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Abstract. A centralized approach for electricity generation within awind farm is explored through the use of fluid power

technology. This concept considers a new way of generation,collection and transmission of wind energy inside a wind farm, in

which electrical conversion does not occur during any intermediate conversion step before the energy has reached the offshore

central platform. A numerical model was developed to capture the relevant physics from the dynamic interaction between

different turbines coupled to a common hydraulic network and controller. This paper presents two examples of the time-5

domain simulation results for a hypothetical hydraulic wind farm subject to turbulent wind conditions. The performance and

operational parameters of individual turbines are compared with those of a reference wind farm with conventional technology

turbines, using the same wind farm layout and environmentalconditions. For the presented case study, results indicatethat

the individual wind turbines are able to operate within operational limits with the current pressure control concept. Despite

the stochastic turbulent wind input and wake effects, the hydraulic wind farm is able to produce electricity with reasonable10

performance in both below and above rated conditions.

1 Introduction

A typical offshore wind farm consists of an array of individual wind turbines several kilometers from shore. Each of these

turbines captures the kinetic energy from the wind and converts it into electrical power in a similar way as is done with onshore

technology. However, one main characteristic of a wind farmas a collection of individual turbines, is that electricityis still15

generated in a distributed manner. This means that the wholeprocess of electricity generation occurs separately and isthen

collected, conditioned and transmitted to shore. When looking at a wind farm as a power plant, it seems reasonable to consider

the use of only a few generators of larger capacity rather than around one hundred of generators of lower capacity. The potential

benefits, challenges and limitations of a centralized electricity generation scheme for an offshore wind farm are not known yet.

This work explores a particular concept in which a centralized electricity generation within a wind farm is proposed by means20

of a hydraulic network using fluid power technology (Diepeveen, 2013). The basic idea behind the concept is to dedicate the

individual wind turbines to create a pressurized flow of seawater. Then, the flow is collected from the turbines and redirected

through a network of pipelines to a central generator platform. At the platform, the overall pressurized flow is converted first
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into mechanical and later into electrical power through an impulse hydraulic turbine. A conceptual comparison betweena

conventional and the proposed offshore wind farm is shown inFig. 1.

Figure 1. Conceptual comparison between a conventional and the proposed offshore wind farm.

This paper continues with previous work (Jarquin Laguna et al., 2014; Jarquin Laguna, 2015) in an effort to asses the trade-

offs implied by the proposed hydraulic concept. To this aim,time domain simulations are used to evaluate the performance

and operational parameters of individual turbines coupledto a common hydraulic network for a hypothetical wind farm with5

centralized electricity generation. In the first part of this work, an overview of the wind farm model is presented together with

the control strategy of the hydraulic components; the second part describes a case example where the results are compared with

those of a typical wind farm.

2 Wind farm model overview

The overall wind farm model, incorporates the dynamic interaction between the individual turbines, the hydraulic network,10

the Pelton turbine and the controller. The model is described as a set of coupled algebraic and non-linear ordinary differential

equations which are solved by numeric integration using Matlab-Simulink. The hydraulic wind power plant model is composed

by the following subsystems:
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2.1 Wind turbines

2.1.1 Aerodynamic model

The aerodynamic characteristics of a horizontal axis wind turbine rotor are a function of its rotational speedωr, the pitch angle

of the bladesβ and the relative velocity of the upstream wind speedU with respect to the rotor. The torqueτaero, and axial

thrustFthrust performance are described through their non-dimensional steady-state coefficients as a function of the upstream5

wind speed.

τaero = Cτ (λ,β)
1
2

ρair π R3 U2
rel (1)

Fthrust = CFax(λ,β)
1
2

ρair πR2 U2
rel (2)

(3)

whereρair is the air density,R is rotor radius and the tip speed ratioλ is defined as the tangential velocity of the blade tip10

and the upstream undisturbed wind speed.

λ =
ωr R

Urel
(4)

This reduced order model does not include any aero-elastic or unsteady aerodynamic effects. Although these aspects are

important for the loading of both rotor and support structure, their effects on the aerodynamic torque are considered less

relevant from the performance and control point of view of the overall wind farm; the relatively large mass moment of inertia15

of the rotor in the angular degree of freedom, will absorb large peak fluctuations in the rotor speed derived from the unsteady

aerodynamic effects on the rotor torque.

