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ABSTRACT

Renewable energy must be stored in order to make it
reliable. Flywheels are capable of storing high amts of
energy and can also be used as power buffers,aitieeir
high power densities. This paper investigates a vy
smooth the power output from renewable energy cterge
(wave, wind and marine current) by adding a double-
wound flywheel energy storage to the system. Sionta
show that a ramp-controlled flywheel energy storageld
drastically smooth the short time power from a wavergy
converter but not be that appropriate for longerne
energy storage. The power quality enhancement mexdiu
by the addition of the flywheel to the system soal
simulated and discussed.

INTRODUCTION

During recent years there has been an increasedafie
power production from intermittent renewable energy
sources. The fluctuation in power production frdmese
sources can have a negative impact on the effigiehithe
electrical conversion system as well as on the pquality,
but it may also affect the attractiveness of theseurces as
base-load providers as well as the dimensioningriof
connections. Therefore, it is important to studyamach
extent these fluctuations can be reduced.

If the energy converter devices in a limited gepbieal
area are connected into farms, the power fluctnatare
decreased by stochastic smoothening — it is nebylithat
the peak power occur in all energy converters atstime
time. An energy storage device can be utilizedviEneout
power fluctuations even more. This will allow wiadergy,
for example, in the not too distant future to sypmb to
about 80 percent of total electricity demand [1].
Among different types of energy storage systemafieels
combine high power and energy densities, have padity
of degradation (their life time is independentha humber
of charge/discharge cycles) and they are ablete atlarge
amount of energy; several hundreds of kWh per[@hit

Janaina GONCALVES
Uppsala universityvedn
janaina.goncalves@angsiu.se

Jon KJELLIN
Uppsala universityvedn
jon.kjellin@angstiarae

Cecilia BOSTROM
Uppsala university — Sweden
cecilia.bostrom@angstrom.uu.se

Magnus RAHM
Uppsala university — Sweden
magnus.rahm@angstrom.uu.se

Mats LEIJON
Uppsala universityved®en
mats.leijjon@angsirose

This paper describes a way to smooth the powebotp

an intermediate time-scale by adding a double-wound
flywheel energy storage to the system. Three energy
conversion systems, shown in figure 1, are invagtig
converting the energy in wind, ocean waves and maari
currents into electric power. Also the possibilibf
enhancing the quality of the output power is diseds

Figure 1. Photos of the concerned generators. a)eof the
wave energy converters installed at the Lysekileash site. b)
A 12 kW vertical axis wind turbine installed in Mata outside
Uppsala. c) Laboratory marine current generator.

A system overview is given in the first section.eTh
simulated energy conversion techniques are disdusse
well as the proposed flywheel. The method usedhialate
the complete system is described in the next gsgctio
followed by a presentation of the results of tmauations.

A discussion about the effects of the flywheel édesng
the frequency and amplitude of its output voltagénially
presented in the last section.

SYSTEM OVERVIEW

Energy conversion techniques

Wave power

There are numerous ways to convert the energy éaroc
waves to electricity (for an overview, see [3]).eTlave
energy converter used in these simulations (Lyse&ilsite
[4]) has two main components; a linear generatacegd on
the seabed and a buoy on the ocean surface adtiag a
power take-off device. This wave energy converieega
power output that fluctuates with each wave, thaputput
voltage will vary in frequency and amplitude evem @




small time scale. The individual power contribusarause
heavy power fluctuations, which have to be mitigaire
some way. In [5], five direct-driven wave energyeerters,
each oscillating with a phase shift of one fifthtloé wave
period and with individual rectification and sucsies
interconnection in parallel, were simulated. Ressahow
considerable smoothing compared to single unitatjar.
Later, the same model was tested for ten genesdiorging
similar results [6]. It has also been shown howegation

of power from individual converters in arrays ceduce the
need for energy storage capability [7]. Simulatiofishe
aggregation of power from the so-called SEAREV wave
energy converter show decreasing standard deviation
power for up to 30 wave energy converters [8].

