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Abstract: An efficient and reliable exploitation of small horizontal-axis wind turbines (HAWT) is
a complex task: these kinds of devices actually modulate strongly variable loads with rotational
speeds of the order of hundreds of revolutions per minute. The complex flow conditions to which
small HAWTs are subjected in urban environments (sudden wind direction changes, considerable
turbulence intensity, gusts) make it very difficult for the wind turbine control system to optimally
balance the power and the load. For these reasons, it is important to comprehend and characterize the
behavior of small HAWTs under unsteady conditions. On these grounds, this work is devoted to the
formulation and realization of controlled unsteady test conditions for small HAWTs in the wind tunnel.
The selected test case is a HAWT having 3 kW of maximum power and 2 m of rotor diameter: in this
work, this device is subjected to oscillating wind time series, with a custom period. The experimental
analysis allows therefore to characterize how unsteadiness is amplified moving from the primary
resource (the wind) through the rotor revolutions per minute to final output (the power), in terms
of delay and amplitude magnification. This work also includes a numerical characterization of the
problem, by means of aeroelastic simulations performed with the FAST software. The comparison
between experiments and numerical model supports the fact that the fast transitions are mainly
governed by the aerodynamic and mechanical parameters: therefore, the aeroelastic modeling of a
small HAWT can be useful in the developing phase to select appropriately the design and the control
system set up.

Keywords: wind turbines; aeroelasticity; control and optimization

1. Introduction

Small HAWT technology is still nowadays affected by a considerable range of criticality [1],
basically dictated by the fact that it is mostly targeted for domestic use:

• the size of the devices should be small enough for the domestic exploitation, possibly in
urban environments;

• the components and the materials should be cheap enough that the market price is affordable to
very small-scale investors [2];

• the control system [3] should be simple and smart enough (hence, for example, commonly small
HAWTs have fixed blade pitch) that users without technical expertise can manage the device;

• in the design and prototype testing phase, an in-depth vibration control study [4–6] should be
performed, in order for the device to meet the expectations for the use in urban environments in
terms of low noise intensity and reliable safety;
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• the efficiency of the HAWT should be good enough that the public opinion matures a positive
attitude towards this kind of technology, counteracting the prejudice according to which it
intrinsically performs poorly [7,8].

In order to meet the above requirements, small HAWTs commonly result in being mechanical
devices modulating highly variable loads with a small size and a considerable rotational speed:
actually, to obtain acceptable values of the ratio between the extracted power and the power carried
by the wind (summarized in the power factor CP = P

1
2 ρAv3

∞
, where P is the extracted power, ρ is

the air density, A is the blade swept area and v∞ is the undisturbed wind speed facing the rotor),
a small HAWT needs to have rotational speed of the order of several hundreds of revolutions per
minute. Furthermore, the urban environment [9] poses several challenges because of the features
of the complex wind flow (sudden wind direction changes [10], gusts and wind veer induced by
obstacles like nearby buildings [11], turbulence [12,13]) and the full conversion of the resource is
almost impossible because the wind turbine is not able to optimally follow the wind fluctuations
exactly balancing the power production and the electrical load. This fact is supported, for example,
in [14], where the capability of a turbine to effectively adapt its rotational speed in order to satisfy a
prescribed control strategy is investigated in light of two parameters: the required rotor acceleration
and the available rotor acceleration. A new bound for a reliable estimation of the amount of energy
a wind turbine will generate in a specific site is proposed, based on the characteristic time scales of
the wind turbine and of the wind resource on site. This suggests that the a priori estimates of small
HAWT efficiency (based on numerical simulations and-or steady wind tunnel tests) might not be
representative of the actual performances in real environment and it is therefore useful to improve
the test protocols (in the design and prototyping phases) taking into account as much as possible
the dynamical behavior of the device. Similar arguments had been proposed also in [15], where the
dynamic power reduction of wind turbines is investigated numerically and experimentally, assuming
that a steady-state optimal torque control strategy is used. Remarkably, there is a vast amount of
literature about the study of the control of MW-scale wind turbines, but there are very few studies
about the dynamics of small HAWTs: if this on one hand is comprehensible if one is interested in the
scale of produced energy, it is not comprehensible by a scientific point of view because, as supported
with the above arguments, the technology, the size, the flow conditions to which small HAWTs are
subjected pose very intriguing scientific challenges to the researchers community. An interesting
study is [16]: the aerodynamic performances of two small HAWTs are studied using Computational
Fluid Dynamics (CFD) simulations under extreme operating gust and extreme wind direction changes.
Some of the conclusions from that work include: compared to wind speed changes, aerodynamic
forces adapt more slowly to wind direction changes and, although increasing yaw angle decreases the
power available in the wind, at high wind speeds, the shaft torque produced by the rotor may increase
with increasing yaw angle. A very interesting manuscript, inspiring for the purposes of this work,
is [17]: a dynamic model of a 5 kW small HAWT has been developed using the FAST software (Fatigue,
Aerodynamics, Structures, and Turbulence) (v8, National Wind Technology Center, Golden, CO, USA)
and its predictions have been compared against measurements from field testing in highly turbulent
position on campus at The University of Newcastle, (New South Wales, Australia). The results show
good agreement between steady-state simulations and the nameplate data. The weak point of the
modeling chain seems to be that it underpredicts the effect of high turbine yaw on the rotor torque,
leading to a difference between predicted and measured shaft speed and power production. This can
be interpreted, as discussed also in [18], in light of the limitations of the numerical model in simulating
the tail fin and rotor interactions.

