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Abstract

A new generatiorof load controllersenablestand-alongower systemgSAPS)to useoneor mary standardgrid connected)
wind turbines.The controllersusefuzzy logic software algorithms.The strat@y is to usethe control loadsto balancethe Row
of active power in the systemand hencecontrol systemfrequeng. The dynamicsupply of reactve power by a synchronous
compensatomaintainsthe systemvoltage within the limits specibpedin EN50160.The resistie controller loads producea
certainamountof heatthat is exchangeddown to the end user (hot water). It was decidedto investigatethe implementation
of a hydrogensubsysteninto the SAPSthat canwork in parallelwith the Distributed Intelligent Load Controller (DILC). The
hydrogensubsystentanthenfunction asenegy storageon long-termbasisand an active load controller on short-termbasis.
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1. Intr oduction

A stand-alonepower system(SAPS)is debnedas
a systemthat supplieselectricity without being con-
nectedto a main grid. Thesetypesof systemsare of-
tenlocatedon islandsandin remotepartsof the world
where power generationon-siteis favourablebecause
grid connectionis either technically and/or economi-
cally demandingThe electricpower input canbe gen-
eratedrom diesel,naturalgasor preferablyin termsof
ervironmentalimpact, from renavable enegy sources
suchaswind-, hydro- and direct solar enegy. A load
connectedto a large and stiff grid sensests power
sourceasan Ounlimited@ndrobust source whereasa

! Correspondingauthor Fax: +4763812905.
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load connectedo a SAPScan experiencefl3uctuations
in voltage (AC and DC systems)and frequeng (AC
systems)Econnecttd hasdevelopedanew generation
of DistributedIntelligentLoad Controller(DILC) to en-
ableSAPSto useoneor mary standardgrid-connected)
wind turbines.Econnecthasmodelled,designed puilt
andtesteda wind-dieselSAPSwith a 20kW wind tur-
bine. The resistve loadsusedby the DILC producea
certainamountof heatthatis usablefor waterheating.
It hasbeensuggestedo introducea hydrogensubsys-
tem comprisingan electrolyser hydrogenstorageand
a fuel cell into the SAPS(in the forthcomingentitled
asHSAPS).The benebty doingthisis two fold; brst,
the electrolysercan corvert excesswind power into
hydrogen(enegy storage)whereasthe fuel cell can
re-introducethe enepgy into the systemduring debcit
wind power with respectto the end user; secondly
the electrolysercan also contritute as a resistve load

0360-3199/$30.00 2005 InternationalAssociationfor HydrogenEnegy. Publishedby Elsevier Ltd. All rights resened.

doi:10.1016/j.ijhydene.2005.09.005


http://www.elsevier.com/locate/ijhydene
mailto:haraldm@ife.no

1216 H. Miland et al./International Journal of Hydrogen Enegy 31 (2006) 12151235

controller Particular focus will be given to the inter
actionbetweerthe electrolyserandthe three-phasé&C
system.

2. Systemof referenceand simulation models

The simulationwork presentedn this paperis based
on a20kW wind-dieselSAPS,wherethe dieselengine
andtank have beenreplacedby a fuel cell andanelec-
trolyser Hence,the virtual wind-HSAPShasbeenset
up. The modelsare all developedin Matlab/Simulink
with accesgo the Fuzzylogic toolbox and Simulink®
Pawer SystemsBlockset[1]. A schematiof the wind-
HSAPSis shavnin Fig. 1. The stand-aloneystemcon-
tainsa20 kW wind turbine,a40kVA synchronousom-
pensatara 10kVA power factorcorrectioncapacitoy a
6 kW fuel cell, an8kWpc, 48V electrolysera total of
30kW resistive loadsimplementedn the DILC, 6 kW
baseload anda H; storage.

The heatgeneratedy the DILC can,alongwith hot
waterfor theenduser alsobe exchangedwith thecool-
ing water Bow of the fuel cell andthe electrolyserin
orderto minimise wear and reducestart-uptime. The
HSAPSis connectedo athree-phasAC bus at anomi-
nalvoltageof 230V ms (rms= root meansquarg. Since
theelectrolyserrunson DC power, it needgpower elec-
tronicsat the connectiorpoint with the AC bus as indi-
catedin Fig. 1.

