦ yaw angle in Figure 9, the theoretical estimations were between 90%–105%
of the experimentally recorded values for the 3 bladed downwind turbine. The cosθ theory
seemed to be the one closer to the reference value 1.

For the 22◦ yaw angle in Figure 9, the theories give an approximation between 80%–
120% of the reference value for both upwind rotor configurations (3 bladed and 5 bladed).
For both rotors the cos2θ seemed to have better approximation. For different wind speeds,
different approximations observed were probably attributed to the rotor aerodynamics
and controller.
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Figure 9. Ratio of theoretical power estimation from 3 different yaw misalignment theories at different skew angles θ◦ (15◦,
22◦, 30◦, 40◦, 45◦) with the experimentally derived generated power at these skew angles for (a) 5 bladed upwind, (b) 3
bladed downwind, and (c) 3 bladed downwind configurations.

For the 30◦ yaw angle and the 3-bladed downwind rotor in Figure 9, the theories
gave an approximation between 70%–98% of the reference value. All theories seem to
underestimate the power generated from the rotor. The closest approximation was the
cosθ theory.

For the 45◦ yaw angle and the 3-bladed and 5-bladed upwind rotor configurations
in Figure 9, all theories seemed to fail dramatically in predicting the generated power.
Especially for the 3 bladed rotor, all three theoretical models greatly over predicted the
power production from values of 150%–200% for cosθ up to 250%–300% for cos2θ. For the
cos3θ model, the overprediction was even out of the range doubling the value reaching
400%. For the 5-bladed configuration, the theories were somewhat between 60%–200% of
the theoretical values. In high wind speeds, the cos2θ and cos3θ theories under predicted
power and in lower wind speeds, where the cosθ and cos2θ theories are over predicting
power. The cos3θ theory seemed to be the most promising model. However, the large
deviations in the results led us to conclude that all the cosine theories failed to predict
greatly above 40 degrees skew angle.

Finally, it was also observed that the ratio between measured power and theoretical
power for the skewed angle experiments varied with increasing wind speed. This can most
probably be attributed to the non-optimal control strategies of the turbines.

At this point, the findings, highlights and conclusions with respect to the theories that
predict the flow misalignment losses will be discussed below:

(1) It is evident from Figure 8 that when any rotor configuration was exposed to a
misaligned flow, the power performance dropped. This drop of power production
due to misalignment for micro wind turbines on top of noise barriers is of importance
to assessing the overall performance.

(2) Cosθ, cos2θ, and cos3θ theories for skewed flow did not manage to accurately re-
produce the measured wind turbine power performance in wind tunnel conditions
for micro wind turbines for all wind speeds and yaw angles. The hypothesis was
that aerodynamics of the various rotors plus the control scheme that each turbine
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had, influenced the power output of the wind turbine in this skewed conditions in a
non-linear way resulting in large deviations.

(3) The cosθ theory seemed to work quite well for the (c) configuration which was also
the one that will be used in the field experiment. Thereby, this theory is used to
estimate potential losses in the next sub-section.

(4) For all the other cases, both theories can lead to great deviations of the actual estima-
tion of the power output. Thus, such theories must be treated carefully to accurately
estimate wind energy yield on top of noise barrier, or any wind turbine installation
point where flow was skewed by 15◦ and more (e.g., rooftops) and if the wind tur-
bine to be installed did not have its own custom-made inverter, or was intentionally
designed for highly complex turbulent environments.

