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Abstract—This work deals with the design and the experimen-
tal validation in scale-lab test benches of an energy managesnt
algorithm based on feedback control techniques for a flywhde
energy storage device. The aim of the flywheel is to smooth the
net power injected to the grid by a wind turbine or by a wind
power plant. In particular, the objective is to compensate he
power disturbances produced by the cycling torque disturbaces
of the wind turbines due to the airflow deviation through its
tower section. The article describes the control design,sttuning,
as well as the description of the experimental setup and the
methods for the experimental validation of the proposed cocepts.
Results show that the fast wind power fluctuations can be moist
compensated through the flywheel support.

Index Terms—Power smoothing, feedback control, flywheel,
energy storage, wind turbines

. INTRODUCTION
HE variability of wind power could markedly affect

[12], [13]. The storage device is charged when the machine
operates as a motor (the flywheel accelerates). Convetkely,
device is discharged when the machine regenerates thrbagh t
drive (slowing the flywheel). The energy stored depends en th
product of the square of the rotational speed and the inertia
The use of optimized electrical machines, vacuum systems to
reduce wind shear and magnetic bearings to reduce friction
losses among other components favours the high efficiency of
flywheels (around 90% at rated power), long cycling life and
high power and energy densities [12], [11], [8]. Among the
major drawbacks of the technology, the high standing losses
are remarkable, as lead self discharge rates of about 20% of
the stored capacity per hour [14]. For this reason, flywheels
are not suitable for long-term energy storage.

Flywheel systems are effective for wind power smoothing.
Related studies address two control levels: the designgbf-hi
level energy management algorithms of the storage devide an

power quality in, especially, weak or isolated grids [1lthe research in the low-level control scheme of the elestric

[2], [3], [4], [5], [6]. For instance, high flicker levels can

machine.

be provoked by periodic fluctuations to the torque of the The term low-level control scheme refers to the control sys-
turbine and other stochastic factors related to the ranéssintem that manages the instantaneous electrical curremisghr

of wind. To minimize the effects of the variability of wind

the flywheel so that it can consume or inject the required

power, an energy storage system can be used [7], [8], [8lectrical power. It is, therefore, a problem framed in tleddfi

Furthermore, the utilization of energy storage devicestiogy
with wind turbines have some additional functionalitiescts

of the control of electrical machines. In this sense, it igtivo
noting that control schemes of permanent magnet synchsonou

as frequency support and matching of forecasted and r@@dchines, squirrel cage machines [15], [16], [17] and dveitt
active power production. The most suitable energy storagiluctance machines [18] are addressed. Research focnses o
technologies for smoothing the fast fluctuations of the powgeveloping field weakening strategies to enable the etedtri
generated by the wind turbines are those with high ramp powgkchine to rotate above the rated speed and thus, to maximize

rates and high cycling capability. In this regard, storassht

the energy capacity of the storage device. Also, other &spec

nologies such as supercapacitors, superconducting megngie the research in sensorless control techniques andiralso
energy storage devices and flywheel energy storage systems topology of the power electronics to drive the electrica

(FESS) are well suited.

machine are considered.

_FIywheeI stores kinetic energy in a high—sp_eed rotational n contrast, the term high-level energy management algo-
disk coupled to the shaft of an electric machine [10], [11}ithm refers to a supervisor, which aim is to maintain the
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State of Charge (SoC) of the flywheel within certain operatin
limits. This algorithm determines the set points to the low-
level control scheme of the electrical machine of the flywhee
i.e. the instantaneous torque (or power) reference. Thatsnp
to this algorithm are usually the power of the wind turbine
and the measurement of the SoC of the storage device. The
supervision of the SoC ensures the availability of the flyglhe
for compensating the wind power fluctuations when required.
Within the related studies, several proposals based oryfuzz
logic schemes can be found [20], [21], [22]. Despite the fact
that the SoC is maintained within certain operating limitghe
previous works, its average value is not controlled. Howeve



in [26] it has been concluded that an improvementin the pow 10°
smoothing can be achieved if the average SoC is adjusted w
respect to the expected energy to be exchanged between
network and the storage device. 10°L
This paper proposes a novel high-level control algorithi
of a flywheel-based storage device using the expected ene
exchanged to maintain an optimal SoC and thus to impro_ 10°;
the smoothing of the power injected by a wind turbine c=
by a wind power plant. The high-level control algorithm is ir g
charge of managing the energy stored in the flywheel so tha® 17
can compensate as much as possible the turbulent compon
of the wind power. The aim of the control algorithm is tc
maintain a determined average SoC, i.e. an average radaitic  1o'-
speed of the flywheel, while also permitting the fast aceele
ations and decelerations of the machine for compensatig
turbulent components of the wind power. Similarly to [19] 1o°l ‘ - ‘ ‘
[20], [21], [22], the high-level control algorithm detemds o 10 Fromenoy 2]
the set points to the low-level one from the measurement of
the rotational speed of the flywheel and the wind power. Asg. 1. Power spectrum of a three blade wind turbine of 1.5 N&an wind
a difference with the above mentioned works, the proposal @eed is 7 m/s.
the present article is based on active power control through
an I-P control structure [23], [24] instead of fuzzy-logic- L .
based control schemes. The proposed control scheme has bedf SMOoth the net power injection to the grid, the flywheel

