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Short-term wind-speed and wind-power characteristics at an offshore wind farm located in Ibaraki
Prefecture (Japan) are statistically evaluated. Three models of a wind turbine’s power conversion are
derived from wind-turbine measurements, for which time-domain simulation and statistical analyses of
their power outputs are conducted. We show that the power fluctuations are highly affected by the deter-
ministic electromechanical conversion system and are not solely stochastically described. We also show
that aggregated output fluctuations of wind turbines are not mitigated on a second scale for variations less
than about 56 standard deviations. This implies that large output variations of wind farms are fed into the
power grid, which possibly cause both frequency and voltage fluctuations.
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I. INTRODUCTION

Wind power is the fastest-growing source of renewable
energy [1,2] and the largest contributor of new renew-
able energy (not including hydro) [3]. Solar power, which
is also quickly increasing its total capacity worldwide, is
ranked number two [3]. Until now, wind-power variability
on the time scale of 1-6 h is recognized as the biggest chal-
lenge to power-system operation under significant wind-
power penetration [4]. Such variability mainly impacts the
frequency control, which aims to balance the load and con-
sumption [5]. Fluctuations on shorter time scales become a
challenge to power-grid operation and control as the pen-
etration level increases [4,6]. It has been shown that wind
power is a highly intermittent source of energy, exhibit-
ing strong non-Gaussian characteristics [7,8]. In Refs.
[8—10], it was shown that these non-Gaussian characteris-
tics remain in the aggregated power, even for significantly
distributed generation. This is an effect of wind-speed cor-
relations at various temporal and spatial scales, which
have been demonstrated in Ref. [11] to persist over large
distances. In Ref. [12], despite the neglecting of spatial
correlations, it was shown that grid frequency fluctua-
tions exhibit highly non-Gaussian characteristics affected
by the intermittent nature of renewables and electricity
trading. Since the dynamics of power grids depend on the
loading and the stress on critical transmission lines [13],
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wind-power fluctuations potentially affect the grid-wide
stability [4,6,8].

This paper investigates short-term wind-speed and
wind-power fluctuations with measurements from an off-
shore wind farm (WF) in Ibaraki Prefecture, Japan. Cur-
rently, Japan does not have a significant amount of
installed wind power: with 3 GW in 2015, it covered only
about 0.5% of the total electricity demand [14]. However,
wind-energy resources around Japan are excellent, with a
potential annual energy production of 2700 TWh [15], in
which offshore wind accounts for as much as 82%. Japan
seems to share this view by regarding floating turbines for
offshore wind as a promising future technology [14].

This paper looks at short-term individual and aggregated
output characteristics of wind turbines (WTs) for an off-
shore WF in Japan. The extent to which aggregated WT
fluctuations are mitigated on a WF scale is demonstrated.
We show that almost megawatt- (MW) scale variations
are not uncommon in the WF output on the timescale
of seconds, despite the maximum distance between two
WTs being about 1.5 km. For example, output variations
of up to 5 standard deviations are not at all mitigated.
This stands in sharp contrast to the notion of fluctua-
tions on the scale of seconds being driven by spatially
uncorrelated stochastic processes [16] and stresses the
importance of thoroughly assessing the potential impact
of short-term fluctuations of renewable generation. Previ-
ous studies on this subject, such as [7-9,17—19], looked at
the statistics of wind-power fluctuations. In particular, [19]
used a dynamic power-curve model based on a stochastic
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differential equation. The two studies [20,21] both utilized
the Kraichnan-Tennekes random sweeping hypothesis to
derive models of space-time correlations of WF output
fluctuations. Power fluctuations are obviously a function
of wind-flow-field turbulence, which has been statistically
investigated for decades. For example, so-called quadrant
analysis was used in Refs. [22] and [23] to relate the
third-order statistical moment to turbulent energy, which
motivates the use of higher-order moments to study wind-
energy turbulence (see, e.g., Refs. [24,25]). In Ref. [24],
it was found that for a model WT array, the maximum
fluctuation is about 30% of the mean power.

In contrast to the above studies, we utilize a nonlinear
dynamic model of WTs based on the electromechanical
equations governing the WT dynamics (including control
actions) and on data-derived aerodynamic characteristics
and we use it as a comparison to measured WT outputs.
We show that power fluctuations are highly affected by the
electromechanical conversion, including its control sys-
tem, and thus are not solely stochastically described. The
present analysis provides insight into both the benefits and
limitations with this type of nonlinear dynamic model,
which could potentially lead to improvements in control
and modeling aspects to better replicate the wind-power
fluctuations or help mitigate them.

