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Abstract

This work addresses the main results of a test site for small wind turbines (SWTs) located in
Patagonia, and the development of the measurement systems involved, including the
uncertainties calculations according to applicable IEC standards. Due to market evolution for
over a decade, the test systems evolved from battery-charging SWTs to grid-connected units.
The test site, developed and managed by state-owned INTI (National Institute for Industrial
Technology), was established in 2012 and received support from the local Curtail-Co
municipality and other institutions. Since its creation, it has thrived in aiding local
manufacturers of SWTs in certifying their machines, providing power-curve measurement
facilities, duration testing, and sound emissions testing. It has also provided design
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recommendations and improvements related to optimizing energy capture and reliability of
SWTs.
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Wind energy; power conversion; small wind turbines; measurements; test site

1. Introduction

Small wind turbines (SWTs) play an important role in renewable energy production, especially in
regions where the wind resource is significant, and their power production can compete with or
supplement solar photovoltaic solutions. These machines, according to the IEC 61400 Standard
series [1] definitions, comprise wind turbines for electric power production with a swept area of up
to 200 m?, and operate as stand-alone battery charging or grid-connected [2]. A discussion of the
IEC 61400 series and its definition of wind classes for the design and testing of wind turbines can be
found in [3].

Worldwide, several facilities have been established as test sites explicitly dedicated to SWTs, with
the mission of evaluating and improving the performance, safety, and reliability of these systems.
The National Renewable Energy Laboratory (NREL) in the US pioneered many of these efforts to
conduct comprehensive testing of SWTs, covering aspects such as duration, power performance,
safety, and noise emissions [4, 5]. In the same region, the Small Wind Certification Council (ICC-
SWCC™) [6], an independent ISO/IEC 17065 accredited certification body, certifies SWTs to meet or
exceed the requirements of specified standards, primarily based on older AWEA (American Wind
Energy Association) and more recent IEC standards. In Australia, other test sites were established
such as the ReslLab Field Test Site [7] and the National Small Wind Turbine Centre (NSWTC) [8]. In
Europe, Spain has participated through CIEMAT in early efforts [9] to establish world-class test sites
for SWTs such as CEDER in Lubia, Spain. Others, such as Intertek, have established test sites both in
Spain [10] and Sweden [11]. These test sites employ rigorous procedures based on international
standards to assess various turbine characteristics. The data collected from these tests are valuable
both for manufacturers (to optimize their products) and for end users.

The INTI SWT-Testing Laboratory, established in 2012 [12], is one of the few facilities installed in
South America and is located near the city of Cutral-Cd, Neuquén province in Argentina. Using two
meteorological towers, the installed measurement system is designed to obtain the power curve of
four wind turbines simultaneously. The systems under test were initially off-grid type SWTs for
battery charging, later evolving to grid-connected turbines. The facilities were built by initiative of
the INTI Neuquén center as part of a strategy to promote SWTs produced in Argentina, bringing
together wind turbine manufacturers (more than fifteen in 2011) to agree on common evaluation
and measurement methodologies by international standards such as IEC 61400-12-1 [1] and
equipment labeling initiatives such as IEA Task 27 “Consumer Labeling of Small Wind Turbines” [13].
In this initiative, two former group leaders at INTI, Guillermo Martin and Juan Pablo Duzdevich, had
a decisive role from the first studies in 2010, and much of their pioneering work allowed the SWT-
Testing Lab to develop and interact with similar institutions worldwide. The performance tests were
part of an INTI program covering aspects such as design, marketing, and production of turbines,
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seeking to build a technical reference in SWTs, providing users with reliability information, and
promoting the use of this type of generation systems.

The laboratory's initial objective (Figure 1) was to standardize the testing of locally manufactured
SWTs to provide potential users with reliable elements for comparing different types of equipment.
In addition, several aspects of the equipment's operation and safety were later analyzed, which
allowed manufacturers to improve their designs.
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INTI SWT Testing Laboratory

Wind Data
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Figure 1 The INTI SWT Testing Laboratory location in Argentine Patagonia, elevation and
wind data.

The laboratory facilities comprise a 5,000 m? site with a perimeter fence and a 120 m? building
that houses the necessary equipment, workshop areas, and offices. Up to four wind turbines can be
simultaneously evaluated, mounted on independent retractable towers at 9 m height. It also has
two meteorological towers with conventional wind measurements at 9 and 18 m height. The
maximum admissible power currently is 10 kW and was initially configured for testing wind systems
in battery charging configuration [12], later expanding to grid-connected SWTs after the legislation
supporting this possibility [14] was enforced.

The measurement system consists of a meteorological variables measurement module, an
electrical variables measurement module, and a data acquisition system that synchronizes, pre-
processes, and stores the data obtained from the various sensors. The meteorological module
consists of a grid tower with an anemometer, a wind vane, a thermometer, and a barometer, all
mounted following the requirements of Annex G of the IEC 61400-12-1 standard [1]. The original
SWTs were tested in battery charging configuration, in which the electrical module requires a bank
of dump resistors, a regulator to configure the test voltage, and a battery bank to maintain this
voltage at the level defined for each stage of the test ([1], Annex H). The data acquisition system
can synchronize measured data, both electrical and meteorological. It also carries out preliminary
statistical processes to create databases used to obtain the results provided in the standard. The
placement of each wind turbine and each instrument on the site (Figure 2) and the subsequent
processing of the data requires compliance with certain criteria set out in the standard, which cover
topographical aspects, sizing, and position of the equipment and obstacles.
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Laboratory description and distribution
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SWTs under test 4
Stand Alone Battery
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connected
Power Range 500 W - 10 kW
Met towers 9m-18m
Nomad2 SecondWind /

Reference Logger Vaisala

Figure 2 The INTI SWT Testing Laboratory description and distribution.