3.1.2. Inadequate Yaw Response Losses

The yaw response is the turbine’s hub effort to align at any point of time with the wind
direction. The wind turbine’s hub was a free-moving mass on top of a bearing that should
align with the wind flow in order to extract the wind energy available in the most efficient
way. If the hub does not respond fast enough in these changes, then the wind turbine
runs the risk of extracting less energy that it is able to. Downwind turbines have a weight
displaced far from the center of rotation. The downwind position allowed them to align
with the flow, but the displacement of the weight (and the spinning rotor) led to a large
inertia that was slowing down the yaw tracking of the rotor. In this study observations
were made in order to approximate the losses due to this configuration. The effect was
clearly demonstrated in the 2 minute example dataset shown in Figure 10. The dataset was
sampled with 10 Hz for the wind speed, hub’s yaw angle, and wind direction. It was clear
that there was a mismatch between the alignment of the turbine’s head with the upcoming
wind direction, which gets larger in lower wind speeds. Nearly all the time it was shown
that the turbine’s hub was not aligned with the incoming flow.

Figure 10. Data measured for a period of 2 minutes with 10 Hz sampling frequency, (left graph) Wind speed measured
at hub height and 6 meters next to the micro wind turbine, (right graph) Yaw angle of the micro wind turbine and wind
direction (0◦ is North and 90◦ is East) for WindChallenge turbine.

This yaw misalignment error was estimated for a dataset of 22 minutes with an
average wind speed of 6.5 m/s. A duration curve of the mismatch of the flow and the yaw
orientation is presented. This error was translated to a drop in power using the cosθ theory.
The average potential power performance decrease in all this dataset due to inadequate
yaw response was −37%. The average recorded power performance coefficient Cp of the
turbine for this 22 minute dataset was 0.20. If the turbine was able to follow the wind
flow at all times, then the power performance would increase to an average of 0.273 rather
than 0.20, which is a substantial difference. From the power duration curve, in Figure 11
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(left graph), it can be seen that for about 500 seconds the misalignment was less than
30 degrees. This also means that over the remaining 820 seconds, so about 62% of time, the
misalignment was large, which results in serious power losses. This calls for much more
emphasis on dedicated yaw system designs for small urban wind turbines.

Figure 11. (left graph) Duration curve of the absolute yaw misalignment error (degrees), (right graph)
histogram of probability of occurrence for Cp values assuming ideal yaw response and comparison
with actual measured from the 22 min dataset obtained in the field.

3.2. Electrical System Losses

The power available in the wind extracted by the micro wind turbine significantly
reduced due to the aerodynamic performance of the rotor and the generator’s losses, power
drops as shown in Figure 12 when comparing the red with the green curve. Next, the
inverter and control caused the power to drop further (blue curve).

Figure 12. Available wind power (red), generated power (green), and delivered power to the
grid (blue).
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Up to 10 m/s the aerodynamic and generator losses dominated. In the region above
10 m/s, the inverter conversion losses started to increase, while at the same time, the loss in
power was also due to aerodynamics (stall or pitch control) and/or the controller function
to limit current from generator by means of electrical resistance.

During the experiments, the inverter efficiencies were recorded for the power con-
version together with the standby power consumption losses. These were losses in order
to keep the controller running, light indications, anti-islanding relays, and other isola-
tion units.

These losses were divided into two main components:

(1) Inverter operating efficiency
(2) Standby power consumption losses

3.2.1. Inverter Operating Efficiencies

Inverter operating efficiency is crucial in order to convert the power in an efficient and
reliable manner to bring to grid quality standards (for example 230 volts at 50 Hz frequency
for Europe). The inverter efficiency was calculated from the ratio of Pgrid (watts) and Pgen
(watts). Results for 2 different inverters are shown in Figure 13.

ηinverter(−) =
Pgrid

Pgen
(8)

Figure 13. Wind tunnel measured inverter operating efficiencies as a function of wind speed for (left graph) the (c)
configuration of 3-bladed downwind and (right graph) the (b) configuration of 3 bladed downwind configurations.

These losses should be part of the performance characteristics of a micro wind turbine
project as they might greatly influence the final total annual energy yield that a potential
micro wind turbine could deliver. The experiments indicated that a wind turbine with a
PV MPPT inverter performs less than a micro wind turbine with a dedicated designed
inverter. Finally, a note shall be made on the drop of performance after 10 m/s, which is an
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intentional measure of the control system in order to regulate the large increase in power
and rotor over-speeding.