II. DESCRIPTION OF WIND FARM

The target WF comprises seven 2-MW WTs (hub
height, 60 m; rotor diameter, 80 m) close to the shore in
Ibaraki Prefecture, Japan and is depicted in Fig. 1, as seen
from above, where WTs are indicated by blades mounted
on nacelles. The distance from land to the WTs is about
20 m, i.e., they are in immediate proximity to the shore.
For this configuration, small changes in the wind direction
can greatly affect the WF output. All WTs have the same
specification and are so-called downwind turbines [26], for
which the wind passes the nacelle before the blades, in con-
trast to the more common so-called upwind turbines, where
the situation is the opposite. Thus, for wind blowing from
the sea toward land, the WTSs’ rotors are facing the shore.
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FIG. 1. A depiction of the configuration of the target WF, as

seen from above. Seven WTs are placed 20 m off the coast
of Ibaraki Prefecture, Japan. The distance between all WTs is
250 m. “N” in the upper left corner indicates north.

I11. WIND-TURBINE MODELING

The mechanical power extracted by a WT is in accor-
dance with Ref. [27] and is given as follows:

Py, = 0.5¢, (%, B)pA,v,, (1)

where the so-called tip-speed ratio A is given by A :=
(wsr) /vy, where w; (rad/s) is the mechanical angular veloc-
ity of the turbine rotor, ¢, the power coefficient, which
is a function of the tip-speed ratio A and the pitch angle
B > 0° A, = mr? is the area swept by the rotor (r is the
rotor radius), and v,, is the wind speed (in m/s). WT power
curves are generally similar and ¢, can be approximated
by fixing five constants @; in the following equation [27]:
cp(A) = ay (@A — az) exp (—asA), with A :=1/A — as,
for B = 0 (at or below the rated power; otherwise, g is
increased to limit the power extraction). An optimal rela-
tion between P, and w;, P} (w,) is derived by tracking
the maximum value of Eq. (1) for different wind and/or
rotor speeds and is called maximum power point track-
ing (MPPT) [28]. P} (w,) is used to control the turbine
at optimal power. The power curve P, (v,,) is derived by
solving

Py[r(vy, w)] — Py (w) =0, )

for a number of wind speeds and is shown in Fig. 2,
based on our measurements (see “Mod. Curve”). Another
power curve, “Avg. Curve,” which is constructed from
the average of measurement data, will also be used in
an evaluation of the output-power characteristics. Addi-
tionally, we use a more detailed dynamic WT model that
incorporates the derived power coefficient ¢, (1), based on
a set of differential algebraic equations (DAEs) in Ref.
[29] for doubly fed induction-generator (DFIG) WTs and
a two-mass mechanical model [30] (see the Appendix).

IV. WIND-SPEED AND POWER STATISTICS

In this paper, we utilize 1-Hz sampled wind speeds and
WT outputs measured at the WF. The wind speeds are
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FIG. 2. Measured data and averaged and modeled power
curves: “Avg. Curve” and “Mod. Curve.” The modeled curve is
derived using Eq. (2).
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measured with cup anemometers mounted at the top of
the WT nacelles (the housing of the electronic-mechanical
equipment such as the generator). To statistically evaluate
short-term wind-speed and power fluctuations, we decom-
pose the wind speeds or output powers u(f) as follows
[9,19,31]:

u(t) = (u)p +u' (), 3)

where (u) denotes the sample mean ({-) denotes the mean
operation) over some period 7 and () denotes the fluc-
tuations (or deviations from the mean). According to the
IEC standard [16], wind-speed fluctuations are defined as
deviations from the 7= 10 min averages and we use the
same definition for the output power for the sake of con-
sistency. The turbulence intensity [26] of wind is defined
as Ty :=o/{u); (T = 10 min), where o = /(u/?) is the
sample standard deviation. We estimate probability den-
sity functions (PDFs) of normalized fluctuations p (u'/o),
where p denotes the PDF, to qualitatively compare statis-
tics of wind speed and those of measured and modeled
power outputs. The associated cumulative density function
(CDF) is given by F(x) = [*__ p(x)dx. Furthermore, we
look at increments of u(#) [9], which are simply defined as
follows:

du(t,T) =u(t+71)—u@®) = (t+1) =@, @

where 7 is a time shift in seconds. The right-hand-side
equality is true within each averaging period 7. Wind-
speed increments are closely related to wind gustiness [32],
which affects the load on WT structures [33]. Wind-power
increments are associated with wind-power ramps, which
are often analyzed on hourly time scales and are impor-
tant to predict to ensure safe power-system operation [34].
As measures for comparison and normality of v’ and du,
we look at the sample skew Sk := (1)/o® and kurtosis
Kt := (u'*)/o*. Note that for normally distributed data, we
have Sk = 0 and Kt = 3. Sk quantifies asymmetry in the
distribution. K¢ quantifies the “thickness” of the tails of the
PDF [35]; i.e., a higher value indicates a higher probability
of extreme values. Now assuming (i/(£)?) = (/' (t + 1)),
which holds to high precision for long time series, the
second moment (variance) of increments, or the so-called
second-order structure function [31,36], can be written as
follows:

