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Abstract—The output power of wave energy farms may
be very fluctuating, which may give rise to power quality
issues such as flicker. However, although there existed a
method for estimating the flicker level generated by a
wave energy farm in relation to its short-circuit ratio (as
described in IEC standard 61400-21), until recently, no
method had been defined yet regarding the two other
major parameters on which flicker level is highly de-
pendent: the impedance angle at the point of connection
and the rated power of the farm. In a previous work,
the authors had presented a method for estimating the
level of wave farm-induced flicker as a function of these
latter parameters. They had identified two relationships
regarding the impedance angle and the rated power in the
case where the wave energy devices composing the farm
are operated in fixed speed mode. This article presents the
results of a follow-on work regarding the generalization of
this method in the case of wave energy devices operated
in variable speed mode.

Index Terms—flicker, wave energy, impedance angle,
rated power, variable speed

I. INTRODUCTION

The inherently fluctuating nature of wave power may
be reflected to a significant extent in the profile output of
wave energy farms. These power fluctuations may in turn
give rise to power quality issues such as flicker. However,
although there exists a method for estimating the flicker
level generated by a wave energy farm in relation to its
short-circuit ratio, as described in IEC standard 61400-
21 [1], no method had been defined regarding the two
other major parameters on which flicker level is highly
dependent: the impedance angle at the farm’s point of
connection (¥, = arctan(Xy/Ry)) and the number of
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devices it is composed of (proportional to its rated power
P).

This absence of method prevented the objective
comparison between different wave device technologies
in terms of impact on power quality. In addition,
flicker analyses were particularly time-consuming as
they required performing individual dynamic power
system simulations corresponding to each impedance
angle and rated power, as well as processing each
voltage profile obtained by means of a flickermeter.
Furthermore, performing these simulations required
using the output power profile of a wave energy farm
which is considered as very commercially-sensitive by
wave device developers and is thus usually unavailable
to third parties.

It is in this context that a method which does
not require wave device developers to reveal such
commercially-sensitive data has been developed in order
to facilitate the estimation of the flicker level in relation
to the impedance angle of the farm’s point of connection
and in relation to the farm rated power. It has proved
to be very accurate in the case of a wave energy farm
composed of devices operated in fixed speed mode [2].
However, most devices are expected to be operated in
variable speed mode due to constraints in terms of power
quality, in similar fashion to wind turbines [3]. In this
mode, unlike in fixed speed mode, a significant quantity
of inertial storage is available to smooth the devices’
output power, thus reducing the level of flicker they
induce. Hence, it was necessary to develop a method
for estimating the flicker level which a wave energy farm



TABLE I: Sea-state and speed control mode character-
istics of production periods A, B, C and D

Production period | Hs (m) | Tc (s) | Speed control mode
A 5.0 10.9 fixed
B 2.1 7.3 fixed
C 4.5 8.8 variable
D 4.5 10.1 variable

would generate in this specific case. This article presents
a follow-on work on this topic.

II. EXPERIMENTAL DATA AND MODELLING

A. Power system simulations

Power system simulations were performed using
DIgSILENT numerical tool “PowerFactory”. The numer-
ical model of the wave energy farm is based on the
Irish test site called AMETS. An in-house flickermeter
compliant with IEC standard 61000-4-5 [4] was then
used to obtain the flicker level corresponding to each
voltage profile.

B. Experimental data

Experimental data in the form of electrical output
power profiles were provided as an outcome of the Eu-
ropean FP7 project CORES, standing for “Components
for Ocean Renewable Energy Systems” [5]. The project
itself was based on a quarter-scale floating oscillating
water column (OWC) which was deployed at sea dur-
ing three months between March and May 2011. The
device was connected to a small on-board island grid
independent of the national electrical network. It was
equipped with a very comprehensive on-board mon-
itoring system (including approximately 200 sensors).
The on-board grid was maintained by fully-rated power
electronic converters and the generated power was used
to charge an on-board battery system, or dissipated in
resistive load banks. A variable-frequency converter and
a diesel generator were also included. It is important
to note that the project has generated, among others, a
considerable number of electrical output power profiles
at a high temporal resolution of 0.1 s for a number
of sea conditions traditionally characterized in ocean
engineering by their significant wave height H; and
their energy period 7. Contrary to most available data
which is averaged over a sea-state, a season or even a
year, the CORES electrical output power profiles can
be scaled and used directly for grid impact studies.
Four different production periods referred to as A, B,
C, and D, whose corresponding sea-state characteristics
are shown in Table I, were used for the power system
simulations.
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Fig. 1: Flicker level induced by a wave energy farm
whose devices are operated in fixed speed mode (“No
storage”), and in variable speed mode, as obtained
through the simulated approach using a first-order low-
pass filter (“‘Storage: simulated”) and through the exper-
imental approach (“Storage: experimental”)