evaluated experimentally in laboratory. The main advaegadS added to the point of connection of the wind turbine. The

with respect to previous works based on fuzzy-logic aregllesiﬂyWheel is in charge of fastly injecting and absorbing power
that it can compensate the wind power fluctuations. The

procedure, ensuring specific dynamic performance, and )
simplicity of the proposed algorithm. The latter is an impot  {Urbulent components of the wind power to be compensated
obtained from filtering the wind power measuremepjt.

point since the computation time in these schemes could yE SRR
a constraint for their implementation in industrial congnst | NS power filtering is part of the flywheel control system
[21]. which receives also the measurement of the flywheel speed

wfw. From these signals the high-level control algorithm sets

I1. WIND POWER SMOOTHING BY FLYWHEELS out the electrical torque referendg,, for the machir_1e §ide
The power generated by the wind turbines depends gnverter of the fIywht_—zeI, o] Fhat the net power injection by
deterministic and stochastic factors related to the vdityab the flywheel and the wind turbine becomes smoothed as much

of the wind. Among the deterministic factors the wind she§rS possible. The proposed control scheme is detailed iméigu

and the presence of other turbines and obstacles can be noted
Among the stochastic factors, it is worth highlighting thmel

turbulence and the rotating sampling effect. All thesedext § Pu+Pr =
affect the power generated by the wind turbines in the tin Varabl Q Pt m— T
range of seconds [4], [25]. ariable
While the effect of wind shear is alleviated from the Speed wind 3 — : .’
summation torque of the blades, the rotating sampling effg ~ turbine ¥ Pmﬁ
leads noticeable cycling torque disturbances due to tlflewir
deviation through the tower section. The product of the mean Puti why | Eivwheel
rotational speed of the turbin® and the number of blades ywhee
determines the frequency of this disturbance. The power ;
spectrum produced by a typical 3 bladed wind turbine can : TT*fW
be observed in Figure 1 (which is deeply described in [26]). ) High-level energy
The wind model and the model of the variable speed management algorithm
wind turbine which lead the power spectrum in Figure 1 are i of the flywheel based
explained in previous work of the authors of the presentlerti on feedback control
[26].

The present work focuses on the smoothing of the turbulerig- 2. Conceptual diagram of the proposed control scheme.
components of the power which mainly correspond to the
rotating sampling effect. Only partial load operation obth The electrical torque referend€;,, set by the energy man-
wind turbines is considered, as the variability of the powergement algorithm of the flywheel permits the storage device
generated is alleviated from the action of the pitch actuiato to accelerate and brake but also to maintain a determined
the full load operating region of the turbines. average SoC within the specified operating limits.



In [26], it is found that in order to operate the flywheel P
in an optimal way, i.e. to smooth as much as possible the l""t
turbulent components of the wind turbine, the storage @evic v
has to maintain a determined average rotational speeddunnct PAT

Inputs filtering and
processing

of the average power generated by the wind turbine. This is
motivated from the dependence between the power capacit
of the flywheel and its rotational speed. In fact, the power
that the flywheel is capable of exchanging results from the
product of its rotational speed and its rated torque. Mogeov
the magnitude of the turbulent components of wind power P
to be compensated by the flywheel depends on the powe >
generated by the turbine which is greater in high wind speeds =,
Accordingly, it is proposed to adjust the average SoC of the
flywheel with the average power generated by the wind turbine o JR — :
to fit the power capacity of the flywheel to the expected wind 1 + 1
power to be compensated. S 5 sJ
Also, the inclusion of an energy management algorithm of _ Flywheel
the flywheel is motivated from the following reasons: = |  +—m |

1) The limited energy capacity of the flywheel. Without an Kp
energy management strategy, the storage device woulc
frequently become fully charged or discharged, thus
limiting its operability.