2. Materials and Methods
2.1 Power Curve Measurement
2.1.1 Principles Behind the Measurement of Power in Wind Turbines

The well-known basic relationship between the actual power output of a wind machine and the
wind speed [15, 16] can be expressed as:

1
P = EpSnCpW (W] €))

Where p is the air density (nominally 1.225 kg/m3), S is the surface swept by the wind turbine rotor,
n is the generator and mechanical transmission efficiency (assumed constant), C, is the
dimensionless aerodynamic coefficient of rotor power (dependent on the wind and rotation speed),
V is the wind intensity in meters per second, and P is the power in W. In addition to the cubic
relationship with the wind intensity, and assuming S and n constant, the shape of the P(V) curve
depends mainly on the G, coefficient (with its maximum value limited to 0.593, known as Betz limit
[15]), and to a lesser extent on the variations in air density with temperature and atmospheric
pressure. This last relationship can be written as follows:

P="FR

Where B is the atmospheric pressure in hPa, T is the temperature in K, and R is the gas constant of
dry air equivalent to 287.05 J/kg-K. The adjustment coefficient of 100 is unit related.
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As seen from (1) and (2), the measurement of the P(V) curve must consider the wind speed
acquired with an anemometer at hub height, the electrical power produced, the temperature, and
barometric pressure. Due to the interference of the meteorological measuring tower, a direction
sensor (vane) is also included. In addition, in the case of large wind turbines, more than one
anemometer is added at different heights.

The procedures for determining the power curve for grid-connected machines are specified in [1]
(and later editions), using the statistical method of bins (see section 3.2) and assume that the grid
absorbs all the electric power that the wind turbine can produce, resembling the normal operating
condition of this equipment. This assumption considerably simplifies the methodology for
determining the power curve.

In the case of SWTs connected to a battery bank, the electrical layout will determine the testing
method. Most SWTs use a permanent magnet synchronous generator connected to a three-phase
rectifier (a detailed model of this configuration is explained in [15], chapters 7 and 8). The voltage
of the batteries influences the rotational speed of the rotor, consequently, the power coefficient C,
has a dependency on this parameter. The effective resistance presented by the battery and load
combination varies in a non-linear manner. This implies that the amount of power that can be
absorbed from the wind will depend on the battery's charge level and the voltage regulator’s
configuration, which complicates the procedure required to determine the power curve [17]. A
compromise was reached in IEC 61400-12-1, Annex H [1] by specifying mandatory SWT tests at a
nominal battery voltage and two optional tests at a specified “low voltage” and “high voltage.” The
firmware of the INTI test system accommodates options for collecting data for the mandatory and
the two optional tests.

Notably, the world market for low-power wind systems is several orders of magnitude smaller
than that of grid-connected machines, and its development has been comparatively slow. Thus, the
standards for small wind machines advanced much slower. In the case of [1], the testing of low-
power machines was included as Annex H in 2005.

2.1.2 Laboratory Set Up at the Cutral Cé INTI Test Site

A detailed layout of each station can be seen in Figure 3, and the design of the meteorological
data subsystem can be seen in Figure 4. The system has as its fundamental components the METEO
units that measure wind, temperature, and atmospheric pressure, the PWRC/2 units that take this
data and integrate it with the power measurements of the corresponding wind turbine, the battery
bank, the HMI/PC unit that gathers the data and configures the load regulation, and the charge
regulators with their dissipation resistors. An Ethernet network links the equipment to the individual
status of each test via the Internet. A reference station is also included for measuring wind data
with anemometers with Measnet calibration [3, 18, 19] at 2 heights, communicated with the
HMI/PC unit, whose distribution is shown in Figure 4. Both the reference station and the PWRC/2
units communicate with the central HMI/PC system through the Modbus [20] protocol, in the first
case through an RS485 link and in the second through RS232 to Ethernet converters.
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Basic Testing Setup (Single Unit Test)
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Figure 3 Basic single unit PWRC/2 + METEO testing setup.
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Figure 4 Distribution of the meteorological data subsystem with METEO units and
Vaisala/Secondind Nomad2 unit.
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2.2 Measurement System
2.2.1 Main Components of the Measurement System

Both the PWRC/2 and METEO equipment are an evolution of the first PWRC [17] units developed
in 2005 by L&R Ingenieria for the PERMER pilot project in Chubut, under guidelines established by
the CREE (Regional Wind Energy Center, Rawson - Chubut) [21] as a program that involved installing
equipment to verify the power curve in low-power wind turbines in remote areas of the province of
Chubut [22]. The imported CPU units were replaced by locally manufactured CL2bm1 boards [23]
that have proved to be highly reliable and have storage on 2 GB SD flash memory cards (Figure 5).
These boards [24] have been in use since 2012, operating continuously except for firmware updates.

The technical characteristics of the measurement system are summarized below:

Wind turbines under test: 4 (four).

e Test power range: 500 W to 10 kW.

e Operating wind speed range: 1 to 75 m/s.

