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ABSTRACT: The study of the wind park's electric power output fluctuation eftect on the a.c. System voltage and
frequency regulation are a necessity when the connection of a Wind Park to the existing utility grid, specially a weak a.c.

System, is intended.

The aim of this work in a global perspective is to analyse the electric power produced by a park in terms of stability
of the grid and "quality” of the output. In this paper a non-linear model of a two WECS wind park, together with a model
to generate correlated wind time series!, is used to simulate the power output fluctuations. The time series' of the individual
power generated by each WECS and the park's output series are analysed both in frequency and time domain.

I - INTRODUCTION

The coffect of WECS clectric power output
fluctuations in the existing a.c. system is a matter of great
concern, since the utility distribution normal procedures
concerning operation and planning do not generally take
into account for independent power production [1.2].

This situation can be particularly serious for high
levels of wind penctration or in weak grids, this being the
case of Portugal where windy sites are sparscly populated,
and in most of the cases have a very weak grid.

Therefore, the grid connection of wind parks with a
considerable amount of installed power may pose some
problems, not only to the utility grid management, but also
to the wind park owner, since its production capacity may
be limited by the utility duc to stability problems or extreme
voltage deviations.

The lack of an accurate tool which allows to assess
the interaction betwecen the wind parks and the utility grid
leads to a peculiar situation: neither the utility is able to
properly account for the perturbations induced by the wind
parks in their system, nor the independent producers are
able to predict the impact that the utility normal practises
have in their installations.

Those are some aspects why an accurate model 1o
simulate wind parks connection to the existing a.c. system is
currently being developed. The ultimate aim of this work is
to build a tool, to be used both by the utilities and by the
wind park investors, which will allow an assessment of the
impacts resulting from the connection of wind parks to the
grid in sclected windy locals.

In this first step only a two-turbine wind park was
considered. Nevertheless, a considerable amount of work
was spent in order to correctly model the spatial correlated
wind in the different locations, the interaction between the
turbine/generator groups inside the park and the utility grid
near the wind park that can be disturbed by its performance.

2 - WIND PARK'S MODEL
If'a dynamic time dependent model of a wind park is
intended, some aspects have to be addressed, namely:
1) a spatial and time wind correlation method:
ii) a time-domain method to simulate the WECS and the
clectrical system; .
iii) the computation of the electrical interaction between
generators and transformers inside the park.

A wind model to generate correlated wind time
series was developed to perform these studies [3]. The
situation addressed here corresponds to a two side by side
WECS wind park - thus wind turbines' wakes are not
modelled.

The wind park's modecl is based in a dynamic WECS
model developed previously. This WECS model results
from the integration of a wind turbine's characteristic
equation that accounts for the time variation of the shaft
rotational speed and an existing induction generator model -
developed in due time to apply to small hydro power plants
[4] - that was adapted to perform the WECS typical
behaviour with time variable torque [5,6].

The generator's model accounts for saturation
effects of the induction generators thus including its non
linear working range. The interaction between the two
turbine/gencrator groups inside the power plant and the
conditions at the interconnection busbar were established in
order to model the clectric power output.

2.1 - Wind Modecls

To achieve a dynamic model of a wind park, the
knowledge of the simultaneous wind velocity time series, at
the Jocations of the various turbines, is essential. This means
not just using average wind vclocities as input, but also the
superimposed turbulence. This is required by the existence
of phenomena associated with turbulence effects on the
blade's loads, so on the turbine's power output, and even on
the turbine's responses to electrical grid faults.

A preliminary wind model was developed, based on
the so called "Shinozuka method", ie. the generation of
wind speed time series from the inverse FFT of a complex
spectrum, whose real part is a wind power spectrum and the
imaginary part is a random phase spectrum.

The current model is based on i) the Taylor
hypothesis of "frozen" homogeneous turbulence; ii) the
assumption that cach size class of eddies is represented in
the power spectrum by the cnergy at the frequency f= Liv,
where L is the cddy size (along wind) and v the mean wind
speed; and iii} the assumption that eddies with size less than
the distance H between two certain sites will be too small to
affect both of them at the same time - and therefore will
bring a null average contribution to the cross-correlation.



Within these hypothesis, the Shinozuka method is
used to generate cross-correlated wind speed series for any
two places H apart faking the phase spectrum as equal for
both places up to F=11/v, and random thereon [3]: the well-
known "Davenport spectrum” shape was used as the power
spectrum for both places with common average speeds at 10
m high of 7 m/s. and a roughness coefficient of 0.008.

Samples from the models stochastic wind serics
where taken as appropriate when yielding cross-correlations
close to thosc estimated with exponential fits to field
observations, with decay lengths of 200 m along-wind, and
50 m across-wind.

2.2 - WECS Model

To simulate the wind turbine performance the
already mentioned time dependent model that uses as input
the wind's velocity instantaneous value was used [5,6]. To
describe the torque's characteristic of the turbine's rotor a
characteristic equation that accounts for the shaft's
rotational specd variation is used:

Ty (2.V,) =A(V,)Q +B(V,)

where A(Vg) e B(Vg) are wind's velocity dependent
parameters, and Q is the rotor's shafl rotational specd. This
equation was found by applying numerical interpolation to
the rotor's performance simulation results  with an
improved version of the PROPshaft code.

It has to be referred that the turbine's model doesn't
include the acroclastic efiects on the blades neither the disk
averaging effect. Thus the high frequency turbulence
(aprox. over 1 - 2 Hz) present on the wind time series that
is not filtered by the shafl and the generator will be present
in the power output time series.