2.1.2 Hydraulic drive train model

The hydraulic drive train consists of a large positive displacement water pump directly coupled to the low-speed rotor shaft.

Hence, the rotor-pump angular acceleration is described through the balance of the aerodynamic torqueτaero, and the transmit-20

ted torque from the pumpτp as a first order differential equation; the mass moment of inertia of the rotor and pump is described

by:

Jr ω̇r − τaero (U,β,ωr) + τp (ωr,∆pp,Vp) = 0 (5)

The pump is mainly characterized through a variable volumetric displacementVp, which determines the volume of fluid that

is obtained per rotational displacement. Hence the volumetric flow rate of the pumpQp is ideally given by the product of its25

volumetric displacement and the rotor shaft speed; internal leakage losses are included as a linear function of the pressure drop

3

Wind Energ. Sci. Discuss., doi:10.5194/wes-2016-54, 2016
Manuscript under review for journal Wind Energ. Sci.
Published: 20 December 2016
c© Author(s) 2016. CC-BY 3.0 License.



Figure 2. Subsystem block diagram a of a single turbine connected to the hydraulic network.

across the pump∆p with the laminar leakage coefficientCs. In a similar manner, the transmitted torque is directly related to the

volumetric displacement and the pressure across the pump; afriction torque is described with a viscous and a dry component

defined with the damping coefficientBp and a friction coefficientCf respectively (Merritt, 1967).

Qp = Vp (e) ωr −Cs ∆pp (6)

τp = Vp (e) ∆pp + Bp ωr + Cf Vp (e) ∆pp (7)5

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

Vp = e Vp,max (8)

the variablee from Eq. (8) is used as a control variable to modify either thevolumetric flow rate or the transmitted torque of

the pump. The dynamics of a general actuator used to modify the volumetric displacement of the pump, are approximated by a

first order differential equation. The constantTe characterizes how slow or fast the actuator responds to a reference value input10

edem according to the following equation:

ė =
1
Te

(edem − e) (9)

The yaw degree of freedom of the individual turbines is not considered. Hence, the yaw controller of the turbines is not

included. A schematic showing the different subsystems of asingle turbine is shown in Fig. 2.

2.1.3 Pitch actuator model15

The pitch actuator is based on a pitch-servo model describedby a proportional regulator with constantKβ . The demanded

pitchβdem is obtained from the signal of the pitch controller. The second order model includes a time constanttβ and an input
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delayδ from inputuβ to the pitch rateβ̇; the delayed input is expressed asuδ
β . The pitch actuator is implemented with pitch

rate limits of±8◦.

β̈ =
1
tβ

(
uδ

β − β̇
)

(10)

uβ = Kβ (βdem −βmeas) (11)

2.1.4 Structural model5

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

mtm z̈ = Fthrust −Btower ż−Ktower z (12)

whereKtower andBtower are the support structure stiffness and damping;Fthrust is the thrust force exerted by the rotor on

the top mass of the towermtm, which includes the rotor and nacelle mass.

2.2 Hydraulic network10

One of the key aspects for having a centralized electricity generation is the use of hydraulic networks to collect and transport the

pressurized water from the individual wind turbines to the generator platform. Similarly to the electrical inter-array cable system

for a conventional offshore wind farm, the design of the hydraulic lay-out should consider several practical and economical

aspects, such as reducing the number and length of pipelines, operational losses and installation methods. For wind farms with

a large number of turbines, it is expected that branched hydraulic networks using parallel and common pipelines will result15

in the most convenient configuration. The hydraulic networkconsists of a number of interconnected pipelines represented

by linear transmission line models. The approach to construct this networks for time-domain simulations from individual

pipelines was previously presented in (Jarquin Laguna et al., 2014). The dynamic response of the compressible laminar flow

of a Newtonian fluid through a rigid pipeline network is givenby the following state-space model; the model includes inertia

and compressibility effects which are necessary to describe the fluid transients or so-called ‘water-hammer’ effects.The model20

uses the volumetric flow rates from the individual rotor driven pumps and at the nozzle as an input, and the pressures at across

the water pumps and nozzle as an output.

Hydraulic network model





ẋ = AQx+BQ




Qp,1

Qp,2

...

Qp,i

Qnz




,




∆pp,1

∆pp,2

...