This work poses objectives similar to [17], in the sense that also this work is a numerical and
experimental study of a small HAWT and the numerical simulations are performed with the FAST
software. The one-to-one feedback between model and experiment is valuable in order to cross-check
the reliability of the model and the robustness of the experimental measurements. There is a
considerable difference with respect to [17] because, while the experimental measurements in [17] have
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been collected in a field testing in a highly turbulent site (and therefore under random uncontrolled
conditions), the purpose of this work is studying the dynamical behavior of a small HAWT under
non-stationary conditions that are controlled and repeatable: in particular, the test prototype is
subjected to oscillating wind time series, with a custom period. This allows, on one hand, by varying
the frequency of the oscillation, to study the dynamical response of the control system by stressing
it almost arbitrarily. On the other hand, performing the measurements in the wind tunnel under
controlled conditions, the repeatability of the tests is guaranteed.

In this work, therefore, a new “unsteady” approach is formulated in order to characterize the
dynamical behavior of the small HAWT turbine and of the control system. It consists in investigating
the transient response of the machine, in particular in terms of delay and amplitude magnification
between a controlled unsteady input (represented by wind speed) and rotor speed and power.

The prototype selected for this work is a small horizontal axis three-bladed wind turbine,
having 3 kW of maximum power: the experimental tests have been conducted in the “R. Balli”
(www.windtunnel.unipg.it) Wind Tunnel of the University of Perugia. Previous studies on this test
wind turbine have been conducted in [2] (where the design optimization procedure is described) and
in [18]: the latter work actually reports results about stationary and ramp wind tests, which have
resulted in being useful in investigating some mechanical properties, such as the vibration spectra and
the natural frequencies of the machine.

The manuscript is organized as follows: in Section 2, the HAWT prototype and the numerical
and experimental methods are described. Section 3 is devoted to the results’ discussion and, finally,
in Section 4, conclusions are drawn and some further directions of this work are indicated.

2. Methods and Facilities

2.1. Experimental Set Up

The selected small HAWT has the following features:

• 3 kW of maximum power;
• 2 m of rotor diameter;
• 3 blades made of polymer reinforced with glass fibers;
• fixed pitch angle;
• rotor rotational speed between 200 and 700 revolutions per minute;
• 40 kg of overall nacelle mass;
• fully electric load control through a pulse width modulation on a resistive load (operated to

follow the optimal rpm-power curve obtained from steady wind tests according to the Maximum
Power Point Tracking).

The hub height is 1.2 m in the wind tunnel configuration. In Figure 1, the configuration of the
prototype in the wind tunnel is reported.

The wind tunnel facility of the University of Perugia has an open test chamber section of 2.2× 2.2 m
and a recovery section of 2.7× 2.7 m. The air can be accelerated up to a maximum speed of 47 m/s
using a fan driven by a 375 kW electric motor in a closed loop circuit. The level of turbulence is
quite low (<0.4%). The wind speed is measured by a Pitot tube and a cup anemometer placed at the
inlet section; in the testing room, the ambient conditions (static air pressure, temperature and relative
humidity) are also continuously monitored. In Figure 2, a scheme of the wind tunnel is reported.

www.windtunnel.unipg.it
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Figure 1. The small HAWT in the wind tunnel open test section.