® Operating Temperature Range: -55°C to 60°C.

e Measurement of direct current electrical output power.

Figure 5 A view of the original layout of one of the four PWRC/2 stations and the HMI/PC
interface.

2.2.2 Uncertainties Analysis in the Measurement System

Since the publication in 1993 of the ISO - Guide to the Expression of Uncertainty in Measurement
or GUM [25], the concept of uncertainty and the way of quantifying it were established to give
meaning to the expressions of a measurement. The various components of uncertainty were
classified into two large groups (A and B) according to the methodology with which they were
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evaluated (regardless of their origin) as random or systematic errors, and the concepts of combined
standard uncertainty and expanded uncertainty were conceived [26] to study the propagation of
uncertainties (formerly error propagation), in addition to a methodology for reporting uncertainty
in a measurement. In the case of this work, the IEC 61400-12-1 standard [1] in Annexes D, and E
provides a detailed description of the methodology for evaluating uncertainties for the
measurement of the power curve of high and low power wind generators. Its application to low-
power measurement systems has been described in [27] and in [28].

Regarding the sources of uncertainty of the measurement system:

1. Uncertainties in the measurement of wind speed and direction. Associated with the
calibration and assembly of instruments and distortion of wind flow through the terrain.

2. Uncertainties in DC current and voltage measurement. Associated with the calibration and
type of transducers used, and with the P=V*| product performed in single precision floating
point.

3. Uncertainties in atmospheric pressure and temperature measurement. Associated with the
type and assembly of instruments.

More detailed information about the procedure to evaluate uncertainties in the PWRC/2 system

and the report procedures will be discussed in section 3.3.

3. Test Execution and Reporting
3.1 Execution of Tests, Power Curve Reports

Power curve testing allows the evaluation of the power generation of a wind turbine based on
the wind speed, as well as estimating the annual energy production in different wind conditions.
This process includes simultaneous measurements of meteorological data and power production.
To do so, several aspects must be considered.

First, the choice of test site must be evaluated carefully. The location of the wind turbine for
testing must be representative of the wind resource to be analyzed. Ideally, the terrain should be
flat and free of obstructions, as any topographical irregularities can distort measurements. In cases
where there are slopes or irregular terrain, a pre-calibration of the site is performed to adjust the
wind readings, ensuring that they correctly reflect the conditions on the rotor.

To obtain accurate wind speed readings, the wind turbine must be prevented from blocking the
airflow to the anemometer. This involves defining exclusion sectors where the wind, by hitting the
rotor before reaching the anemometer, could reduce the measured speed compared to the actual
speed. These sectors are defined for each installation, ensuring that the recorded wind represents
what is impacting the wind turbine (Figure 6).
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Figure 6 Plan view of the distribution of meteorological measuring towers and wind
turbines. Cutral-Cé (Neuquén).

At the measurement system configuration stage, the valid measurement ranges for each
parameter (wind speed, direction, pressure, temperature, voltage, and current) are determined.
The configuration of the measurement systems must ensure consistency between the wind
readings and the generated electrical data, minimizing interference and measurement errors.

3.2 Measurement Configurations

Once the system is configured, simultaneous measurements of wind speed, direction, pressure,
temperature, and electrical variables (voltage and current) generated by the wind turbine are
carried out at a frequency of 1 Hz. This means that several variables are recorded per second,
ensuring an accurate and detailed reading of changes in the wind resource and the response of the
equipment.

Given the large volume of data captured, an averaging process is performed in the firmware that
groups the information into one-minute intervals. Each minute of valid data is recorded as an
average, along with the maximum, minimum, and standard deviation of the power generated. This
simplifies the interpretation of the data and allows a graphical representation of the different
operating modes of the wind turbine over time. For high-power wind turbines in [1], the averaging
interval is 10 minutes, but for SWTs, the required interval in Annex H is 1 minute.

The data obtained from the electrical and meteorological modules are processed to determine
their eligibility. Only data in which the wind incident on the wind turbine or meteorological tower is
not obstructed by any surrounding objects are used to build the power curve. To ensure this,
directions in which the airflow is disturbed are excluded for each test position. This procedure is
carried out following the guidelines defined in Annex A of the IEC 61400-12-1 [1] standard.
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The data are sampled at a frequency of 1 Hz, and before being stored, the maximum, minimum,
average, and standard deviation values are obtained in the pre-processing stage. These minute data
are presented as “scatter plots” in the results section. Additionally, corrections are required in the
air density values obtained from the pressure and temperature readings for normalization to a
reference density. Finally, in the case of low-power turbines with furling control, a speed
normalization is performed according to the following expression:

1
P1imin\3 m
Vnorm Vlmln ( p() ) [S] (3)

Where
Viorm is the normalized speed,
Vimin is the average speed over the measurement period of one minute,
P1imin is the calculated density of air at the measured B, T,
po is the reference density at sea level, 1.225 kg/m3.

The IEC61400-12-1 [1] requires the use of the bins method and keeping a record of the
completeness of the test that differs between large machines and those included in Annex H (SWTs).
Once the wind speed and power averages have been calculated, the method stipulates that the
normalized wind and power results (Vs, P; pairs) are to be grouped by software for each bin J,
according to their Vs value, obtaining within each bin (whose usual width is 1 m/s) a nj number of Vj;,
Pj pairs. The result of averaging the values within each bin “i” produces a pair, through the formulas:

1 ni ni
pi =

1
- — Vij; Ppi - PU (4)
n; &= -
j=1 j=1

%

m":n
I,

This provides the pair of the P(V)) table, which can be built in tabular or graphic form, and
also normalized to find the power coefficient Cp(V) curve, graph the pairs with their variation range
or obtain a scatter-plot of measured points, which must be included as part of the test report.