Wind and current power

The wind and current energy converters studiedppsdla
university [9, 10] both utilize a vertical axis hime and a
directly driven generator. As the turbines in bsyistems
have fixed blade pitch, the generators will beatuifferent
rotational speeds for different wind or currentogities.
The resulting output voltage from a generator cdudd
sinusoidal with little harmonic distortion but tibrying in
frequency and amplitude as the wind or current gpee
changes. Current energy converters may be adaptbe t
bathymetry and local current speeds of a partiaitar In
parks, each converter is likely to comprise a fiectibut
consequent system components may be for several uni
within the park. As for wind power, the power irwater
stream is proportional to the cube of the velogigulting

in significant variations in input power.

The flywheel

The proposed flywheel has its novelty based otvibesets

of windings, electrically separated from each athdiich
divide the system in two voltage levels. That alothe
flywheel to handle input and output power completel
independently. The flywheel automatically adjuste t
output power so that the speed of the flywheel € an
therefore also the frequency and the voltage — bell
varying around a certain value that is the nonsipaled of
the flywheel. The flywheel model used is based an a
existent flywheel prototype [11] with a referengeed of

5 000 rpm and an inertia of 0.364 Kgriihe stator of the
flywheel machine has two sets of three phase wigdivith

a different number of turns, working as a transfrnin
this way the energy storage system creates a gelvan
insulation between the primary energy source ardi lo
increasing the overall passive safety [12].

Complete system

Figure 2 shows a circuit diagram of a wave powstesy in
which the flywheel has been inserted. A set ofdme
generators is connected to the same DC bus. Fram th
point, the signal is then inverted and fed to tw Voltage
side of the flywheel, in a voltage level of arod@dV. The
flywheel produces a 600 V voltage on the secondbet

windings with a much smoother output power, whicten
rectified and inverted before being delivered ® gid.

Figure 2. Circuit diagram of the proposed systempdipd on
linear wave energy converters.

METHOD

All simulations have been made in Matlab Simulipér the
wave power simulations, data from the Lysekil &g,
Sweden, July 162009 21.30-22.00 is used. The data is
given with a sampling frequency of 256 Hz as curestd
voltage through a dump load with the resistancéaf
connected in delta. To facilitate the simulatioms input
data has been reduced by a factor of ten (the nedaa of
ten consecutive data points is calculated andasegbut to
the simulations), giving a sample frequency of 226The
predominant wave period of the data set is 5.70hg
significant wave height during the period is 1.5@md the
mean power content of the waves is 6.43 kW/m.

For the wind power simulations, data from Marstd site
outside Uppsala, Sweden, is used (see figure 1fp Ba
sampled every ten minutes for a period of 56 days.

For the current power simulations, data from thee3fors
test site in Sweden in used [9]. The system isiegpgb a
site with current velocities from below 1 m/s tonakt 2
m/s, resulting in input powers of below 0.5 kWimalmost

4 kwi/nt. Data is sampled as one hour mean values over
five consecutive years.

Different energy storage capacities of the flywhast
simulated to see how the power output is affedtiede that
the flywheel energy storage capacity can be vahgd
changing the operating speed, but also the physiegle
and size. Here only the size is changed. No loases
assumed in the flywheel since they would not ad¢théo
principal understanding of the system. For a rgglieation
though losses are important to consider.

Control of flywheel

In the simulations for this paper the flywheel antrolled

by a ramped control algorithm where the output powe
directly proportional to the energy content of tlygvheel.
The flywheel has an operating window between anmimni
speed and a maximum speed at the relation 1:2hés t
energy storage in the flywheel is proportionahe square
of the speed, this means that the energy storetthan
flywheel varies between a lowest valug.Fand a highest
value E,,=4E.i,. The output power varies betweef,PO
and a maximum valuein relation to the energy stored in




the flywheel. In this way the power output is vaybut in
a smooth way. For example; if the flywheel rotatatga
nominal speed of 5 000 rpm, corresponding to amggne

— Emax * Emin = 25E :E E
2 8

nom —

level of E the

min max’
power output isP = 05P,,,. If the flywheel speed is high,
say corresponding t@4E,,,, the power output is

324—_11 Prax = % Prax = 08P, The effective energy

storage capacity B,, = Eqax - Emin = 12Eqom-

P=

SIMULATION RESULTS

The three energy conversion systems are simulated i
different time scales to reflect the different peages of the
energy sources but also to show the abilitieseflfwheel

in different energy storage situations. See table 1

Table 1. Energy storaTe properties.