Figure 2. A sketch of the wind tunnel.

The inverter controlling the fan drive allows for generating unsteady wind time histories.
The performed tests have 500 s of overall duration and have been arranged as follows:

• 100 s of steady wind (approximately 8.5 m/s);
• 300 s of periodical wind with and amplitude of approximately 1.3 m/s and a variable period.

Three periods T are tested: 10, 20 and 30 s (test 1, test 2, test 3);
• 100 s of steady wind (same steady conditions as at the beginning of the test).

Finally, a test of the unloaded turbine has been done in a similar way (test 4), but the average
wind speed has been kept lower (4 m/s) in order to avoid overspeed of the rotor. The collected
measurements are:

• Wind speed (through an anemometer and a pitot);
• Rotor speed (through an optical tacho and a wind interface);
• Power output.
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2.2. Numerical Model

An aeroelastic model has been set up using the FAST v8 software developed at the National
Renewable Energy Laboratory (NREL) in Golden, CO, USA. As discussed also in [18], this code is
particularly adequate for the simulation of MW-scale wind turbines and therefore must be tuned
carefully when adopting it for simulating the dynamic behavior of a small HAWT in the wind tunnel.
For this reason, the Matlab-Simulink interface has been adopted, in order to have more freedom
especially in modelling the power control in the simulation: as input, it receives the shaft speed
(in revolutions per minute) and the power and it estimates in output the requested power that the
wind turbine should produce. The rpm-optimal power table employed in the numerical simulation
of the control is the same as the real turbine: it has been obtained through experimental steady-state
tests in the wind tunnel with different wind speeds, changing the electrical load, until the turbine
didn’t produce the maximum power, according to the MPPT theory (Maximum Power Point Tracking).
These couples of values of rpm-optimal power are used in the Proportional-Integral-Derivative (PID)
sub-system, where a closed-loop control is implemented. As output, it produces a value of tolerance
for the power (∆P), which can be positive or negative and is algebraically added to the optimal power
for the current shaft speed. Notice that the PID parameters (Proportional KP, Integral KI , Derivative
KD) used in the simulation are different from the ones used by the real turbine. Actually, the model
is necessarily simplified as regards some components that influence the behavior of the turbine and
its control (the electrical generator, the rectifier, inductive and capacitive loads). FAST needs as input
also the value of the torque, which is obtained by dividing the output power by the angular speed.
In Figure 3, the flowchart of the Simulink closed loop control is reported.

Figure 3. Simulink model of the closed loop control.

Notice that both the real turbine and the numerical model don’t use the wind speed to control their
power: this is very important for the numerical simulations because the wind speed can be considered
as an “independent” input and, therefore, numerical and experimental tests can be repeated and lead
to slightly different outputs that can be considered a response to the same input and can therefore
be compared.

There are two main critical points as regards the adaptability of the numerical model to the
experimental conditions:

• the numerical model needs to be fed by the undisturbed wind speed history. To achieve this task,
the mean and the amplitude of the sinusoidal wind was corrected according to the blockage of
the tunnel, but the problem is to manage the time-shift;
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• the time response of the electrical interface. The easiest way to arrange an automatic load control
has been employed, but also the model of the actual brake circuit should be included in the model.

3. Results

3.1. Experimental Tests Analysis

In the following, the way the unsteadiness transmits from the wind to the load is observed
through the analysis of the experimental measurements depending on the frequency of the input wind.
The selected statistical metrics are the mean µ, the relative standard deviation expressed in percentage

RSD = 100 σ
µ , the crest factor CF =

|xpeak|
xrms

. In Figure 4, wind time series for the three selected unsteady
tests are reported.

Figure 4. The wind time series for test 1, test 2, and test 3.

Some results are reported below for test 1 (the one having lowest period equal to 10 s) and test 3
(the one having highest period equal to 30 s). In Figure 5, the time series of rotor speed is reported and,
in Figure 6, the time series of power output is reported.

Figure 5. The rotor speed time series for test 1 (red) and test 3 (blue).
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Figure 6. The power output time series for test 1 (red) and test 3 (blue).