2.1. Wind turbine

A Gazellewind turbineis modelledin two sections,
the aerodynamigerformanceandthe generatar

2.1.1. Aerodynamicmodel

The aerodynamidorqueappliedto the generatoby
thewind turbineis calculatedrom the rotor speedand
thewind speedpasedon a generalisedelationshipbe-
tweentorque coebcientandtip speedratio. For each
time stepin the Simulink model,torqueis calculatedas
follows:

tip speedratio

_ rotor radius” rotor rotationalspeed 2.1)
N wind speed ' '

Simulink Pndsthe correspondindorquecoefcientCq
from thecalculatedip speedatio (from alookuptable)
andcalculates:

torque= Cq" 0.5" air density" windspeed

" 1" rotor radius. (2.2)

Theuseof tip speedatio andtorquecoebcientis valid

only for bxed pitch wind turbineslik e the Gazelle,but

within this constrainit allows thewind turbine&torque
to beestimatedatrotationalspeed®therthanthedesign
speedwithout employing a two-dimensionallookup
table.

2.1.2.Wind turbine genertor model

The aerodynamictorque is applied to an asyn-
chronousmachine predebnedblock from the Pawver
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 representecdby a
standardfourth-order state-spacemodel [3] and the
mechanicalpart by a second-ordesystem.All stator
androtor quantitieswerein the rotor referenceframe.
The mechanicabkystemis representedyy

o 1

(2.3)

dt 2H

whereH is the inertia constant,” ; is the rotor angu-
lar velocity, F is the combinedrotor andload viscous
friction, Te is the electromagnetitorqueand Ty, is the
shaftmechanicatorque.

Theelectricalinputsarethethreestatorvoltagesthe
electricaloutputsarethethreeelectricalconnection®f
therotor which aredirectly connectedogetherThere-
maininginputis themechanicatorqueatthe machine©
shaft. Themodeldid notincludearepresentationf the
effectsof statorandrotor iron saturation.

(Te# F" 1 # Tm),

2.2. Power factor correctioncapacitor (PFC)

The wind turbine PFCis a Capacitorblock element
from the Power SystemsBlocksetlibrary [1].

2.3. SyndronouscompensatofSC)

The SC comprisestwo major componentsthe syn-
chronousmachineandthe automaticvoltageregulator
(AVR).

2.3.1. Syntironousmadine

Themodelemplgys the SimpliPedSynchronoud/a-
chine bloc from the Paver SystemsBlockset library
[2]. The simplipbedmodelis sufbcientfor the purposes
of the simulation,which focuseson the entire system
ratherthan the detailedperformanceof eachindivid-
ual componentThe SimplibedSynchronousMachine
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Fig. 2. Simplipedsynchronousnachineequivalentcircuit. E is volt-
agesource Ry is the armatureresistanceand Xs is the synchronous
reactance.

block modelshoththeelectricalandmechanicatharac-
teristicsof a synchronousnachine.The electricalsys-

tem for eachphaseconsistsof a voltagesourcein se-

rieswith the armatureresistanc€R ) andsynchronous
reactancé€Xs), as showvn in Fig. 2 [4].

The Simplibped Synchronoudviachine block imple-
mentsthe mechanicabystemdescribedoy
!

# ()=

t

(Tm# Te)dt # Kg#t" . (2.4)
0
Note,in this casethe modelcomputesa deviation, ! " ,
with respecto the speedof operation,andnot the ab-
solutespeeditself. H is the inertia constant, Ty, is the
mechanicalorque, Te the electromagneti¢orque and
K4 is the dampingfactor

The Prstinput of the Simpliped Synchronousvia-
chineblockis mechanicapower. Theseconds thepeld
excitationinputthatdetermineshe amplitudeof thein-
ternalvoltage.Theoutputvoltage frequeny andpower
areavailableasoutputs.

2.3.2.AVR
The AVR model attachedto the synchronousma-
chinefor voltageregulation consistsof a proportional
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controller The AVR model monitorsall three phase-
voltagesandusesa meanrmsvalueasits input voltage
andthe outputis the exciter signalto the synchronous
machine.

