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Abstract. A centralized approach for electricity generation withimviend farm is explored through the use of fluid power
technology. This concept considers a new way of generatalection and transmission of wind energy inside a windifan
which electrical conversion does not occur during any mtdiate conversion step before the energy has reachedsheeaf
central platform. A numerical model was developed to capthe relevant physics from the dynamic interaction between
different turbines coupled to a common hydraulic networkl aontroller. This paper presents two examples of the time-
domain simulation results for a hypothetical hydraulic dviarm subject to turbulent wind conditions. The performeaaad
operational parameters of individual turbines are contbaieh those of a reference wind farm with conventional testbgy
turbines, using the same wind farm layout and environmestatlitions. For the presented case study, results indibate
the individual wind turbines are able to operate within @pienal limits with the current pressure control concepgspite

the stochastic turbulent wind input and wake effects, thdrdmylic wind farm is able to produce electricity with reaable
performance in both below and above rated conditions.

1 Introduction

A typical offshore wind farm consists of an array of indivedwind turbines several kilometers from shore. Each ofehes
turbines captures the kinetic energy from the wind and adsento electrical power in a similar way as is done witlsbare
technology. However, one main characteristic of a wind fasra collection of individual turbines, is that electricisystill
generated in a distributed manner. This means that the vgnoless of electricity generation occurs separately arieis
collected, conditioned and transmitted to shore. When okt a wind farm as a power plant, it seems reasonable todamsi
the use of only a few generators of larger capacity ratheréinaund one hundred of generators of lower capacity. Trengiat
benefits, challenges and limitations of a centralized atatst generation scheme for an offshore wind farm are navkmyet.
This work explores a particular concept in which a centealielectricity generation within a wind farm is proposed lgams
of a hydraulic network using fluid power technology (Diepavg2013). The basic idea behind the concept is to dedicate th
individual wind turbines to create a pressurized flow of sgaw Then, the flow is collected from the turbines and retie

through a network of pipelines to a central generator ptaifdit the platform, the overall pressurized flow is convefiest
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into mechanical and later into electrical power through mpulse hydraulic turbine. A conceptual comparison betwaeen

conventional and the proposed offshore wind farm is showFign1.

Electricity
generation

Individual
rotor-nacelle
assemblies

Energy collection
& transmission

Offshore central
platform

Conventional
offshore wind farm

Distributed
Collection of individual electrical
independent machines

Proposed
offshore wind farm

Centralized
Single large scale electrical machine

Mechanical power - electrical power
Use of individual (gearboxes), generators
and power electronics

Electrical
Use of infield electrical cables
operating at high voltage

Conditioning of electrical power
Use of transformers and power electronics

Mechanical power - hydraulic power
Use of individual positive displacement
pumps and motors

Hydraulic
Use of infield hydraulic network
operating at high pressure

Generation of electrical power
Use of a single Hydro turbine and generator

Figure 1. Conceptual comparison between a conventional and the proposéd@fiwind farm.

This paper continues with previous work (Jarquin Lagund.e2@14; Jarquin Laguna, 2015) in an effort to asses theetrad

offs implied by the proposed hydraulic concept. To this dime domain simulations are used to evaluate the perforenanc

and operational parameters of individual turbines coupbeal common hydraulic network for a hypothetical wind farnthwi

centralized electricity generation. In the first part okthiork, an overview of the wind farm model is presented togrettith

the control strategy of the hydraulic components; the sepant describes a case example where the results are cahwpre

those of a typical wind farm.