2) The need of compensating the hlgh-standmg losses F(I)f. 3. Energy management algorithm of the flywheel. The trgignals of

the ﬂyWheel- Compensgting the turbulent componerﬂg algorithm €., andwy,,) as well as the outpul';,, are shaded in grey.
of the wind power requires the flywheel to exchange a

power series with average value close to zero. However,

without a proper compensation of the standing losses,The optimum average rotational speed referengg de-
the storage device will become continuously dischargegends on the mean wind power (with averaging period several
3) The possibility of reducing the losses of the flywheel ifjnutes) and is obtained from solving an optimization peabl
operation. The losses of the flywheel increase with thgesented in [26]. This optimization problem is a mixed
rotational speed. Thus, there is no reason to concern, fRfeger non linear problem solved in GAMS software. The
instance, high average rotational speeds if the flywhegloplem takes a time series of the fluctuating components of
is intended of just exchanging low levels of power.  wind power to be compensated by the flywheel and tries to
Following sections describe the design of the energy maminimize the difference between this and the instantaneous
agement algorithm of the flywheel. power exchanged by the flywheel, taking also into account
the losses of the storage device. As a result, a corresppndin
time series of the optimal instantaneous flywheel speedhiee
optimal instantaneous SoC, is obtained. The problem iesolv
] ] for sufficient representative cases (two hundred) in which
The energy management algorithm of the flywheel is prgayeral time series of wind power are considered. Then, the
sented in Figure 3. As can be noted, the algorithm consists@fa|ysis of the obtained results, leads an almost lineatioel
two main parts: the so-called inputs filtering and procegssingenyveen the mean wind power and the flywheel optimum
and the feedback control. These two parts are describeein g@/erage rotational speed referemz’gv. That is why, in the

Low-pass
filter

&
High-pass filter

P-w droop

Feedback control

IIl. DESIGN OF THE HIGHLEVEL ENERGY MANAGEMENT
ALGORITHM OF THE FLYWHEEL

next subsections. present paper, the dependency between these two variables i
represented by th& — w droop characteristic (see Figure 3).
A. Inputs filtering and processing While the optimum average rotational speed referet

As described in Section I, the high-level energy manag's- a slowly varying signal, the torque referend¢e contents

ment algorithm of the flywheel has two main objectives: to | igh frequency components. The referenteis computed
the flywheel maintain an optimum average rotational speerc? m
while enabling the fast accelerations and deceleratiortbeof
system. Mathematically, achieving these two objectiveamse

to track the average rotational speed referengg and the where Py, corresponds to the fast wind power fluctuations
high frequency torque referena&. These signals are thethat must be attenuated. This signal is obtained from pagssin
setpoints enter the feedback control in different pointastoe the wind power measures through a high pass filter. The cutoff
seen in Figure 3. The block “inputs filtering and processindfequency of this filter is chosen so that the power distuckan

in the energy management algorithm computes these setpaeimtised by the rotating sampling effect passes through tae fil
signals from the input signalss,, and P,;. without significant distortion.

gr = Die. )
W fw



B. Feedback control where§ = Pfluc/wJ%w is a time varying parameter taking

The aim of the feedback control is to ensure the trackir}lglues in the interval—dmaz, dmas] WIth

of the slowly varying reference;, and the fast varying p*
referenced*. To this end, an I-P controller acts on the torque Omaz = w’;f”. (8)
referencel; to regulate the instantaneous rotational speed of men

the flywheelv.,. The I-P structure facilitates the developmenyyith the previous definitions and using the small gain theore
of a systematic procedure for the tuning of the controllésoA [32], it is possible to state conditions to ensure stabitify

it satisfies the two first motivations (or control requiret®n the close loop systems for all acceptable values of power and
for the energy management algorithm that are depicted {¢yational speed. More precisely, the closed loop system is
Section Il. As a reminder, the first and the second requirémegap|e for all values 0f in [~ ,ax, Smaz] if the infinite norm
refer to the need of not overcoming the operating limits @f thyf the transfer function fromi* to the output of the plant s,
storage device, and of compensating the standing lossée of i7;,. ) does not exceed the upper lindif,.., i.e.

flywheel. These requirements are satisfied by the propattion
and integral parts of the controller. The third requiremeit
the energy management algorithm refers to the need of \@ryin
the average SoC with the average wind power. This is satisfied

by adding the previously present&t-w droop characteristic d_f,rﬁ\ssut[ningl; that the transfer functidhy., has two real and
(see Figure 3). Irerent poles, 1.e.

||Td*w||oo = Ino?,X |Td*w(]bd)| < 5mam- (9)

As can be seen in Figure 3, the torque referefife is the s/K
sum of the torquel* and the compensation term Toew = :
(s/pr+1)(s/p2+1)
K
T =K, / (@5 — Wra)dt — Kpw . @) = s/ K . (10)
' 1 g2 (L 4 L) s+1
p1p2 P1 b2

The parameter&’; and Kp of the I-P controller are tuned to . )
shape the frequency responses of the transfer functions frlf p1 is the dominant polepg < p3), then
W}, 10wy, and fromd* to wyy,.