∆pp,i

∆pnz




= CQx (13)
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The matricesAQ, BQ andCQ are defined in terms of the physical parameters of the hydraulic lines and water properties

such as water viscosity, water density, speed of sound in thewater, length and internal radius of the pipelines. A schematic of

the model showing the input-output causality for each element is shown in Fig. 3.

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 valve is used to adapt the pressurized water flow into the Pelton turbine.5

The nozzle characteristics are included as a first order differential equation by taking the momentum equation of a fluid particle

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

ρhyd Lnz Q̇nz = ∆pnz Anz (hs)−
ρhydQnz|Qnz|
2Anz (hs) C2

d

(14)

Whereρhyd is the density of the hydraulic fluid,Anz is the nozzle cross sectional area determined by the position of the

spear valve, andCd is the discharge coefficient to account for pressure losses due to the geometry and flow regime at the nozzle10

exit. The nozzle cross sectional area is described by the linear position of the spear valvehs according to Eq. (15). It is assumed

that the spear valve position is smaller than the fixed nozzlediameterds. The geometric characteristics of the spear valve are

included through the spear cone angleα as shown in Figure 4.

Anz (hs) = min
(
π

[
hs ds sin

(α

2

)
−h2

s sin2
(α

2

)
cos

(α

2

)]
,
π

4
d2

s

)
) (15)

Figure 5 shows the normalized cross sectional area of the nozzle as function of the spear valve linear position for different15

spear cone angles.
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Similarly to the pump actuator, the dynamics of the spear valve linear actuator are approximated by a first order differential

equation in which a constantTh characterizes how slow or fast the spear valve position responds to reference value input

hs,dem according to the following equation:

ḣs =
1
Th

(hs,dem −hs) (16)

The hydraulic power at the nozzlePhyd is given by the product of the volumetric flow rate and the water pressure at this5

location.

Phyd = Qnz ∆pnz (17)

2.4 Pelton turbine

The hydraulic efficiency of the Pelton runnerηP is obtained from momentum theory according to different geometrical and

operational parameters as described in (Thake, 2000) and (Zhang, 2007).10

ηP = 2k (1− k)(1− ξ cosγ) (18)

whereξ is an efficiency factor to account for the friction of the flow in the bucket,γ is defined as the angle between the

circumferential and relative velocities, andk is the runner speed ratio defined by the ratio between the tangential velocity of

the runner at Pitch Circle Diameter (PCD) and the jet speed.

k =
ωP RPCD

Ujet
(19)15

For this case, the Pelton rotational speed is fixed to the synchronous speed of the generator. Thus, the efficiency of the Pelton

turbine is only determined by the water jet velocityUjet, which is simply the volumetric flow rate divided by the crosssectional

Figure 4. Schematic of the spear valve and nozzle.
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Figure 5. Cross sectional area of the nozzle as function of the spear valve linear position for different spear cone angles whereAnz0 = π
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s.

area and multiplied by a vena contracta coefficientCv to account for the change in velocity immediately after the water jet

exits the nozzle.

Ujet = Cv
Qnz

Anz (hs)
(20)

2.5 Environmental conditions

The dynamic wind flow models and wake effects for a given layout are based on an open source toolbox developed for5

‘Distributed Control of Large-Scale Offshore Wind Farms’ as part of the European FP7 project with the acronym Aeolus

(Grunnet et al., 2010). The model assumes a 2D wind field generated at the hub height plane. The wind field does not account

for wind shear or tower shadow effects and is generated at hubheight plane. The mean wind speed has a constant value in the

longitudinal direction and zero lateral component. Similarly, the wind speed direction is fixed with respect to the farmlayout

in longitudinal direction. The turbulent wind field is generated using a Kaimal spectrum; two spectral matrices together with10

coherence parameters are used to describe the spatial variations of the wind speed according to (Veers, 1988).

Three wake effects are considered: deficit, expansion and center, where wake deficit is a measure of the decrease in downwind

wind speed, wake expansion describes the size of the downwind area affected by the wake and wake center defines the lateral

position (meandering) of the wake area. Expressions for wake deficit, center and expansion were developed in (Frandsen et al.,

2006; Jensen, 1983). To illustrate this, a small wind farm comprising of five turbines is shown in the layout of Fig. 6. Figure 715

shows a snapshot of the wind field where the wake effects are observed.
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3 Variable speed control strategy

The so called variable-speed operation is of particular interest for this concept because by removing the individual generators

and power electronics from the turbines, the hydraulic drives need to replace the control actions to obtain the variable-speed

functionality.