In Tables 1–3, the mean, the relative standard deviation and the crest factor of the wind, rotor speed
and power output time series for test 1 and test 3 are reported. The main observation is that, as regards
the wind, the metrics are comparable for test 1 and test 3. As regards rotor speed, the difference
between test 1 and test 3 is mostly appreciable as regards the relative standard deviation of the
time series. As regards power output time series, finally, test 1 and test 3 considerably differ as
regards relative standard deviation and crest factor. The similarity regards the magnification of the
unsteadiness (measured by the relative standard deviation) moving from the resource to the electrical
load. Fast oscillations seem to have a higher effect of magnification. Adjustments in the control system
possibly can play an important role in changing this behaviour.

Table 1. Mean, RSD and CF of the wind time series: test 1 and test 3.

Metric Test 1 Test 3

µ (m/s) 8.43 8.42
RSD (%) 6.8 7.7

CF 1.1571 1.1622

Table 2. Mean, RSD and CF of the rotor speed time series: test 1 and test 3.

Metric Test 1 Test 3

µ (rpm) 470 471
RSD (%) 11.4 9.7

CF 1.2430 1.1723

Table 3. Mean, RSD and CF of the power output time series: test 1 and test 3.

Metric Test 1 Test 3

µ (W) 527 526
RSD (%) 30.0 25.0

CF 1.7163 1.4701

3.2. Simulations vs. Experiments

In Tables 4 and 5, the mean, the RSD and the CF of the measured and simulated time series of
power and rotor revolutions per minute (rpm) are reported and compared. The main result is that there
is a good agreement as regards the mean values, except for test 4. The results of test 4 are expected,
because, when the wind turbine rotates unloaded, the equilibrium is given by the balance between the
produced torque and the aerodynamic and friction losses, which are not correctly reproduced in the
model. Furthermore, in general, the experimental measurements are characterized by a higher degree
of unsteadiness, as demonstrated by higher values of standard deviations especially for test 1.
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These results demonstrate how unstable the operation of a small HAWT can be and how the
unsteady electric parameters can stress the electrical interface connecting the system to the local grid.
Estimating the order of magnitude of the unsteadiness of the power output using the statistics (as in
Table 4) can be useful in order to choose the final configuration for the connection to the local grid:
namely, if the power fluctuations are too strong, the usage of a battery storage can be recommended.

Table 4. Mean, RSD and CF of power output time series from numerical and experimental analysis.

Output Power (W)

Test 1 Test 2 Test 3

µ RSD (%) CF µ RSD (%) CF µ RSD (%) CF
experimental 527 30.0 1.7163 528 29.7 1.5107 526 25.0 1.4701

numerical 533 18.0 1.4792 537 25.0 1.4456 537 24.4 1.4885

Table 5. Mean, RSD and CF of rotor speed time series from numerical and experimental analysis.

Rotor Speed (rpm)

Test 1 Test 2 Test 3 Test 4

µ RSD (%) CF µ RSD (%) CF µ RSD (%) CF µ RSD (%) CF
experimental 470 11.4 1.2430 472 11.6 1.1827 471 9.7 1.1723 386 19.2 1.2837

numerical 479 7.6 1.1605 477 10.5 1.1609 477 10.3 1.1720 461 13.4 1.2117

Tables 4 and 5 summarize the comparison between measurements and simulation by a statistical
point of view. It is also interesting to see what happens at the level of time series. In Figure 7, a sample
of rotor speed time series is reported: test 1 has been selected because it has the shortest period and
therefore stretches to the limits the simulation framework.

100 105 110 115 120 125 130
time (s)

350

400

450

500

550

600

rp
m

experimental
numerical

Figure 7. Time series of the rotor speed for test 1.

From Figure 7, it arises that the simulation has some limitations in reproducing reliably the
measurements at the level of time series. This fact can be observed also by another point of view:
the phase shift between wind speed and rotor speed. The following situation arises:

• in the numerical model, the rotor speed and the power are synchronized (ideal perfect control).;
• in the experimental measurements, there is a positive shift of a few percent of the period;
• this is mainly due to some effects of the electrical circuit (that was not simulated numerically) and

of the aerodynamic damping that is not correctly reproduced by the model (as supported by the
different behavior of test 4 with respect to the other tests; see Table 5).

• the boundary conditions represented by the presence of the walls of the wind tunnel produce a
flow that is not perfectly uniform, differently from what is modeled through the FAST code.
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A further critical point regards the closed loop nature of the wind tunnel: actually, a positive shift
can be observed between wind speed and rotor speed, especially for test 1 (with the smallest period of
10 s): this means that the rotor speed rises before the wind speed and this result is meaningless for an
open field condition and is due to the dynamics of the closed-loop circuit of the tunnel. This fact is
summarized in Table 6.