(du(t, 7)) = (2u'(1)* — 2/ (t + 1)l (1)) (5)
or, equivalently, as
(du(t,7)*) = 20% (1 — r,u(1)), (6)

where we have utilized the fact that 6> = (1/(£)?) and that
the sample autocorrelation 7,,(7) := (' (t + )i/ (¢)) /o >.

Hence, we see that the second moment of incre-
ments depends on the autocorrelation. Similarly, higher-
order moments (du") depend on higher-order correlations
Fum 2 (T) (With m; designating the order; i.e., not the
lag) [31]. These higher-order correlations are evidently
manifested in the PDF since they affect the shape.

V. RESULTS AND DISCUSSIONS

Examples of 1-Hz sampled wind speeds v,, and P;, are
shown in Fig. 3. The output power looks more “smooth”
than v,,, which is due to filtering in the electromechan-
ical conversion process and because the WT blades act
as a low-pass filter for the wind. In Fig. 4(a), about
2-min-long trajectories of measured and simulated (using
the dynamic model of a DFIG) P,, are plotted against
vy It is observed that P,,(v,,) approximates the long-term
averaged output P, quite well. However, it cannot cap-
ture short-term dynamics, since both the measurements
and data from the dynamic simulation “Dyn. Sim.” exhibit
large deviations from the power curve. This is due to the
controls and inertia of the WT [9,19], which are included
in the utilized dynamic model. For example, examining the
time series in Fig. 4(b), we see that the measured WT out-
put and the output from the dynamic simulation fluctuate in
a similar manner, which is qualitatively different from the
outputs estimated with the power curves “Mod. Curve” and
“Avg. Curve.” Therefore, we understand that the dynamic
model is necessary for the evaluation of short-term power
fluctuations. This behavior has also been described as a
stochastic model (Langevin process) of a power curve
[9,19,37] consisting of a deterministic drift toward the
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FIG. 3. A 1-h example time series of measured (a) wind speeds
and (b) output powers. The interval marked in red is used in
Fig. 4.
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FIG. 4. Measured and simulated power outputs plotted against
(a) wind speed and (b) time, for the interval indicated in red in
Fig. 3.

power curve plus Gaussian noise. For another wind-energy
application and theory, see, e.g., Refs. [38,39].

To quantitatively compare the measurements and sim-
ulations, we will now look at the statistical properties of
the wind-speed and wind-power fluctuations: v;, and p.,.
The data consist of 1-Hz WT measurements acquired over
a 3.6-day period. For the same period, we also look at
the aggregated and normalized WF output of the WTs
(see Fig. 1). Normalized PDFs of v/, “Wind Speed,” and
., “WT Output,” are shown in Fig. 5(a). Bear in mind
that fluctuations are defined as deviations from the 10-min
average. It is noted that the wind speed, the WT output, the
simulated outputs, and the WF output, “WF Output,” all
become close to the Gaussian PDF for fluctuations smaller
than about 4 standard deviations (40) in magnitude. The
simulated outputs consist of outputs from dynamic simu-
lation of the DAE model: “Dyn. Sim.” and the two power
curves shown in Fig. 2.

Now, we consider PDFs of increments du(z, ), given in
Fig. 5(b) in arbitrary units (a.u.) for t =4 s. The PDFs
are shifted in the y direction for the sake of easy visual
comparison. Compared to Fig. 5(a), all PDFs exhibit heavy
tails, indicating non-Gaussian characteristics. In particular,
we see that the PDF of WT output increments exhibits
the heaviest tails, followed by dynamic simulation and
total WF output. The dynamic simulation works best for
replicating the heavy tail in the measured data: see also
Fig. 7 and the associated discussion. The non-Gaussian
PDF characteristics are influenced by nonzero higher-
order autocorrelations. Evidently, these characteristics are
most prevalent in the power outputs due to the nonlinear
electromechanical conversion of wind to electric power.
Fluctuations in the wind speed of a few meters per second
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FIG.5. PDFs of (a) normalized fluctuations #' /o and (b) incre-

ments du(t,t)/o (t =4 s). The Gaussian PDFs have standard
deviation o = 1 (the same as the standard deviations of /o
and du(t,t)/o). In (b), the PDFs are arbitrarily shifted in the y
direction for the sake of easy comparison.

can cause large variations in the WT output, amplifying
the intermittency of the wind (see, e.g., Fig. 3). We can
also understand that low-pass filtering effects in the power
conversion due to WT inertia and the blades increase
the autocorrelation, consequently affecting the increment
PDFs.