The inverter efficiency is shown in Figure 14 from the field experiment. It can be
concluded that the inverter was performing as in the wind tunnel setting, by comparing
with Figure 13 above with some deviations around the fitted line.

Figure 14. (left graph) Time series plot of a 2-min dataset (right graph) Scatter plot of field test for a 22 min dataset of
measured inverter operating efficiencies for WindChallenge downwind turbine with average wind speed of 6 m/s.

3.2.2. Standby Losses Assessment

Another type of losses are standby losses. These typically reflect the electrical con-
sumption of the inverter during standstill or idling conditions.

Measurements were made for different rotors and generators, for several inverters in
the wind tunnel experiment and for one inverter for the field experiment. It was found that
each inverter had an average constant loss during idling or full stop. The losses during
idling of standby conditions were 2, 4, and 22 watts for (a), (b), and (c), respectively (see
definition in Figure 9 for (a), (b), (c)).

The standby losses were used in annual energy calculations. For these annual yields,
wind speed hourly datasets were used from the Royal Netherlands Meteorological Institute
(KNMI) [38]. Several locations in the Netherlands were chosen (near coastal, inland etc.)
as a production sensitivity parameter. All data from each station were evaluated on their
validity and quality. Some datasets were neglected whenever there were Not a Number
(NaN) values, outliers, or other errors (due to weather station issues). The period of data
acquisition assessed was from 01 January, 2018 until 31 December, 2019. The annual energy
production estimations were made by interpolating the grid power output of the wind
turbine’s measured power curve with the query points of hourly wind speed for each
location. This was a rough approach since at low wind speeds close to the standby loss
point, typically, turbulence intensities are higher and might lead to a slight increase in
instantaneous power output [39]. However, this increase was considered minimal in this
experiment case since micro wind turbine were not able to follow all fluctuations in an
instantaneous fashion without moving away from the optimal point of operation. The
intention of this case study was to provide insight into how losses can increase when
standby losses are taken into account or not.

Thereby, a power curve look-up table was used with the hourly wind speed ut (m/s)
for each hourly time step t translated to an hourly energy output E(kWh). During the
moments that power generation from the turbine was zero, the standby losses that were



Energies 2021, 14, 1288 17 of 29

found in the wind tunnel experiments were subtracted. In that way, the influence of the
standby losses on the Annual Energy Production AEP (kWh) was taken into account.

E(ut) =
−Pstandbyloss, if (P(ut)= 0)
P(ut)= P(ut), if (P(ut)> 0)

(kWh) (9)

Once E(ut) is defined for each time step, the annual energy production AEP (kWh) is
then the sum of each hourly time step.

AEP(kWh) =
8760

∑
t=0

E(ut) (kWh) (10)

The influence of standby losses on the total annual wind electricity production was
presented for 3 locations in the Netherlands (De Bilt, Rotterdam, and IJmond) with mean
wind speeds of 3.36, 4.13, and 6.97 m/s, respectively. For these calculations, the power
curve of the downwind 3-bladed WindChallenge micro wind turbine was used, which
was rated at 375 watts. A calculation was made for different inverter standby losses (2, 4,
and 22 watts) for fully aligned flow conditions. The first bar presented in Figure 15 below
is the reference generated power excluding the standby losses. For low wind speed sites
(3.3 m/s), the standby losses were of a considerable amount (5%, 10%, and 50%). When
average wind speed increased, the losses dropped significantly. The amount of standby
loss also played a role.