Note that the error between the reference signal and the | Taxwlloo < 2—1 < 3 ! ) (12)
feedback of the plant is affected by a pure integrator in Feth 1 max
and I-P controllers. However, as a difference with conarl Therefore, the integrator gaifi; should satisfy
P-I controllers, in I-P controllers the proportional gaimed not
affect the error signal but the feedback of the plant instead K1 > p16man (12)

(Figure 3).

For the controller design purpose, the plant (the flywheg} ensyre closed loop stability for all possible values afipo

is characterized by its mechanical dynamics imposed by thgq speed. Further, the proportional gain can be obtaied fr
inertia J (see Figure 3). The fast electrical dynamics of th@omparing the denominators of (5) and (10),
machine is omitted as being much faster than the mechanical

one. Accordingly, the flywheel speed is given by 1 1
Kp=Kj (p_ + p_) ; (13)
1 . K . 1 2
wiw(s) = Ts ko (d (s) + ?I(wa(s) - wfw(s))) :
P 3) wherepy = K1/ Jp;.
Then, reorganizing terms In Figure 4, an asymptotic graph of the frequency responses
' of T4+, and T' can be observed. The pole defines the
Wiw(5) = Taeo (8)d* (s) + T(8)@ %y, (4) bandwidth of the speed tracking as well as the infinity norm
Jw of Ty-.,. Therefore, once the bandwidth @f, the parameters
where of the controller can be computed from (12) and (13).
S
Td*w(s) T Js2 + Kps+ K’ ©) { 7}{«;
Ky 0 P Bz rad/s [p1/K
T(s) = . 6 >
(s) Js?2+ Kps+ K ©)
The reference* is not a completely exogenous signal since 0 ragfs
it depends on the flywheel speed according to (1). To consider P bz \

this fact in the parameter tuning and guarantee stabilitsllin

possible values of power and flywheel speed, the IPEferenc%ilgs. 4. Asymptotic diagram of the frequency responses of ttia@sfer

expressed as functions T=,, and T
d* =0-wyu, (7)



This section describes the flywheel test bench, the win
turbine emulator as well as the rest of the laboratory eqaigm
used for configuring the system for the purposes of the
study. Emphasis is done in presenting those actions needs
to emulate the variability of the power of the wind turbine
in a lab-scaled equipment among other considerations.,Thel |
experimental results are analysed with the aim of valigatin g
the proposed energy management algorithm of the flywheel.

IV. EXPERIMENTAL VALIDATION é;
.

A. Description of the experimental setup

Figure 5 presents an scheme of the experimental setuj
As can be noted, the system is composed by a flywheel . o _
test bench, a wind turbine emulator, a coupling transform@?&llg'scoig;'vgiegéeﬁ;kt;’ez)Chhgﬁme'esfitd(t__,o Cr(')%t\],t é)) gﬁmsffrﬁ?:r'; %))
which connects the system to the grid, measurement devigeSsurement devices; 7) PMSM; 8) rotating disk.
and communication and control devices. Each of these main
components of the system are detailed as follows.

charge of regulating the voltage of the dc link of the back-to
back power converters and also the reactive currents egeldan
with the network. The control of the machine side converter
is the field oriented vector control system of the PMSM [29],

[30]. This control algorithm governs the PMSM so that it
400€(yj00v follows the instantaneous electrical torqtig,, referenced by
YYn the energy management algorithm.

The rated power capacity of the storage device is 3 kW,
and the energy capacity is 30 kWs. Further parameters of the
system are presented in Table | in Appendix.

Pg(\)n/;r ’é Grid T 2) Wind turbine emulator:The wind turbine is emulated
(Pruc) ® #@g side by a cabinet composed by two identical three phase voltage
______ § converter| | sources in back-to-back configuration [28] (see Figure 5).
E g A b_idirectional power flow through th_e conve.rters is .plossi-
i Converter 5 —]L—] ble since they can be operated as either active rectifiers or
{%ﬁm@v’fw = ; active in_verters. According to Figure 5, power flqws from
iT 39 o the ac side of_ the converter “e_mulator" to t_he ac side of_ the
g 25 @ sde | converter "active front end” while representing the bebavi
P8 —]L—”T %‘g converter] | of a generator. The reverse process depicts the behaviaur of
i 2 © 4\ load. The low-level control algorithms of the power coneest
é Converter FOA of the cabinet receive the series of active and reactive powe
i € {%“Emu/amf P 71 i set points to represent the power profile of the wind turbine.
§ 12 wfwi PMSM The rated apparent power of the cabinet is bounded to 4 kVA.
el Sl sy e : : The relevant parameters of the cabinet for the purposeseof th
_ to-- present article are presented in Table | in Appendix. Furthe
Grid i [8 ; details of the cabinet are presented in [28].
""""""""""""""" 3) Measurement deviced:or the purposes of the work, it
Fig. 5. Scheme of the experimental setup. is needed to analyze the variability of the power injected by