2.4.DILC

Thetotal effect of the DILC is 30kW. This comfort-
ably exceedghemaximumpower producedy thewind
turbineevenin the strongestvinds.Eachphasehasfour
1kW andthree 2kW switchableresistve loads, each
with its own fuzzy controller In areal installationthe
DILC would control available distributed dump loads
suchaswater heatersThe DILC actsto try to main-
tain the systemfrequeng at 50Hz, or at leastwithin
the specibedimits. The DILC was implementedusing
the MATLAB FuzzyToolbox library [5]. This permits
easyintegrationof the controllerinto the Simulink sim-
ulations.The controllersusea level crossingfrequeny
measuremerdlgorithm([6] to provide robustpower sys-
temfrequeng estimatedo the fuzzy control software.
Thefuzzy controllerhastwo inputs,frequeny andrate
of changeof frequeng, from theseinputsit computes
a load change control output. The rules for the fuzzy
controllerwereselectedisingknowledgeof standalone
power systemdynamics.The fuzzy controllernot only
providesload switchingadviceit alsoindicatesthe de-
greeof conbdencéeldin this advice.

In orderto producea controllercapableof perform-
ing well on a wide rangeof renavable enegy 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 result of
thecontrollermonitoringits own frequeng controlper
formance.More detail aboutthe designof the fuzzy
controllerscanbefoundin [7].

2.5. BaselLoad (BL)

It is assumedhat SAPS will have some essential
loadsthat are not deferrable Pastwork [8,9] suggests
that uncontrolledloads should not exceed20D33%of
the wind turbine®ratedpower.

2.6. Electolyserstadk and the electiolyser power
electionics

2.6.1. Electolyserstak

In generalelectrochemicatells operateat low volt-
age.Even whenthey are connectedn seriesin typi-
cal industrial applications the total voltage acrossthe

Rint

Rohm

— AN

Fig. 3. Equivalentcircuit of anelectrochemicalinit cell whereRgnm

is the ohmic resistancen the electrolyte,Rjn; is the chage transfer
resistancebetweenthe electrolyteandthe electrodesand Cy) is the
chage dueto the doublelayer presentat the electrodesurface.

stackwould normally not exceed50D100/ 4c [10]. The
current,however, canrangeup to several hundredsof
amperesiependingon the actualsize of eachcell. Be-
causef theratherdow voltageof thecurrentelectrolyser
(48Vyc) comparedo the AC system(230V msline), &
transformehasbeenimplementedn themodelin order
to stepdown theAC voltagebeforeit entergherectiber

The electrolyseris modelledasa seriesof unit cells
forming the stack.Fig. 3 shavs an equivalentcircuit of
aunit cell usedin thiswork. Thestackcontain26 cells,
which gives a nominal stackvoltage of 48Vpc. A 26
cellsstackconbgurations choserin orderto verify the
resultsfrom the empiricalelectrolysemodelwith a 26
cells,48V, 2kW polymerelectrolytemembrangPEM)
electrolysetinstalledin the laboratoriesof IFE. Experi-
mentalvaluesfor the equivalentcircuit capacitanceand
resistancarefound from Rasten11].

The PEM laboratoryelectrolyseihasa maximumop-
erationvoltageof 52V anda minimum operationvolt-
age of 43V. By using a nominal current density of
0.6 A/ cm?, acell areais requiredby themodelin order
to determinethe total current3ow andthusthe power.
Assumingthattheinitial cell temperaturés atthe nom-
inal operatingemperaturetheresultsfor thismodelare
in goodagreementvith the experimentaldatafrom the
2kW PEM electrolyserThe electrolysermodelhasno
thermaltransienincluded thereforethe assumptiorior
this modelis preheatingf the electrolysestack(about
80%C) by the DILC asindicatedin Fig. 1.

2.6.2. Transformerandrectiber

Componentmodels for the transformerand rec-
tiper is imported directly from the Simulink Power
SystemsBlockset, and connectedbetweenthe three-
phaseAC systemandthe electrolysemodelas shovn
in Fig. 4.