Figure 15. Annual Energy Production (AEP) for 3 sites with different annual mean wind speed (left = 3.3m/s, middle
= 4.1m/s, right = 7m/s) assessing the losses for 3 different inverter standby losses (2, 4, and 22 W) compared to the
reference AEP.
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3.2.3. Site Assessment Feasibility with Electrical Losses and Skewed Flow

A more detailed assessment was conducted for 9 sites in the Netherlands from inland
to nearly coastal wind climate conditions with increasing mean wind speeds of 2.7–5 m/s,
measured at 10 meters height, whose details are found in Table 3 below. This was relevant
because micro wind turbines usually are installed at such heights and will experience
these mean wind speeds. The site characteristics are presented in the table below. This
assessment was a sensitivity analysis for the effect of yaw misalignment and inverter
standby losses (assuming 6 watts). It was assumed that whenever the turbine was not
producing any power, a consumption of standby loss was occurring. The site that was the
nearest to the noise barrier location of the field test was R’dam (Rotterdam) measured in an
open field at an airport. The noise barrier site was located 10 kilometers away from that
measurement point. By extrapolating the results for the standby losses shown in Figure 15,
about 24 kWh of losses were expected from a 493 kWh reference AEP. This was a ~5%
decrease in AEP due to the standby losses.

Table 3. Wind Site characteristics including the Weibull lambda and k parameters that describe the wind regime for 9
locations.

Station Arcen De Bilt Ell Eindhoven Maastricht R ’dam Voorschoten Schiphol R’dam
Geulhaven

Umean
(m/s) 2.7 3.3 3.3 3.5 3.7 4.1 4.3 4.7 5

λ (scale) 3.02 3.79 3.71 4.02 4.20 4.64 4.83 5.41 5.68
k (shape) 1.60 1.96 1.66 1.84 1.98 1.82 1.81 1.96 2.23

The results for the assessment of the 9 sites are presented in the curves in Figure 16. In
particular the annual energy production is plotted versus the increasing wind speed per
site, The conclusions derived are:

(1) Energy yield was higher for higher mean wind speeds.
(2) The annual energy production (AEP) standby losses were lower at higher mean wind

speed as the wind turbine produces more time and stays less time inactive, consuming
standby power.

Figure 17 shows the ratio of AEP (kWh) with and without the standby losses. It was
clear how much overestimation of predicted power can occur especially in the low wind
speed regions. Another important finding was that there are cases where the combination
of low site average wind speed, large average yaw angle that the rotor is exposed, and a
specific rotor could lead to even a net consumer wind turbine system rather than producing
one overall a year. This was seen well for the 3 bladed upwind turbine in the left graph
and for yaw angles of 45◦.

It was also clear that some wind rotors have much more beneficial production, such
as 3-bladed downwind, which is due to better aerodynamic performance in yawed flow,
better controllers, and possibly lower grid connection wind speed leading to less losses.
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Figure 16. Annual Energy Production AEP (kWh) without and including standby losses for an increasing mean wind
speed per different site and different yaw angles for (a) 5 bladed upwind, (b) 3 bladed downwind, and (c) 3 bladed
downwind configurations.

Figure 17. Ratio of Annual Energy Production with and without the standby losses plotted for increasing mean wind speed
usite(m/s) per different site and different yaw angles θ(◦).
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3.3. Optimal Power Control Performance

Micro wind turbines have an aerodynamic maximum operating point at which they
harvest maximum power from the available wind power. However, when placed in the
field there are a number of factors that might lead to deviations from those optimal points.
These factors have to do with the micro wind turbine design, the turbulent nature of wind
speed at low heights, and the control system of the wind turbine. Observations from a wind
tunnel experiment are presented showing the best operating point and the corresponded tip
speed ratios and performance coefficients for micro wind turbines and then are compared
with real-field measurements in order to give an impression of the micro wind turbine’s
behavior on the field and identify the room for improving the performance characteristics
of micro wind turbines.