the emulator of the wind turbine, and its attenuation from th

1) Flywheel test benchFigure 6 shows the flywheel testinclusion of the flywheel. Accordingly, a wattmeter registe
bench. The system is composed by a rotating disk mechasimultaneously the power series in the points A, B and C
cally coupled to the shaft of a permanent magnet synchronalepicted in Figure 5 for their post processing and analysis.
machine (PMSM). The electrical machine is controlled byta s€hese points corresponds to the terminals of the wind terbin
of back-to-back power converters. These power converters amulator, the terminals of the flywheel test bench, and the
driven by digital signal processor (DSP)-based controrti®a point of connection of the system to the network respedgtivel

As previously noted, the flywheel is added to the point dfigure 7 depicts the wattmeter, the coupling transformer fo
connection of the wind turbine emulator. The design and ethe connection of the system to the network and the wind
perimental validation of the low-level algorithm of the pew turbine emulator.
converters of the flywheel test bench are deeply explained in4) Communications:As presented in Figure 5, the wind
[27]. As a summary, the grid side converter of the system is farbine emulator represents the variability of the powethef



filter of P, is set to 0.4 Hz so that the rotating sampling effect
can be represented. The details of this filter can be found in
Appendix.
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Fig. 7. Experimental setup. From left to right: 9) wattmet&®) coupling
transformer; 11) power converter of the wind turbine enmuldactive front
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ol |
wind turbine following the power set-points sent through a < -1000 ’
Controller Area Network (CAN) bus by a computer. CAN bus  -2000r i
is also used to let the energy management algorithm of the -3009 500 1000 1500 2000 2500 300.0
flywheel know the above mentioned wind power. The precise Time (5]
clocking of the _digit"_’ll signal processor (DSP) of the C_Ohtr%i . 8. Scaled magnitude of the power output of a 1.5 MW winthihe and
board the machine side power converter of the flywheel is usmg fluctuating components of it from a cutoff frequency of 8lz.
as a time basis to coordinate the exchange of signals between
the computer, the wind turbine emulator and the flywheel. In As a consequence of the direct emulationf¥f,., the P —
particular, the signals are sent through the CAN bus each @odroop characteristic (Figure 3) is not applied. Therefore,
milliseconds. the optimum average rotational speed of the flywheg|,
will be step-profiled in following sections for evaluatiniget
performance of the designed feedback control.
B. Assumptions for the emulation of the fluctuating compo-
nents of wind power C. Determination of the control parameters for the experime
According to Figure 3, the average optimum rotationd@l system
speed of the flywheeb, and also the wind power fluctu-  Section I1I-B depicts the procedure for the tuning of the
ations Py, have to be determined from filtering the genemarameters of the I-P structure which builds up the feedback
ated power by a wind turbin#’,;. However, the presentedcontrol. The present section presents the particular sabiie
experimental validation avoids the emulation of the powefie controller determined for the study case.
Py,: and consequently its filtering. Only the wind power As can be noted in equations (12) and (13) the parameters
fluctuation Py, is actually emulated instead by the windof the I-P controllerk » and K; depend on the location of
turbine emulator. ThusPs;... is @ power profile with average the polep;, which in turn bounds the value of the pale.
value close to zero that is obtained from the simulation ef thrhe polep; determines the time response of the control loop
system and the application of the high-pass filter to the @wutgor the referencetzjzw. This time response can be very slow
of the model of the wind turbiné,. since the dynamics af}, depends on the average value of
This is carried out with the aim of adjusting the magnitud®,,,. Thus, the pole; is set top; = 0.01 rad/s. This implies
of the wind power fluctuations’s;,. to the actual power a time response of the control loop system of 628 seconds
ratings of the flywheel test bench and the wind turbingpproximately.
emulator. The present work considers a scaling factor of 20The value ofK; also depends on the parametgy,. (see
for the power of al.5 MW wind turbine. The magnitude equation (8)). As a reminder, this parameters is given atimax
of the resultant profilePy,,. is similar to the ratings of the mum power developed by the flywheRl, ... and at minimum
wind turbine emulator (4 kVA), and also to the ratings obperating rotational speed;,,. The maximum power is given
the flywheel test bench (3 kW). Therefore, the size of thgy the maximum torque developed by the flywhe&.2 Nm).
flywheel test bench can be considered adequate to compengaieordingly, the limit of the time varying parameter result
the fluctuations of the power of a wind turbine with a rated,,,, = 0.122 W/(rad/s¥, assuming a minimum flywheel
power 1.5/20 MW. speed ofl00 rad/s. Then, from equation (12), the parameter
Figure 8 plots the results of the simulation of a 1.5 MWK, becomes
wind turbine. Its power output profil€,,; has been scaled by
a factor of 20. The subplot below shows the result&pt,.. Kr = p1omas = 0.0012 Wiradfs) (14)
As can be noted, the magnitude &%,;,. is bounded to 3 Finally, applying equation (13), the value of the paraméfer
kW approximately, which corresponds to the rated power &f set to
the flywheel test bench. The cutoff frequency of the high pass Kp = 0.1307 W/(rad/s¥ (15)