2 Wind farm model overview

The overall wind farm model, incorporates the dynamic itéon between the individual turbines, the hydraulic roeky

the Pelton turbine and the controller. The model is desdrédsea set of coupled algebraic and non-linear ordinaryreifitéal

equations which are solved by numeric integration usingdaSimulink. The hydraulic wind power plant model is corapd

by the following subsystems:
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2.1 Wind turbines
2.1.1 Aerodynamic model

The aerodynamic characteristics of a horizontal axis wimbdibe rotor are a function of its rotational speed the pitch angle
of the bladess and the relative velocity of the upstream wind spéguith respect to the rotor. The torqug.,,, and axial

thrustFy,-.s¢ performance are described through their non-dimensideatlg-state coefficients as a function of the upstream

wind speed.
1 3772
Taero = OT()‘aﬂ) 5 Pair T R Urel (1)
1
Finrust = Craa (/\a 6) 5 Pair TR? U?'el (2)

©)

wherep,;, is the air densityR is rotor radius and the tip speed rafias defined as the tangential velocity of the blade tip

and the upstream undisturbed wind speed.

wr R
A= orft 4
Urel ( )

This reduced order model does not include any aero-elastimsteady aerodynamic effects. Although these aspects are
important for the loading of both rotor and support struetitheir effects on the aerodynamic torque are considesed le
relevant from the performance and control point of view & tiverall wind farm; the relatively large mass moment oftiaer
of the rotor in the angular degree of freedom, will absorlgégpeak fluctuations in the rotor speed derived from the adgte
aerodynamic effects on the rotor torque.

2.1.2 Hydraulic drive train model

The hydraulic drive train consists of a large positive disgiment water pump directly coupled to the low-speed rdtafts
Hence, the rotor-pump angular acceleration is descrilredi¢ih the balance of the aerodynamic torgue,,, and the transmit-

ted torque from the pump, as a first order differential equation; the mass moment afianef the rotor and pump is described
by:

Jr Wy — Taero (U7ﬁawr)+7-p (w’r‘aAppv‘/p) =0 ®)

The pump is mainly characterized through a variable volumdisplacement/,, which determines the volume of fluid that
is obtained per rotational displacement. Hence the volioow rate of the pum,, is ideally given by the product of its
volumetric displacement and the rotor shaft speed; intéeakiage losses are included as a linear function of thespresirop
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Figure 2. Subsystem block diagram a of a single turbine connected to the hydratviorke

across the pumpp with the laminar leakage coefficie@t. In a similar manner, the transmitted torque is directlated to the
volumetric displacement and the pressure across the pufriptian torque is described with a viscous and a dry compone
defined with the damping coefficieft, and a friction coefficienC’; respectively (Merritt, 1967).

Qp ="V, (e) w,—Cs Ap, (6)
7, =V, (e) Ap, + Byw, +C; V, (e) Ap, @)

heree is introduced as the ratio of the current volumetric dispiaent and its nominal value per rotational cycle such that:

Vp =e Vp,max (8)

the variables from Eq. (8) is used as a control variable to modify eithentbleimetric flow rate or the transmitted torque of
the pump. The dynamics of a general actuator used to modifydlumetric displacement of the pump, are approximated by a
first order differential equation. The constdntcharacterizes how slow or fast the actuator responds t@eerefe value input
edem according to the following equation:

1

€= E (edem - 6) (9)

The yaw degree of freedom of the individual turbines is natsidered. Hence, the yaw controller of the turbines is not
included. A schematic showing the different subsystemssifgle turbine is shown in Fig. 2.

2.1.3 Pitch actuator model

The pitch actuator is based on a pitch-servo model deschipesl proportional regulator with constaft;. The demanded
pitch Bq4er, is obtained from the signal of the pitch controller. The setorder model includes a time constapgnd an input

4
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delayd from inputug to the pitch rate?; the delayed input is expresseduégs The pitch actuator is implemented with pitch
rate limits of +8°.

8= tlﬁ (u% - [3) (10)
Up = Kﬁ (ﬂdem - ﬂm,eas) (11)

2.1.4 Structural model

The motion of the top mass of the tower in the fore-aft dicti is described with a second order model:

My 2 = Fthrust - Btower Z— Ktower z (12)

whereK e and By, are the support structure stiffness and dampiig;..; is the thrust force exerted by the rotor on
the top mass of the towen,,,,, which includes the rotor and nacelle mass.