3.1 Pump controller5

As shown in Eq. (7), it is possible to manipulate the transmitted torque of the pump using two different control degrees offree-

dom (in contrast with the electro-magnetic torque in a conventional turbine): the volumetric displacement of the pump and/or

the pressure across it. In this case, the volumetric displacement of the pump from each turbine is controlled under a relatively

constant pressure supply. Hence, the rotational speed of each rotor is able to be modified independently according to thelocal

wind speed conditions. This strategy is commonly known in hydraulic systems as ‘secondary control’ (Murrenhoff, 1999). The10

required volumetric displacement of the pumpedem is shown in Eq. (21) as a function of the measured rotational speed of

the rotorωr,meas and the measured pressure at the pump location∆pp,meas. A low pass filter on the pressure measurement

is employed to prevent actuation from the fluid transient fluctuations in the hydraulic network. The reference torqueτref is

obtained from the steady-state torque-speed curves definedfor different operating regions as in conventional variable-speed

control strategies.15

edem =
τref (ωr,meas)−Bpωr,meas

Vp (1+ Cf )∆pp,meas
(21)

3.2 Spear valve controller

In order to achieve a constant pressure in the hydraulic network, the linear actuation of the spear valve is used to constrict

or release the flow rate through the nozzle area. The pressurecontrol is based on a PI feedback controller and a cascade
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controller compensation to modify the linear position of the spear valve. A similar pressure control loop has been proposed in

(Buhagiar et al., 2016); a schematic of the proposed controller is shown in Fig. 8.

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

In order to prevent excitation from the low damped modes of the hydraulic network, the PI controller is augmented with

a second order low pass filter and a series of notch filters. A schematic showing the structure of the augmented controller is

shown in Fig. 9.5

Figure 9. Schematic overview of the structure of the controller. The control blocksfrom left to right: Proportional-integral (PI), low-pass

filter (LPF), notch filter 1 (NF1), notch filter 2 (NF2).

The low pass filter and the notch filters are described in the frequency domain according to Eqs. 22 and 23. The negative

values of the proportional and integral gain show that if thereference pressure is higher than the measured pressure at the

nozzle (positive error input to the controller), the controller action should reduce the nozzle area to constrict the flow rate and

induce a higher pressure. This inverse relation is reflectedin the negative values of the controller gains.

LPF (s) =
ω2

LPF

s2 + 2ωLPF ζLPF s + ω2
LPF

(22)10

NF i (s) =
s2 + 2ωni ζnis + ω2

ni

s2 + 2ωni βnis + ω2
ni

(23)

3.3 Pitch control

Above rated wind speed, the rated rotor speed is maintained by pitching collectively the rotor blades. A conventional PIpitch

controller is proposed using the rotor speed error instead of the generator speed error. Due to the sensitivity of the aerodynamic
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response of the rotor to the pitch angle, the value of the controller gains are modified as a function of the pitch angle through

a gain-scheduled approach. The gain scheduled PI controller is shown in the next equations, whereKP/I are the proportional

and integral gains respectively,KP/I,0 is the gain at rated pitch angleβ = 0, andβK is the blade pitch angle at which the pitch

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

βdem = KP (β) ωr,error + KI (β)

t∫

0

ωr,error dt (24)5

KP/I (β) = KP/I,0
βK

βK + β
(25)

ωr,error = ωr,rated −ωr,meas (26)

The values of the different gains are obtained in a similar way as described in (Jonkman et al., 2009), taking into account

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

excitation, a low pass filter on the rotor speed measurement is used to prevent high frequency pitch action.10

4 Simulation example

4.1 Wind farm conditions

The model described in the previous sections is used to assess the performance and operating conditions of a small hydraulic

wind farm under specific wind conditions. Five turbines of5MW each are interconnected, through a hydraulic network, to a

25MW Pelton turbine located at an offshore platform within1 km distance from the individual turbines. Two different wind15

speeds corresponding to below and above rated conditions are simulated. First, a wind field with a mean wind speed of9 m/s

and10% turbulence intensity (TI) is used as an input during1000s. For above rated conditions, a mean wind speed of15 m/s

