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1. Introduction

Electric power is a very unusual product. It must be constantly available for the customers
but its massive storage is not possible. Therefore, electric power needs to be generated as
it is used. Furthermore, it is usually generated far from the customers. All these factors
make it difficult to control and assure the quality of electric power. There is no procedure
that allows the removal of the poor electric power. Consequently, it is necessary to define
preventive and monitoring procedures that guarantee a minimum level of power quality and
hence the correct behavior of the equipment connected to the power distribution system.
Perfect power quality means that the voltage is continuous and sinusoidal with a constant
amplitude and frequency. Low-frequency conducted disturbances are the main defects that
could compromise power quality. These are classified in the following groups: harmonics
and interharmonics, voltage dips and short supply interruptions, voltage unbalance, power
frequency variations and voltage fluctuations or flicker.

In the last years the use of wind farms and other distributed power generation systems has
drastically increased. The question that needs to be raised is how those new generation
systems will affect to the whole grid. A portion of the answer must be obtained from the
impact that they have on the power quality. In principle, wind energy can be considered a
risky source in terms of power quality. Moreover, when wind turbines are part of the grid the
power, quality seems to be a complex issue which highly depends on the interaction between
the grid and the wind turbines. The main impact on the grid by the wind turbines, concerning
power quality, is related to voltage changes and fluctuations, harmonic content, power peaks
and flicker. The presence of these disturbances is determined by meteorological conditions
and by the technical features of the wind turbine: continuously variable output power due
to wind shear, tower shadow or turbulences; performance of electrical components such as
generators and transformers; aerodynamic and mechanical behavior of the rotor. ..

The power quality of the wind turbines must be certified on the basis of measurements
performed according to international standards and guidelines. On one hand, the IEC
61400-21 standard is the reference normative for the certification of the power quality of wind
turbines (IEC-61400-21 Ed. 2.0, 2008). The first edition was published in 2001 and it specifies
the main relevant features of power quality that should be measured in a wind turbine. This
standard establishes the procedures for the measurement and assessment of power quality
characteristics of grid-connected wind turbines. According to it, measurements should be
performed for harmonic content, flicker, voltage drops as well as active and reactive power,
during normal and switching operations. To obtain those characteristics, the measurements
should be made on the basis of long time-series of current and voltage, always depending on
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wind conditions. On the other hand, the international Measuring Network of Wind Energy
Institute (MEASNET) has defined some guidelines based on the above-mentioned standard
with the aim to adapt the procedures and hence the measurement results obtained by its
members.

This chapter is organized in two main related sections. The first section provides a descriptive
approach to the main factors that have an influence on the power quality of the grid-connected
wind turbines. First we summarize the main rationale and objectives of the IEC 61400-21
standard. Then we detail the procedures specified by the standard for the measurement of the
main parameters of the wind turbine power quality characteristics: harmonic content, flicker,
voltage drops and power parameters. We also focus on the most relevant features that must
be considered by a measurement system when trying to assess one of the most complex power
quality parameters: flicker. In the second section we describe our own measurement system, a
useful tool specifically developed for the assessment of the power quality of a grid-connected
wind turbine, according to the IEC 61400-21 standard. To conclude the chapter, we provide
some illustrative examples of power quality parameters measured on different wind turbines
installed in a wind farm of Northern Spain.

2. Power quality characteristics of wind turbines

Power injection from grid-connected wind turbines affects substantially the power quality.
The procedures for the measurement and assessment of the main parameters involved
in the power quality characteristics of a wind turbine are described in the IEC 61400-21
standard. The tests are designed to be as non-site-specific as possible, so that power quality
characteristics measured with the wind turbine connected at a test site can also be considered
valid at other sites.

The validity of the measurement procedure is dependent upon the proper establishment of
the test conditions. The wind turbine has to be directly connected to the MV-network and the
measurements of the electrical characteristics have to be made at the wind turbine terminals.
It is necessary to specify the rated data of the wind turbine including rated active power of
wind turbine P, rated apparent power S;;, nominal phase-to-phase voltage U, and the rated
current I;. Moreover, the location of the wind turbine terminals and the specific configuration
of the assessed wind turbine including the relevant control parameter settings have to be
clearly stated in the test report.

According to the standard there are seven parameters compromising the required power
quality characteristics of a wind turbine: voltage fluctuations or flicker; harmonics and
interharmonics; voltage drops; active power; reactive power; grid protection and reconnection
time. In the following sections we will describe those parameters and the procedures specified
for their measurement, stressing the most relevant issues affecting the assessment of harmonic
and interharmonic content and flicker.

2.1 Current harmonics, interharmonics and higher frequency components

Voltage and current harmonics are usually present on the utility network. Non-linear and
electronic loads, rectifiers and inverters, are some sources which produce harmonic content.
The effects of the harmonics include overheating, faulty operation of protections, equipment
failures or interferences with communication systems.

The standard specifically defines different procedures to assess the harmonics, interharmonics
and higher frequency components for a wind turbine working under continuous conditions
and operating with reactive power as close as possible to zero. This means that, if applicable,
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the reactive set-point control shall be set to zero. These parameters will not be considered
under switching operations since the harmonic content is not harmful enough when the
duration of the perturbation is limited to a short period of time.

The values of the individual current harmonics, interharmonics and higher frequency
components and the Total Harmonic Current distortion (THC) must be provided in
percentage of I, and with the wind turbine operating within the active power bins 0, 10, 20,.. .,
100% of P,, where 0, 10, 20,..., 100% are the bin midpoints. The harmonic current components
must be specified as subgrouped RMS values for frequencies up to 50 times the fundamental
grid frequency. The THC coefficient must be calculated from those values according to:

)

where igo , = I}%"’ and L j, is the subgrouped RMS current harmonic of harmonic order h.
The interharmonic current components must be specified as subgrouped RMS values
Lisgn for frequencies up to 2 kHz in accordance to Annex A of the IEC 61000-4-7
standard (IEC-61000-4-7, 2002). The higher frequency current components must be specified
as subgrouped values for frequencies between 2 kHz and 9 kHz in accordance to Annex B of
the IEC 61000-4-7 standard.