3.3 Uncertainties in Power Curve Measurements

The analysis of measurement uncertainties [29] is similar to the one used in [1] Annex E for full-
size grid-connected turbines, except for power measurement in PWRC/2 units, where modifications
were made regarding the separate measurements of current and voltage in specific circuits, and
empirical equations were derived considering the product of both magnitudes to calculate the
power.

The use of the bins method also influences the treatment of uncertainties. To model the power
curve, the (unknown) measurement function f is constructed, which has the basic dependencies
expressed as:

f=fU,1V,B,T,SAD) (5)

Where SAD has been added as a generic variable related to the measurement system, in [29] an
expression of the combined standard uncertainty of the P(V) curve called u?ll- for each pair “i”, of

the table P(Vj) is derived. This reflects the fact that depending on the “zone” of the curve in which
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the machine is working, the uncertainties are different. The standard also considers that the
components of category A are mutually independent, and the components of category A and B are
mutually independent (quadratic sum). At the same time, there will be components of category B
that are in full mutual correlation (e.g. resistors in series in a voltage divider). With these
simplifications, determining the standard uncertainty of the elements of a P(V)) table will be given
by:

ul; = sp;Hug; +cpup; + e ut s+ cpug (6)

Barometric Pressure Uncertainty Type B is considered ug;, and temperature ur,. The sensitivity
coefficients for the power-related elements are unitary cp; = 1, and an estimate of the others (cv;,
cs,j, cr,i) can be found in [29], and listed in Table 1. The uncertainties related to the data acquisition
system are evaluated within the uncertainty of each parameter. For the case of electrical power,
the uncertainties up; are derived from the standard, and use the relationship

P=VvI [wW] (7

And the associated uncertainty then arises from the expression:

aP\? aP\*
U2P=(—> AV2+(—> AD?  [w? 8
P =(5,) @n?+(3;) @n? w2 ®

The elements of Eqn. (8) are implementation dependent. For the measurement of current / in
PWRC/2s, for example, a measurement equation similar to (5) is constructed and works as a
simplified mathematical model of the input circuit system [29].

11 VggrD
[ = REF

" sleev-1) Vo)| = F(S, Vrer, D, G, Vo(g)) ©)

Where

lis the current to be measured in [A],

Sis the sensor sensitivity in [mV/A],

Vrer is the ADC reference voltage,

N is the number of bits in the ADC,

G is the circuit gain,

D is the value of the digital word (0 to 8191 in decimal) produced by the ADC,
Vo(g) is the value of the signal offset with 0 A circulating are listed in Table 1.
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Table 1 IEC A- and B-type uncertainty components list for measurement, in PWRC/2.

Category B: Instruments Uncertain Sensibility factor  Uncertainty equation
Power generated Upi
Current transformers Upy,i
Voltage transformers Upa,i
cpi=1 Upyi = -6E-12P;* + 3E-08P; - 6E-05P +
Power transducer (*) Ups,i

0.081P; + 2.664
Upg,i = 0.001*2185 (0.1% measuring

Power measurement system Upa,i

range)
Wind speed Uy,i
Anemometer Uva,i Uyy,i = 0.1

|P; — P4
. L. Cvi=15 1 1 Uwni= (0.05 + 0.00S*Vi)*k/\/3,' where k =
Operational characteristics Uva,i Vi = Vil 54
Mounting effects Uva,i uys; = 0.01*V,
Air density
Temperature ur,i cri= Pi/288.15 K
Temperature sensor Ui uri,i = 1.425/V3
Radiation protection Ura,i Uri=2
Mounting effects Urs, urs,i=1
Air pressure Ug,i g, =Pi/1013 hPa
Pressure sensor Ugi,i us1; =15/V3
Mounting effects Upa,i ug,i=1
Data acquisition system Ud,i uVg,i=0.001*70
Signal transmission Uda,i e . . ;
The sensitivity factor is determined from the uncertainty of
System accuracy Uda,i
: o the parameter.

Signal conditioning Uds,i

Category B: Terrain

Flow distortion due to terrain  Uvya, Cv,i Uya,i = 0.03*V,
Category B: Method

Method Um,i

Air density correction Umd,i CriY Cs,i

Category A: Statistics
Electrical power Spi cri=1
Climate variations Sw

A similar expression is derived in [29] for the input voltage sensor chain. The complete set of
equations, including the other sources of uncertainty such as wind, and air density (via temperature
and barometric pressure), following the IEC 61400-12-1 methodology, is described in [27] and has
been in use for the computations and data post-processing at the INTI Test Site. The list of
uncertainty components is shown in Table 1. The traditional methodology supposes grid-connected
machines with current and voltage transformers, not used in PWRC/2. The derived equation for the
power transducer is indicated with a (*) symbol in this table.
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3.4 Power Curve Calculation

The first visual result obtained is a scatter plot. Figure 7 represents the power generated as a
function of the average wind speed for each recorded minute (average, maximum, minimum, and
standard deviation), showing the behavior of two wind turbines under various conditions. Through
the scatter plot, it is possible to identify key moments, such as the start of generation, maximum
power, and the activation of the power/speed regulation system (usually a furling mechanism in
SWTs).