H. Miland et al./International Journal of Hydrogen Enegy 31 (2006) 121591235

Transformerinput:
phase-to-phase 400V s

Transformer Rectifier

b

1219

Anti-ripple
capacitance filter

26cells PEM
electrolyser stack

L7 +
—

Transformeroutput:

phase-to-phase 35V, ¢ 48Vpe

Rectifier output:

[
Ll |

three-phase AC

\j

DC

Fig. 4. Electrolyserconnectedo the three-phasé&C bus by a transformerand a rectiber

The primary windings of the 10kVA rated trans-
former is modelled with 400V s phase-to-phasas

input from the wind turbine whereasthe secondary

windingsphaseto phasevoltageoutputis calculatedon
the basisof the desiredmeanrectibervoltage output
(the electrolyseoltage)[10]:
%_
3 2
Vdc,electrolyser= 2—thrph(rms),transformerouty

5 (2.5)

whereV g electrolyserS thenominalelectrolyseDC volt-
ageat 48V and Vpp ph(rms), transformeyout 1S the output
voltage(secondarywindings)of the transformerRear
rangingEq. (2.1) and solving for the transformewolt-
ageoutput,we get

|
Vpkrph(rms),transformerout = g%ﬁvdq electrolyser

|
= 9%:-48=35V;ns. (2.6
3 2 ms ( )

Standardvaluesfor internal resistanceand leakagein-
ductance,0.004 and 0.02pu, respectiely in addition
to magnetizatiorresistancgR ) andreactancel ),
both 200pu, have beenaccountedor in the model.

Therectibpershavnin Fig. 4 is basedntheUniversal
Bridge componentmodel from the SimPaver Block-
set. Six diodes,eachwith 0.8V forward voltages,act
as power switchesaccordingto the diagramin Fig. 5.
The electrolyseroperation,however, cannotbe regu-
lated with this setup.WhenswitchedON, the electrol-
yserwill constantlydrav 8.7 kWac.

A capacitve blter hasbeenimplementedn the sys-
temmodelto preventdeviation of morethan1% ripple
voltagefor theelectrolyserThisensuresirathersmooth
and constantelectrolysetvoltagewell within the limit

LR
RO O

Fig. 5. Schematicof the Universalbridge componentmodel acting
asa rectiber Simple diodesare usedas power switches.

o]

of 43b52/. The size of the capacitve blter hasbeen
calculatedfrom [12]:

_ Vdc,electrolyseal Vl%ripple
Chiter =

3f Relectrolyser
48V4c/0.48Vge 2 6F

~ 3" 50Hz" 0.260hm

(2.7)

where Cpyier is the capacitve blter connectedn par

allel with the electrolyserstackasindicatedin Fig. 3.

Viripple is the allowable 1% ripple voltagecalculated
on the basis of the nominal electrolyservoltage of

48V yc. f is the systemfrequeny multiplied by number
of phasesand RejectrolyseriS the total resistancen the
electrolyserstack.

2.7. Fuel cell

During low wind speedsomemechanicalvork must
beappliedto the SCin orderto keepup the systemfre-
gueng. Thisis regulatedby a simpledrooprelationship
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Fig. 6. Droop governor relationship;the fuel cell power is regulatedaccordingto the systemfrequeng.

between system frequeny and mechanical power
neededdy the SC asindicatedin Fig. 6.

A dieselengineis usually installed to provide the
mechanicawork, but a fuel cell runninga DC motor
hasbeenconsideredn this specibccasestudy When
the systemfrequeng dropsbelon 48 Hz, the fuel cell
outputpower is controlledaccordingto the drooprela-
tionshipin Fig. 6. Minimum systemfrequeny will be
47Hz, wherethetotal 6kW loadis powveredby thefuel
cell. Thefuel cell could alsohelpto startthe wind tur-
bine. This is not includedin this work as steadystate
operationis assumed.

No specibanodelhasbeenimplementedor thefuel
cellin this preliminarystudyotherthanusingthe droop
relationshipin Fig. 6 to calculatethe requiredfuel cell
outputpower. The linearequationfor Fig. 6 is

" f "

48# ——

Fuel Cell power =
! P 0.02

Pmax FC, (2-8)

wheref is the systemfrequeng givenin per unit [pu]
(pu= perunit, i.e., 50Hz = 1pu) and PmaxFc is the
maximumfuel cell power given in watts[W]. A 6kW
fuel cell was chosenin orderto meetthe baseloadre-
quirementThefuel cell outputpoweris thencorverted
to the correspondindnydrogeni3on neededThe corre-
spondinghydrogeni3ow rateis calculatedbasedon the

lower hydrogenheatingvalue (33.3kWh/ kg H,) and
assumptiorof fuel cell enegy efPcieny of 50%.

