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Abstract

A new generationof loadcontrollersenablestand-alonepower systems(SAPS)to useoneor many standard(grid connected)
wind turbines.The controllersusefuzzy logic softwarealgorithms.The strategy is to usethe control loadsto balancethe ßow
of active power in the systemand hencecontrol systemfrequency. The dynamicsupply of reactive power by a synchronous
compensatormaintainsthe systemvoltage within the limits speciÞedin EN50160.The resistive controller loads producea
certainamountof heat that is exchangeddown to the end user(hot water). It was decidedto investigatethe implementation
of a hydrogensubsysteminto the SAPSthat canwork in parallelwith the DistributedIntelligent Load Controller (DILC). The
hydrogensubsystemcanthenfunction asenergy storageon long-termbasisandan active load controlleron short-termbasis.
! 2005InternationalAssociationfor HydrogenEnergy. Publishedby Elsevier Ltd. All rights reserved.
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1. Intr oduction

A stand-alonepower system(SAPS) is deÞnedas
a systemthat supplieselectricity without being con-
nectedto a main grid. Thesetypesof systemsare of-
ten locatedon islandsandin remotepartsof theworld
wherepower generationon-site is favourablebecause
grid connectionis either technically and/or economi-
cally demanding.Theelectricpower input canbegen-
eratedfrom diesel,naturalgasor preferably, in termsof
environmentalimpact, from renewableenergy sources
suchas wind-, hydro- and direct solar energy. A load
connectedto a large and stiff grid sensesits power
sourceasan ÒunlimitedÓandrobust source,whereasa
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load connectedto a SAPScanexperienceßuctuations
in voltage (AC and DC systems)and frequency (AC
systems).EconnectLtd hasdevelopedanew generation
of DistributedIntelligentLoadController(DILC) to en-
ableSAPStouseoneormany standard(grid-connected)
wind turbines.Econnecthasmodelled,designed,built
andtesteda wind-dieselSAPSwith a 20kW wind tur-
bine. The resistive loadsusedby the DILC producea
certainamountof heatthat is usablefor waterheating.
It hasbeensuggestedto introducea hydrogensubsys-
tem comprisingan electrolyser, hydrogenstorageand
a fuel cell into the SAPS(in the forthcomingentitled
asHSAPS).ThebeneÞtby doingthis is two fold; Þrst,
the electrolysercan convert excesswind power into
hydrogen(energy storage)whereasthe fuel cell can
re-introducethe energy into the systemduring deÞcit
wind power with respectto the end user; secondly,
the electrolysercan also contribute as a resistive load
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controller. Particular focus will be given to the inter-
actionbetweentheelectrolyserandthethree-phaseAC
system.

2. Systemof referenceand simulation models

Thesimulationwork presentedin this paperis based
on a 20kW wind-dieselSAPS,wherethedieselengine
andtankhave beenreplacedby a fuel cell andanelec-
trolyser. Hence,the virtual wind-HSAPShasbeenset
up. The modelsare all developedin Matlab/Simulink
with accessto the Fuzzylogic toolbox andSimulinkÕs
Power SystemsBlockset[1]. A schematicof thewind-
HSAPSis shown in Fig. 1. Thestand-alonesystemcon-
tainsa20kW wind turbine,a40kVA synchronouscom-
pensator, a 10kVA power factorcorrectioncapacitor, a
6kW fuel cell, an8kWDC, 48V electrolyser, a total of
30kW resistive loadsimplementedin the DILC, 6kW
baseloadanda H2 storage.

Theheatgeneratedby theDILC can,alongwith hot
waterfor theenduser, alsobeexchangedwith thecool-
ing water ßow of the fuel cell and the electrolyserin
order to minimise wear and reducestart-uptime. The
HSAPSis connectedto a three-phaseAC busat anomi-
nalvoltageof 230Vrms (rms= root meansquare). Since
theelectrolyserrunson DC power, it needspower elec-
tronicsat theconnectionpoint with theAC bus as indi-
catedin Fig. 1.

2.1. Wind turbine

A Gazellewind turbineis modelledin two sections,
theaerodynamicperformanceandthegenerator.

2.1.1. Aerodynamicmodel
The aerodynamictorqueappliedto the generatorby

thewind turbineis calculatedfrom therotor speedand
thewind speed,basedon a generalisedrelationshipbe-
tweentorquecoefÞcientand tip speedratio. For each
time stepin theSimulink model,torqueis calculatedas
follows:

tip speedratio

=
rotor radius" rotor rotationalspeed

wind speed
. (2.1)

Simulink ÞndsthecorrespondingtorquecoefÞcientCq
from thecalculatedtip speedratio(from alookuptable)
andcalculates:

torque= Cq " 0.5 " air density" windspeed3

" ! " rotor radius3. (2.2)

Theuseof tip speedratioandtorquecoefÞcientis valid
only for Þxed pitch wind turbineslike the Gazelle,but
within thisconstraintit allowsthewind turbineÕstorque
to beestimatedatrotationalspeedsotherthanthedesign
speedwithout employing a two-dimensionallookup
table.