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

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

Design parameter Design parameter

Rotor diameter 126 m Drivetrain concept Hydraulic

Rated wind speed 11.4 m/s Nominal water pressure 150 bar

Design tip speed ratioλ 7.55 Pump volumetric disp 10.2 L/rpm

Max power coefficientCP 0.485 Lines length 1 km

Rated power 5 MW Lines diameter 0.5 m

Max blade tip speed 80 m/s Nozzle nom diameter 43.2 mm
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The results from the simulations are compared with those of areference wind farm comprising of5MW NREL tur-

bines (Jonkman et al., 2009), using the same wind farm layoutand environmental conditions. A schematic of the individual

turbines and configurations used in the simulation example for both wind farms is shown in Fig. 10. The capital letters A, B

and C are used as a reference to present the results at specificpoints.

4.2 Time-domain results5

The results of the time domain simulations are presented in terms of the main operational parameters such as mechanical

power, rotor speed and pitch angle for the five turbines. For below rated conditions Fig. 11 shows the transient response of the

reference and the hydraulic wind farm. The results demonstrate that for the considered scenario and with the current control

strategy, the hydraulic wind farm is able to generate electricity from the pressurized water flow to the central platformvia a

Pelton turbine. In terms of performance it is observed that the turbines in the hydraulic wind farm experience higher excursions10

of the rotor speed in comparison with the reference case; this effect is also reflected in the increased pitch action required for

the same wind speed conditions. A possible explanation of the more pronounced changes of the rotor speed is that the resulting

torque demand generated by the hydraulic system is slower than in the reference case due to the higher fluid inertia of the

hydraulic network. From a reliability point of view, the increased pitch action might have an important consequence on the life

time of the pitch system. During the first100s, the hydraulic wind farm shows high frequency fluctuationsin the pressure and,15

consequently, in the total power output of the array. These higher fluctuations are due to the initial conditions of the pressure

control settings in combination with the high fluid inertia in the hydraulic network. The changes in pressure and volumetric

flow rate at the nozzle, have small influence on the efficiency of the Pelton turbine, which is maintained relatively constant and

well above90% during the whole simulation time, except for the first100s of transient conditions.

For above rated conditions, the simulation results are shown in Fig. 12. It is observed that both concepts are able to keepthe20

rotor speed operating within a constant speed band while producing relatively constant power. Likewise, the pitch actuation

is very similar in both wind farms, which is not unexpected since the same pitch controller is used. Once more, the transient

operation in the electrical power production is more pronounced in the case of the hydraulic wind farm because of the high

hydraulic inertia of the hydraulic network. High frequencyoscillations are observed in the electrical power as a consequence

of the pressure waves travelling along the network.25
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(a) NREL reference turbine.

(b) Hydraulic turbine.

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

proposed hydraulic concept.
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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 A to B B to C

Wind farm concept point A point B point C CP ηAB ηBC

NREL reference mean std mean std mean std mean mean mean

WT1 3.12 0.86 2.95 0.81 2.61 0.72 0.483 0.944 0.885

WT2 2.23 0.60 2.11 0.57 1.87 0.50 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 2.10 0.58 1.98 0.54 1.75 0.48 0.483 0.944 0.885

Total 13.3 12.6 11.1 1.90 - - -

Hydraulic with pressure control

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

14

Wind Energ. Sci. Discuss., doi:10.5194/wes-2016-54, 2016
Manuscript under review for journal Wind Energ. Sci.
Published: 20 December 2016
c© Author(s) 2016. CC-BY 3.0 License.



0

5

10

Mech power [MW]

Rotor speed [rpm]

Pitch angle [deg]

WT 1

0

5

10

WT 2

0

5

10

WT 3

0

5

10

WT 4

Time [s]

0 200 400 600 800 1000
0

5

10

WT 5

Time [s]

0 200 400 600 800 1000
0

5

10

15

20

NREL reference wind farm

Overall farm

Electrical power [MW]

(a) Reference wind farm, below rated conditions.

0

5

10

Mech power [MW]

Rotor speed [rpm]

Pitch angle [deg]

WT 1

0

5

10

WT 2

0

5

10

WT 3

0

5

10

WT 4

Time [s]

0 200 400 600 800 1000
0

5

10

WT 5

Time [s]

0 200 400 600 800 1000
0

5

10

15

20

Hydraulic wind farm

Overall farm

Electrical power [MW]

(b) Hydraulic wind farm, below rated conditions.