wer [W]




provided thatp, = Kp/(J-K;) andJ is 0.868 kg-m?. 3000 Sirvai .
Figure 9 presents the frequency response§’ &nd T« Fiywheel
corresponding to the previous designed value& pfand K p. =

s AN

2000
speed references until the cutoff frequency of 0.01 radis;hv 1000
0
-1000 ¥ [T | ‘ i
| | i

corresponds to the location of the pale. The frequency

response ofly-,, shows that the infinity norm is below thes
limit (6,ma2) ! = 8.19 Nm/(rad/s) (8.3 dB). The graph also
shows that the system is able to track torque reference®in ‘
ranging from0.01 to 0.1 rad/s with the maximum gain allowed | ‘
by the stability guarantee and the flywheel torque limits. 2000 ‘\ | ‘ ‘ ‘

|

Power [

0 TTR— 1 -3000
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§ 60 Time [s]
0]
1001 - - - - ) Fig. 10. Power of the wind turbine emulator, the flywheel amel net power
10 10 mmm (rad/sec)m 10 10 exchanged with the network. The average rotational spedheoflywheel is
Wy = 220radss.
20 N
| _— . . .
: or 1 Figure 11 examines more closely the previously presented
N I power profiles in Figure 10. The power profile of the flywheel
g and the profile of the net power exchanged with the network
5 -20p . .
20 have been corrected by subtracting the standing lossesof th
o flywheel at the constant speed ©f,, = 220 rad/s. This way,

10 1o 107 oy oo 10 10 the average value of the power exchanged with the network
and the average power profile of the flywheel are zero. As
Fig. 9. Bode diagrams of the closed loop transfer funcfloffrom &y, to g result, in this Figure 11 it can be better observed that the
wyw) and the transfer functioffy-, (from d* 10 wyy,)- instantaneous power of the flywheel compensates to a great
extent the fluctuating components of the power of the wind
. , turbine. This instantaneous regulation of the power of the
D. Analysis of the experimental results flywheel is governed by the torque referente(see Figure

Following contents present the obtained experimentaltsesig).
to evaluate the performance of the proposed energy manage-
ment algorithm of the flywheel. As noted in previous sectjon. 2500
the wind turbine emulator reproduces the fluctuating pow
components depicted in Figure 8, that the flywheel test ben
is in charge of compensating. Accordingly, Figure 10 depic 5" i
the actual power developed by the wind turbine emulator, tl 400
flywheel and the net power exchanged with the network.

As can be noted, the flywheel compensates the fluctuatiE
components of wind power, leaving the net power profily o
almost constant. However, the average value of the pov@>
of the flywheel and thus of the net power exchanged wi
the network is not zero due to the necessity of compensati -1000
the power losses of the flywheel for maintaining the indidate
average rotational speedf,. The optimal average rotational
speed is close to 220 rad/s in this case [26]. As this set -2000- 1
is meant to be a proof of concept system, the losses in t ‘ ‘ ‘
flywheel test bench are much higher than in a commerci %% 5 10 15 20 25 30

. ) L. Time [s]
flywheel storage device. In particular, the energy efficyeoic
the test bench is 73%, and the power losses depends ongige11. Instantaneous power of the wind turbine emulatsrwall as the
rotational speed, reaching up to 800 W at rated speed [2fqwer profiles of the flywheel and at the network terminalstsating the
These figures are far from those corresponding to a high_tqsgqlzdanrga(ljciss.ses of the flywheel. The average rotationaldspééhe flywheel
flywheel, in which the energy efficiency is around 90% and
the power losses level at rated speed represents just 2% of thThe RMS currents of the flywheel, the wind turbine emu-
rated power [31]. lator and the network are depicted in Figure 12. As shown,