2.1.2. Wind turbinegenerator model
The aerodynamictorque is applied to an asyn-

chronousmachinepredeÞnedblock from the Power
SystemsBlockset library of Matlab [2]. The asyn-
chronousmachine block can operatein either gen-
erating or motoring mode.The mode of operationis
dictated by the sign of the mechanicaltorque (pos-
itive for motoring and negative for generating).The
electrical part of the machinewas representedby a
standardfourth-order state-spacemodel [3] and the
mechanicalpart by a second-ordersystem.All stator
androtor quantitieswere in the rotor referenceframe.
Themechanicalsystemis representedby

d" r

dt
=

1
2H

(Te # F " r # Tm), (2.3)

whereH is the inertia constant," r is the rotor angu-
lar velocity, F is the combinedrotor and load viscous
friction, Te is theelectromagnetictorqueandTm is the
shaftmechanicaltorque.

Theelectricalinputsarethethreestator-voltages,the
electricaloutputsarethethreeelectricalconnectionsof
therotor which aredirectly connectedtogether. There-
maininginput is themechanicaltorqueat themachineÕs
shaft.Themodeldid not includea representationof the
effectsof statorandrotor iron saturation.

2.2. Power factor correctioncapacitor(PFC)

The wind turbinePFCis a Capacitorblock element
from thePower SystemsBlocksetlibrary [1].

2.3. Synchronouscompensator(SC)

The SC comprisestwo major components,the syn-
chronousmachineandthe automaticvoltageregulator
(AVR).

2.3.1. Synchronousmachine
Themodelemploys theSimpliÞedSynchronousMa-

chine bloc from the Power SystemsBlockset library
[2]. ThesimpliÞedmodelis sufÞcientfor thepurposes
of the simulation,which focuseson the entire system
rather than the detailedperformanceof eachindivid-
ual component.The SimpliÞedSynchronousMachine
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Fig. 1. Schematicof the wind-HSAPSusedin this simulationwork.

E
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Fig. 2. SimpliÞedsynchronousmachineequivalentcircuit. E is volt-
agesource,Ra is the armatureresistanceandXs is the synchronous
reactance.

blockmodelsboththeelectricalandmechanicalcharac-
teristicsof a synchronousmachine.The electricalsys-
tem for eachphaseconsistsof a voltagesourcein se-
rieswith thearmatureresistance(Ra) andsynchronous
reactance(X s), as shown in Fig. 2 [4].

The SimpliÞedSynchronousMachineblock imple-
mentsthemechanicalsystemdescribedby

#" (t ) =
1

2H

! t

0
(Tm # Te) dt # Kd#" . (2.4)

Note,in this casethemodelcomputesa deviation, ! " ,
with respectto the speedof operation,andnot the ab-
solutespeeditself. H is the inertia constant,Tm is the
mechanicaltorque,Te the electromagnetictorqueand
Kd is thedampingfactor.

The Þrst input of the SimpliÞedSynchronousMa-
chineblockis mechanicalpower. Thesecondis theÞeld
excitationinput thatdeterminestheamplitudeof thein-
ternalvoltage.Theoutputvoltage,frequency andpower
areavailableasoutputs.

2.3.2. AVR
The AVR model attachedto the synchronousma-

chine for voltageregulationconsistsof a proportional
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controller. The AVR model monitors all three phase-
voltagesandusesa meanrmsvalueasits input voltage
andthe output is the exciter signal to the synchronous
machine.

2.4. DILC

Thetotal effect of theDILC is 30kW. This comfort-
ablyexceedsthemaximumpowerproducedby thewind
turbineevenin thestrongestwinds.Eachphasehasfour
1kW and three2kW switchableresistive loads,each
with its own fuzzy controller. In a real installationthe
DILC would control available distributed dump loads
suchas water heaters.The DILC actsto try to main-
tain the systemfrequency at 50Hz, or at leastwithin
thespeciÞedlimits. TheDILC was implementedusing
the MATLAB FuzzyToolbox library [5]. This permits
easyintegrationof thecontrollerinto theSimulinksim-
ulations.Thecontrollersusea level crossingfrequency
measurementalgorithm[6] to providerobustpowersys-
tem frequency estimatesto the fuzzy control software.
Thefuzzy controllerhastwo inputs,frequency andrate
of changeof frequency, from theseinputs it computes
a load change,control output.The rules for the fuzzy
controllerwereselectedusingknowledgeof standalone
power systemdynamics.The fuzzy controllernot only
providesloadswitchingadviceit alsoindicatesthede-
greeof conÞdenceheld in this advice.

In orderto producea controllercapableof perform-
ing well on a wide rangeof renewableenergy systems
and acrossall operatingconditions,a self-tuningfea-
ture was addedto the fuzzy controllers.The tuning is
achieved by automaticallymodifying the input mem-
bershipfunctionsof the fuzzy controllerasa resultof
thecontrollermonitoringits own frequency controlper-
formance.More detail about the designof the fuzzy
controllerscanbe found in [7].

2.5. BaseLoad(BL)

It is assumedthat SAPS will have someessential
loadsthat arenot deferrable.Pastwork [8,9] suggests
that uncontrolledloadsshouldnot exceed20Ð33%of
thewind turbineÕs ratedpower.