2.2 Hydraulic network

One of the key aspects for having a centralized electri@tyegation is the use of hydraulic networks to collect analspart the
pressurized water from the individual wind turbines to thagyator platform. Similarly to the electrical inter-grable system
for a conventional offshore wind farm, the design of the laytic lay-out should consider several practical and ecacam
aspects, such as reducing the number and length of pipgtipesational losses and installation methods. For winti$awith

a large number of turbines, it is expected that branchedawidrnetworks using parallel and common pipelines wilutes
in the most convenient configuration. The hydraulic netwooksists of a number of interconnected pipelines repredent
by linear transmission line models. The approach to coasthis networks for time-domain simulations from indivadu
pipelines was previously presented in (Jarquin Laguna g2@14). The dynamic response of the compressible lamioar fl
of a Newtonian fluid through a rigid pipeline network is givieynthe following state-space model; the model includestimer
and compressibility effects which are necessary to desthib fluid transients or so-called ‘water-hammer’ effettee model
uses the volumetric flow rates from the individual rotor drivpumps and at the nozzle as an input, and the pressuressg acr
the water pumps and nozzle as an output.

Qp,l ApPJ
Qp,2 App,Q
Hydraulic network model x = Aqx+ Bq : , : =Cqx (13)
Qp,i App,i
QTLZ Apnz
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The matricesAq, Bq andCq are defined in terms of the physical parameters of the hyidrimés and water properties
such as water viscosity, water density, speed of sound iwéher, length and internal radius of the pipelines. A schenud
the model showing the input-output causality for each el@rizeshown in Fig. 3.

Qp,l Ql
Pp,2 ;
<« | - Piine Q/ine,in = Ql + Qz +... + Qm Q/ine
() | »
- — N <
Q2 Q; - ~ D >
Pline Pline,out
pp,m Pline
- ) -
» () )

Qp,m Qm

Figure 3. Schematic for parallel hydraulic lines connected to a common line.

2.3 Nozzle and spear valve

At the end of the hydraulic network, a nozzle and spear valuséd to adapt the pressurized water flow into the Peltomturb
The nozzle characteristics are included as a first ordesgréffitial equation by taking the momentum equation of a flaitigle

into account along the nozzle length . as described in Eq. (14), (Makinen et al., 2010).

_ phdenz ‘an ‘

Phyd Ly, an = Apn: An: (hs) 2A (h ) c3
nz \Its d

(14)

Wherepy,,,q is the density of the hydraulic fluid4,,. is the nozzle cross sectional area determined by the positithe
spear valve, and; is the discharge coefficient to account for pressure lossesadthe geometry and flow regime at the nozzle
exit. The nozzle cross sectional area is described by thadiposition of the spear valve according to Eq. (15). It is assumed
that the spear valve position is smaller than the fixed nadiameterd,. The geometric characteristics of the spear valve are
included through the spear cone anglas shown in Figure 4.

Apz (hs) = min (7r {hs ds sin (%) — h? sin? (%) cos (%)} ,%dg)) (15)

Figure 5 shows the normalized cross sectional area of thenag function of the spear valve linear position for difar
spear cone angles.
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Similarly to the pump actuator, the dynamics of the spearevidthear actuator are approximated by a first order diffeaén
equation in which a constart, characterizes how slow or fast the spear valve positionoregpto reference value input
hs,dem according to the following equation:

hsz = he m*hs 16
E Th((,de, ) ( )

The hydraulic power at the nozzl®,,, is given by the product of the volumetric flow rate and the watessure at this
location.

Phyd = an Apnz (17)
2.4 Pelton turbine

The hydraulic efficiency of the Pelton runngs is obtained from momentum theory according to differentrgewical and
operational parameters as described in (Thake, 2000) drah{Z 2007).

np = 2k (1— k) (1 - Ecos) (18)

where¢ is an efficiency factor to account for the friction of the flowthe bucket;y is defined as the angle between the
circumferential and relative velocities, akds the runner speed ratio defined by the ratio between thestdiad) velocity of
the runner at Pitch Circle Diameter (PCD) and the jet speed.

b wpRpcp

19
U (19)

For this case, the Pelton rotational speed is fixed to thelsgnous speed of the generator. Thus, the efficiency of therPe
turbine is only determined by the water jet velodifty.;, which is simply the volumetric flow rate divided by the cresstional

I/ I spear

Figure 4. Schematic of the spear valve and nozzle.