At least nine 10 min time-series of instantaneous current measurements (three tests and three
phases) must be collected for each 10% power bin. The 10 min averages of each frequency
band must be calculated for each 10 min time-series, and subsequently the maximum 10 min
averages of each frequency band in each 10% power bin must be reported.

2.1.1 Measurement of the subgrouped harmonic, interharmonic and higher frequency
current components according to IEC 61000-4-7
The measurement of the harmonic current content is specified for a discrete signal obtained
at a sampling rate of f;. The basic tool for the measurement is the Discrete Fourier Transform
(DFT) applied over a signal window of Ty, seconds (T - fs samples). This transformation
plrovides the spectral components for the analyzed window with a spectral resolution of f,, =
- Hz.
"ﬁle standard suggests the use of a rectangular window whose duration is 10 cycles of the
fundamental frequency in 50 Hz systems and 12 cycles in 60 Hz systems (i.e. approximately
0.2 s). With these exact window lengths the spectral leakage has no influence on those spectral
components that are a multiple number of the spectral resolution f,, = 5 Hz. To achieve this
goal it is necessary to use a sampling rate locked to the fundamental frequency by means of a
Phase Locked Loop system (PLL).
Finally, to measure the spectral components up to 9 kHz it is needed the use of a sampling
rate over 18 kHz.

2.1.1.1 Calculation of the subgrouped harmonic, interharmonic and higher frequency current
components.

The DFT applied to each window provides the spectral components, ¢, with a resolution

of 5 Hz from the DC component up to % Fig. 1 shows how the subgrouped harmonic and

interharmonic components are grouped. The values of the components can be obtained by
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grouping the different spectral components from the DFT, according to the next equations:

1
2 _ 2
Lon= Y. Ciii
=1

P

2 2

Lisen = Y iy 2
i—2

where the k index refers to the spectral line order provided by the DFT, corresponding to the
h-th harmonic component (k = 10 - & for 50 Hz systems and k = 12 - /i for 60 Hz systems). The
value of p must be 8 for 50 Hz systems and 10 for 60 Hz systems.

The values of the higher frequency components are obtained by grouping the spectral lines
from the DFT in 200 Hz bands from 2 to 9 kHz. By using k index for the spectral line
corresponding to the band b=2100, 2300, ..., 8900 Hz (k = %), the higher frequency component
I, can be obtained as follows:

I3

2 2
Iy = Z Chti ®)
i=1-p

The value of p must be 20 for 50 Hz systems and 25 for 60 Hz systems.

2.1.1.2 Smoothing process.

For each 0.2 s window the equations (2) and (3) provide Isg s, Iisg i and [, (this makes a total
of 3000 values of each for every single value of / or b, in case of 10 min time-series). To avoid
abrupt transitions between different windows, the subgrouped current components obtained
for each value of i and b are smoothed by processing those 3000 values through a 15 low-pass
filter with a time constant of 1.5 s. This filter must be designed for a sampling frequency of
5 % because the Iy j, Iise , and I, values are available every 0.2 s. Moreover, it is necessary to
eliminate the first 50 values corresponding to the filter transient in order to obtain an accurate
average of the 3000 values at the filter output.

2.2 Response to voltage drops

One of the main objectives of the IEC 61400-21 standard is to provide a methodology to be
used in wind energy generation systems so that they contribute to control and assess the
quality of service of the electric power system, as conventional plants do. Moreover, one of
the main concerns related to the massive insertion of renewable energy generation systems,
such as wind turbines, is to maintain the reliability of the system despite the contingencies
that may happen in the network.

Harmonic Interharmonic centered
subgroup subgroup
Ye h+2 h+4

DFT Output

h h+1 h+2 h+3 h+4 h+5 h+6

Harmonic
order

Fig. 1. Illustration of the harmonic subgroup and interharmonic centered subgroup.
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A specific problem is related to the behavior of the wind farms in the presence of voltage drops
in the electrical network. Voltage drops are sudden voltage dips mainly caused by faults in the
network. These events are random in nature and can be characterized by their amplitudes and
duration. Previous experiences generate doubts about the capacity wind power generation to
remain connected, both during the fault and during the subsequent recovery. The standard
tries to check that wind farms are able to actively contribute to grid stability in case of voltage
drops, and to that end a specific test is included in the standard.

This test is defined for off-line conditions, i.e. when the turbine under test is disconnected
from the grid and therefore does not contribute to modify the voltage shape. The test verifies
the response of a wind turbine to voltage drops, with the wind turbine operating at two
different situations concerning the rated active power P,: between 10% and 30% of P, and
above 90%. A number of six voltage drops are defined, specifying the magnitude and duration
of the rectangular voltage drop (see Table 1).

Magnitude of voltage Magnitude of positive

Case phase to phase sequence voltage Duration(s)
VD1! 0.90 £0.05 0.90 £0.05 0.5+£0.02
vD2! 0.50 +0.05 0.50 +0.05 0.5+0.02
vD3! 0.20+0.05 0.20+0.05 0.24+0.02
VD42 0.90 +0.05 0.95+0.05 0.540.02
VD52 0.50 +0.05 0.754+0.05 0.5+0.02
VD62 0.20 £ 0.05 0.60 £ 0.05 0.24+0.02

I Symmetrical three-phase voltage drop
2 Two-phase voltage drop

Table 1. Specification of the test of voltage drops.

These test signals are used in the measurement procedure to obtain time-series of active
power, reactive power, current and voltage at the wind turbine terminals for the time shortly
prior to the voltage drop and until the effect of the voltage drop has extinguished. The test
can be carried out using a set-up, such as in Fig. 2, in which the voltage drops are created
by a short-circuit emulator that connects the three phases or two phases to ground via an
impedance, or connecting the three or two phases together through an impedance.