C. Modeling of variable speed mode

As mentioned earlier, in variable speed mode, unlike
in fixed speed mode, a significant amount of inertial
storage is available to smooth the output power of the
wave energy devices, thus reducing the level of flicker
induced by the farm. It has been suggested that this
influence on the output power can be modeled by means
of a first-order low-pass filter, whose time constant 7
is approximately equal to the inertia time constant of
the system [6]. Simulations were performed as part of
the research work presented in this article to verify the
validity of this approach. First, two production periods
with similar sea-state characteristics were selected: the
wave energy devices were operated in fixed speed mode
in the former (labeled as “No storage” in Fig. 1), while
they were operated in variable speed mode in the latter
(labeled as “Storage: experimental”). A fictive produc-
tion period (labeled as “Storage: simulated”) was also
created by filtering the output power profile obtained in
the fixed speed mode case by means of a first-order low-
pass filter. Its time constant 7 was chosen equal to 1.7 s
which corresponds to the inertia time constant of the
air turbine (representing most of the system’s inertia).
The flicker levels corresponding to each of these three
production periods were computed.

Fig. 1 shows the results obtained as a function of the
impedance angle V. It appears clearly the flicker levels
obtained through the simulations are very close to the
flicker levels obtained based on the experimental data.
Hence, the approach consisting in using a first-order
low pass-filter for modeling the influence of variable
speed on the flicker level induced by a wave energy
farm can be considered as valid. This approach was then
used to generate additional fictive production periods
corresponding to a variable amount of inertial storage,



i.e. to different values of the time constant 7 ranging
between O s (fixed speed mode) and 5 s based on a single
production period for which the devices are operated in
fixed speed mode. The flicker levels corresponding to
these production periods were then used as benchmarks
for the results obtained through the method presented in
this article.

III. RESULTS
A. Estimation of flicker level in fixed speed mode

The objective of this section is to recall briefly the
results obtained in a previous study which focussed on
the case where the wave energy devices were operated
in fixed speed mode [2]. First, it had been shown that the
ratio of the flicker level Pst(Uy, P,) to the maximum
voltage difference AV (W, P, )=V haz-Vinin of a voltage
profile is equal to a variable which is:

« independent of the impedance angle ¥ and of the
rated power P,

o dependent only on the wave device technology and
on the characteristics of the sea-state considered, in
particular on the energy period 7.

This hypothesis has been validated against 112 flicker
levels corresponding to 4 different impedance angles
of the point of connection (30°, 50°, 70° and 85°),
7 different wave energy farm rated powers (5 MW,
10 MW, 15 MW, 20 MW, 30 MW, 40 MW and 50 MW)
and 4 production periods (A, B, C and D) with different
sea-state energy levels and speed control mode. Fig. 2
to5 show the flicker levels as a function of the
maximum voltage difference AV as well as the linear
approximation linking these two variables.

Two relationships linking any flicker level
Pst(Uy, P,) to known flicker levels Pst(Uy,,P,)
and Pst(¥y, P,,) have been identified as:

A V(U P,

Pst(¥y, P,) = AV((\II:P))Pst(\IIkO,PT) (1)
A V (T, P,

Pst(Vy, P,) = MPSt(\I’kypro) (2)

In addition, the existence of an ideal, sinusoidal
voltage profile which induces the same flicker level as
a voltage profile obtained from dynamic power system
simulations based on a real wave farm output power
was identified. In other words, it was shown that there
exists a sinusoidal voltage profile which is equivalent,
in terms of induced flicker level, to the voltage profile
generated by the output power a wave energy farm.
In the case where the devices are operated in fixed
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Fig. 5: Production period D

speed mode, it was found that the period T of the
sinusoidal voltage profile is approximately equal to the
energy period 7. of the sea-state corresponding to each



production period, as shown in Table II. The amplitude
AV of this sinusoidal voltage profile can be determined
by means of load flow analyses based on the maximum
and minimum active and reactive powers generated by
the farm. Hence, in this case, it can be envisaged that
tables indicating the flicker level generated as a function
of the energy period 7. are developed. This is expected
to facilitate dramatically flicker assessment studies by
avoiding the need for power system simulations and for
developing a flickermeter.