In the following, we compare output characteristics by
how the second-order structure function (du(z, 7)) and the
normalized third and fourth statistical moments, Sk and
Kt, scale with the time shift t. The results are shown
in Fig. 6. In Fig. 6(a), we can see that “Dyn. Sim.” is
significantly closer to the actual wind-power output than
“Mod. Curve” and that the WF output exhibits consid-
erably different scaling characteristics for T € [10?,10°].
Note that the (du(t, 7)*) ~ 12/ scaling is the equivalent of
the famous S(f) ~ f ~3/3 scaling law for the turbulence
spectrum [40], which is discussed later on. Figure 6(b)
demonstrates that positive values of skewness are obtained
for all data and that WT output and “Dyn. Sim.” give the
largest values for small time shifts—orders of 1—-10. The
results on increment kurtosis shown in Fig. 6(c) show that
“Dyn. Sim.” is similar to “WT Output” and “WF Out-
put” for T & 2 s and that it converges to “Mod. Curve”
for t > 10 s. This is expected since the modeled power
curve and the dynamical model are based on the same
data-derived power coeflicient ¢, and the dynamic power
conversion mainly affects the output characteristics on time
scales of up to tens of seconds [9,40].
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FIG. 6. (a) The second-order structure function according to

Eq. (5) and the normalized third and fourth statistical moments,
Sk in (a) and K7 in (b), plotted against the time shift 7.

In Fig. 7(a), cross-correlations are shown between WT
outputs and “Dyn. Sim.,” and “Mod. Curve” outputs (or
“MC”) for low-pass-filtered wind speeds as input [with dif-
ferent time constants 7' (s)]. The results show that “Dyn.
Sim.” and “Mod. Curve, T = 8 s” are close and that setting
T = 12 s gives the highest correlation. However, Fig. 7(b),
which shows Kt vs Sk of du(t,7) witht =1s,...,100s,
demonstrates that despite the higher linear correlation,
“Dyn. Sim.” replicates the non-Gaussian characteristics
of the measured WT output much better than the “MC”
output, although it uses the same power-factor function
¢,. The relation between higher-order velocity fluctuations
and turbulent energy is discussed in Refs. [22-24]. In light
of this, our results demonstrate that the dynamics of the
conversion system modify the wind turbulence beyond
simple scaling and/or filtering and consequently suggest
that changes to turbine design and controls have the poten-
tial to alter turbulence characteristics. Additionally, even
though “Dyn. Sim.” and “WT Output” look very similar, it
should be noted that they are slightly different with regard
to t: e.g.,, T =2 s for “Dyn. Sim.” gives a result that is
roughly equivalent to T = 6 s for “WT Output” (encircled
by the purple ellipse). The difference in time constant is
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Lag (s) Skewness

FIG. 7. (a) Cross-correlations between WT outputs and “Dyn.
Sim.,” and “Mod. Curve” outputs (or “MC”) for low-pass-filtered
wind speeds as input [with different time constants 7 (s)]. (b) The
kurtosis vs skewness of du(t, t) witht = 1's,..., 100 s. The pur-
ple ellipse encircles two points at which the trajectories of “Dyn.
Sim.” and “WT Output” look as though they are converging for
appropriately chosen lags 7 (s).

certainly related in part to the model parameters, which
have not been tuned but instead set to standard values from
the literature (see the Appendix).