WT
Zy

| —
I —_
Z3
is
Fig. 2. System with short circuit emulator for testing wind turbine response to temporary
voltage drops.

The voltage drop is created by connecting the impedance Z; by the switch S, which shall
be able to accurately control the time between connection and disconnection of Z,. The
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impedance value of Z, must be set to obtain the voltage magnitudes specified in the standard
when the wind turbine is not connected. The function of impedance Z; is to limit the effect of
the short-circuit on the up-stream grid. The magnitude of this impedance should be selected
so that the voltage drop tests do not cause an unacceptable situation at the upstream grid,
and at the same the impedance does not affect the transient response of the wind turbine in a
significant manner.

2.3 Active and reactive power

The standard tries to assess the capability of the wind turbine concerning the active and
reactive powers. The assessment must be done by means of different types of tests, some
of them based on the wind speed and others considering both the wind speed and the wind
turbine regulation system.

2.3.1 Active power

For the assessment of the active power three different tests are considered. First, the maximum
power must be measured from at least 5 time-series of 10 min, collected for each 1 % wind
speed bin between the cut-in wind speed and 15 %. The measured power must be transferred
to 0.2 s average data and 60 s average data by a block averaging:

e Py, will be determined as the highest value obtained from 0.2 s windows, recorded during
the 10 min period.

® Pgo will be determined as the highest valid 60 s value calculated by averaging the 0.2 s
values, recorded during the 10 min period.

®  Pgop will be determined as the highest 600 s value calculated by averaging the 0.2 s values,
recorded during the 10 min period.

On the other hand, the ability of the wind turbine to operate in active power set-point control
mode and to operate in ramp rate limitation control mode must be tested. For both tests, the
results will be the active power calculated from 0.2 s average data, the wind speed and the
available active power. The available active power must be obtained from the control system
of the wind turbine. If the wind turbine control system does not provide it, an approximate
value can be used based on measured wind speed combined with the power curve of the wind
turbine.

In the case of ramp rate limitation, the wind turbine must be started from stand still and the
ramp rate must be set to 10% of rated power per minute. Moreover, the available active power
output must be at least 50% of rated power. In the case of set-point control, the test must be
carried out during a test period of 10 min. The ramp rate limitation must be deactivated
during this test and the set-point signal must be reduced from 100% to 20% in steps of 20%
during 2 min at each set-point value. Moreover, the available active power output must be at
least 90% of rated power.

2.3.2 Reactive power

For the assessment of the reactive power two different tests are considered. Both tests must
be done considering the regulation system of the wind turbine.

The first test tries to assess the capability of the wind turbine concerning the maximum
inductive reactive power and the maximum capacitive reactive power. For each of the two
settings, the measurements must be taken so that at least 30 time-series of 1 min of active and
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reactive power are collected at each 10% power bin from 0% to 100%. The sampled data will
be calculated as 1 min average data by applying 0.2 s block averaging for each 1 min period.
On the other hand, the reactive power control by set-point value must also be measured,
considering two cases: the measurement at a set-point of reactive power at zero and the
measurement during the step change of reactive power. For the first case, the procedure is the
same as that one used to assess the capability of the wind turbine concerning the maximum
reactive power. For the second case, the test must be of 6 min period and the set-point of
reactive power must be regulated for 2 min intervals corresponding to reactive power of
zero, maximum capacitive reactive power and maximum inductive reactive power. The active
power output, measured as 1 min average values, must be approximately 50% of rated power.
The reactive power must be 0.2 s average data.

The results of the test must be the reactive power from 0.2 s windows, together with the
set-point value of reactive power.

2.4 Voltage fluctuations (Flicker)

The impression of unsteadiness of visual sensation induced by variation in the intensity of a
light source due to fluctuations of the supply voltage is known as flicker.

As a result of the subjective nature of the perception of annoyance related to the sensitivity
of each person to light fluctuations, the precise measurement of flicker is not an easy task.
IEC 61000-4-15 provides a detailed description of the structure and functional specifications
of flicker measuring device called flickermeter. This measurement tool represents the
relationship between voltage fluctuations and the human discomfort providing a short-term,
P;t, and a long-term, Pj;, indicator. The Py is the flicker severity evaluated over a short period
(10 minutes is used in practice) and the conventional threshold of irritability is set in Py = 1.
The P;; term is the flicker severity evaluated over a long period of two hours and it is obtained
by using successive Ps; values.

Fluctuating loads in the electrical power system, e.g. welding machines, arc furnaces or
electric boilers, are the main sources of these perturbations in the electrical power system.
Moreover, from the point of view of power generation, the connection of wind turbines to the
grid can affect the ideal form of the voltage signal. Among the perturbations generated by
the wind turbines, the fluctuations in voltage are the most notable (Ackerman, 2005). Rapid
variations in wind speed produce fluctuating power, which can lead to voltage fluctuations at
the Point of Common Coupling (PCC), which in turn generate flicker. The standard specifies
a test for the voltage fluctuations with the aim of obtaining the measurements independently
of the characteristics and conditions of the network to which the wind turbine is connected.
Furthermore, the standard requires the characterization of the voltage fluctuations for two
situations, namely continuous operation and switching operations.

The following paragraphs will describe the test procedures for both types of functional
conditions.

2.4.1 Continuous operation

It is described as the normal operation of the wind turbine excluding start-up and shut-down
operations. The standard establishes a processing and statistical evaluation scheme to obtain
the flicker coefficients (see Fig. 3). These coefficients must be estimated from the current and
voltage time-series measured during the continuous operation.