Time scale | Energy source
Quality enhancement <second Wave
Power smoothing second, minut Wave, wind

Energy storage hour, day, month  Wind, current

Power smoothing — Wave and wind power

Simulation results for a 30 minute period of tirhew that
a ramp-controlled flywheel energy storage wouldtically
smooth the power from the wave energy converteis iBh
shown in figure 3 and 4 where the blue line shiv@gpower
from one wave energy converter sent in to a flywhee
the red and black lines show the power out from the
flywheel with flywheel energy storage capacities56fkJ
and 500 kJ respectively. The mean power in tolyéhkel
from the wave energy converter is shown by theethblue
straight line. The maximum power is decreased R0rkiW
by around a factor of ten, depending on the siz¢hef
flywheel.

Figure 3. Wave power in to a flywheel (blue) andetpower out
from the flywheel with flywheel energy storage cajitées of 50
kJ (red) and 500 kJ (black) respectively.

The minimum size of the flywheel, for this seridsdata
and for this flywheel control, is 104 kJ (see thd line in

figure 5). It means that below this size, the flaghreaches
its power handling limit so that its output powentrol is
lost. In this region the energy storage is not lztgd by the
power outtake from the flywheel but by its speeticl is
not desirable. The minimum size of the flywheedisund
4.5% of the total energy flux in to the flywheed¢stable 2).
The same reasoning of power smoothing is valicbtber
stochastic energy sources like wind and sun.

Figure 4. Part of figure 3 which shows in detail ghpower out
from the flywheel with flywheel energy storage cajitées of 50
kJ (red) and 500 kJ (black) respectively.

Figure 5. Normalized standard deviation of outpubywer from
flywheel with one wave power generator (black) ammmalized
maximum power out from the flywheel (red) as a fuimn of the
flywheel energy storage capacity.

Energy storage — Wind and current power

For long time energy storage the size of the flysVieould
have to be significant compared to the total energyt to
the flywheel, around a fourth for both the wind aodrent
power data studied. See table 2 and figure 6 &ttt Tnean
power in to the flywheel is marked by the dashert tihe).

Figure 6. Power from a current energy converter $en to a
flywheel (blue) and the power out from the flywhealith
flywheel energy storage capacities of 100 GJ (radj 500 GJ
(black) respectively.



Figure 7. Power from a wind energy converter semta a
flywheel (blue) and the power out from the flywhealith
flywheel energy storage capacities of 200 MJ (redid 1 GJ
(black) respectively.

Table 2. Smallest possible size of flywheel compeaetotal
energy flux in to the flywheel.

Energy ‘ Mean | FW size, ‘ FW size /

in power in Ecap Energy in

Wave | 2.31MJ| 1.28 kW 104 kJ 4.5%
Wind | 1.09 GJ 228 W 246 MJ 23%
Current| 386 GJ| 2.44K 101G 26%

Power guality enhancement — Wave power

A detailed simulation of the proposed system (&ped 2)
has been made, using the rectified no-load voltage the
Lysekil linear wave energy converter as input tivelthe
low voltage side of the flywheel machine. The otitpu
voltage from the flywheel high voltage windings degds on
the machine construction parameters.

Frequency and amplitude of the input voltage arging,
but the output signal is almost constant both ipléode
and frequency as it can be seen in figure 8. This- n
variation of the output signals happens in consecgi¢o
the rotational speed of the flywheel, which variesy little
thanks to the high inertia of the machine.

Figure 8. One phase output voltage from wave enetgpverter
(black) and flywheel machine (blue).

CONCLUSIONS AND DISCUSSION

A flywheel could greatly improve the smoothnesshef
power output from a renewable and intermittent gyer
source. Though one has to consider the trade-offdsn
the size — and with that the cost — for the flywleenpared
to the declining marginal utility it brings to teenoothness
of the output power.

For energy storage for longer periods, days ancentbe
flywheel does not give the same advantages diretiatge
amounts of energy to be stored.

On a short time scale the power quality from thedr wave
energy converter is greatly increased by a flywheel

However for wind and marine current converters the
enhancement of the power quality would not be figant
since they already generate a sinusoidal shapéaigeol
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