Now, WT and WF increments are compared by look-
ing at the probability of a certain increment x given by
P(du/o > x) = 1 — F(x), where F(x) denotes the CDF of
the increments. Figure 8 shows P(du/o > x) for the mea-
sured and simulated WT outputs and for WF outputs for
7 =1 and 8 s. These results clearly show that the proba-
bility of sudden changes in the WF and WT outputs on the
time scale of seconds are very close until about 5—6 stan-
dard deviations. As an example, here, an increment of 7
standard deviations corresponds to a change in WF output
of about 0.5 MW, which is quite significant; i.e., there is
very little smoothing: for closed-form spatiotemporal mod-
els of turbulence coherence for WTs, see Refs. [20] and
[21]. Since higher correlations are found for low-frequency
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FIG. 8. The probabilities P(du > x) of WT- and WF-

normalized output increments du(z, 7) /o larger than x.
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FIG. 9. The PSDs of the WF and measured and/or simulated
WT outputs.

fluctuations (larger-scale atmospheric motions), the WTs
here are not far enough removed from each other to induce
large smoothing effects. Large WF variability as observed
here is potentially challenging for power-system opera-
tion. Interestingly, the results for “Dyn. Sim.” appear to be
in between “WT Output” and “WF Output” for t =1 s
but for T = 8 s we see an extremely close resemblance
between the output increment probabilities for “Dyn. Sim.”
and “WF Output.” This result suggests that a part of what
is not captured by the dynamic simulation may be caused
by either wind fluctuations on the time scale of seconds
not captured by the scalar input to the model or by the
WT model itself. Further, these wind fluctuations are mit-
igated in the aggregated power and consequently lead to
good agreement with the dynamic simulation.

Finally, we look at the power spectral density (PSD)
of wind power, which has been shown to follow the so-
called Kolmogorov spectrum [41] according to S(f) ~
f73/3; the wind-speed spectrum is similar [9]. Models of
WT and WF spectra as functions of the wind turbulence
have been proposed in Ref. [42]. Here, we estimate PSDs
with the function PWELCH in MATLAB. PSDs of WF and
measured and simulated WT outputs are shown in Fig. 9.
The PSDs of the WT outputs are scaled for the sake of
easy comparison. The results show two things. First, the
PSDs scale fairly accurately according to Kolmogorov’s
spectrum; however, significant deviations from the scaling
theory are observed for both moderate and high frequen-
cies for measured and simulated WT outputs (which are
close). Second, the WF spectrum scales slightly differ-
ently than the spectrum of a single WT, namely in that the
WF spectra are more accurately described by the scaling
S(f) ~ f~2 over a large range of frequencies. This was
also noted in Ref. [43].

VI. CONCLUSIONS

Short-term wind-speed and wind-power characteristics
at an offshore wind farm located in Ibaraki Prefecture,
Japan are statistically evaluated. Three models of a WT’s
power conversion are derived from measurements and
time-domain simulation and statistical analyses are con-
ducted. Our main conclusions and contributions are as fol-
lows. First, the results indicate that the power fluctuations

are better represented by the differential algebraic model
than by standard power curves. That is, power fluctuations
appear to be highly affected by the deterministic elec-
tromechanical conversion and/or control system and are
not solely stochastically described. Therefore, we suggest
that the development of a representative dynamic model
of the WT is essential for understanding and controlling
fluctuations in the short-term. Second, we show that aggre-
gated WT output fluctuations are not mitigated on a second
scale for variations less than about 5—6 standard devia-
tions. Since the balance of active power is closely linked to
the grid frequency, this implies that large WF-output vari-
ations are fed into the power system, which could possibly
cause both frequency and voltage fluctuations.
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APPENDIX: NONLINEAR DYNAMIC MODEL OF
WIND TURBINES

The dynamics of the mechanical system are described
by a two-mass model, with the two masses being the WT’s
rotor and generator, and are given in Ref. [30] as follows:

da)t_ 1(T )

dt ~ 2H' 8V

dwg 1

=L = (T,-T.), Al
dt 2Hg(g ) (AD
d

77; = wp(w; — wg),

where T; = P,/w; is the turbine torque, T, = kyy +
Ddy /dt is the generator’s mechanical torque, H; and H,
are the turbine and generator inertia constants, k, is the
shaft stiffness, D is the damping constant, y is the shaft
twist angle, wp, = 2750 rad/s, and 7, is the electrical
torque. Here, typical values from Ref. [30] have been used.
The set of DAEs

dx fi( )
= X’ b UW b
ar Y (A2)
0=1(x,y),

where v,, is the input wind speed (measurement data),
is solved using a trapezoidal solver [29] employed in
MATLAB, where f; and f, are the sets of differential and
algebraic equations, respectively. The state variables are
X = [V, @1, @g, Vs B, iars ig], Where iy and iy, are
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rotor currents in the dg reference frame, and v, is the
low-pass-filtered wind speed (according to Ref. [27]). The
equations for the mechanical input (P,,) to the model are
given in Sec. III. The controllers are modeled exactly as in
Refs. [29] and [44]. Except for known WT parameters such
as dimensions, typical DFIG parameters are taken from
Ref. [29].
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