3.3.1. Cp and Tip Speed Ratio Measurements in a Wind Tunnel

A test was performed by using the DC load set-up where the RPM of the generator
could be controlled through voltage and thus the maximum aerodynamic power coefficient
of this particular rotor was found. Figure 18 below presents the results for 2 rotor config-
urations with 5 blades (a smaller and a larger rotor diameter). For both rotor diameters
it was found that the maximum performance was between a tip speed ratio (TSR) of 4–6.
Also, as wind speed increased, the optimum CP was found in higher Tip Speed Ratios
(TSR). Also, the CP slightly decreased with increasing wind speeds. The Cp was based on
the ratio of aerodynamic power Paero (watts) and Pgen (watts). Paero (watts) was based on
the air density ρair (kg/m3), rotor radius Rturbine (m) and wind speed uw (m/s).

Cp =
Pgen(Watts)
Paero(Watts)

(−) (11)

Paero= 0.5ρairπRturbine
2uw

3 (Watts) (12)

Figure 18. Wind tunnel results of generator’s Cp-λ (top) and Cp-RPM (down) curves of different rotor diameter 5 bladed
upwind rotor configurations (left graphs for 0.85 m diameter and right graphs for 1.05 m diameter) based on Pgen(W)
power after the generator for different wind speeds (see legend).
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For the 3-bladed downwind micro wind turbine used in the field experiment, unfortu-
nately a detailed Cp-λ assessment was unfortunately not available. But data were extracted
from the power curve characterization test including the RPM of the generator, thus the
optimal operating point of the wind turbine for each wind could be found. The Cp and
TSR characteristic data for all wind speeds are presented below in Table 4. This shows the
power performance of the micro wind turbine for ascending wind speeds.

Table 4. CP-TSR characteristic curve for the 3-bladed downwind turbine configuration derived from
wind tunnel test.

Wind
Speed (m/s) RPM CP TSR

3.00 190.00 0.40 4.97
4.00 240.00 0.40 4.71
5.00 300.00 0.35 4.71
6.00 360.00 0.34 4.71
7.00 430.00 0.34 4.82
8.00 490.00 0.30 4.81
9.00 560.00 0.31 4.88
10.00 690.00 0.29 5.42
11.00 770.00 0.33 5.50
12.00 880.00 0.30 5.76
13.00 963.00 0.28 5.82

3.3.2. Performance of the Controller in the Field

A 22-minute dataset was collected from the field experiment. An analysis was per-
formed for the wind speed U (m/s), Tip Speed Ratio (TSR), power performance (Cp), and
rotational speed (RPM), which were recorded with 10 Hz sampling frequency. By compar-
ing the scatter plots in Figure 19 with the experimental results in Table 4, it was understood
that there were significant mismatches with respect to the optimal performance measured
in the controller wind tunnel conditions. In particular, by looking at the histogram of TSR,
nearly 37% of time the TSR was between 2–4, while 24% of time the TSR was between
4–6, which was the optimal range determined in the wind tunnel experiments. Looking
at power performance coefficient consequently, a poor performance was also observed,
with the turbine operating most of time not close to 30%–40% (as determined in the wind
tunnel experiment).
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This was also observed in the scatter plots where most data points co-exist for low TSR
and low Cp (bottom right scatter plot). The results were also assessed with a lower sampling
frequency of 1 Hz (with resampling), which presented no deviations for TSR with mean
values being 3.48 (at 10 Hz) and 3.49 (at 1 Hz). But for the result CP, an overestimation of
the value was found with 20.7% (at 10 Hz) and 21.4% (at 1 Hz). Therefore, we can conclude
that lower sampling rate overestimated power performance coefficients.