1400 -
1200 +
1000 +
E 00 - » Maximum Power
=
% o Average Poener
[
] 500 4 .
] & Minimum Power
]
@
H = Standard Deviation
[ A00 4
200
|:| +
1600
1400
1200
3._,, 1000
= « Maimum Power
S
o 00 o Average Power
% & Minimum Power
= =20 4]
E = Standard Deviation
400
200
a
25
Wind Speed [m/s]

Figure 7 Scatter plot of power readings of two different wind turbines tested at the INTI-
Cutral C6 Laboratory (Top: Commercial Piggot type 2.4 m diam., 700 W nom. SWT,
Bottom: PM 2.15 m diam., 1.2 kW nom.).

Not all measurements obtained are valid for calculating the power curve. Readings affected by
obstacles in different directions, errors in the measurement system or external situations, such as
wind turbine shutdowns outside the control of the test, are eliminated from the analysis. This
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filtering ensures that only data representative of the actual operation of the equipment are
considered (Figure 8).

30

]
o

peed [m/s]

Wind S
=
o

0 30 60 90 120 150 180 210 240 270 300 330 360

Wind Direction

Figure 8 Filtering of valid wind measurements as a function of wind direction
(Commercial Piggot type 2.4 m diam., 700 W nom. SWT).

3.5 Power Curve, Uncertainties, and Results Analysis

The final power curve is calculated from the average of the filtered scatter plot values. This
average gives a clear and accurate view of the wind turbine's performance concerning wind speed
and is used as a reference to compare equipment and analyze its effectiveness. Since air density
(and therefore wind kinetic energy) varies with pressure and temperature, it is necessary to
normalize the curve to make the results independent of these conditions. This normalization allows
comparing curves obtained at different locations and times, providing an everyday basis for
evaluating the performance of the wind turbine under various conditions. The calculated
uncertainties for each bin are graphed at each point as vertical bars.

By comparing the generated electrical power with the kinetic power of the wind, the power
coefficient Cp is calculated. This coefficient indicates the aerodynamic efficiency of the wind turbine.
It shows how close the performance of the SWT is to the theoretical maximum use of wind power
or Betz limit (Comax = 0.593), as mentioned in 2.1. A high C, value, close to 0.45 is typical of larger
wind turbines. It indicates an efficient design of the wind turbine and a good performance of the
complete system, considering the rotor and other subsystems. SWTs rarely exceed a value of 0.3,
as shown in Figure 9 for two different tests.
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Figure 9 Power Curves with calculated uncertainties and corresponding Cp curves for
two different SWTs tested at INTI Cutral Cé, following [13] Annex H (Top: Commercial
Piggot type 2.4 m diam., 700 W nom. SWT, Bottom: PM 2.15 m diam., 1.2 kW nom.).

By analyzing the data and scatter plots, it is possible to observe how each equipment responds
at different wind speeds. Operating modes, such as generation start and protection limitations, are
crucial to understanding the advantages and disadvantages of each wind turbine model.

3.6 Example Test Implementation, Power Curve and Predicted AEP (Annual Energy Production)

As an example of the typical testing sequence, the conditions for an INVAP VS 4500 48 V machine
for battery charging, and some of the results are shown in Figure 10 and Figure 11.
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Example of test development

Site conditions:

Turbine Specs:
Average air density: 1.115 kg/m3

Manufacturer: INVAP Measurement sectors:
Reference: IVS 4500 56°° 20’ to 109°° 12’
Rated power: 4,5 kW 206° 54’'to 333" 24’

Configuration: Battery charging
Nominal Voltage: 48 V

Cut-in wind speed: 4,2 m/s
Cut-out wind speed: 30,5 m/s
Rated wind speed: 12,5 m/s
Rotor diameter: 4,5 m

Number of blades: 2

Rotor shaft: horizontal

Tower type: guyed tubular
Control: furling

Maximum wind speed registered: 30,57 m/s (Dec 2, 2012)

g wesw/

Test statistics:

Start date: November 5, 2012

End date: January 13, 2013
Amount of data collected: 316 hours
Highest bin filled: 16.5 m/s

Valid sectors / Site Exclusions

Figure 10 Testing of an INVAP IVS4500 4.5 kW SWT - information, showing partial test
results at INTI Cutral C6.

Mormalized Power Curve, site alr density, 1,115 kg/m?* Cp curve, she o densty, 1.11% kgm’

1 3 4 35 6 7 8 9 10 11 12 13 14 13 16 17 18 19 0 [mf) Vs 4 s e 7 o3 s o womouwon omon owowowow ow Y

Mormalized wind speed Paaized wind spaed

Measured Power Curve for IVS4500. Wind Speed normalized wilh site air density prior to binning. Cp for site density

Figure 11 Testing of an INVAP IVS4500 4.5 kW SWT - power and Cp curve, at INTI Cutral
Co.

Using the normalized power curve, the annual energy production (AEP) that the SWT would
generate under certain wind conditions can be estimated, using the methodology indicated in [1]
Annex H. To do this, the curve is applied to a standardized wind distribution, usually the Rayleigh
distribution. This calculation is performed for different average wind speeds, enabling the prediction
of annual energy production of turbines based on their real-world performance in various wind
conditions. The results of the partial test are shown in Figure 12, rows shown in shade indicate the
incomplete bin sections.
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Figure 12 Power curve, uncertainties and AEP (Annual Energy Production) estimate for
an INVAP 1VS4500 4.5 kW SWT, partial test results at INTI Cutral Cé between 2012 and
2013.