Figure 11. Time domain results for a wind farm comprising of 5 turbines subject to a wind field with a mean speed of9 m/s and10%

turbulence intensity.
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Figure 12. Time domain results for a wind farm comprising of 5 turbines subject to a wind field with a mean speed of15 m/s and12%

turbulence intensity.
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4.3 Performance comparison

The performance of both wind farms for the considered conditions is summarized in the bar charts of Figs. 13 and 14 where

the averaged values with the standard deviation of the powertransmission and conversion are displayed. The numerical values

together with the averaged efficiencies are summarized in Tables 2 and 3.
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Figure 13.Power performance for the reference wind

farm, below rated conditions.
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Figure 14.Power performance for the hydraulic wind

farm, below rated condition.
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Figure 15.Power performance for the reference wind

farm, above rated conditions.

WT1 WT2 WT3 WT4 WT5
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5
Hydraulic wind farm 

Total

A
v
e
ra

g
e
 P

o
w

e
r 

[M
W

]

0

5

10

15

20

25

30

Mechanical A

Hydraulic B

Mechanical Pelton

Electrical C

Figure 16.Power performance for the hydraulic wind

farm, above rated conditions.

The first observation based on the general results for both wind farms is the reduced power performance of turbines WT25

and WT5. The performance of these two turbines is directly affected by the generated wake from turbines WT1 and WT4. In

contrast, turbines WT1, WT3 and WT4 are not affected by any otherwake interaction.

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

a wind farm, the results show that the overall efficiency of a hydraulic 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 A to B B to C

Wind farm concept point A point B point C CP ηAB ηBC

NREL reference mean std mean std mean std mean mean mean

WT1 5.28 0.22 4.99 0.21 4.41 0.18 0.249 0.944 0.885

WT2 5.27 0.23 4.97 0.22 4.40 0.19 0.284 0.944 0.885

WT3 5.28 0.22 4.99 0.21 4.42 0.18 0.251 0.944 0.885

WT4 5.28 0.23 4.98 0.22 4.41 0.19 0.244 0.944 0.885

WT5 5.27 0.23 4.98 0.22 4.41 0.19 0.277 0.944 0.885

Total 26.4 24.9 22.1 0.92 - - -

Hydraulic with pressure control

WT1 5.24 0.18 - - - - 0.247 - -

WT2 5.22 0.19 - - - - 0.282 - -

WT3 5.25 0.18 - - - - 0.250 - -

WT4 5.25 0.18 - - - - 0.243 - -

WT5 5.23 0.19 - - - - 0.274 - -

Total 26.2 24.4 1.40 21.4 1.44 - 0.931 0.87

to conventional technology; for the presented operating conditions the hydraulic wind farm overall efficiency was between

0.772−0.810 compared to0.835 excluding aerodynamic performance. The most important losses in the hydraulic concept are

attributed to the variable displacement pumps and frictionlosses in the hydraulic network. Despite having a slower response

due to high water inertia, the hydraulic concept also showedhigher standard deviations in the generated electrical power due

to pressure transients in the hydraulic network.5

5 Conclusions

The numerical model of a hydraulic wind power plant, which isused to generate electricity in a centralized manner, was

presented. The model allows to capture the most relevant physics of a wind farm including transient behaviour from the

hydraulic network and Pelton turbine. Despite the stochastic turbulent wind input and wake effects, the hydraulic windfarm is

able to produce electricity with reasonable performance. Aconstant pressure controller was used in the nozzle spear valve, to10

avoid the excitation of flow and pressure dynamics in the hydraulic network.

The performance of the hydraulic wind farm was compared witha reference wind farm using conventional technology. For

the presented case study, results indicate that the individual wind turbines are able to operate within operational limits with the

current control concept. Compared to the reference wind farm, the hydraulic collection and transmission has a lower efficiency
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due to the losses induced by the variable displacement waterpumps and friction losses in the hydraulic network. Further

work includes the evaluation of alternative control strategies and different load cases, such as extreme wind gust, start-up and

shutdown conditions, to assist the performance evaluationof the proposed centralized electricity generation approach.
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