2.6. Electrolyserstack and the electrolyserpower
electronics

2.6.1. Electrolyserstack
In generalelectrochemicalcells operateat low volt-

age.Even when they are connectedin seriesin typi-
cal industrial applications,the total voltageacrossthe

Rint

Rohm

Cdl

Fig. 3. Equivalentcircuit of anelectrochemicalunit cell whereRohm
is the ohmic resistancein the electrolyte,Rint is the charge transfer
resistancebetweenthe electrolyteand the electrodesandCdl is the
charge due to the doublelayer presentat the electrodesurface.

stackwould normallynot exceed50Ð100Vdc [10]. The
current,however, can rangeup to several hundredsof
amperesdependingon theactualsizeof eachcell. Be-
causeof theratherlow voltageof thecurrentelectrolyser
(48Vdc) comparedto theAC system(230Vrms,line), a
transformerhasbeenimplementedin themodelin order
to stepdown theAC voltagebeforeit enterstherectiÞer.

The electrolyseris modelledasa seriesof unit cells
forming thestack.Fig. 3 shows anequivalentcircuit of
aunit cell usedin thiswork.Thestackcontains26cells,
which gives a nominal stackvoltageof 48VDC. A 26
cellsstackconÞgurationis chosenin orderto verify the
resultsfrom theempiricalelectrolysermodelwith a 26
cells,48V, 2kW polymerelectrolytemembrane(PEM)
electrolyserinstalledin thelaboratoriesof IFE. Experi-
mentalvaluesfor theequivalentcircuit capacitanceand
resistancearefound from Rasten[11].

ThePEMlaboratoryelectrolyserhasamaximumop-
erationvoltageof 52V anda minimumoperationvolt-
age of 43V. By using a nominal current density of
0.6A/ cm2, acell areais requiredby themodelin order
to determinethe total currentßow andthusthe power.
Assumingthattheinitial cell temperatureis at thenom-
inal operatingtemperature,theresultsfor thismodelare
in goodagreementwith theexperimentaldatafrom the
2kW PEM electrolyser. Theelectrolysermodelhasno
thermaltransientincluded,thereforetheassumptionfor
this modelis preheatingof theelectrolyserstack(about
80$C) by theDILC asindicatedin Fig. 1.

2.6.2. Transformerand rectiÞer
Componentmodels for the transformer and rec-

tiÞer is imported directly from the Simulink Power
SystemsBlockset, and connectedbetweenthe three-
phaseAC systemandthe electrolysermodelasshown
in Fig. 4.
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Fig. 4. Electrolyserconnectedto the three-phaseAC bus by a transformerand a rectiÞer.

The primary windings of the 10kVA rated trans-
former is modelled with 400Vrms phase-to-phaseas
input from the wind turbine whereasthe secondary
windingsphaseto phasevoltageoutputis calculatedon
the basisof the desiredmeanrectiÞervoltageoutput
(theelectrolyservoltage)[10]:

Vdc,electrolyser= 2
3
%

2
2!

Vph.ph(rms),transformer,out, (2.5)

whereVdc,electrolyseris thenominalelectrolyserDCvolt-
ageat 48V and Vph.ph(rms),transformer,out is the output
voltage(secondarywindings)of the transformer. Rear-
rangingEq. (2.1) andsolving for the transformervolt-
ageoutput,we get

Vph.ph(rms),transformer,out =
!

3
%

2
Vdc,electrolyser

=
!

3
%

2
48= 35Vrms. (2.6)

Standardvaluesfor internal resistanceandleakagein-
ductance,0.004 and 0.02pu, respectively in addition
to magnetizationresistance(Rm) and reactance(L m),
both200pu, have beenaccountedfor in themodel.

TherectiÞershown in Fig.4 is basedontheUniversal
Bridge componentmodel from the SimPower Block-
set.Six diodes,eachwith 0.8V forward voltages,act
aspower switchesaccordingto the diagramin Fig. 5.
The electrolyseroperation,however, cannotbe regu-
latedwith this setup.WhenswitchedON, the electrol-
yserwill constantlydraw 8.7kWAC.

A capacitive Þlter hasbeenimplementedin the sys-
temmodelto preventdeviation of morethan1% ripple
voltagefor theelectrolyser. Thisensuresarathersmooth
andconstantelectrolyser-voltagewell within the limit

A

B

C

+

Ð

1

2

3

4

5

6

Fig. 5. Schematicof the Universalbridge componentmodel acting
as a rectiÞer. Simple diodesare usedas power switches.

of 43Ð52V. The size of the capacitive Þlter hasbeen
calculatedfrom [12]:

CÞlter =
Vdc,electrolyser/ V1%ripple

3f Relectrolyser

=
48Vdc/ 0.48Vdc

3 " 50Hz " 0.26ohm
= 2.6F , (2.7)

whereCÞlter is the capacitive Þlter connectedin par-
allel with the electrolyserstackas indicatedin Fig. 3.
V1%ripple is the allowable1% ripple voltagecalculated
on the basis of the nominal electrolyservoltage of
48Vdc. f is thesystemfrequency multiplied by number
of phasesand Relectrolyser is the total resistancein the
electrolyserstack.

