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Power Fluctuations in an Isolated Wind Plant

C. Carrillo, A. E. Feijéo, J. Cidrds, Member, IEEE, and J. Gonzdilez

Abstract—In this paper, a wind energy converter (WEC) model
for the analysis of power fluctuations at an isolated wind plant is
presented. The model includes the drive train dynamics, a first-
order model for the asynchronous generator, and the power con-
troller. The influence of each element is studied, and the conditions
that can provoke oscillations in the power delivered by the WEC
are considered. A set of measurements carried out during the set-
ting of an isolated wind plant in the Canary Islands (Spain) is the
basis for this study. In these measurements, an oscillatory behavior
has been observed when wind speed was high.

Index Terms—Power quality, power system dynamic stability,
wind power generation.

1. INTRODUCTION

NE of the typical problems of wind energy converters

(WECs) is the variation in their delivered power, which
is the main cause of the relationship between the random na-
ture of wind and the power. Nevertheless, added to these random
variations, periodic fluctuations can appear in electrical power.
The possible causes of these oscillations are: rotor turbine im-
balance, blade passing in front of the tower, rotational sampling,
and structural modes. Structural modes can appear because the
wind excites mechanical structure eigenfrequencies that involve
blades, tower, and drive train [1], [2].

WECs showing the largest variations in delivered power are
those formed by an asynchronous generator coupled directly to
the network. However, nowadays it is common to find wind con-
verters where an electronic converter is used to connect the gen-
erator to the network, so the delivered power can be smoothed
[3].

Networks where WECs are connected can be affected by the
variability of power mentioned above (e.g., flicker is a common
problem in weak grids with high wind energy penetration). This
behavior is of great relevance in isolated networks, where the
quality of power is closely related to the ability of wind energy
converters to smooth variations of power.

The purpose of this paper is to investigate the periodic power
pulsations that have been measured during the fitting of an iso-
lated plant located in Punta Jandia (Spain). The influence of
drive train and power controller on the periodic power compo-
nents is to be analyzed.
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II. ISOLATED WIND PLANT AND MEASUREMENTS

The isolated wind plant studied is located in Puerto de la Cruz
at the southernmost part of the Jandia Peninsula on the Spanish
island of Fuerteventura (Canary Islands) [4], [5]. The plant pro-
vides electricity to a small fishing village by means of the fol-
lowing elements (see Fig. 1):

e 1 x WEC Vestas 225/50 kW, pitch controlled with a two-
speed asynchronous generator (six and four poles);

* 2 x diesel units with 75-kVA synchronous generators;

* 2 x flywheel included as an element of the diesel units
with an inertia of 1067 kg - m?.

Other important elements closely related to the generation
are the dump loads; these help to maintain the frequency of the
isolated network when diesel engines are disconnected.

The maintenance and fitting of the wind plant are carried out
by the Centro de Investigacién de Energia y Agua — Instituto
Tecnoldgico de Canarias (CIEA-ITC).

In order to analyze the behavior of the plant, measurements
were taken at various times during the fitting of the plant.
Voltage, current, power, and frequency were the electric
parameters measured [3].

This paper focuses on some unstable situations that have been
observed during the fitting of the plant, when the WEC was
running without the diesel groups and there were high winds
causing the 225-kVA generator to be connected (see Fig. 1).
The WEC manufacturer corrected this behavior by adjusting the
parameters of the control system. As a result, the plant is now
running with more than 90% of energy produced by the WEC
during the windiest months.

The results of measurements are shown in Figs. 2 and 3,
where two cases can be seen.

* Unstable, with important fluctuations in power and fre-
quency (Fig. 2).

 Stable, with small fluctuations in power and frequency
with smooth variation (Fig. 3).

The spectrum of the power delivered by the WEC is shown
in Fig. 4, although similar plots would be achieved with the
spectrum of network frequency.

In the stable case, the frequencies that dominate the spectrum
are those related to turbine rotation, which produces cyclic loads
caused by wind shear, yaw, tower influence on the flow, and
rotational sampling. Consequently, the multiples of turbine ro-
tational speed, whose value is 0.71 Hz (1p), are the main com-
ponents of the spectrum (1p, 2p, and 3p) [1], [2], [6].

The result is very different during the unstable situation. The
component dominating the spectrum has a frequency value of
0.65 Hz, lower than 1p. This implies that the oscillation of the
power delivered by the WEC and the oscillation in network fre-
quency have their main component at this frequency [3].
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Fig. 1. Scheme of the isolated wind plant in Puerto de la Cruz (Spain).
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Fig. 2. Power delivered by the WEC and frequency during an unstable
situation.

Frequencies, except p-multiples, in the low part of the spec-
trum (very low hertz) are related to mechanical modes in WECs
[1], [2], [6]. In this paper, a simple WEC model is proposed to
relate the drive train dynamics to the frequencies detected during
the unstable situation.

III. WEC MODELING

The unstable case shown before is dominated by a low
frequency (see Fig. 4), which is related to the mechanical
dynamics of the WEC. Tower, blades, hub, and low-speed
shaft, gearbox, high-speed shaft, coupling between gearbox and
generator electrodynamics influence this behavior. However, in
order to easily find the modes and to study the WEC dynamics,
a simple model is chosen, where the drive train component is
emphasized. Therefore, the model presented in this paper is
formed by [7]:
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710,65 Hz<1p

unstable
= stable

1p=0.71 Hz

power in kW

15 2
frequency in Hz

0.5

-

Fig. 4. Spectrum of the power delivered by the WEC.

e drive train;
* asynchronous generator;
* PI controller.
In the following paragraphs, the model for each component
is presented.