2.8. Hydrogen subsysten®N/OFF contmoller

The electrolyserand fuel cell operationin the sys-
tem frequeny rangeare shavn in Fig. 7. The elec-
trolyser controller measureshe systemfrequeng and
switchesthe electrolyserON at the upper frequeng
limit (ELY on) andswitchesthe electrolyselOFFatthe
lower limit (ELY opp) (hysteresis).

A timer thatinsuresat least2-h continuouselectrol-
yser operationis implementedin orderto avoid high
frequeng ON/OFF switching of the electrolyserThe
fuel cell is switchedON when the systemfrequeng
dropsdown to thelower limit (FCons orF). Thefuel cell
power outputis controlledby thedrooprelationshipno
hysteresidunctionis addedto the fuel cell operation.

3. Resultsand discussion

3.1. Evaluationcriteria

The simulation model provides indications about
the systemgower quality. The mostimportantaspects
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Fig. 7. Electrolyserand fuel cell operationcontrolled by system
frequeng.

of power quality are voltage control and systemfre-

queny stability. Becauseof the large computational
CPU and memory requirementof the systemmodel,
the resultswill be basedon 15D4G time-spans.The

EuropeanstandardBSEN50160[13] requiresthat a

non-interconnectedi.e. stand-alone)power system
shouldachiese the following given in Table 1.

The aim of this studyis to comparethe power qual-
ity of the wind-HSAPSwith the power quality of the
datumwind-SAPS.In otherwords,would the end-user
notice ary differencein the power quality if a hydro-
gen subsystenhad beenimplemented?Due to use of
power electronicsthe quality of the power suppliedto
the electrolyserand the characteristiof the power re-
quiredfrom the fuel cell arealso of interestregarding
the componentifetime. Importantcriteria for evalua-
tion of the hydrogensubsystenare:

¥ Monitoring the electrolyser€andthe fuel cell@ volt-

age/currentevels and ripple voltage/currentdue to

Table 1
The EuropeanstandardBSEN50160

Table 2
Overview of the four simulationtestruns

Testrun # Wind speed Electrolysersize
(kWpc)

1 Constantl2m/s No electrolyser

2 8

3 Wind data,mean12m/s

4 Wind data,mean10m/s

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

¥ Monitoringthe ON/OFFswitchingof thefuel celland
electrolyserEvaluationof the hydrogensubsystensO)
control strateyy.

The power quality of the wind-HSAPSwill mainly be
investigatedby performinga sensitvity testby alter
ing two parameters(1) changingthe wind speed.and
(2) including or omitting the hydrogensubsystemin
this caserepresentednly by the electrolyserA total of
four simulationtestrunsare carriedout.

3.2. Overviav of simulationtestruns

Table 2 shavs the schemefor the sensitity testof
the wind-HSAPS model. The wind speedis either a
constantvalue or a set of measureddata.A constant
wind speeds of courseunrealistic,but it is corvenient
to introduceminimal disturbanceso the wind-HSAPS
modelwheninvestigatingthe inRuenceof the electrol-
yser Two data setscontainingwind speeddata with
meanvaluesof 10 and 12m/s are usedto evaluatethe
electrolyseroperationunder more realistic conditions.
10and12m/saredebPnedcasmid andhigh wind speeds
in this case respectiely. The chosensize of the elec-
trolyserstackis 8kWpc, which producesydrogenata
rateof about30NL/min thatis abouthalf the hydrogen
Bow rate consumedby the fuel cell running at peak
power of 6kWpc. However, it will be shaved thatthe
averageannualfuel cell powver outputfor a measured

Nominal value

95% of week 100% of week

Systemfrequeny 50Hz
Systemvoltagét 230Vims

+ 2% of nom. value + 15% of nom. value
+10% of nom. value N

20ver 1 week, 95% of the 10min rms valuesof negative phasesequencecomponentshall be within 0D2%of positive phasesequence
component(Oinsomeareas. .. unbalancedip to about3% at three-phaseupply terminalsO).
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wind speeddatasetis approximately4 kWpc, thusthe
hydrogen3ow rateproducedandconsumeds aboutthe
same.