10

15

Wind Energ. Sci. Discuss., doi:10.5194/wes-2016-54, 2016 WIND

Manuscript under review for journal Wind Energ. Sci. Dy ENERGY
Published: 20 December 2016 e we \ SCIENCE
(© Author(s) 2016. CC-BY 3.0 License. ouropsan academy of wind eneroy

a =30 deg
o =45 deg
«a =60 deg
o =75 deg
a =90 deg

0 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Spear valve position hs /ds [-]

Figure 5. Cross sectional area of the nozzle as function of the spear valve liosiéiop for different spear cone angles wherg.o = gdi.
area and multiplied by a vena contracta coefficiéptto account for the change in velocity immediately after thatem jet
exits the nozzle.

an

Ujet = Cy A, (hy)

(20)
2.5 Environmental conditions

The dynamic wind flow models and wake effects for a given layare based on an open source toolbox developed for
‘Distributed Control of Large-Scale Offshore Wind Farms' part of the European FP7 project with the acronym Aeolus
(Grunnet et al., 2010). The model assumes a 2D wind field g&srbat the hub height plane. The wind field does not account
for wind shear or tower shadow effects and is generated ahaigt plane. The mean wind speed has a constant value in the
longitudinal direction and zero lateral component. Sinhylahe wind speed direction is fixed with respect to the féagout

in longitudinal direction. The turbulent wind field is geatgd using a Kaimal spectrum; two spectral matrices togetith
coherence parameters are used to describe the spatiaioresiaf the wind speed according to (Veers, 1988).

Three wake effects are considered: deficit, expansion antdicahere wake deficit is a measure of the decrease in dowinwi
wind speed, wake expansion describes the size of the dowlrawea affected by the wake and wake center defines the lateral
position (meandering) of the wake area. Expressions foewdaficit, center and expansion were developed in (Frandssdn e
2006; Jensen, 1983). To illustrate this, a small wind farmgasing of five turbines is shown in the layout of Fig. 6. Higd
shows a snapshot of the wind field where the wake effects arerodd.
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3 Variable speed control strategy

The so called variable-speed operation is of particularést for this concept because by removing the individuaéggors
and power electronics from the turbines, the hydraulicedrimeed to replace the control actions to obtain the varsided
functionality.

3.1 Pump controller

As shown in Eq. (7), it is possible to manipulate the trangditorque of the pump using two different control degreesams-
dom (in contrast with the electro-magnetic torque in a catieeal turbine): the volumetric displacement of the pump/ar

the pressure across it. In this case, the volumetric dispteat of the pump from each turbine is controlled under divelst
constant pressure supply. Hence, the rotational speedbfretor is able to be modified independently according tddbal
wind speed conditions. This strategy is commonly known idraylic systems as ‘secondary control’ (Murrenhoff, 199%)e
required volumetric displacement of the pump,, is shown in Eq. (21) as a function of the measured rotatiopatd of
the rotorw, ,eqs and the measured pressure at the pump locakip, ... A low pass filter on the pressure measurement
is employed to prevent actuation from the fluid transienttélations in the hydraulic network. The reference toraug is
obtained from the steady-state torque-speed curves ddbnelifferent operating regions as in conventional varafpeed
control strategies.

Tref (wr meas) - Bpwr meas
Cdem = : : 21
! ATy — (@)

3.2 Spear valve controller

In order to achieve a constant pressure in the hydraulic or&tvihe linear actuation of the spear valve is used to ciotstr
or release the flow rate through the nozzle area. The pressuteol is based on a Pl feedback controller and a cascade

Wind field grid Wind field t=999.0 s
1800 p 14
1600 - WT 1 WT 2
12
1400 I I
Wind E 1200} o —
direction 8 WT 3 2
& 1000 E
7 el
3 I' 8 &
< 800 &
o 2
T 600f WT 4 WT 5 o £
400t | |
4
200

0 500 1000 1500 2000
Longitudinal distance [m]

Figure 6. Layout of the proposed wind farm with five ~ Figure 7. Snap shot of the wind field and wake ef-
turbines oMW each. fects.
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controller compensation to modify the linear position & 8pear valve. A similar pressure control loop has been gexpm
(Buhagiar et al., 2016); a schematic of the proposed cdetrislshown in Fig. 8.