The results as such did not indicate a potential solution to this mismatch but rather
addressed this issue. Control strategies differ per micro wind turbine manufacturer. It
was understood that control systems were giving a flexibility on the micro wind turbine
to operate in the near ground low wind speed and turbulent environment. Technically
this is done by allowing the voltages to rise more, in order to keep the micro wind turbine
spinning. At low wind speeds, manufacturers tend to let the micro wind turbines operate
at a higher tip speed ratio (with the price of less efficiency) in order to avoid a full stop of
the micro wind turbine, while in higher wind speeds, they allow the turbine to operate
at lower tip speed ratio to allow better control. This is evidently shown in the top-right
scatter plot of figure above. It is hard to classify in which conditions of the field experiment,
the controller allowed on purpose to lower or higher tip speed ratios to find the optimal
point of operation. But the dynamics of the controller response and ability to follow the
turbulent nature of wind together with the inertial responses of the turbine could definitely
be a next step into research.

3.4. Starting Behaviour and Idling Fatigue

This section presents the findings of the starting and idling behavior of the micro wind
turbine from the wind tunnel and field experiment. The micro wind turbine behavior was
classified according to the following states:

(1) Complete Stop
(2) Idling

a. Rotor comes to idling condition from complete stop
b. Rotor comes to idling from generation

(3) Generation

a. Coming from stop condition
b. Coming from idling condition

These states are further described below:
During the complete stop phase, if the hub’s yaw angle is misaligned with respect

to the flow then the flow acts as a force to align the hub to the flow. The force acting on
the rotor should be enough to rotate the hub to the direction needed. Figure 20 below
shows results for different rotors tested in a wind tunnel from different yaw conditions.
A 5 bladed and 3 bladed rotor with similar aerodynamic properties was exposed to an
incremental wind speed increase in the wind tunnel starting from 90◦ yaw misalignment
until the point the rotor started aligning fully with the flow (refer to the left image in
Figure 5). It is clear that the 5 bladed rotor with higher solidity needs higher wind speed to
start the flow alignment. Also, another finding was that while the tail-vane of the micro
wind turbine assisted the rotor to start rotating from the perpendicular misaligned position
in lower wind speeds, it took slightly higher wind speeds for the rotor to align with the
flow (observe the region between 2–3 m/s).

Once the alignment is successful, then the rotation of the turbine starts leading to
either idling state or generating state, described below.
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Figure 20. Experiment where rotor alignment with the flow is assessed from a complete stop and a
90◦ misalignment and by increasing the wind speed until the rotor becomes fully aligned at 0◦.

While idling, the rotor does not produce any power but is in a standby mode where
the controller boosts the voltage to connect to the grid by, for example allowing higher
rotational speed to generate sufficient inertia in the system and then boosting voltage to
connect to the grid side. This mode can happen from either a complete stop of the rotor or
a rotating turbine that generates power. These two possibilities are explained below:

During the point where the rotor comes to idling condition from complete stop, the
rotor is aligned with the incoming flow and the aerodynamical power is enough to allow
the rotor to spin up to a point that it has overcome the cogging torque of the generator.
However, there’s not sufficient voltage boost to connect to the grid. The wind speed
resource and its turbulence characteristics in combination with the power do not allow for
sufficient rotational speed to be built up and thus voltage to connect to the grid. A final
remark on this state, is that a combination of low wind speed with high turbulence and
some small magnitude gusts are needed to bring the rotor to this condition.

In the stage when the rotor comes to idling from generation, the turbine was connected
to the grid and generating while the wind speed dropped significantly. Therefore, there
was still inertia in the rotor, thus allowing for it to rotate up to a point that the voltage is
not sufficient for grid interconnection. However, the aerodynamic wind speed power is
enough to allow rotational movement by overcoming the generator’s cogging torque.

While in generation mode, the turbine’s generator voltage is sufficiently high to
connect to the grid and the power electronics assure that the turbine is connecting to the
grid and delivering power with the appropriate grid quality (typically 220 volts and 50 Hz).
The turbine can reach this state either from a period where the rotor was at full stop or
a period where the wind regime was such to allow the turbine only to idle. These are
described below:

In the stage of coming from stop condition, the rotor reaches rotational speed that is
sufficient to build the sufficient voltage in order to connect to the local grid conditions from
a complete stop. Current is now flowing effectively and the power electronics make their
work to deliver power to the grid. A combination of a previous stage of complete stop due
to low wind speeds and a sudden increase in wind speed with gust behavior might have
allowed for this.
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The stage of coming from idling condition, is similar to the previous step, but the rotor
is already rotating, thus it is easier for it to connect to the grid with a slight increase to the
mean wind speed.