The specification establishes a specific test procedure with the aim of obtaining a normalized
measure of the flicker emission. The phase-to-neutral voltage and the line current, u,, () and
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Measurement Assessment

Sk fic: YK = 30°,50°,70°,85° Sk fic va = 6,7.5,8.5,10m/s S,y va
im (t) l l l 1
,,,,, (t) Simulation of | ug.(t) IEC Pst fic c(vy) Pr(c < x) Report Calculation of | Py
i 1 21 lizati Weighting flicker on a —
voltage 61000-4-15 c(Pyva) spedific site

Fig. 3. Scheme of the measurement and assessment procedures for flicker during continuous
operation of the wind turbines in accordance with IEC 61400-21.

im(t), need to be processed for at least 15 registers of 10 min duration for each 1 % wind
speed bin between the cut-in wind speed and 15 . For each time-series and for each network
impedance, specified in the standard with the values of 30°, 50°, 70° and 85°, the fictitious
voltage u;c(t) is calculated from the circuit of Fig. 4. This model represents a fictitious grid
that enables the assessment of flicker caused exclusively by the wind turbine. In compliance
with IEC 61000-4-15 and using the fictitious voltage uy;(t) as the input to the flickermeter, a
flicker emission value, Py, fic, can be obtained.

R fic L fic

AYAYAY

LYY YL

+ +

uolt) () wrie(t) (D it

Fig. 4. Fictitious grid used for flicker assessment in wind turbines.

The flicker coefficient has to be determined for each of the calculated flicker emission values
by applying the equation (4):

S, .

C(¢k) = Pst,fic : I;flc (4)

n

where S is the rated apparent power of the wind turbine and Sy ;. is the short-circuit
apparent power of the fictitious grid.
For each network impedance phase angle 1, a weighting procedure calculates the weighted
accumulated distribution functions of the flicker coefficients, P,(c < x), assuming four
different Rayleigh distributed wind speeds of mean v, = 6, 7.5, 8.5 and 10 % For each
accumulated distribution, the 99% percentile, c(yy,v,), of the flicker coefficient is then
reported.
The assessment procedure specifies how the reported flicker coefficients can be used to
estimate the flicker emission from a single wind turbine or a group of wind turbines. The short
and long-term flicker emission from the wind turbine installation must be compared with the
short and long-term flicker emission limits for the relevant PCC, and with that purpose, these
flicker emission terms must be obtained as follows:

Sn

Py = C(¢krva) : ?k )

www.intechopen.com



Power Quality in Grid-Connected Wind Turbines 555

where ¢(ix, vq) is the flicker coefficient of the wind turbine, S, is the rated apparent power of
the wind turbine and Sy is the short-circuit apparent power at the PCC.

In case more wind turbines are connected to the PCC, the flicker emission due to the sum of
them can be estimated as:

1 Nwt
Pys, = ka : Z[Cl (Pr, va) - Sn,i}2 (6)
i=1

where ¢;({y, v,) is the flicker coefficient of the individual wind turbine, S,,; is the rated
apparent power of the individual wind turbine and N is the number of wind turbines
connected to the PCC.

2.4.2 Switching operations

The standard establishes an alternative processing and statistical evaluation scheme during
start-up or switching between generators (see Fig. 5). Four different parameters must be
obtained to assess the consequences of the start-up and shut-down maneuvers of the wind
turbine: the maximum number of switching operations within a 10 min and 2 hour period,
Ny, and Nip, respectively, the flicker step factor k¢ (i) and the voltage change factor
ku ()

The specification establishes a procedure of measurements and subsequent calculations to
determine ky (x) and k() for each type of switching operation. The phase-to-neutral
voltage and the line current, iy, (t) and iy (t), need to be processed for at least 15 registers
of a period Ty long enough to pass the transient of the switching operation. As in the case of
the continuous operation, the fictitious voltage, u ¢;c (t), and the flicker emission values, Py;, fics
are calculated. Flicker step factor and voltage change factor can be obtained by applying the
expressions (7) and (8) respectively, and finally they are determined as the average result of
the 15 calculated values.

Sk, fic
k() = 130 Sf

Py fic - Ty @)

n

ufic max ufic min Skfic
k =3 ’ — 8
u(pe) = V3 0. :, ®)
where Ugic gy and Ugic iy are the maximum and minimum one period root mean square
(RMS) value of the voltage on the fictitious grid during the switching operation.
The assessment procedure for switching operations specifies how to estimate the flicker
emission and voltage changes during switching operations on any specified site, using the
reported flicker step factors and voltage change factors.

Measurement Assessment

. . . S aro - S,
Sk fic: YK = 30°,50°,70°,85 Sk, fic e Ve
l Nio L
Ni20 P,
IEC Py P st
N \ st fic ke (4 —— R rt
im (t) — 61000-4-15 st.fle £ (Vi) N Calculation of | F1t
um (t) of ku(Py) N1o flicker and d
p]| instantaneous | ug (t) izati Averaging N120 voltage changes [
voltage ky(¥r) ecifie o
on a specific site
RMS Ufic,max ku ()
Ufic,min T

Fig. 5. Measurement and assessment procedures for flicker during switching operations of
the wind turbines in accordance with IEC 61400-21.
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During the assessment procedure, the established flicker emission limits must be compared
with the short and long-term flicker parameters that can be obtained from the next
expressions:

P =18 Nig, - Ky(p) - 5 )
Py =8-N%L . K¢( L Sn 10
it = 8- Niso,, - Ke(9r) 5, (10)

In the case that more wind turbines are connected to the PCC, the flicker emission from the
sum of them can be estimated from equation (11) and equation (12):

18 Nt 0.31
Piz =g (Z Nio,, - lkg,i($x) -Sn,i]f"z) (11)
i=1
18 (Na 0.31
Pue =g <Z Nio,,; - [kri(9r) '5;1,1‘]3'2) (12)
i=1

where Nyg,,; and Nyy,,; are the number of switching operations of the individual wind turbine
within a 10 min and 2 hour period respectively, and kf;(k) is the flicker step factor of the
individual wind turbine.