Table 6. Numerical and experimental results for the phase shift (expressed in percentage of the period)
between wind speed and rotor speed.

Phase Shift (%)

Test 1 Test 2 Test 3 Test 4

experimental 23 5 −1 −4
numerical −7 −7 −4 −20

In Figure 8, the simulated and measured rpm-power curves are compared, while, in Figure 9,
the wind-rpm ones are plotted; finally, in Figure 10, the couples of values of wind and rpm are plotted
as a function of time.
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Figure 8. Power versus rotor speed for experimental measurements of test 1 (green) and test 3 (black)
compared to the numerical results (red).
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Figure 9. Wind versus rotor speed for experimental measurements and numerical results (both for test 1).
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Figure 10. Comparison of the experimental (green) and numerical (red) time series of the rotor speed
versus wind speed (test 1).

The main observations arising from Figures 8–10 are:

• the power vs. rotor speed plot demonstrates that the numerical model is able to reproduce only
very slow turbulent wind (similar to that of test 3 with an overall period of 30 s) in a reliable way
and that a further development of the model is necessary to reproduce the real HAWT dynamics;

• from the 3D-plot, it can be observed that the actual configuration of the model is able to correctly
predict the initial overshoot in the transition between the steady wind condition and the sinusoidal
regime for test 3 (which is characterized by the shortest periodicity); instead this is not visible for
the tests having a longer period;

• these results support that the fastest transition investigated in the present work is mainly governed
by the aerodynamic and mechanical parameters that are already correctly included in the current
version of the numerical model.

4. Conclusions

The actual performances of small HAWTs in real working environments can be remarkably
different with respect to those measured under controlled and practically steady conditions, as in the
wind tunnels. Therefore, it is important to study small HAWTs control system and in general their
dynamic behavior. On these grounds, the idea of this work was subjecting a test HAWT prototype to
an oscillating wind time series in the wind tunnel, so that, at the same time, the environment is also
controlled and unsteady.

The experimental analysis in the wind tunnel has been compared to numerical simulations that
have been performed using the aeroelastic code FAST. In general, the feedback between experiments
and simulation is twofold: numerical models can be validated against measurement and, vice-versa,
robust numerical models can extrapolate meaningful indications about wind turbine behavior under
regimes that can’t be produced in laboratory.

The main results of this study are the following: the experimental measurements are reliable
in terms of time series statistics and can be taken into account in order to characterize the dynamic
behaviour of the system and define possible control improvements. In addition, the numerical model
gives reliable results in terms of time series statistics and can therefore be useful in the developing
phase of a small HAWT to choose the optimal mechanical and aerodynamic configuration. A further
improvement is necessary to correctly reproduce the dynamic response of the control. Unfortunately,
the closed-loop configuration of the tunnel doesn’t allow for estimating the phase shift between the
wind and the machine response in terms of rotor speed or power. This can be due to the following
effects that somehow can induce a delay in the wind speed measurements:
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• the open test chamber can act as a sort of reservoir and store part of the air flow when the rotor
thrust is suddenly rising;

• the effect of the pressure gradients can induce some small changes in volume/density on the
large volume of air in the tunnel loop.

As future work, we are currently investigating this effect more in depth on the experimental
side (using some additional pressure measurements inside the wind circuit) and also numerically
(through CFD simulations). We are planning to develop other different methods to produce unsteady
wind time histories (i.e., using oscillating grids). As regards the computational set-up, we are planning
to investigate how to take this effect into account better, in order to resemble more reliably the real
experimental environment. On the numerical side, a further development could be a more detailed
representation of the chain of transformation of the wind flow into power: in particular, the presence of
the synchronous generator, the rectifier and the resistive load should be taken into account. In this way,
it could be possible to use the complete set of control parameters of the real turbine (PID parameters,
PWM control law, etc.) in the numerical simulations and study how they influence the response on the
machine—for example, in terms of the delay between wind speed and rotor rotational speed.

Furthermore, other future experimental directions of this research include:

• extending the campaign to other prototypes of HAWT;
• measuring the mechanical loads of the HAWT;
• studying experimentally and numerically the dynamics of small HAWTs under yawed conditions.
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