Testruns#1 and#2 are usedto evaluatethe system
responsavhenan electrolyseris implementedimpor-
tant computationsare the averagesystemvoltagetran-
sientsand the systemfrequeng transientson the AC
bus.In addition, Testrun #2 is usedto evaluatethe rip-
ple voltage/currenfrom therectiberto the electrolyser

Testruns#3and#4 areutilisedfor investigatiorof the
hydrogensubsystemON/OFF controller performance
with measuredvind speeddata.FurthermoreTestrun
#3is alsousedfor evaluationof theAC bus power qual-
ity whenan electrolyselis implementedduring Buctu-
atingwind speed,n additionto evaluationof the cor-
respondingdC power suppliedto the electrolyser

3.2.1. Testrun #1

Fig. 8 shavs the meanvoltageof all thethreephases
(rmsvalue)for thedatumwind-SAP Sataconstantvind
speedof 12m/s. The meanvalueis 227V with a devi-
ation of only £ 2%, which is well within the specibca-
tion.

The meansystemfrequeny is 50.2Hz, varying be-
tween48.5and51.5Hz asshavedin Fig. 9. A number
of simulationruns were performedin orderto check
thereproducibility Thestandardleviation was foundto
vary between0.8 and 1.1Hz, resultingin a frequeng
deviation betweent 3D4% somevhat outsidethe limit
of £ 2%, but well within thelimit of £ 15%.Dueto high
wind speedandtheratherlow basdoadlevel (6 kWac),
the DILC hasto bll alarge gapbetweerwind turbine®
power outputandload demandasshown for the active
power Bow in Fig. 10. Thereactive power Bows in the
systemarealsoshavn in Fig. 10 (lower part) to illus-
tratethe balancebetweerthe SCandthe PFCthatsup-
pliesthe wind turbinewith the requiredreactive power
(Fig. 11).

Fig. 9 shavs the ON/OFF switching of the resis-
tive loadsregulatedby the fuzzy logic controllersim-
plementedn the DILC. As seenfrom the systemfre-
queng in Fig. 9, the DILC arenot ableto completely
level outthefrequeng RBuctuationsut ensureghe fre-
gueng to staywithin thelimit. More dynamicoperation
of the DILC is possibleby tuning the fuzzy controller
for higher sensitvity, but this increasesthe compu-
tational time drastically during simulations.Previous
work has,however, shavn betterfrequeng controlwith
well-optimizedload controllers[14]. Thereasorfor the
Buctuationin the system,even with constantoad and
constantwind speed,s becausef the mechanicain-
ertiain the wind turbineandthe SC, in additionto an

initial mismatchbetweenthe active power for the base
load and the wind turbine output. The mechanicain-
ertiain the systemmalkesthe DILC overshootthe fre-
queng duringregulationbecaus¢heDILCs fuzzy con-
trollers are not optimized. Optimisationof the DILCs
fuzzy controllers however, is nota subjectin thiswork.

3.2.2. Testrun #2

Figs.12B17shav the system and componentbe-
haviour with an 8kWpc electrolyserconnectedat a
constantwind speedof 12m/s. The controllerswitches
on the electrolyserafter 4.5s. The AVR shavs good
regulation,asthe averagevoltageis 226V with a stan-
darddeviation of 2.5V, which is well within the limits
asshawvn in Fig. 12. Comparedo the systemwithout
an electrolyser the meansystemfrequeny showvn in
Fig. 13 is loweredby approximately0.4b49.8z. The
standarddeviation is 0.8Hz, which is reproducible un-
likethecasefoundin Testrun#1.An interestingaspect
hereis that the electrolyserhelpsthe DILC stabilize
the systemfrequeng by increasinghe total amountof
constantload during high wind speed,thus reducing
thelevel of power mismatchbetweerwind turbineand
load (baseload + electrolysey as shawvn in Fig. 14.
The electrolyseris in this caseactingasa coarseload
controller while the DILC actsas a Pne-tuningload
controller Fig. 14 also shows that the active power
to the electrolyseris constantat 8.7 kWac, while the
reactve power to the electrolyseiis aboutl kVAR due
to therectiber

Fig. 15 shaws the unregulatedoperationof the elec-
trolyserat constanB.0kWpc, indicatingthatthe trans-
former andthe rectiberare modelledwith a total efp-
cieng/ of about92%. Fig. 15 also shaws that thereis
no needfor backuppower, becausehe frequeng does
not go below the lower limit of 48.0Hz. The electrol-
yservoltageand currentare given in Fig. 16, shaving
that the power electronicsand the anti ripple capaci-
tanceblter are working properly The DILC ON/OFF
switchingshavedin Fig. 17 is lessfrequentcompared
to the DILC operationin the datumwind-SAPSshavn
in Fig. 13.