A. Drive Train Model

In order to model the drive train, the simple configuration
shown in Fig. 5 is chosen [3], [7], [8].

The mechanical equation of turbine and generator side inertia
is

T! — Ty = (s + D)

Ty — Ty = (Jgs+Dy) (1)

where
» T/ is the aerodynamic torque referred to the high-speed
shaft;
* J/ and D/ are the inertia and friction of rotor side referred
to the high shaft, respectively;
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Fig. 5. Drive train model.

* Ty and T, are the torque in the flexible coupling and in
the electric generator, respectively;

* Jg and D are the inertia and friction of generator side,

respectively.
The equation of flexible coupling is
k
Tk - E(Qa - Qg) (2)

where (), and €1, are the speeds before and after flexible cou-
pling, and k is the stiffness of coupling.
From (1) and (2), the following equation can be obtained:

(Jgs? + Dgs + kg )T — kT

e = P)

3)
where
P(s) = JgJ.s* + (JoD, + J.Dy)s?

+[(Jg + J2)k + DDl]s + (Dg + D0)k.  (4)

If the generator is running at an almost constant speed, the
frequency of vibrational mode can be approximated by

. 1 k )
T=—4/—

2r \| I,
whose value for the studied plant (see Table I) is 0.69 Hz

B. Asynchronous Generator Model

The fluctuations studied in this paper have a low frequency so
many electromagnetic transients can be neglected. In this way,
a simple first-order model has been used for simulation [7]

—D.
= Q 6
1+ 7s g) ©

where () is the synchronous speed or the network frequency
divided by the number of pole pairs of the machine, and D, and
T are constants.

A well-known sixth-order DQ model is used to evaluate the
validity of the model depicted by (6) [9]. As can be seen in
Table IT and Fig. 6, the parameters and accuracy of the first-order
approximation depend on the machine configuration: network-
connected or isolated.

Tg (s —

C. PI Controller

Depending on wind speed, the studied WEC has two running
modes. In low wind conditions, the blade pitch is adjusted fol-
lowing a previously defined chart, in order to extract as much
energy as possible from the wind (see Fig. 7). On the other hand,
in high wind conditions, the blade pitch is adjusted to keep the
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Fig. 6. Step response of an asynchronous machine: comparison between a
complete d-g model and a simple first-order model.

TABLE 1II
PARAMETERS OF THE ASYNCHRONOUS GENERATOR MODEL, IN THE ISOLATED
AND THE NETWORK-CONNECTED CONFIGURATIONS

D.inN'm's|tins
Isolated 1884 0.55
Network-connected 1851 0.08

power (or torque) delivered by the WEC at a reference value
(see Fig. 7). In this last situation, pitch variation is done with a
PI controller [3], [10]

T; = kakP <1 + L) (Tref - Tg) (7)
kIS

where kp and ky are the parameters of PI, T\..¢ is the reference
value, and k, represents the relation between pitch and aerody-
namic torque assuming

» the WEC is running at an almost constant rotational speed;
* wind speed is constant at around its nominal value;
e variations in the blade pitch are small.
In order to study the plant, only the PI part of the controller
has been modeled because the measured oscillatory behavior
has only been detected during high wind conditions.
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D. WEC Model

The scheme for the complete model can be seen in Fig. 8.
Taking into account (3) and (6), the relationship between
aerodynamic torque, generator torque, and synchronous speed
without the controller can be written as
Dk T/, — Do P(s)€4

L= b+ + 02+ Ds 10D, O

The frequencies of vibrational modes can be calculated from
(8), and their values strongly depend on shaft stiffness, although
the same results can be achieved by studying the transfer func-
tion between other variables. In Fig. 9, the bode plot for Ty /T,
using (8) is shown.

When the controller is included in the model, the whole
system can be unstable depending on the controller parameters.
In the root locus presented in Fig. 10, the effect of the controller
gain can be seen.

In the analyzed plant, when the system starts becoming un-
stable, it oscillates at a frequency of 0.64 Hz (see Fig. 4). This
unstable behavior can be simulated with the following param-
eters for the controller: k; = 0.75, k, = 0.548, and k, =
1.83 - 10* and the results are shown in Figs. 9 and 10. In this
case, the oscillation frequency is equal to that observed during
the measurements (see Fig. 4) and very close to the frequency
of the vibrational mode of the transmission train (5).

The isolated WEC can be compared to a network connected
one. For this purpose, only the asynchronous machine parame-
ters, those called D, and 7 in (6), must be changed according to
Table II. As a result of simulation, the behavior of the two con-
figurations is quite different [e.g., with the same PI controller
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Fig. 10. Root locus for the T, /T, transfer function for the isolated WEC and
the network-connected one.

that resulted unstable in the isolated plant (in Fig. 9)], the system
is now stable when it is network-connected, as can be seen in
Fig. 10.

IV. CONCLUSION

In this paper, a simple WEC model is presented, where it
has been noticed that the drive train dominates the dynamic
response. The main objective is to simulate the low-frequency
power oscillations that can appear in an isolated wind plant. In
particular, the model has been used to analyze the unstable be-
havior measured during the setting of a wind plant in the Canary
Islands (Spain).

The results show how the controller parameters can carry the
WEC to an unstable situation where the oscillations have the
same frequency as measured. Also, the same unstable controller
can result in a stable one in a configuration where the WEC is
connected to a network.
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