2.7. Fuel cell

During low wind speedsomemechanicalwork must
beappliedto theSCin orderto keepup thesystemfre-
quency. This is regulatedby asimpledrooprelationship
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Fig. 6. Droop governor relationship;the fuel cell power is regulatedaccordingto the systemfrequency.

between system frequency and mechanical power
neededby theSCasindicatedin Fig. 6.

A diesel engineis usually installed to provide the
mechanicalwork, but a fuel cell running a DC motor
hasbeenconsideredin this speciÞccasestudy. When
the systemfrequency dropsbelow 48Hz, the fuel cell
outputpower is controlledaccordingto thedrooprela-
tionshipin Fig. 6. Minimum systemfrequency will be
47Hz, wherethetotal 6kW loadis poweredby thefuel
cell. The fuel cell couldalsohelp to startthewind tur-
bine. This is not includedin this work assteadystate
operationis assumed.

No speciÞcmodelhasbeenimplementedfor thefuel
cell in thispreliminarystudyotherthanusingthedroop
relationshipin Fig. 6 to calculatethe requiredfuel cell
outputpower. The linearequationfor Fig. 6 is

Fuel Cell power =
"

48#
f

0.02

#
Pmax,FC, (2.8)

wheref is the systemfrequency given in per unit [pu]
(pu = per unit, i.e., 50Hz = 1pu) and Pmax,FC is the
maximumfuel cell power given in watts [W]. A 6kW
fuel cell was chosenin orderto meetthe baseload re-
quirement.Thefuel cell outputpower is thenconverted
to thecorrespondinghydrogenßow needed.Thecorre-
spondinghydrogenßow rateis calculatedbasedon the

lower hydrogenheatingvalue (33.3kWh/ kg H2) and
assumptionof fuel cell energy efÞciency of 50%.

2.8. Hydrogen subsystemON/OFFcontroller

The electrolyserand fuel cell operationin the sys-
tem frequency rangeare shown in Fig. 7. The elec-
trolysercontrollermeasuresthe systemfrequency and
switchesthe electrolyserON at the upper frequency
limit (ELYON) andswitchestheelectrolyserOFFat the
lower limit (ELYOFF) (hysteresis).

A timer that insuresat least2-h continuouselectrol-
yser operationis implementedin order to avoid high
frequency ON/OFF switching of the electrolyser. The
fuel cell is switchedON when the systemfrequency
dropsdown to thelower limit (FCON/ OFF). Thefuel cell
poweroutputis controlledby thedrooprelationship,no
hysteresisfunction is addedto the fuel cell operation.

3. Resultsand discussion

3.1. Evaluationcriteria

The simulation model provides indications about
thesystemspower quality. Themostimportantaspects
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Fig. 7. Electrolyserand fuel cell operationcontrolled by system
frequency.

of power quality are voltage control and systemfre-
quency stability. Becauseof the large computational
CPU and memory requirementof the systemmodel,
the resultswill be basedon 15Ð40s time-spans.The
EuropeanstandardBSEN50160[13] requires that a
non-interconnected(i.e. stand-alone)power system
shouldachieve the following given in Table1.

The aim of this studyis to comparethe power qual-
ity of the wind-HSAPSwith the power quality of the
datumwind-SAPS.In otherwords,would theend-user
notice any differencein the power quality if a hydro-
gen subsystemhad beenimplemented?Due to useof
power electronics,thequality of thepower suppliedto
the electrolyserandthe characteristicof the power re-
quiredfrom the fuel cell arealsoof interestregarding
the componentlifetime. Importantcriteria for evalua-
tion of thehydrogensubsystemare:

¥ Monitoring theelectrolyserÕs andthefuel cellÕs volt-
age/currentlevels and ripple voltage/currentdue to

Table 1
The EuropeanstandardBSEN50160

Nominal value 95% of week 100% of week

Systemfrequency 50Hz ± 2% of nom. value ± 15% of nom. value
Systemvoltagea 230Vrms ± 10% of nom. value Ñ

aOver 1 week, 95% of the 10min rms valuesof negative phasesequencecomponentshall be within 0Ð2%of positive phasesequence
component(Òinsomeareas. . . unbalancedup to about3% at three-phasesupply terminalsÓ).

Table 2
Overview of the four simulationtest runs

Test run # Wind speed Electrolysersize
(kWDC)

1 Constant12m/s No electrolyser
2 8
3 Wind data,mean12m/s
4 Wind data,mean10m/s

power conditioning.However, thefocusin this work
will be uponthe power quality suppliedto the elec-
trolyser.

¥ MonitoringtheON/OFFswitchingof thefuelcell and
electrolyser. Evaluationof thehydrogensubsystemÕs
control strategy.

The power quality of the wind-HSAPSwill mainly be
investigatedby performinga sensitivity test by alter-
ing two parameters:(1) changingthe wind speed,and
(2) including or omitting the hydrogensubsystem,in
this caserepresentedonly by theelectrolyser. A total of
four simulationtestrunsarecarriedout.