2.4.3 Relevant issues for the flicker test implementation

There are two relevant aspects that should be considered when implementing the test
procedure under both functional conditions, normal operation and switching operations.
First, the estimation of the fictitious voltage obtained from the resolution of the fictitious grid
specified by the IEC 61400-21 standard. Second, the implementation of the IEC flickermeter,
according to the functional specifications defined by the IEC 61000-4-15 standard.

2.4.3.1 Estimation of the fictitious voltage.

IEC 61400-21 standard specifies a method that uses current and voltage time-series measured
at the wind turbine terminals to simulate the voltage fluctuations on a fictitious grid with
no source of voltage fluctuations other than the wind turbine. The fictitious grid is shown
in Fig 4. The turbine is represented by a current generator with a value of i,,(t), and the
network to which it is connected is represented by its Thevenin equivalent circuit and an ideal
phase-to-neutral voltage source with the instantaneous value (). The network impedance
is composed of a resistance Ry;. in series with an inductance L.

The ideal voltage source 1((f) models a network free of fluctuations and is defined as:

ug(t) = \/g Uy, sin ayy, (t) (13)

The electrical angle a,, () of the fundamental can be described as:

t
am(t) = 27'(/0 f(H)dt+ ap (14)

where f(t) is the fundamental frequency, which may vary over time, and ay is the electrical
angle of the fundamental frequency at t = 0.
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With this model a fictitious voltage, uy;(t), at the wind turbine terminals can be obtained
using the expression (15):

dip (t)

”fic(t) =up(t) + Ryic - im(t) + Lyic - (15)

The main error source in the calculation of u;(t) appears from the estimation of u(t), which
must fulfill the following two conditions:

1. Flicker on the voltage u(t) should be zero.

2. The ideal voltage source ug(t) should have the same electrical angle w,;,(t) as the
fundamental frequency of the measured voltage 1, (f).

A small error in the estimation of the phase of the fundamental frequency of i, /(f)
can generate important changes in uf,(t) that significantly affect the Py rc value
calculated (Gutierrez et al., 2008). To obtain an accurate estimation of ug(t) fulfilling the
previous conditions, the selection of a proper signal processing technique turns out to be a
key factor. First, it is important to understand that u,,(t) is a band-limited signal and most of
its power is concentrated around its fundamental frequency, which is equal or very close to
50 Hz. As it has been demonstrated in previous works (Gutierrez et al., 2008), the obtention
of a precise estimation of 1((t) entails necessarily the combination of two processes, applied
to upy (£):
e Filtering the fundamental frequency of u, (t). We propose the implementation of a narrow
band adaptive filter, whose results can be improved by an anticausal zero-phase filter
implementation.

¢ Calculation of the instantaneous phase of the fundamental frequency of u,(t) by
implementing a classical zero-crossing method.

Next, we will describe the main technical considerations for a proper implementation of those
processes.

1. Narrow band filter and anticausal zero-phase filter implementation.

The typical method of eliminating a narrow band interference consists of filtering the signal
using a notch filter. Our case is the inverse, given that the objective is the fundamental
component of the signal uy,(t). Working in the discrete domain, a very narrow band-pass
filter needs to be designed around the discrete pulsation corresponding to the fundamental
frequency Q) = Zn% with fo = 50 Hz. A proper solution could be a narrow band-pass
filter implemented through an adaptive scheme based on the Least Mean Square algorithm
(LMS). This design makes it possible to obtain the fundamental component at 50 Hz
without distortion and without any delay at the output with respect to the input (Widrow
& Stearns, 1985).

From the transfer function of the noise-canceller, the transfer function of the adaptive filter
output can be calculated as:

zcos(Qp) — 1

1 _ _ 2,
Hz) =1-Hi(2) =200 o ) cos(0) 71— 02

(16)

corresponding to a 3 dB bandwidth BW = 2uC? rad = f‘"—ncz Hz.
The frequency response H((Q)) corresponds to a narrow band-pass filter that enables
obtaining the fundamental component of u, [n]. When working with C = 1, f; = 3200%
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(a) Module of the band-pass filter frequency response. (b) Phase delay of the band-pass filter.

Fig. 6. Frequency responses of the band-pass filter.

and p¢ = 0.0003, a bandwidth of approximately 0.3 Hz is found around the 50 Hz

component. Fig. 6 shows the module and the phase delay 7¢(Q}) = # of H(Q) scaling
the axis of frequency in Hz.
The main problem that H(z) presents to obtain the fundamental component of u,,[n]
is the abrupt behavior of the phase delay around 50 Hz, that produces displacements
of several samples in the output due to eventual small variations of the fundamental
frequency around 50 Hz. This causes an appreciable error in the Py of u;.(t). To solve
this problem, the phase distortion can be eliminated using the Anticausal Zero-Phase Filter
Implementation.
Considering the processing scheme in Fig. 7, after filtering in the forward direction, the
filtered sequence is reversed and run back through the filter. The result has exactly
zero-phase distortion. In fact, in the frequency domain Y(Q) = U, (Q) - |[H(Q) \2. The
magnitude is the square of the filter’s magnitude response, and the filter order is double
the order of H(z).
This implementation can only be used in cases in which u,,[n] is a finite duration signal
known before being filtered. From the signal obtained, y[#], it is necessary to eliminate the
transitory at both ends.

2. Zero-Crossing Method.
The estimation of the frequency of the power system using the zero-crossing technique has
been well known for a long time (Lee & Devaney, 1994). Constructing the instantaneous
phase of the signal u,(t) from the frequency or period of each cycle of uy(t), is
straightforward.
Working in the discrete domain, the algorithm searches for the positions of the contiguous
samples of u,,(t) that mark a transition of values from positive to negative. To achieve a

Um (2) Time
) Reverse

H(2) Time |Y(® =Um(z)  H(z) H(1/2)
I ——
& Reverse

Um(z) - H(z) Um(1l/z)  H(1/z) Um(1/2z) - H(1/z) - H(z)

Fig. 7. The anticausal zero-phase filter scheme.
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BLOCK 1 BLOCK 2 BLOCK 3 BLOCK 4 BLOCK 5
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Fig. 8. Block diagram of the IEC flickermeter according to IEC 61000-4-15 (IEC-61000-4-15 Ed.
2.0,2010).

more precise approximation to the zero-crossing point, a linear interpolation between the
points of the transition can be used.