INTI produces detailed reports only for the manufacturer who pays for the testing. A short public
report, including the power curve and EAP estimate, is made available for the tested machines. The
methodology for developing competence and consistent testing procedures required a Quality
System that adhered to ISO/IEC 17025 [30]. This process was requested by INTI authorities and
implemented in the case of PWRC/2 using thorough documentation of all circuitries, activities, and
equipment or software updates. The INTI Test Site has participated in numerous international
initiatives with other laboratories, such as CIEMAT in Spain and INEE in Mexico through the
SWTOMP initiative [31] and CYTED-funded REGEDIS network [32], which enabled publications such
as [33] in MDPI-Energies Journal in 2022.

3.7 The Evolution Towards Grid-Connected SWT Testing

Small-scale wind energy, despite the growing competition from solar photovoltaic systems,
continues to have significant economic importance, especially in areas with good wind resources.
Several local manufacturers producing traditional equipment for battery charging and isolated point
charging currently offer versions for grid connection [14], mostly without storage. Since the end of
2017, modifications have had to be made to the PWRC/2 measurement equipment for this type of
measurement, carrying out a series of cost assessments and adaptation of sensors considering the
type of inverter, working voltage, and nominal power of the SWTs.

The first set of sensors contemplated the addition of an isolation amplifier at the high voltage
input, initially with ABB 2.5 kW (voltage range 90 to 500 Vdc) and Omnik 1.5 kW (60 to 400 Vdc)
grid-connection inverters. This modified the input circuit for measuring these voltages and powers,
considering the possibility of having a direct current connection with floating voltages and achieving
galvanic isolation (using an AD202 sensor) while maintaining high linearity and precision.

An alternative assembly with better galvanic isolation characteristics was obtained when using
integrated DIN Rail type Hall effect sensors (transmitters), capable of converting a direct voltage of
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0-600 VDC input to a range of 1 to 5 VDC output, directly compatible with the existing PWRC/2
inputs. Likewise, encapsulated Hall effect current sensors were used to allow different direct current
ranges, between 0-5 A, 0-10 A, and 0-20 A. Finally, for direct voltage conversion, 0-600 VDC
transmitters were used, model TDVH 660 [34] (YHDC), and for current, Hall effect current sensors
in the direct current range 0-20 A, model TDAH. These sensors have a galvanic isolation of 3 kV (50
Hz, 1 min), an accuracy of 1% (TDVH) and 0.5% (TDAH), and a maximum non-linearity of 0.2% in
both models. Figure 13 shows the typical connections of these sensors for an SWT being tested
coupled to an ABB 2.5 kW inverter in a single-phase, low-voltage connection to the public grid.
Figure 14 shows the initial testing of this scheme, comparing the DC output power on the bus bars
with the output to the grid using laboratory instruments. The new testing features and continuous
maintenance eventually required the installation of high-grade AC-coupled power supplies and RPM
sensor channels, as shown in Figure 15.

INTI Test Site / CCo - AR
Grid-Connected SWT Power Curve

= i - SWT Control ~ ABB 2.5 kW Inverter
g ; i ‘[,‘ ‘ .:'—, . = = - RE
=Y e SRR

— a8 i

[ |
5 1 L__Jor
_&8°% & ~ A:Zj : | 88 SWT 3 —1*[ = C=tn
200000/00/00¢0/000G00 00 fie=d 7 -0
LLLLL S Tower | =1 ] =
. TORRE AEROGENERADOR J | =3
W ES S —
43 Sensor module Single phase grid
3 = connection
cdodecleglodecocededadl
AN EEEEEER
a > L« €
4
- = -
e
....... s
- [
|
200QQ
PWRC2A [ o = Y

Figure 13 PWRC/2 measurements in grid connection with commercial Hall-effect
sensors.
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Figure 14 PWRC/2 measurements in grid connection, coupled with an ABB inverter and
grid output power instrumentation.
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Figure 15 PWRC/2 with recently added AC-coupled power supplies (left), addition of
RPM channel with HV input sensor module and (right) regular recalibration of the units.

4. Sound Emissions Testing

These tests aim to characterize the noise emissions of a wind turbine, following the procedures
established in the IEC 61400 -11 standard [35]. The methodology seeks to ensure consistency and
precision in the measurements, covering acoustic and non-acoustic variables, such as
meteorological conditions.
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4.1 Acoustic Measurements on SWTs

In this case, measurements are taken with a decibel meter connected to a microphone extension
cable placed near the SWT to minimize the influence of external interference, and to obtain the
apparent acoustic power level, the levels in third-octave bands, and the tonal quality of the noise.

The microphone, equipped with a windscreen to reduce noise generated by the wind on itself, is
positioned at the center and above the perpendicular plane of a 1-meter diameter circular plate,
facing the direction opposite to the prevailing wind at the time of measurement, relative to the
center of the tower. The microphone axis must point toward the wind turbine (Figure 16, left), and
in this measurement position, the plate must be within a wind direction variation range of = 90°.