3.2. Overview of simulationtestruns

Table2 shows the schemefor the sensitivity testof
the wind-HSAPSmodel. The wind speedis either a
constantvalue or a set of measureddata.A constant
wind speedis of courseunrealistic,but it is convenient
to introduceminimal disturbancesto the wind-HSAPS
modelwheninvestigatingthe inßuenceof the electrol-
yser. Two data setscontainingwind speeddata with
meanvaluesof 10 and12m/s areusedto evaluatethe
electrolyseroperationundermore realistic conditions.
10 and12m/saredeÞnedasmid andhigh wind speeds
in this case,respectively. The chosensizeof the elec-
trolyserstackis 8kWDC, whichproduceshydrogenata
rateof about30NL/min that is abouthalf thehydrogen
ßow rate consumedby the fuel cell running at peak
power of 6kWDC. However, it will be showed that the
averageannualfuel cell power output for a measured
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wind speeddatasetis approximately4kWDC, thusthe
hydrogenßow rateproducedandconsumedis aboutthe
same.

Testruns#1 and#2 areusedto evaluatethe system
responsewhenan electrolyseris implemented.Impor-
tant computationsarethe averagesystemvoltagetran-
sientsand the systemfrequency transientson the AC
bus.In addition,Testrun #2 is usedto evaluatetherip-
ple voltage/currentfrom therectiÞerto theelectrolyser.

Testruns#3and#4areutilisedfor investigationof the
hydrogensubsystemON/OFF controller performance
with measuredwind speeddata.Furthermore,Testrun
#3is alsousedfor evaluationsof theAC buspowerqual-
ity whenan electrolyseris implementedduring ßuctu-
ating wind speed,in addition to evaluationof the cor-
respondingDC power suppliedto theelectrolyser.

3.2.1. Testrun #1
Fig. 8 shows themeanvoltageof all thethreephases

(rmsvalue)for thedatumwind-SAPSataconstantwind
speedof 12m/s.The meanvalueis 227V with a devi-
ation of only ± 2%, which is well within the speciÞca-
tion.

The meansystemfrequency is 50.2Hz, varying be-
tween48.5and51.5Hz asshowedin Fig. 9. A number
of simulation runs were performedin order to check
thereproducibility. Thestandarddeviationwasfoundto
vary between0.8 and1.1Hz, resultingin a frequency
deviation between± 3Ð4%,somewhatoutsidethe limit
of ± 2%,but well within thelimit of ± 15%.Dueto high
wind speedandtheratherlow baseloadlevel (6kWAC),
theDILC hasto Þll a largegapbetweenwind turbineÕs
power outputandloaddemandasshown for theactive
power ßow in Fig. 10. The reactive power ßows in the
systemarealsoshown in Fig. 10 (lower part) to illus-
tratethebalancebetweentheSCandthePFCthatsup-
plies thewind turbinewith therequiredreactive power
(Fig. 11).

Fig. 9 shows the ON/OFF switching of the resis-
tive loadsregulatedby the fuzzy logic controllersim-
plementedin the DILC. As seenfrom the systemfre-
quency in Fig. 9, the DILC arenot ableto completely
level out thefrequency ßuctuationsbut ensuresthefre-
quency to staywithin thelimit. Moredynamicoperation
of the DILC is possibleby tuning the fuzzy controller
for higher sensitivity, but this increasesthe compu-
tational time drastically during simulations.Previous
work has,however, shown betterfrequency controlwith
well-optimizedloadcontrollers[14]. Thereasonfor the
ßuctuationin the system,even with constantload and
constantwind speed,is becauseof the mechanicalin-
ertia in the wind turbineandthe SC, in additionto an

initial mismatchbetweentheactive power for thebase
load and the wind turbine output.The mechanicalin-
ertia in the systemmakesthe DILC overshootthe fre-
quency duringregulationbecausetheDILCs fuzzycon-
trollers are not optimized.Optimisationof the DILCs
fuzzycontrollers,however, is notasubjectin thiswork.

3.2.2. Testrun #2
Figs.12Ð17show the system and componentbe-

haviour with an 8kWDC electrolyserconnectedat a
constantwind speedof 12m/s.Thecontrollerswitches
on the electrolyserafter 4.5s. The AVR shows good
regulation,astheaveragevoltageis 226V with a stan-
darddeviation of 2.5V, which is well within the limits
asshown in Fig. 12. Comparedto the systemwithout
an electrolyser, the meansystemfrequency shown in
Fig. 13 is loweredby approximately0.4Ð49.8Hz. The
standarddeviation is 0.8Hz, which is reproducible,un-
like thecasefoundin Testrun #1.An interestingaspect
here is that the electrolyserhelps the DILC stabilize
thesystemfrequency by increasingthetotal amountof
constantload during high wind speed,thus reducing
the level of power mismatchbetweenwind turbineand
load (baseload + electrolyser) as shown in Fig. 14.
The electrolyseris in this caseactingasa coarseload
controller, while the DILC acts as a Þne-tuningload
controller. Fig. 14 also shows that the active power
to the electrolyseris constantat 8.7kWAC, while the
reactive power to the electrolyseris about1kVAR due
to the rectiÞer.

Fig. 15 shows theunregulatedoperationof theelec-
trolyserat constant8.0kWDC, indicatingthatthetrans-
former andthe rectiÞeraremodelledwith a total efÞ-
ciency of about92%. Fig. 15 also shows that thereis
no needfor backuppower, becausethe frequency does
not go below the lower limit of 48.0Hz. The electrol-
yservoltageandcurrentaregiven in Fig. 16, showing
that the power electronicsand the anti ripple capaci-
tanceÞlter are working properly. The DILC ON/OFF
switchingshowed in Fig. 17 is lessfrequentcompared
to theDILC operationin thedatumwind-SAPSshown
in Fig. 13.