2.3 - Electric Equipment Models

Models have been developed to describe the
behaviour of the different subsystems that constitute the
electrical part of the system studied [4]. All models have
been developed in the synchronous reference frame to
avoid undesired dependence of rotor position.

The prediction of induction generator steady-stale
and transient performance rcquires proper account of
saturation effects, thus a detailed madel based on Von der
Embse circuit thcory was developed [7].

Cach gencrator has its own reaclive power
compensation system, which has been sized in order that
the admittance of the capacitor bank cquals the slope of the
linear part of the no-load magnetisation characteristic of
the induction generator. This size was chosen as a result of
previous studies in this domain [8] and complies to the
Portuguese legislation.

The local loads were modelled as constant active
and reactive power for the computation of initial conditions
and as a constant impedance in the simulation studies. Both
transformers, the feeder and the a.c. system were modelled
also as constant impedance.

In order to obtain the initial conditions for the sct
of differential cquations which accurately describe the
system, a numerical model taking as input only the system
parameters and the instantaneous wind speed was built.
This technique cnables the computation of the initial
stcady-slate operating point through a modified power
flow which takes into account the electro-mechanical
characteristics of the turbine/gencrator groups to evaluate
the rotor speed of cach machine.

The WECS overall model was first presented in
[5.6] and is now implemented in a solware package named
INDUSAT, which allows to perform several studies either
in steady-state or transient conditions [9].

3 - TIME AND SPECTRAL ANALYSIS OF THE
POWER OUTPUT FLUCTUATION SIMULATIONS
The wind park's model was applied to the topology
represented in Fig.1. The system is basically composed by
two side by side WECS equipped with squirrel cage
induction gcncratbrs, with reactive power compensation.
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Fig. 1 - Grid's topology.

The generators are connected to a feeder through a
step-up transformer, which feeds a local load. The
interconnection substation is represented by another step-
up transformer, which also has a local load connected to its
low voltage side. Characteristics of the WECS and the grid
simulated in this work can be found in reference [10].

The short-circuit power at the interconnection point
was assumed to be 50 times the wind park rated power,
thus the existing a.c. system is represented by a reactance
with the appropriate value.

Using the wind park's modcl described above, some
simulations were performed in order to obtain results in
time domain. Morcover other type of studies have been
carried out to assess some statistical characteristics of the
power output (cross-correlation and standard deviation) as
well as to examine the frequency domain results (Power
Spectral Density - PSD) of the park's output.

The time domain output power series presented
correspond to wind serics with a cross correlation factor
cqual to 0.33. This valuc was selected as an example since
it correspond fo the typical cross wind distance for this
kind of turbines (diameter -12 m).

Fig. 2, 3 and 4 show some Tesults obtained in time
domain. Fig. 2 depicts an sample of the correlated wind
time series' (crosscor=0.33).
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Fig. 2 - Wind times scrics (crosscor=0.33).

Fig. 3 and 4 display the power time series for each
turbine (Fig.3) and the wind park's power output (Fig. 4).



In Fig. 6 the evolution of park's power output
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Fig. 3 - Turbinc's power output (wind's crosscor=0.33).
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The power spectral density (PSD) of the park

. power output fluctuations' is plotted in Fig. 7. For each

— wind correlation factor the average PSD of the samples is

computed and is presented. It may be seen that the lower
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Fig. 4 - Park's power output (wind's crosscor=0.33).

Figures 5 and 6 deal with the statistical properties ]
of the power produced by the wind park. In Fig. 5 it is
represented the individual power series cross correlation 3
factor between the two turbines against the cross ]
correlation factor of the input wind time series. ~10
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densitics of one sample of the power outputs of each
turbine (P1, P2) and the park (Pout), for wind time series'
cross correlation factor equal to 0.33.
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Fig. 3 - Park's power output crosscor vs. wind's crosscor.
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Fig. 8 - PSD of park's power output (solid linc) and PSD of cach
turbine's power output (P1-dotted line. P2-dashed linc).

The number of samples presented is not yet large
cnough to be representative of a stochastic process.
However as shown in Fig. 5 and 6 the results dispersion is
quite low.

Analysis of Fig. 5 shows a lincar dependence
between the two quantities in spite of the simulation model
being non linear. In what concerns Fig. 6, it clearly shows
an increase of the standard deviation with the wind's cross
corrclation factor.

Analysis of Figures 6 and 7 allows to conclude that
an increase in the wind's cross correlation factor
corresponds to a larger fluctuation in both the voltage and
power output of the wind park. This result is in agreement
with results pointed out by several authors |1, 2,11].

The N turbine smoothing effect is less obvious than
expected in figure 8, which may partially be explained by
the low number of turbines involved.

4 - CONCLUSIONS

The results presented agree quite well with results
previously published on this subject (c.g. Beyer et al [1]
and G, McNemey and R. Richardson [11]). The
smoothing ("cancellation” of the turbine's individual high
frequency fluctuations) in the park's power output
fluctuations when the wind is uncorrelated is illustrated by
Fig. 7 and 8. However attention must be paid to the space
scale associated with this phenomena, since in this case
only two turbines are involved and the distances between
turbines are smaller (the frequency "cancellation” fimit
being higher as a consequence) than those of references
[1,117.

Results show a dependence - that seems to be
linear from the short number of simulated samples - on the
wind's cross corrclation factor, though a non linear model
wind park is used.

The analysis of PSD of the park's output (Fig. 7
and 8) in the low frequency range brings up the idea that
mean and standard deviation analysis should be
complemented with both frequency and absolute value of
extreme occurrences.
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