Knowing the number and the fraction of the samples that make up a period, reconstruction
of the instantaneous phase of the fundamental component is done, sharing the 27t radians
uniformly for each sampling instant.

2.4.3.2 Estimation of Pg i

Once the fictitious voltage uy;.(t) has been estimated, the standard specifies the calculation
of the short-term flicker severity Py produced by that voltage. The measurement of the
flicker severity is a complex procedure whose functional specifications are detailed in the
IEC 61000-4-15 standard, namely IEC flickermeter, and it is worth providing some details and
relevant considerations about its implementation. Fig. 8 shows the block diagram of the IEC
flickermeter.

Block 1 of the flickermeter scales the input voltage to an internal reference value. The objective
of this block is to make flicker measurements independent of the input voltage level.

Block 2 recovers the voltage fluctuations by squaring the scaled input voltage, thereby
simulating the behavior of an incandescent lamp.

Block 3 of the flickermeter consists of three cascaded filters, followed by a range selector that
determines the sensitivity of the device. The first two filters are part of the demodulation
process and consist of a first-order high-pass filter (cutoff frequency = 0.05 Hz) and a
sixth-order low-pass Butterworth filter (cutoff frequency = 35 Hz). The third filter models
the behavior of the lamp—eye system. The analogue response of this band-pass filter is defined
in the standard for 230 V and 120 V reference lamps.

Block 4 implements an eye-brain model. It includes a squaring multiplier followed by a
low-pass filter that is specified to be a sliding-mean filter, having the transfer function of a
15t-order low-pass resistance—capacitance filter with a time constant of 300 ms. The output
of Block 4 represents the instantaneous flicker sensation Pj,g;. A unit output from Block
4 corresponds to the reference human flicker perceptibility threshold. In Block 5, Py is
calculated by performing a statistical classification of P;,;; over a short period of time (usually
10 min). The method for obtaining the Ps; value is a multipoint algorithm that uses the
percentiles obtained from the cumulative probability distribution of P;;,;, namely

Pyy=+/0.0314-R,,+0.0525-P, +0.0657-P,, +0.28-P,y,+0.08- P, (17)

For the measurements performed in this work, we have implemented a highly accurate
IEC flickermeter. This reference flickermeter is the complete digital MatLab implementation
previously used in other studies (Ruiz et al., 2007; 2010). Its main features are:

1. The input can be either analytically generated signals, as rectangular voltage fluctuations,
or actual registered signals that have been digitally formatted.
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2. It uses any input sampling selected from these two sets: f; = 1600, 3200, 6400, 12800 and
25600 % and f; = 1280, 2560, 5120, 10240 and 20480 g

3. It performs a decimation process at the output of the sixth-order low-pass Butterworth
filter to allow a constant sampling rate of 1600 % for the first set of sampling frequencies

and 1280 % for the second, in the following blocks, independently of the input sampling
rate.

4. To avoid errors coming from the classification process in terms of number of classes, type of
classification or type of interpolation between the classes, our reference flickermeter does
not classify the P, signal. It stores all the samples of P;,,;; during the short-term period
of 10 min and calculates the percentiles of (17) in an absolutely accurate way.

5. Finally, it is important to remark that the complete precision of the reference flickermeter
has been contrasted with other well-known implementations (Key et al., 1999; Mombauer,
1998), also used in previous works (Gallo et al., 2006; WG2CIGRE, 2004).

3. A system for the measurement of the power quality characteristics of
grid-connected wind turbines

The assessment of the power quality characteristics of a wind turbine requires the obtention
of several voltage and current time-series for different wind speeds. These time-series must
be obtained for two types of functional status of the wind turbine: continuous and switching
operations.

Moreover, all that information must be processed to measure several parameters, which
requires, in principle, the connection of different power quality analyzers. There are not
so many commercial analyzers particularly designed to fulfill the requirements of the IEC
61400-21 standard. Furthermore, there are very few research works about integrated systems
to assess the power quality of grid-connected wind turbines (Gherasim et al., 2006).

We developed a measurement system for the acquisition, storage and processing of the
voltage, current and wind speed time-series required by the standard. In order to provide
more flexibility to the measurement system, instead of using a commercial equipment, we
chose the implementation of our own system. The main rationale of our system is to divide
the whole measurement into independent processes:

1. The recording and storage of the wind, voltage and current time-series.

2. The off-line measurement and assessment of the power quality characteristics by
post-processing the stored time-series.

Recording Offline :
.+ Measurement :

Conditioning goaiisitioniSyzten A/D Post -
USB 6211 — g
System SAC-2 N Control Processing
National Instruments
SARPE 2.1

Fig. 9. Scheme of the measurement system.
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To perform those processes we developed two interconnected sub-systems: a signal
conditioning system (SAC-2) and a control system (SARPE 2.1). The scheme of the overall
measurement system is shown in Fig. 9. The conditioning system is a hardware module
transforming the three-phase voltage and current, as well as the wind speed, to the
appropriate levels for the post-processing. This operation is managed by the control system.
This is a software tool that controls the acquisition and stores the voltage, current and wind
speed time-series. The control system also includes a post-processing module that works
off-line by reading the recorded time-series and calculates the parameters of the power quality
characteristics of the wind turbine.

3.1 Conditioning system SAC-2

This system converts the voltage, current and wind speed input levels to the appropriate levels
for the final measurement. Fig. 10 shows a photograph of the developed hardware platform,
SAC-2.

For a precise conditioning of the input levels, this hardware platform provides four voltage
channels and four different scales per channel (see Table 2 (a)).