3.2.3. Testrun #3
A datasetof wind speedvaryingbetweenabout10.5

and13m/s measuredat the northeastcoastof England
is shown in Fig. 18. Thedatasetis usedasinput to the
wind-HSAPSmodelin this testrunandtheelectrolyser
is switchedON after5.2s.
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Fig. 8. Mean rms voltagefor a systemwithout electrolyserat constantwind speedof 12m/s.
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Fig. 9. Frequency for a systemwithout electrolyserat constantwind speedof 12m/s.

Fig. 19 shows the systemrms voltagesfor all three
phases.The voltage control can be seento be good,
varyingbetween215and233V at an averageof 226.6V,
which is well within the limits. The worst imbalance
betweentwo phase-voltageswas foundto beabout7V

after 7s, a deviation of 3% of nominalvoltage,which
is within the limit.

Thesystemfrequency canbeseenin Fig. 20 to vary
between48.1 and 51.4Hz at an averageof 49.9Hz
with standarddeviation0.8Hz thatis reproducible.The
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Fig. 10. Active and reactive power in a systemwithout electrolyser. SC = synchronouscompensator, WT = wind turbine,PFC= power factor
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Fig. 11. Resistive loadsimplementedin the DILC are switchedon and off. Thereare six resistive loadson eachphaseas indicated.
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Fig. 12. Mean rms voltagefor a systemwith an 8kWDC electrolyserat constantwind speedof 12m/s.
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Fig. 13. Frequency for a systemwith 8kWDC electrolyserat constantwind speedof 12m/s.

electrolyserDC power, voltageandcurrentareshown
in Fig. 21. Thesimulatedelectrolyservoltageis within
theallowablevoltageoperationrangeof ± 10%, where

theuppervoltagelimit is mostcritical. This voltagede-
viation must not be confusedwith the ripple voltage
level of maximum1% asdiscussedin Testrun #2.
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3.2.4. Testrun #4
Theresultsfrom Testruns#1Ð3imply thatanunreg-

ulatedelectrolyser, operatedat a constantpower level

that is abouthalf the peakpower of the wind turbine,
can be usedas an active load controller during high
wind speedswhereonly the systemfrequency is used
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Fig. 17. Resistive loadsimplementedin the DILC are switchedon and off for a systemwith an 8kWDC electrolyser. Thereare six resistive
controllerson eachphase.

as an ON/OFF parameterfor the electrolyser. In Test
run#4 thehydrogensubsystemON/OFFcontrollerwill
beevaluatedwith lower wind speed.

Fig. 22 shows thedatasetof lower wind speedvary-
ingbetweenabout7.5and10.5m/s.FromFig.23, which
shows the hydrogenßow generatedand consumedby
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Fig. 19. Systemrms voltagesfor eachof the threephaseswith 11m/s wind dataas input.

the electrolyserand the fuel cell, respectively, it can
be seenthat the electrolyserstartseven at lower wind
speeds.Oncetheelectrolyseris started,it is constrained
by the hydrogensubsystemON/OFFcontroller to run
for at least2h, to avoid rapid ON/OFFswitching.The

minimum2h unregulated(constantpower)operationof
theelectrolysercausesthesystemfrequency to dropbe-
low 48Hz becausethe electrolyserdraws morepower
than available from the wind turbine. Due to system
frequency below 48Hz thefuel cell startsup controlled



H. Miland et al. / International Journal of Hydrogen Energy 31 (2006) 1215Ð1235 1229

0 5 10 15 20 25 30 35 40
40

42

44

46

48

50

52

54

56

58

60

Time [s]

F
re

qu
en

cy
 [H

z]

System frequency

mean 49.86 Hz

std 0.770 Hz

Fig. 20. Frequency for a systemwith 8kWDC electrolyserand 11Ð12m/s wind dataas input.

0 5 10 15 20 25 30 35 40
0

1

2

3

4

5

6

7

8

9

Time [s]

P
ow

er
 [k

W
]

5 10 15 20 25 30 35 40
43

44

45

46

47

48

49

V
ol

ta
ge

 [V
]

5 10 15 20 25 30 35 40
160

165

170

175

180

185

Time [s]

C
ur

re
nt

 [A
]
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Fig. 22. Measuredwind speedusedin the simulationdeÞnedas lower wind speeds.
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by thedrooprelationship.Thefuel cell start-upis indi-
rectly shown by thehydrogenßow requiredby thefuel
cell in Fig. 23. Continuouslyparallel operationof the
fuel cell andtheelectrolyseris nothingelsethananex-

pensive dump load. This causeunnecessarywearson
hydrogencomponentsandmustbeavoided.

Another timer is addedto the hydrogensubsystem
ON/OFFcontrollerthatswitchesOFFtheelectrolyserif
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Fig. 24. Annual hydrogenstate-of-charge and wind speedfor a wind-HSAPS.

boththeelectrolyserandthefuelcell havebeenoperated
continuouslyin parallelfor morethan10s,but it is not
a robustsolutionregardingminimalON/OFFswitching
of theelectrolyserandthe fuel cell.