This behavior is quantified with a case study where the complete stop (State Zero),
the idling mode (State One), and the generating mode (State Two) are assessed. This is
quite important as during idling mode the wind turbine basically is not providing power
while increase the overall cumulative fatigue to its components even though it is still in low
rotational speeds. An algorithm was developed to assess this for 10-minute wind speed
data for the place of Delft. The logic is quite simple and it considers 4 important wind
speeds for the turbine, depicted from the explanations before. These are described below
and presented in Figure 21 below:

(1) Starting Speed ustart (m/s), this happens when the rotor starts rotating and has to be
monitored through the wind tunnel experiments.

(2) Stopping Speed ustop(m/s), when rotor comes to a full stop.
(3) Cut-In Speed ucut-in(m/s), when the generator connects to the main grid coming from

a complete stop condition.
(4) Disconnecting Speed udis(m/s), for which the turbine was still rotating before but in

an idling condition.

Figure 21. Power curve recordings with an increasing (up) wind speed and then decreasing (down)
wind speed. Characterizing wind speeds are noted in the legend box.

Using an annual wind speed dataset from Rotterdam airport’s weather station, the
different wind turbine states were determined along the logic scheme plotted in Figure 22.
Thus, the amount of time was quantified when the turbine was actually generating, idling,
or being at a full stop. This happened by assessing the previous state of the turbine in each
time step. The region between 2.5–4 m/s is quite important as the turbine might come
from either a generating point or a full stop point. The logic is described below.
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Figure 22. Flow diagram for idling state assessment.

The results from this case study are presented in Figure 23, where State One represents
the idling stage for this particular site and accounts for 15% of time, while complete stop
(State Zero) is for 22% of time and generation (State Two) is at 63% of time.

Figure 23. (left graph) Case study for different wind turbine states in legend: (State Zero) rotor at complete stop and turbine
not generating, (State One) rotor is idling and not generating, and (State Two) rotor is rotating and generating. (middle and
right graph) Different time resolutions.

Table 5 presents the distribution between stop, idling and generating for three different
wind speed. When the mean wind speed of a site increases the idling states decreases and
generation increase. For example, between 3 to 5 m/s idling reduces from 29% to 22%
while generation increase from 41% to 57%.
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Table 5. Distribution of different wind turbine states for different sites mean wind speeds.

Mean Wind Speed (m/s) 3 4 5

State Zero (complete stop) 30% 23% 21%
State One (idling) 29% 28% 22%

State Two (generating) 41% 49% 57%

4. Discussion

This experimental study, inspired by the large number of articles that examine the
performance of micro wind turbines, has cross validated many of the claims for their
different performance characteristics. From the theoretical and experimental research work
on flow misalignment, to the electrical system losses with a great emphasis on the standby
losses, which are typically neglected, and from the control system losses to the findings on
turbine idling state. All these results are very relevant for the noise barrier application, but
could very well be projected to any urban micro wind turbine system. The results indicate
the necessity for micro wind turbine designers to redesign many of the subsystems in order
to more efficiently capture the available urban wind energy. Finally, from an installer’s
point of view, the combination of the poor performance characteristics with the rather
expensive cost of micro wind energy systems (compared to the more mature PV systems)
and the particularly low wind speed regimes near ground, makes the techno-economical
evaluation of a micro wind energy system challenging. All these uncertainties increase the
financial risks for a profitable system installation. Another characteristic not addressed in
this article is the maintenance demand of such a rotating electromechanical system, which
could also affect the cost of electricity and it is proposed to be included in the future for
further assessment.