There are also four current channels, and four different types of current sensors can be used
(see Table 2 (b)). There are two additional analog channels to register wind characteristics.
The system provides several clocks to use as external sampling frequencies in the acquisition
by the control module. The first set of sampling frequencies allows the use of a number of
samples per cycle of 50 Hz always corresponding to a power of 2 (fs = 1600, 3200, 6400, 12800
and 25600 %). A second set provides a number of samples per 10 cycles of 50 Hz or 12 cycles
of 60 Hz corresponding to a power of 2 (fs = 1280, 2560, 5120, 10240 and 20480 %). This
second group of sampling frequencies makes possible the implementation of the harmonics
and interharmonics measurement method specified by the standard. Each channel includes
a fifth order Butterworth anti-aliasing filter with adjustable cutoff frequency. A phase-locked
loop (PLL) synchronizes the sampling rate to the first channel grid frequency, either 50 or 60
Hz.

The system also includes four digital inputs, activated by dry contacts, to trigger the start of
the acquisition by the control system.

3.2 Control system SARPE 2.1
The control system is a MatLab tool running on a PC laptop and consists of two modules: the
acquisition module and the post-processing module.

Fig. 10. Layout of the conditioning system, SAC-2.
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(b) Working ranges for the current sensors.

(a) Working ranges for Sensitivity ~ Scale Range
the voltage channels. (mV/A) (Ayms) (Ayms)
Scale Range 01 5000  1300-6500

(Vims)  (Vims) ' 500 130-650
60 16-78 1 500 130-650

50 13-65

150 40-195 50 13-65
300 78-390 10 5 1 3' 65

600 156-780 e
100 50 1.3-6.5

0.5 0.13-0.65

Table 2. Conditioning system working range.

The acquisition module manages both the acquisition and the recording operations. Its main
functions are:

1. Acquisition of the conditioned signals using the DAQ 6062E card from National
Instruments (12-bit resolution).
2. Selection of different parameters that configure the register:
a. Internal clock from the acquisition card or external clock from the conditioning system.
b. Sampling frequency.
c. Use of the anti-aliasing filters.
d. Activation of the PLL.
e. Channels to be recorded.
f. Scale of each selected voltage and current channels.
h. Duration of the register.
3. Checking the functional status of the wind turbine to validate the storage of the
corresponding time-series.
4. Selection of the trigger type:
a. Delayed start.
b. Digitally controlled start.

5. Communication by GSM/GPRS system to remotely control the status of the registering
process.

On the other hand, the post-processing module recovers the recorded sampled data and
processes them according to the procedures specified by the IEC 61400-21 standard.

The off-line processing provides several advantages for the wind turbine certification process.
Since the power quality standards may change, the off-line processing makes it easier
to incorporate these changes by software modifications. In this sense, this method of
post-processing allows the analysis of the waveforms that have produced a specific power
quality characteristic. It is not necessary to retest a specific wind turbine to calculate the
characteristics. Another advantage is that all parties involved in the certification process have
access to the stored information.
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4. Case study of power quality characteristic of grid-connected wind turbines

There are not too many works assessing the power quality in wind farms according to the
IEC 61400-21 standard (Foussekis et al., 2003; Srensen, 2001; Srensen et al., 2007). This
section shows the results of measurements performed on two wind turbines with different
constructive characteristics and located in an experimental wind farm in the northwest of
Spain!. The first tested wind turbine (WT1) corresponds to a machine with a double speed
asynchronous generation system (4 and 6 poles), fixed sail passage and fixed generator speed,
with a nominal power of 660 Kw and nominal voltage of 690 V. In this wind turbine, a total
of 135 records were registered under different wind speed and power conditions, each record
containing a current and voltage 10 min time-series. The second wind turbine (WT2) has
a 4-pole synchronous generating system and electronic power control, variable sail passage
and variable generator speed, and it provides a nominal power of 800 KW and a nominal
voltage of 1000 V. In this wind turbine, a total of 75 voltage and current 10 min time-series
were recorded under different wind speed and power conditions.

Voltage fluctuations and harmonic and interharmonic content of the registered records are
analyzed hereunder.

4.1 Voltage fluctuations

Each set of measured voltage-current time-series pair u, (t), i (t) is used as input to calculate
the fictitious voltage u¢;.(f) on the fictitious grid. This has been done for the four different
network impedance phase angles (i) specified in the IEC 61400-21 standard, using a
short-circuit apparent power of Sy ¢;c = 20 - Sy.

P,, mean value

10 50 60

Power bin

Fig. 11. Mean values of Py r;c in terms of the active power bins for WT1.

In order to calculate the voltage uo(t) required to obtain u;c(t), um(t) has been filtered with
an IIR band-pass notch filter; the filter implementation is based on anticausal zero-phase
technique. Each of the obtained u;.(t) (one for each ¢y for each u,, — i pair) has been input
to an IEC 61000-4-15 compliant flickermeter to obtain the flicker severity value P fic.

Fig. 11 shows the results obtained for the first wind turbine working with a network
impedance phase angle i, = 85°. The 135 Py ;. values obtained for this wind turbine have
been grouped according to the power of the machine, for the operation of the wind turbine
within the active power bins 0, 10, 20, ..., 100% of P,. The first bin corresponds to P < 5%

! The authors would like to thank SOTAVENTO GALICIA S.A. (Spain) for making the signals available
free of charge for the purpose of this work.
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P,, mean value

0 10 20 30 10 50 60 70 80 90 100

Power bin

Fig. 12. Mean values of Py f;c in terms of the active power bins for WT2.

of Py; the last one to P > 95% of P,; the intermediate bins correspond to 10%-wide ranges
centered in the bin midpoints. It can be observed that P;; ¢;c values increase as the working
power increases.

In the same way, Fig. 12 shows the Py r;. values obtained for the 75 u ;. associated to the
second wind turbine; the values are also given for ¢ = 85°, as in the previous case. In this
case the Py r;c values are high when the machine operates at low power.