The microphone is installed from the axis (vertical) at the center of the wind turbine tower. The
microphone position should be at a horizontal distance (Figure 16, right) of:

R, = H +§ [m] (10)

Where: H is the height of the rotor axis, and D is the rotor diameter.

. Ry

| B/2m 459

Figure 16 Microphone positioned (left) in the middle of the circular plate. The distance
Ro is calculated based on Eq.10.

To measure the sound power level, an A-weighting is used [35, 36]. The equivalent continuous
level is calculated by averaging the sound energy (in dB(A)) over 10-second periods, which allows
the noise variability according to the wind speed to be captured. The frequency spectrum is also
measured in third-octave bands, from 20 Hz to 10 kHz.

It is crucial to perform a background noise measurement (Figure 17) when the wind turbine is
not in operation, to be able to discriminate the noise generated only by the wind turbine from the
other noise sources present.
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Background noise vs. Total noise

® Background noise (BN)
[e] Total noise (TN)
33k 3: BN bin center average
P2+ TN bin center average
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3 4 5 6 Y 8 9 10 11 12 13 14 15 16 17

Wind speed [m/s]
Figure 17 Background noise levels (BN) vs total noise (TN).

The noise spectrum corrected by background wind noise measurement (Figure 18) is also
measured and presented in graphical form.

Sound power spectrum in 1/3-octaves for each bin centre

wind speed

1 1 1 1 1

50 |-

40 | ' ]

T

o
in
3
w

30

Sound preasure level [dB]

20

10

de—T—————

20

S

~

S

s}
~ Ty

L]
© G

25F
3{5_
oL
3ok

S Qhé@ SS S SSSEESESSS S
VS & B 5§85 5 555 S
VIRV TS ISTSI IS 755§

Figure 18 Noise spectrum corrected by background wind noise.
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4.2 Non Acoustic Measurements

Wind speed and direction data are recorded, and synchronized with acoustic measurements
using a special function in PWRC/2 firmware. The wind direction is assessed within +45° of the
measurement position, maintaining the relevant exclusion sectors.

4.3 Measurement Processing

Acoustic and non-acoustic measurements are processed according to the guidelines of the
standard. Wind speed is adjusted considering the roughness of the terrain and the height of the
anemometer. Noise measurements are corrected for background noise, subtracting the latter from
the total noise to obtain the noise emitted only by the wind turbine.

4.4 Results in Sound Measurements

The data obtained are presented in tables and graphs, including the noise spectrum and the
apparent sound power as a function of wind speed (Figure 19, left). An inmission map (Figure 19,
right) is also included, showing the variation of the sound pressure level with distance from the wind
turbine at different wind speeds. The final report must show the characteristics of the wind turbine,

the measurement site, the equipment used, and the data obtained with their corresponding
uncertainties.

Apparent sound power and uncertainty Mo data over 16.5 m/s
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Figure 19 Apparent noise level (including uncertainties) and inmission map, showing the
apparent noise level at different distances from the SWT, and for different levels of wind
speed.

5. Technical Assistance Cases for SWTs

The INTI Test Site in Cutral Co has performed over a dozen power curve certification tests, some
of which were lengthy processes, and a slightly smaller number of technical consultancy contracts
with local manufacturers related to limitations or problems with the machines produced. Many of
these contracts resulted from the first tests of a specific model at the Test Laboratory. Some of the
cases are presented in this section.
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5.1 Orientation System Improvement Case

One of the cases presented by local manufacturers was that of a wind turbine that did not reach
the design power due to a pronounced orientation error with respect to the direction of the wind.
The project's objective was to analyze and correct the orientation to maximize the performance of
the SWT.

To measure the orientation error, a special device was constructed. Although a low-cost encoder
was evaluated, its implementation was complex, so an absolute encoder based on infrared sensors
and a Gray code disk was developed. This device was adapted to the geometry of the nacelle,
allowing orientation errors to be monitored as a function of wind speed (Figure 20).

Figure 20 Gray code disk and acquisition system, mounting on the SWT (a 2.6 m diam.,
PM generator rated at 0.8 kW).

Subsequently, modifications were made to the area and anchoring system of the orientation
vane. These changes corrected the orientation of the wind turbine, evidenced by an increase in
power that reached levels close to the nominal design power.

Improvements in the orientation system made it possible to correct the disorientation and raise
the power output of the wind turbine to design levels (Figure 21). The implementation of the
absolute encoder and the modifications to the vane achieved an optimized machine performance.
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Figure 21 Power performance of the 2.6 m diam. SWT with original orientation vane

(left), and significant power gains (right) with design corrections performed at INTI Test
site.
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5.2 Reduction of Noise Emissions

Another case presented by a local manufacturer was an SWT that produced sound emissions in
different frequency ranges depending on the wind speed: at low frequencies for high wind speeds
and at higher frequencies at intermediate speeds. To reduce these emissions, a study focused on
the mechanisms of self-produced noise generation in aerodynamic profiles was performed.

The causes of the emissions were identified, and for each noise generation mechanism,
modifications to the profile surface were implemented. These modifications were evaluated by
measuring sound emissions before and after the intervention. The results showed an improvement
in noise reduction, without affecting power generation performance.

Improvements in noise reduction proposed changes in the blade construction process. However,
these changes were not addressed within the framework of this technical assistance. The following
cases address the results of the noise emissions measurements before and after the modifications
made.