3.2.3. Testrun #3

A datasetof wind speedvarying betweerabout10.5
and 13m/s measuredt the northeastoastof England
is shawvn in Fig. 18. The datasetis usedasinputto the
wind-HSAPSmodelin thistestrun andtheelectrolyser
is switchedON after5.2s.
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Fig. 9. Frequeng for a systemwithout electrolyserat constantwind speedof 12m/s.

Fig. 19 shaws the systemrms voltagesfor all three after 7s, a deviation of 3% of nominalvoltage,which
phases.The voltage control can be seento be good, is within thelimit.
varyingbetweer?15and233V at an averageof 226.6V, The systemfrequeng canbe seenin Fig. 20 to vary
which is well within the limits. The worst imbalance between48.1 and 51.4Hz at an average of 49.9Hz
betweerntwo phase-vltageswas foundto be about7V with standarddeviation 0.8Hz thatis reproducibleThe
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Fig. 10. Active andreactie power in a systemwithout electrolyser SC= synchronoussompensatotWT = wind turbine, PFC= power factor
correctioncapacitoy BL = baseload, and DILC = control load.

10 T T T T T T T T
3 | -
¢ ° /SN SN\
N N/ ./
0 N\ / N /N /7 N /1N /[ \ A \ /
4 6 8 10 12 14 16 18 20
10 , , , . , , , ,
2 Iy A U ) S ) —
S 5f 2
o \ \_
T\ U A N 2 S
O _\I L 1\ L 1 \ L 1 \ VA \ L 1 AN 1/ \ VA AN
4 6 8 10 12 14 16 18 20
10 , , , , , , , ,
v T/ T N\
2 5¢F R
N _/
\ /~ \ /T
0 _\ 1 L 1 1 \ VAN AN L 1 \ / 1 1 \ /I \
4 6 8 10 12 14 16 18 20
Time [s]

Fig. 11. Resistve loadsimplementedn the DILC are switchedon and off. Thereare six resistve loadson eachphaseas indicated.
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Fig. 13. Frequenyg for a systemwith 8kWp¢ electrolyserat constantwind speedof 12m/s.

electrolyserDC power, voltageand currentare shovn theuppervoltagelimit is mostcritical. This voltagede-
in Fig. 21. The simulatedelectrolysewoltageis within viation must not be confusedwith the ripple voltage
the allowablevoltageoperationrangeof + 10%, where level of maximum1% asdiscussedn Testrun #2.
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Fig. 14. Active andreactve power in a systemwith an 8kWp¢ electrolyserconnectedSC= synchronousompensatorWT = wind turbine,
PFC= power factor correctioncapacitoy BL = baseload, DILC = control load, and ELY = electrolyser
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Fig. 15. DC power suppliedto electrolyserAs indicatedthereis no needfor fuel cell start-up(greenline). The correspondindhydrogen3ow
is alsoshawn. ELY = electrolyser and FC= fuel cell.

3.2.4. Testrun #4

Theresultsfrom Testruns#1D3mply thatanunrey-
ulatedelectrolyser operatedat a constantpower level

thatis abouthalf the peakpower of the wind turbine,
can be usedas an active load controller during high
wind speedswvhereonly the systemfrequeng is used
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Fig. 17. Resistve loadsimplementedin the DILC are switchedon and off for a systemwith an 8kWp¢ electrolyser Thereare six resistve
controllerson eachphase.

as an ON/OFF parameteifor the electrolyserIn Test Fig. 22 shavs the datasetof lower wind speedvary-
run#4the hydrogensubsysten©ON/OFFcontrollerwill ing betweerabout7.5and10.5m/s.FromFig. 23, which
be evaluatedwith lower wind speed. shaws the hydrogenRow generatecand consumedby
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Fig. 18. Measuredwind speeddatawith meanwind speedl11.5m/s.
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Fig. 19. Systemrms voltagesfor eachof the three phaseswith 11m/s wind dataasinput.