T
Wind turbine
Flywheel
Total

2000+

500

-500-

-15001- 1




the magnitude of the currents of the flywheel are muc 4%

. . . —_— Wi‘thout fly\)vheel su‘ppon
higher than the currents of the wind turbine emulator, dt | Flywheel average speed: 120 rads||
to the necessity of compensating the losses of the system, —— Flywheel average speed: 220 rad/s
previously discussed. Without the proper losses compi@msat 350 |
the storage device will become completely discharged. '« Rotating sampling, NP

300+ 3

T T

—— RMS current of wind turbine emulator
RMS current of the flywheel

——— RMS current at grid terminals

N
[
o
T
I

<——Rotating sampling, 2NP

Power [W]
N
o
o
T
L

-
o
o
T
I

-
o
o
T
I

a
o
T

Current [A]

\AML}'&_. ljmlu_‘l .. WO . .

shn

0 0.5 1 1.5 2 25 3 35 4 45 5
Frequency [Hz]

0

Fig. 13. Spectrum of the net power exchanged with the netwatkout

\/U W {\ m flywheel support, as well as with flywheel at different averagoC. The

average power losses of the flywheel have been subtracted.

0.0 25 5.0 715 16.0 12‘.5 15.0 . . .
Time [s] Apart from compensating the fast fluctuations of wind
ower, the second objective of the control system of the

Fig. 12. RMS electrical currents of the wind turbine emulatbe flywheel P . . . ) . y .
and the network. The average rotational speed of the flywiseef,, = 220 flywheel is to maintain a det?rmmed average rotational épee
rad/s. W}, In regard of this experimental validation, some results

The spectrum of the power of the wind turbine emulatod® shown in the following. Figure 14 depicts the response of

as well as the total power exchanged with the network fhe flywheel to a step-profiled average speed referarjce

S . flom 220 rad/s to 270 rad/s. As shown, the time response is
case of considering the support of the flywheel are depicted | : .

. ! around 600 seconds, as imposed by the design of the controlle
Figure 13. The average rotational speeds of the flywheel are

120 rad/s and 220 rad/s. As can be noted. the wind turbi%esented in Section IV-C. Moreover, in the subplot below it
: . T can be observed that the voltage of the dc-link of the flywheel
emulator clearly represents the rotational sampling etfethe

. . . .test bench keeps stable at 750 V in average, while regulating
turbine at 0.6 and 1.2 Hz approximately. The rotating sangpli the rotational speed of the flywheel and compensating tte fas

effect is mostly compensated with the flywheel support. The. )
wind power fluctuations.

constant component of the power spectrum of the flywheel due
to its losses has been subtracted so that the performanice of * 4,
system can be better observed. This figure depicts the stupy e
of the flywheel considering different average SoC. It is Wortz 2601 7
noting that the support that the flywheel can provide is bettE
while rotating at 220 rad/s in average (close to the optimurg
than while rotating at 120 rad/s. This is because the pow” 220 ]
capability of the flywheel is bounded by the product of th 1 . .
speed and the rated torque of the electrical machine and th 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
as discussed in [26], there is an average optimal speed of
fywheel W, dependent on the magnitude of the fluctuatin 8
components of wind power to be compensated. 780 :

The performance of the system considering different fly= .| |
wheel average operating rotational speeds, is quantifeed fr WMWWMWMWWMMMWM»WMWN
the attenuation of the fluctuating components of the net pows 4o i
exchanged with the network. This magnitude is computed fro 7201 ]
the data shown in Figure 13. The ratio between the ener 700 0 a0 o0 G Teo Bh0 500 1030 1150 1290 1290 1400
of the fluctuating components of the net power exchang Time [s]
with the network considering the flywheel support, and the 14 Rotational S ot the fowheel sied

i i i i . . Rotational speed of the flywheel in response to a ed average

e ananuaton: e ound an ateuaton of 559 il gecseeencer fon 20 a2 rad he G v o ve
flywheel is rotating at 120 rad/s in average. The attenuation
reaches the 92% with 220 rad/s as the average rotational speeAs indicated in Section IV-B, in previous experiments the
of the flywheel. fluctuating components of wind power to be compensated by