However, it appeared clearly that the relationship
between the period 7' and the energy period T, was
not as trivial in the case where the devices are operated
in variable speed mode. This is logical as the level of
coupling between the input wave power and the electrical
output power is dramatically reduced in this case. Hence,
further investigations were necessary to generalize the
proposed method to the variable speed case. This paper
details the additional research work which has been
carried out on this topic.

B. Estimation of flicker level in variable speed mode

It was shown earlier that the flicker level correspond-
ing to wave energy devices operated in variable speed
mode could be obtained by filtering the voltage profile
they induce in fixed speed mode by means of a first-
order low-pass filter of time constant 7. The ratio of
the flicker level Pst (corresponding to the variable
speed mode) to the flicker level Psty (corresponding
to the fixed speed mode) follows a decreasing trend
as a function of time constant 7, almost independently
of the rated power P, and of the impedance angle Wy.
This curve shows a high level of correlation with a
4™ order polynomial law (R2=0.99) as shown in Figure 6
as well as with an exponential law (R?=0.93) as shown in
Figure 7. These figures show 200 flicker levels simulated
for rated powers ranging between 10 MW and 50 MW,
for impedance angles equal to 30°, 50°, 70° and 85°.
Further research will be undertaken to determine the
origin of the numerical values of these laws’ coefficients.

The existence of a simple relationship between Pst
and time constant 7 implies that the flicker level induced
by a wave energy farm composed of devices operated in
variable speed mode (Pst) can be easily calculated from
the flicker level corresponding to the fictive case where
the devices are operated in fixed speed mode (Pstp). It
must also be emphasized that Psty can be calculated
from an equivalent sinusoidal voltage whose period T’ is
equal to the sea-state energy period 7. Hence, only the
sea-state energy period 7¢, the maximum and minimum
active and reactive powers output by the farm and the

TABLE II: Period T and sea-state energy period 7. for
the four production periods considered

Production period | T (s) | T/T. (%) | Speed control mode
A 104 954 fixed
B 7.8 106.8 fixed
C 29.9 339.7 variable
D 26.8 265.3 variable
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Fig. 6: Flicker level as a function of the time constant
7 (s) of the storage means employed, and 4" order
polynomial approximation
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Fig. 7: Flicker level as a function of the time constant
7 (s) of the storage means employed, and exponential
approximation

time constant 7 are necessary to evaluate the flicker
level generated by a wave energy farm composed of
devices operated in variable speed mode. As far as flicker
analyses are concerned, this method removes the need for
sophisticated dynamic models whose development and
implementation proved to represent a tremendous task
in the case of wind turbines [7].

IV. CONCLUSION

This article has presented a method for evaluating the
flicker level induced by a wave energy farm composed
of devices operated in variable speed mode, thus
benefiting from a substantial amount of inertial storage
which smooths its output power. It was shown that
the flicker level could be relatively simply calculated
based on: 1) a sinusoidal voltage profile whose period
T is equal to the energy period 7, of the sea-state
considered, and whose amplitude AV can be obtained



through load flow simulations based on the maximum
and minimum active and reactive powers output by
the farm, 2) the time constant 7 equal to the system’s
inertia time constant.

This method constitutes a very efficient tool, both in
terms of rapidity of execution and of precision. It will
facilitate dramatically grid operators’ pre-connection
flicker analyses which are rarely performed due to
time constraints at the preliminary selection stages of a
suitable deployment site. In addition, its simplicity will
be a major asset to enable wave device developers, who
are generally not sufficiently skilled in power system
engineering, to include constraints in terms of flicker
generation in their design process without any need for
them to reveal commercially sensitive data.
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