3.3. Sizingof the H2-storage and heatdistribution
basedon annualsimulation

A simple Simulink model study basedon annual
power ßow through the wind-HSAPShas beencon-
ducted.The 20kW wind turbine is modelledby using
a look-up table,which interpolatesthe correlationbe-
tweenwind speedandwind turbinepower output.The
baseloadis Þxedat6kW, while the8.0kW (8.7kWAC)
electrolyseris switchedonwhenthewind turbinepower
exceeds14.7kW (load+ electrolyser). Negative power
in thesystemis simplydeÞnedaspowersuppliedby the
fuel cell.A 600kWh hydrogenstorage(& 200Nm3 H2)
matchesthis systemsetupquitewell.

The hydrogenstate-of-charge throughout the year
is given in Fig. 24. Maximum and minimum stateof
charge is 90% and 20%, respectively. When the Þnal
hydrogenstate-of-chargeis aboutthesameastheinitial
state-of-charge, it indicatesthat thechosensizesof the
electrolyser, the fuel cell, andthehydrogenstorageare
reasonable.If thehydrogenstoragewasa200barscom-

Table 3
Energy balance,operationhours and meanpower (basedon com-
ponentoperationtime) for the wind-HSAPS

Component Energy Operation Power Heat
(kWh) time (h) (kWmean) generation

(kWh)

Wind turbine 112400 8708 12.9 0
Electrolyser 32890 3781 8.7 6530
Load controllers 38680 5693 6.8 38680
(DILCs)
Baseload 52560 8760 6 0
Fuel cell 11710 3067 3.8 12550

pressedsteelvessel,it would occupy about1m3 with a
weightof somefew hundredskilos including thecom-
pressor.A metalhydridewith thebeneÞtof low pressure
operation,and assumingcommerciallyavailable low-
temperaturehydrideof the AB5 or AB2 type (1.5wt%
H2 in alloy) wouldhaveamassof about1400Ð1800kg.
The metal hydride physical volume would be in the
samerangeasthepressurevessel.Theinputwind speed
data with time resolutionof 15min is also given in
Fig. 24. Themeanpower outputsandinputsalongwith
operationhoursand systemenergy balanceare given
in Table3.
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Fig. 25. Distribution of electricenergy andheatingenergy between
the DILC, fuel cell and the electrolyser.

The fuel cell- and electrolyseroperationtimes are
3000and3800h, respectively. This is within andquite
close to the commonly guarantiedPEM cell lifetime
warranty. In a real system,shifting the frequency set-
tings and letting the DILC work more can reducethe
electrolyseroperationtime. No frequency regulationis
availablein this simpleannualsystemmodel.Theelec-
tric energy shareof a total of 83280kWh betweenthe
DILC, thefuel cell andtheelectrolysershown in Fig.25
indicatesthat the DILC and the electrolyserequally
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Fig. 26. Distributed heatingwater temperature,ambienttemperatureand the heatloss in the isolatedwater tank.

sharetheexcessenergy. Thefuel cell coversthedeÞcit
wind turbine energy, which is about 1

6 of the excess
energy.

Anotherinterestingparameterin this annualsimula-
tion studyis thedistribution of thegeneratedheat.The
componentsthatgenerateheatin this wind-HSAPSare
the DILC, the electrolyser, and the fuel cell. The heat
generatedin theelectrochemicalcomponentsis thedif-
ferencebetweenthethermo-neutralcell voltageandthe
actualcell voltagemultiplied by numberof cells in the
stackandthetotal stackcurrent.Themeanheat(based
on 8760h operation)generatedby the combinationof
the DILC andthe hydrogensubsystemis 6.6kW com-
paredto 4.4kW if the heatgeneratedby the hydrogen
subsystemwereexcluded.It canbe seenfrom Fig. 25
that the electrolyserand the fuel cell contribute with
about33% of the total heatproductionof 57760kWh.
With a constantheatdemandof 6.6kW, matchingthe
annualmeanheatgenerated,Fig. 26 shows the water
temperatureproÞle for a heat distribution/buffer sys-
tem. Even with the constantheatload, the heatbuffer
is never below 50$C. It is assumedthat thereare no
heat lossesin the systemexcept in the water storage
tank. The storagetank containingabout50m3-heated
wateris encapsulatedwith a standardisolationmaterial
with a speciÞcheattransfervalueof 0.036Wm/K. The
resultingtotal thermalresistancewith 0.2m isolationis
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(1/( 0.036/ 0.2))isolationK/ W+ 0.17air K/ W= 5.7K/ W.
The heatcapacitanceof the steeltank andtubesis ne-
glectedcomparedto the heatcapacitanceof the water,
with speciÞcheatcapacityof 4.2kJ/kg-K.