2401 i




the flywheel are emulated, and not the whole spectrum of it. V. CONCLUSIONS

This is carried out with the aim of adjusting the magnitude p high-level energy management algorithm of a flywheel
of_ these fluctuating power components to the ratings of tigy power smoothing in wind generation systems has been
wind power emulator and the flywheel test bench. Howevgfesigned. The algorithm is based on feedback control tech-
in the following concluding experimental results, the wolniques. The controller has been conveniently formulatedi an
spectrum of wind power is emulated instead. The resultantfed so that the robustness as well as the desired time
the low-pass filtering of this signal”,;, serves as an input response of the storage device can be ensured. The algorithm
to a P —w droop characteristic, as depicted in Figure 3. Thigccesses in letting the flywheel maintain an optimum aeerag
droop characteristic determines, in turn, a changing @eergotational speed while enabling the fast accelerations and
speed reference},, for the flywheel depending on the valueyecelerations of the storage device for smoothing the fast
of P, The results of this experiment, which are depictegl,ctuating components of the power of the wind turbine. The
in Figure 15, complement the performance evaluation of th€aintenance of the indicated average rotational speedeof th
control loop in charge of the tracking of the average spe@gwheel avoids the progressive discharge of the storagieelev

referenceoy,,. in its operation. Also, the control capability of the avezag
rotational speed of the flywheel, permits to adjust the ayera
3500 SoC of the storage device to the magnitude of the power
Put and energy to exchange. The controller has been validated

30001 —Filtered value of P__ | |

experimentally in scale-lab equipments. Results show that
most of the fluctuating components of the power of the wind
25000 e - turbine due to the rotating sampling effect can be compedsat
through the flywheel support.

This article proves that the short time response and high

Power [W]

2000

0 1000 2000 3000 4000 5000 controllability define flywheel systems as well suited desgic
trollability define flywheel syst Il suited d
to compensate the variability of the power generated by
240 : — — wind turbines and thus, to promote their integration inte th
2351 - Average optimum speed reference o, network. The quality of the power injected into the grid by
2 230 i M\““w T O ' a wind turbine or by a wind power plant, can be improved
£ 2250 W, o, 1 by adding a flywheel-based energy storage system to the
g 22010 ™ 1 generating facilit
& 215 ' ] Y g Y.
210 b
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VII. APPENDIX

The wind power profile is presented in Figure 15, Uuppe. Characteristic parameters of the experimental setup

quplm' Th|_s represents the power of a 1.5 MW wind turbl_ne The characteristic parameters of the system are presented i
with a scaling factor of 200. Moreover, the resultant of |t§

low pass filtering P,;, which is computed by the DSP of able I.

the control board of the machine side power converter of the )

flywheel, is also indicated. The mathematical expression Bf Filter's design

the filter is included in the Appendix. The varying average The fluctuating components of the wind turbine power
trend of the wind power profilé®,; has been achieved fromprofile Py, are identified through the application of a third
imposing a varying average trend in the wind. These wiratder high pass filter (Butterworth type) to the wind power
data have been extracted from the NREL's online database fwofile P,:. The cutoff frequency of the filter is 0.4 Hz and

wind speeds [33]. the sampling period 20 ms. Its mathematical expression is

Figure 15, subplot below, depicts the speed measurement 1—2.99752"1 +92.99512—2 — 0.99762 3
of the flywheel, and the reference;,, determined by the Fy(z) = 12899521 + 2.80405—2 — 0.904453" (16)
P — w droop characteristic. Using this droop characteristic, ) _ .
the signalw},, is varied linearly from 150 rad/s, considerin% Moreo_ver,_ the average wind pow#Y,, is identified through
an average wind poweP,,; of 1500 W, to 300 rad/s, it ; he application of a second order low pass Butterworth filter
of 3500 W. This leads noticeable variationsigf,,, which are to the wind power.profilel?wt. The cutoff frequengy s 0.0003
preferable for the purposes of the experiment. As can bejnotyz and the sampling period 5 s. The mathematical expression

the designed feedback control successes in the trackirgeof B (o) - 0.54562~1 + 0.54292 2
— % z) = .
referencens,,. L 1—1.98522—1 4 0.985322

(17)



TABLE |
CHARACTERISTIC PARAMETERS OF THE SYSTEM

System Parameter Value

Wind turbine emulator 2 3-phase IGBT bridge in back-to-back
S’rated (kVA) 4.0
UACrated (V) 400.0
UDC'rated (V) 750.0
Imaz (A) 16.0
C (F) 0.005

Flywheel Ratings 3.0 kW @ 30 kWs
Efficiency 73%
Wmaz (rPM) 3000.0
Wimin (rpm) 1000.0
Trated (Nm) 12.2
J (kg-m?) 0.868

Flywheel (PMSM) Ym (W) 0.2465
Ly & Ly (H) 2.8810°3
Rs (2) 0.44
pole pairs 2

Flywheel (power electronics)

(same as emulator)
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