To conclude this paper in a holistic way, a final post-analysis of the results was made to
picture the overall performance of the micro wind turbine in the field presented in Table 6.
To understand where there could be points of improvement, the ideal power production
was estimated by interpolating the wind speed measurements for the 22 minute dataset
with the idealized wind tunnel measured power curve before the inverter. Then the ideal
energy productions are summed for each timestep from the wind turbine. This was the
base to estimate all the next ratios.

Table 6. Breakdown of ratio of energy measurements related to performance characteristics at field
test with respect to the ideal performance in wind tunnel.

Energy Measurements (Production or Losses) Ratio of Energy Production or Losses with
the Ideal Performance in Wind Tunnel

Net actual power production 42%
Standby losses 3%
Inverter losses 5%

Losses from Inadequate Yaw Response 18%
Controller performance losses (or other) 33%
Ideal Power Production before inverter

(measured from wind tunnel) 100%

The measured actual power production data from the 22 minute dataset, right after the
inverter and including standby losses, were summed and divided with the ideal production.
It was found that the actual production was only 42% of the ideal one, which means that
there were significant losses of ~58%.

These 58% losses were further classified into 3% for the standby losses and 5% for the
inverters power conversion losses. The next loss presented was due to the inadequate yaw
response resulting in flow-rotor misalignment. This was estimated by multiplying in each
time step the potential drop of power with the ideal power production before the inverter,
then summing up and diving with the ideal one. It was found that 18% of these losses
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might be attributed to the inadequate yaw response. Finally, the remaining 33% of losses
must be attributed to the poor controller performance and other losses.

The table presented above for the 22 min dataset for the average wind speed of 6.5 m/s
brings up a conclusion that there is still room for improvement for the micro wind turbines
on noise barriers. Therefore, the installation of the examined wind turbine at the particular
noise barrier is not yet a mature choice to be made.

5. Conclusions

In this section, the conclusions from the wind tunnel and field test of a micro wind
turbine on noise barrier are summarized. The key conclusion is that the actual performance
on the noise barrier in terms of energy yield was 42% from the ideal power production
measured before the inverter in the wind tunnel. Eight percent of losses were due to the
inverter and standby losses, 18% were due to inadequate yaw response to the wind flow,
while the remaining 33% of losses were linked to poor controller performance. These results
mean that there is still room to achieve the ideal performance as recorded in a controlled
wind tunnel environment.

The key conclusions per performance category are summarized here.
Flow Misalignment

(1) Power performance drops significantly with the increase of the flow skewed angle for
which micro wind turbine’s rotor is exposed on the noise barrier.

(2) Cosθ, cos2θ, and cos3θ decay laws do not accurately reproduce the actual power for
different yaw angles and wind speeds.

(3) The micro wind turbine installed on top of the noise barrier presented a considerable
flow misalignment for a 22 minute dataset (average wind speed of 6.5 m/s) resulting
in an overall drop of Cp

Power conversion performance

(4) Inverter performance measured at the wind tunnel was fairly reproduced in the field
experiment with small deviations.

(5) Standby losses from the inverter are not typically considered in Annual Energy
Production estimations, but their importance should be addressed as in some case
studies examined in this article, the combination of high standby losses and low wind
speed regimes resulted in a net-consumer turbine.

Starting and idling of turbine

(6) The idling state of the micro wind turbine, which might result in increased fatigue
without any useful generation, could occur between 20%–30% of a full year as it was
assessed for sites with annual average wind speeds of three to five meters per second.

Optimal Control

(7) Wind tunnel measurements of different rotors indicated that power performance coef-
ficients were optimum for tip speed ratios between four to six for the tested turbines.

(8) These optimum points were achieved minimally in the field. A 20 min dataset
post analysis indicated that 40% of time the TSR wqs between two to four, thus
in an inefficient region, resulting in nearly 70% to operate at power performances
below 20%.
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