_v Q
'nz,meas

€dem

Rotor

& fluid power
Pl control [ A
Pref 2 nz,dem Ndem ~ transmission APnzmeas
» -
notches -

Spear valve

Cascade
control

A

Figure 8. Pressure control schematic based on the spear valve position of ttle.noz

In order to prevent excitation from the low damped modes effijdraulic network, the PI controller is augmented with
a second order low pass filter and a series of notch filters.h&reatic showing the structure of the augmented contraler i
shown in Fig. 9.

pnz,error nz,ref

[, -
—_— = e — <" S - = -
V V A

Figure 9. Schematic overview of the structure of the controller. The control bléaks left to right: Proportional-integral (P1), low-pass
filter (LPF), notch filter 1 (NF1), notch filter 2 (NF2).

The low pass filter and the notch filters are described in thguency domain according to Egs. 22 and 23. The negative
values of the proportional and integral gain show that if itserence pressure is higher than the measured pressure at t
nozzle (positive error input to the controller), the cofioaction should reduce the nozzle area to constrict the rifde and
induce a higher pressure. This inverse relation is refleatéte negative values of the controller gains.

2
w

LPF (s) = LEL 22

(5) 24+ 2wrpp CLprs+wipp (22)

82 4 2wy Cnis + w2,
NFZ — nt Snt n 23
(S) 52 4 2wp; Bnis + W%i ( )

3.3 Pitch control

Above rated wind speed, the rated rotor speed is maintaipgit¢hing collectively the rotor blades. A conventionalgtich
controller is proposed using the rotor speed error instéttbayenerator speed error. Due to the sensitivity of thedyaramic

10
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response of the rotor to the pitch angle, the value of therobait gains are modified as a function of the pitch angleubio

a gain-scheduled approach. The gain scheduled PI comtiméown in the next equations, whel®, ; are the proportional

and integral gains respectiveliy,pr  is the gain at rated pitch angte= 0, and3 is the blade pitch angle at which the pitch

sensitivity of aerodynamic power to rotor collective blgaeh has doubled from its value at the rated operating point

t
ﬁdem - KP (ﬁ) Wr error + KI (ﬁ) /w’r,e'rror dt
0

Bk

Kp/r(B)=Kpjr,0 e

Wr error = Wr rated — Wr meas

(24)

(25)

(26)

The values of the different gains are obtained in a similay asdescribed in (Jonkman et al., 2009), taking into account

a modified apparent inertia at the low speed shaft and a tias&m ratio which is set to one. To get rid of high frequency

excitation, a low pass filter on the rotor speed measuremersdd to prevent high frequency pitch action.

4 Simulation example

4.1 Wind farm conditions

The model described in the previous sections is used tosaiseperformance and operating conditions of a small hyidrau

wind farm under specific wind conditions. Five turbinessdfW each are interconnected, through a hydraulic network, to a

25MW Pelton turbine located at an offshore platform withikm distance from the individual turbines. Two different wind

speeds corresponding to below and above rated conditiersraulated. First, a wind field with a mean wind speeé of/s

and10% turbulence intensity (TI) is used as an input durid§0s. For above rated conditions, a mean wind speetbah /s

and12% Tl is employed. The main parameters are shown in Table 1.

Table 1. Main design parameters for the offshore wind turbine with fluid powestrassion.