4.2 Current harmonics and interharmonics

The harmonic and interharmonic content of each current signal has been obtained according to
the IEC 61000-4-7 standard. A 10-cycle (in a 50 Hz system, approximately 200 ms) rectangular
window has been used. For each window within a 10 min period, the Discrete Fourier
Transform (DFT) has been calculated and the resulting spectral lines have been grouped to
obtain the harmonic subgroups (HS) and the interharmonic centered subgroups (ICS).

The resulting HS and ICS time-series have been smoothed using a first order low-pass filter
with a time constant of 1.5 s. The smoothing filter introduces a transient; in order to eliminate
this transient the first 10 seconds of each HS and ICS have been suppressed. Afterwards the
HS and ICS RMS value has been calculated. Therefore given a 10 min current time-series, a
single value is obtained for each HS and ICS. In order to illustrate the effect of the smoothing
process, Fig. 13 shows the time evolution of the 7" harmonic subgroup Lsg,7 (a) and the 7th
interharmonic centered subgroup s, 7 (b) of phasel-current in a 10 min register recorded in
the first wind turbine while working at 53% of nominal power. The evolution of the RMS
value of Iso7 and 5. 7 along the 10-cycle intervals, i.e. the input to the smoothing low-pass
filter, is represented in blue; the output from the smoothing low-pass filter is shown in red. It
can be observed that smoothing reduces the abrupt changes produced between two adjacent
windows.

Fig. 14 shows in more detail the initial 20 s of Fig. 13. The transient produced by the smoothing
process is clearly observed. This transient has to be suppressed so that it is not taken into
consideration in the calculation of the HS and ICS of the analyzed record.

Fig. 15 shows the HS and ICS content (up to 12" order harmonic) of phasel-current in the
same 10 min record of the first wind turbine in which Fig. 13 and 14 are based. A high
contribution of 5, 7" and 11" harmonics can be observed, whereas the rest of harmonics
and all the interharmonics take very low values.
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(a) RMS value of 7" harmonic subgroup.

Before smoothing filter
—— After smoothing filter
. | . .
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Time (s)

(b) RMS value of 7*" interharmonic centered subgroup.
Fig. 13. Effect of smoothing.

Fig. 16 shows the same information as Figure 15, but for a 10 min record of the second wind
turbine. The mean power of the selected record is also 53% of S;, as in the first turbine.
The comparison between Fig. 15 and 16 shows that harmonic and interharmonic content
distribution is completely different in both turbines. In the second one, harmonic content
is more uniformly distributed among all the HS and ICS.

The 10 min averages of each subgrouped harmonic and interharmonic have been calculated
for each of the 135 10-min time-series recorded in the first wind turbine. Fig. 17 represents the
maximum 10-min averages of 7" harmonic (a) and 7 interharmonic (b) in each 10% power
bin. The first bin corresponds to P < 5% of Py; the last one to P > 95% of P;; the intermediate
bins correspond to 10%-wide ranges centered in the bin midpoints (10, 20, ..., 90). The results
are shown in percentage of I;;.

The same process is performed with the phasel-current of the 75 records of the second turbine.
Fig. 18 shows the maximum 10-min averages of 7t" harmonic (a) and 7" interharmonic (b) in
percentage of I, in each 10% power bin.

The comparison between Fig. 17 and 18 shows that the maximum value of 7" harmonic
content is higher in the first wind turbine than in the second one for nearly all the power
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(b) RMS value of 7*" interharmonic centered subgroup.

Fig. 14. Transient time due to smoothing.
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Fig. 15. Harmonic and Interharmonic content: WTT1, Sﬁ,l = 53%.
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Harmonic / Interharmonic Amplitude (A)
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Fig. 16. Harmonic and Interharmonic content: WT2, % = 53%.
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Fig. 17. WT1: Maximum 10-min average of a given harmonic/interharmonic (in % of I;;) in

each power bin.
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Imawx,,; (% of In)
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(a) 7*" harmonic subgroup.
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(b) 7" interharmonic centered subgroup.

Fig. 18. WT2: Maximum 10-min average of a given harmonic/interharmonic (in % of I,;) in
each power bin.

bins. The reverse consideration is true for 7! interharmonic: its content is lower in the first
wind turbine than in the second one for all the power bins.

5. Conclusions

Power injection from wind turbines affects substantially the power quality. This chapter
described the main parameters involved in the assessment of the power quality of
grid-connected wind turbines. The definition of those parameters and the procedures and
methods for their assessment are compiled in the IEC 61400-21 standard. This text has become
the reference normative for the certification of the grid-connected wind turbines in terms
of power quality. According to it there are seven parameters compromising the required
power quality characteristic of a wind turbine: voltage fluctuations or flicker; harmonics and
interharmonics; voltage drops; active power; reactive power; grid protection and reconnection
time.

The implementation of the measurement and assessment procedures specified by the standard
requires a deep knowledge and experience on power quality issues. Moreover, all the
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procedures require the storage and processing of a great amount of data from voltage, current
and wind time-series. For that purpose we developed our own measurement system, a
useful tool specifically designed for the assessment of the power quality of a grid-connected
wind turbine. This system acquires, stores and processes the voltage, current and wind
speed time-series required by the standard, providing the output parameters specified by the
standard for the assessment of the power quality characteristics.

The methods to assess the voltage fluctuations and harmonic content are particularly
demanding. Their measurements are based on complex functional systems and advanced
signal processing techniques. We have extensively detailed some of these techniques and we
have applied them to a case study based on the analysis of both parameters on two wind
turbines with different constructive characteristics and located in an experimental wind farm
in the northwest of Spain. Since there are not too many experimental works assessing the
power quality in wind farms according to the IEC 61400-21 standard, this work can be useful
to enlarge the knowledge about the influence of the wind turbines on the power quality.
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