1. Laminar Boundary Layer Noise: Attenuation is achieved by transforming the laminar boundary
layer into a turbulent layer (Figure 22).
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Figure 22 Noise reduction on the SWT, by profile modification.

2. Trailing Edge Thickness Noise: To reduce this noise, the thickness of the trailing edge must be
less than the thickness of the boundary layer at that point (Figure 23).
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Sound Pressure Level [dB]

Wind Speed [m/s]

Figure 23 Noise reduction on the SWT, by the modified thickness of the trailing edge.
5.3 Use of Solar Inverter for Grid Injection with Wind Turbine

This technical assistance was performed in agreement with UTN-FRN (Universidad Tecnoldgica
Nacional, Facultad Regional Neuquén) and with the cooperation of the Energy Studies Group (GESE)
headed by Mg. Ing. Ruben Bufanio and Mg. Ing. Damidn Marasco, based on their power electronics
expertise and work on SWT emulation [37]. The results of this assistance were published in Energies
[33]. The objective of this case was to explore the use of a low-cost solar inverter for injection into
the electrical grid, associated with a wind turbine. This type of combination seeks to maximize the
efficiency and viability of renewable energy.

To address this problem, it has been observed [33] that the algorithm in many solar inverter
control systems tends to demand more significant current if voltage is maintained constant on the
DC bus. When coupled to a SWT, this causes:

e Increased resistant electrical torque.

e Decrease in rotor rotation speed.

e Drop in system performance.

This can be appreciated in Figure 24 where an initial comparison between the performance of
identical PM SWTs in battery charging configuration compared to grid injection through an inverter.
The square dots of the grid-injection case show most of the measurements in the extremely low-
power region.
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Figure 24 Initial comparison of battery bank generation (Bat) vs. grid injection (Iny).

Wind-inverters have a power-voltage control curve that optimizes the rotor speed depending on
the wind speed, but tend to be costly. To integrate a low-cost and readily available solar inverter
into the system, an overvoltage crowbar power board was designed by the GESE group together
with a mobile (Android) application, both shown in Figure 25.

O © 192168.1.10 ®@

Linear PWM Chopper

Figure 25 Power board for overvoltage control and associated app developed by
GESE/UTN FRN.

This device, connected to the DC bus before the input to the inverter, allows for:

e Disconnection of the load on the rotor.

e Adaption of power generation.

A comparison of the performance of the system was carried out using two modalities:

1. Grid Injection: Using the solar inverter linked to the wind turbine, adjusting voltage limits.
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2. Battery Bank: Isolated operation using a battery system.

The results demonstrated that the SWT with grid injection system implementing the GESE bypass
board exceeded the performance of the battery bank system, thus achieving an improvement in
energy generation. This can be appreciated for two limit voltages of 100 and 200 V, compared to
the battery-charging case in Figure 26.
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Figure 26 Comparison of power curves with grid inverter + GESE board, vs. battery-
isolated system.

5.4 Cooperation with Manufacturers Regarding the Use of Technology

As a simultaneous program with the development of the measurement and testing laboratory,
cooperation with a group of national manufacturers allowed for the release in 2016 of two publicly
open documents, related to SWTs (Figure 27). The first is a general guide for SWT potential or
current users, aimed at providing information on the use of wind energy as a power alternative. This
document addresses aspects related to the wind resource, loads and consumption characteristics,
and application cases provided by the manufacturers.

3 Descarga de documentos
Instaladores de aerogeneradores, Nivel | Material do aststis

Figure 27 Information and installation manuals published in 2016 by INTI and SWT
manufacturer associations, and INTI SWT installer certification scheme [38].
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The second document is aimed at installing SWT equipment, divided into two sections. The first
section is focused on the mechanical aspects of the installation. Among them, are tower assembly,
fastening elements, leveling techniques, assembly of anchors, etc. The second section is dedicated
to details of electrical installations in small wind systems.

Additionally, a certification scheme for SWT installers was implemented in accordance with the
ISO 17024 [39] standard for certification of people and cooperation with the INTI certification body.
The objective of this activity is to have qualified technical personnel to ensure the successful
installation of SWTs since many of the failures in renewable systems are a consequence of mistakes
in the installation process. Documents and certification schemes are available in [38].

6. Conclusions

The process of surveying the industry of manufacturing low-power wind turbines in Argentina
led to the implementation by INTI of a laboratory to carry out tests following IEC 61400-12-1
standards. During the test implementation process, operating measurements of the equipment
were obtained that warranted making various improvements to the products. In some cases, these
tests derived in technical assistance contracts that enabled manufacturers to match the announced
performance of the products offered. For many of these improvements, the development of
technical capabilities was required in addition to implementing test methods under the IEC 61400
standards and a laboratory Quality System under IEC 17025.

The possibility of adopting previous academic developments and measurement systems made it
possible to capitalize on the experience in low-power wind energy gained from previous projects.
The installation of the laboratory, implementation of tests under IEC61400-12-1 standards, and the
possibility of cooperating with the SWT manufacturers have made it possible to achieve technical
improvements to the designs aimed at increasing reliability and reducing the cost of the products.
More than a dozen SWT tests (half of them with public reports), slightly fewer technical assistance
contracts, and numerous certifications, documentation, and SWT awareness activities are
important achievements of the INTI Cutral Co SWT Test Laboratory.

Future activities within the laboratory will be based on the expansion of technical capabilities
and the addition of equipment suitable for use in grid-connected SWTs and hybrid systems.
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