Design parameter

Design parameter

Rotor diameter

Rated wind speed
Design tip speed ratia
Max power coefficienC'p
Rated power

Max blade tip speed

126 m Drivetrain concept Hydraulic
11.4m/s  Nominal water pressure 150 bar
7.55 Pump volumetric disp 10.2 L/rpm
0.485 Lines length 1km

5 MW Lines diameter 0.5m

80 m/s Nozzle nom diameter 43.2 mm

11
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The results from the simulations are compared with those mfarence wind farm comprising &ftMW NREL tur-
bines (Jonkman et al., 2009), using the same wind farm lagodtenvironmental conditions. A schematic of the individua
turbines and configurations used in the simulation exanplédth wind farms is shown in Fig. 10. The capital letters A, B

and C are used as a reference to present the results at spetiti&
4.2 Time-domain results

The results of the time domain simulations are presentedring of the main operational parameters such as mechanical
power, rotor speed and pitch angle for the five turbines. E@brated conditions Fig. 11 shows the transient respohgeso
reference and the hydraulic wind farm. The results dematesthat for the considered scenario and with the currerttaon
strategy, the hydraulic wind farm is able to generate dl@ttrfrom the pressurized water flow to the central platforia a
Pelton turbine. In terms of performance it is observed thatarbines in the hydraulic wind farm experience higheuesions
of the rotor speed in comparison with the reference casegfféct is also reflected in the increased pitch action reduor
the same wind speed conditions. A possible explanationeafitbre pronounced changes of the rotor speed is that theéimgsul
torque demand generated by the hydraulic system is sloweriththe reference case due to the higher fluid inertia of the
hydraulic network. From a reliability point of view, the i@sed pitch action might have an important consequendeediie
time of the pitch system. During the firsd0s, the hydraulic wind farm shows high frequency fluctuatiornhe pressure and,
consequently, in the total power output of the array. Thégken fluctuations are due to the initial conditions of thegzure
control settings in combination with the high fluid inertrathe hydraulic network. The changes in pressure and vohionet
flow rate at the nozzle, have small influence on the efficiefith@Pelton turbine, which is maintained relatively constnd
well aboved0% during the whole simulation time, except for the fit80s of transient conditions.

For above rated conditions, the simulation results are showig. 12. It is observed that both concepts are able to Keep
rotor speed operating within a constant speed band whiléyging relatively constant power. Likewise, the pitch ation
is very similar in both wind farms, which is not unexpectedcsi the same pitch controller is used. Once more, the transie
operation in the electrical power production is more prarad in the case of the hydraulic wind farm because of the high
hydraulic inertia of the hydraulic network. High frequermscillations are observed in the electrical power as a cuesee
of the pressure waves travelling along the network.

12
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(b) Hydraulic turbine.

Figure 10. Simplified schematic with the main components involving the energy convefsia reference offshore wind turbine and the

proposed hydraulic concept.

13
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Table 2. Performance overview of time domain results for below rated conditions.
Averaged power [MW] Efficiency [-]
Mechanical Transmitted Electrical Power coeff| AtoB | BtoC

Wind farm concept point A point B point C Cp NAB nBc

NREL reference mean std | mean std | mean std mean ‘ mean ‘ mean

WT1 312 086| 295 0.81| 261 0.72 0.483 0.944 | 0.885

WT2 223 060| 211 057| 187 050 0.483 0.944 | 0.885

WT3 2.90 0.88| 2.74 0.83| 2.42 0.73 0.483 0.944 0.885

WT4 2.99 0.83| 2.82 0.78| 2.50 0.69 0.483 0.944 0.885

WT5 210 058| 198 054| 1.75 0.48 0.483 0.944 | 0.885

Total 13.3 12.6 11.1 1.90 - - -

Hydraulic with pressure contro

WT1 3.06 0.92 - - - - 0.479 - -

WT2 2.22 0.69 - - - - 0.482 - -

WT3 2.84 0.90 - - - - 0.479 - -

WT4 2.94 0.89 - - - - 0.480 - -

WT5 2.08 0.65 - - - - 0.482 - -

Total 13.1 11.6 2.58| 10.2 2.71 - 0.88 0.877
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(b) Hydraulic wind farm, below rated conditions.