4. Recommendations

At lower wind speedsthesoleuseof thesystemfre-
quency asan ON/OFFparameterseemsto betoosensi-
tive for regulationof thehydrogensubsystem.Onesim-
plesolutioncouldbeto reducetheelectrolyserstack,but
thenagain,theadvantageof theenergy storageconcept
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Fig. 27. Wind-HSAPSwith fuel cell connectedto the systemthroughpower electronics,not throughthe DC motor and the mechanicalshaft
as indicatedin Fig. 1.

might becomeminimal becausea too small amountof
hydrogenproducedwouldbeof lesserpracticalinterest.
Anothermorepromisingsolutionwould be to utilise a
fuzzyON/OFFcontrollerthatwould take into consider-
ationthesystemfrequency, thefrequency derivative, the
averagemeasuredwind speedfor thelasthour, andany
possiblewind speedforecast.Whenthe electrolyseris
switchedON, theelectrolysercurrentshouldpreferably
beregulatedaccordingto theactualexcesswind turbine
powerin thesystem.Similarworkhasbeendoneby [15]
wheretheelectrolyserpower follows thewind power.

Furtherrecommendationswouldbeto investigatethe
optionwherethefuelcell isconnectedto thethree-phase
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systemwith power electronicsassuggestedin Fig. 27,
and not throughthe DC machineand the mechanical
shaft spinning the synchronouscompensatoras indi-
catedin Fig. 1. Preliminaryinvestigationsindicatethat
theenergy efÞciency throughtheDC motorandthesyn-
chronouscompensatorwould be about82Ð85%,com-
paredto anenergy efÞciency of about90Ð93%through
thepower electronics.It shouldalsobementionedthat
the mechanicalsystemsuffers from mechanicalwear
andmaintenance.However, astep-upDC/DCconverter
might benecessaryin orderto ensuresatisfactoryvolt-
agelevel for properoperationof the inverter[16]. This
could reducethe energy efÞciency to about86Ð89%.
However, theenergy efÞciency for thepower electron-
ics haspotential for further improvements,especially
when the semiconductortechnologywill be basedon
silicon carbidein thenearfuture [10].

Basedon simulationwork donefor a grid connected
fuel cell [17], aswitchingcontrolsignalfor thefuel cell
invertercanbegeneratedthrougha PID-typecontroller
to adjust the phasedifferencebetweenthe voltageof
the systembus and the voltageof the inverter. It then
suppliesmore or lessactive power to the systembus,
compensatingfor the changein systemloading, thus
regulatingthe systemfrequency. Also, a control signal
proportionalto thevoltage-changecanactivatetheangle
controllerthroughanotherPID-typecontroller. Thenan
appropriateswitching signal is generatedto modulate
the amplitudeof the inverteroutputvoltagein relation
to the systembus voltage,thus implementingreactive
power andregulatingthe systemvoltage.On the other
hand,sincethesynchronouscompensator(SC)regulates
the systemvoltagemoreor lessthroughoutthe whole
year, using a fuel cell would not be rational for the
time beingbecauseof therelatively shortmanufacturer
lifetime warranty (& 3000h). However, the fuel cell
would be suitablefor regulating the active power and
thusthefrequency duringlow wind speedandpeaksin
loadrequirements.Thefuel cell in thesimulationstudy
doneby [17] was found to stabilizethe grid at sudden
perturbations.Becausea SAPSis more vulnerableto
perturbationscomparedtoaÒstifferÓgrid, it is important
to investigateif thefuel cell andits controllerarerobust
enoughfor SAPS.

5. Conclusions

Thesepreliminary test resultsare encouraging,re-
garding the use of an electrolyserboth as a ßexible
power sink anda hydrogenproductionunit in orderto
storerenewableenergyashydrogenfor re-electriÞcation

duringdeÞcitsin wind power or peaksin demand.Fol-
lowing integration of an electrolyserinto the wind-
HSAPS,thesystempowerquality, mainlythefrequency
andvoltage,have not beenfoundto differ signiÞcantly
from thewind-SAPSwithouttheelectrolyser. In factthe
systemfrequency hasbeenobserved to be morestable
whentheelectrolyseroperatesin parallelwith theDis-
tributedIntelligent Load Controller(DILC), especially
duringperiodsof high excessenergy in thesystem.

It is on the other hand clear that the electrolyser
needsmore parametersin addition to the systemfre-
quency for properON/OFF switching of the electrol-
yser(thiswouldalsobethecasefor thefuel cell).Aver-
agewind speedsfor the lasthour, wind speedforecast,
and the derivative of the systemfrequency has been
suggestedasadditionalparametersfor the electrolyser
ON/OFFswitching,therebyreducingthe risk for elec-
trolyserstart-upat lower wind speeds.Apart from the
actualon/off switching,it hasbeensuggestedto control
the electrolyseroperationto ÒshaveÓoff the actualex-
cesswind power in orderto avoid unnecessaryfuel cell
start-upsfor stabilisingof systemfrequency when an
unregulatedelectrolyserwould draw too much power
from thewind turbine.

Theheatgeneratedby theDILC, which canbeused
as a heat sourcefor the end user, seemspromising
for keepingthe fuel cell- and electrolyserstack(low-
temperaturePEM or alkaline technology)temperature
within the nominal operatingtemperature,thus min-
imizing start up transients.Once the electrochemical
componentshave startedup they canalsocontribute to
the total heatgeneration.The fuel cell is particularly
important in this regard as it can provide heatduring
deÞcitsin wind power or peaksin demand.
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