Figure 11. Time domain results for a wind farm comprising of 5 turbines subject to a Weld with a mean speed & m/s and10%

turbulence intensity.
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Figure 12. Time domain results for a wind farm comprising of 5 turbines subject to @ feld with a mean speed db m/s and12%

turbulence intensity.
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The performance of both wind farms for the considered camuitis summarized in the bar charts of Figs. 13 and 14 where

the averaged values with the standard deviation of the ptrassmission and conversion are displayed. The numeridats

together with the averaged efficiencies are summarizedbe$& and 3.

NREL reference wind farm
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Figure 13.Power performance for the reference wind

farm, below rated conditions.
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Figure 15. Power performance for the reference wind
farm, above rated conditions.
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Figure 14.Power performance for the hydraulic wind
farm, below rated condition.
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Figure 16.Power performance for the hydraulic wind

farm, above rated conditions.

5 The first observation based on the general results for batl feirms is the reduced power performance of turbines WT2

and WT5. The performance of these two turbines is directiycaéfd by the generated wake from turbines WT1 and WT4. In
contrast, turbines WT1, WT3 and WT4 are not affected by any atla&e interaction.

After including the performances of the main subsystemsluad in the conversion and transmission of wind energy in

a wind farm, the results show that the overall efficiency oydrhulic wind farm is lower for a hydraulic concept compared
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Table 3. Performance overview of time domain results for above rated conditions

Averaged power [MW] Efficiency [-]

Mechanical Transmitted Electrical Power coeff| AtoB | BtoC
Wind farm concept point A point B point C Cp NAB nBc
NREL reference mean  std | mean  std | mean  std mean ‘ mean ‘ mean
WT1 528 0.22| 499 0.21| 441 0.18 0.249 0.944 | 0.885
WT2 527 0.23| 497 0.22| 440 0.19 0.284 0.944 | 0.885
WT3 528 0.22| 499 0.21| 442 0.18 0.251 0.944 | 0.885
WT4 528 0.23| 498 0.22| 441 0.19 0.244 0.944 | 0.885
WT5 5.27 0.23| 498 0.22| 441 0.19 0.277 0.944 | 0.885
Total 26.4 24.9 221 0.92 - - -
Hydraulic with pressure contro
WT1 524 0.18 - - - - 0.247 - -
WT2 5.22 0.19 - - - - 0.282 - -
WT3 525 0.18 - - - - 0.250 - -
WT4 525 0.18 - - - - 0.243 - -
WT5 523 0.19 - - - - 0.274 - -
Total 26.2 244 140| 214 144 - 0.931 0.87

to conventional technology; for the presented operatingditmns the hydraulic wind farm overall efficiency was beam
0.772 —0.810 compared t@.835 excluding aerodynamic performance. The most importase®m the hydraulic concept are
attributed to the variable displacement pumps and fridii@ses in the hydraulic network. Despite having a slowgrarse
due to high water inertia, the hydraulic concept also sholwghder standard deviations in the generated electricakpolwe
to pressure transients in the hydraulic network.

5 Conclusions

The numerical model of a hydraulic wind power plant, whicluged to generate electricity in a centralized manner, was
presented. The model allows to capture the most relevargigghyf a wind farm including transient behaviour from the
hydraulic network and Pelton turbine. Despite the stoéhastbulent wind input and wake effects, the hydraulic wiadn is
able to produce electricity with reasonable performanceolstant pressure controller was used in the nozzle spka, v@
avoid the excitation of flow and pressure dynamics in the dwylitr network.

The performance of the hydraulic wind farm was compared witeference wind farm using conventional technology. For
the presented case study, results indicate that the indiligind turbines are able to operate within operationaitfiwith the

current control concept. Compared to the reference wind,fere hydraulic collection and transmission has a loweciefiicy
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due to the losses induced by the variable displacement ateps and friction losses in the hydraulic network. Further
work includes the evaluation of alternative control styéde and different load cases, such as extreme wind gustugtand
shutdown conditions, to assist the performance evaluafitime proposed centralized electricity generation apghoa
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