the electrolyserand the fuel cell, respectiely, it can minimum2 h unreggulated(constanpower) operatiorof

be seenthat the electrolyserstartseven at lower wind theelectrolyseicauseshesystenfrequeng to dropbe-
speedsOncetheelectrolyseiis startedjt is constrained low 48Hz becausehe electrolyserdravs more power
by the hydrogensubsystemON/OFF controllerto run than available from the wind turbine. Due to system

for atleast2h, to avoid rapid ON/OFF switching. The frequengy below 48 Hz the fuel cell startsup controlled
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Fig. 21. ElectrolyserDC power, voltage and currentcharacteristicsThe voltage deviation of about10% mustnot be confusedwith the ripple

voltage earlier setat maximumof 1%.
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Fig. 22. Measuredwind speedusedin the simulationdebnedas lower wind speeds.
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Fig. 23. Hydrogenproduction(blue) and consumption(green)by electrolyserand fuel cell, respectiely.

by the drooprelationship.Thefuel cell start-upis indi- pensve dump load. This causeunnecessaryvearson
rectly shavn by the hydrogen3ow requiredby thefuel hydrogencomponentand mustbe avoided.
cell in Fig. 23. Continuouslyparallel operationof the Another timer is addedto the hydrogensubsystem

fuel cell andthe electrolyseiis nothingelsethanan ex- ON/OFFcontrollerthatswitchesOFFtheelectrolyseif
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Fig. 24. Annual hydrogenstate-of-chage and wind speedfor a wind-HSAPS.

boththeelectrolyseandthefuel cell have beenoperated
continuouslyin parallelfor morethan10s, but it is not

arohustsolutionregardingminimal ON/OFFswitching

of the electrolyserandthe fuel cell.

3.3. Sizingof the Hy-storage and heatdistribution
basedon annualsimulation

A simple Simulink model study basedon annual
power Bow through the wind-HSAPS has been con-
ducted.The 20kW wind turbineis modelledby using
a look-up table, which interpolatesthe correlationbe-
tweenwind speedandwind turbine power output.The
basdoadis Pxedat 6 kW, while the8.0kW (8.7 kWac)
electrolyseis switchedonwhenthewind turbinepower
exceedsl4.7kW (load+ electrolysey. Negative power
in thesystems simply debnedaspower suppliedby the
fuel cell. A 600kWh hydrogerstoragg& 200Nm?3 Hy)
matcheghis systemsetupquite well.

The hydrogen state-of-chage throughoutthe year
is given in Fig. 24. Maximum and minimum state of
chage is 90% and 20%, respectiely. When the bnal
hydrogerstate-of-chageis aboutthe sameastheinitial
state-of-chage, it indicatesthatthe chosensizesof the
electrolyserthe fuel cell, andthe hydrogenstorageare
reasonabldf thehydrogerstoragewvas a200barscom-

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

Component Enegy  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

pressedsteelvesseljt would occugy aboutl m? with a
weight of somefew hundredskilos including the com-
pressorA metalhydridewith thebenepbbdf low pressure
operation,and assumingcommercially available low-
temperaturénydride of the ABs or AB type (1.5wt%
H> in alloy) would have amassof about1400D1808&g.
The metal hydride physical volume would be in the
samerangeasthepressureesselTheinputwind speed
data with time resolutionof 15min is also given in
Fig. 24. The meanpower outputsandinputsalongwith
operationhours and systemenegy balanceare given
in Table3.
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Fig. 25. Distribution of electricenegy and heatingenegy between
the DILC, fuel cell andthe electrolyser

The fuel cell- and electrolyseroperationtimes are
3000and3800h, respectiely. This is within andquite
closeto the commonly guarantiedPEM cell lifetime
warranty In a real system,shifting the frequeng set-
tings and letting the DILC work more canreducethe
electrolysemperationtime. No frequeng regulationis
availablein this simpleannualsystemmodel. Theelec-
tric enegy shareof a total of 83280kWh betweenthe
DILC, thefuel cellandtheelectrolyseshavnin Fig. 25
indicatesthat the DILC and the electrolyserequally

H. Miland et al./International Journal of Hydrogen Enegy 31 (2006) 12151235

sharethe excessenegy. The fuel cell coversthe debcit
wind turbine enegy, which is about £ of the excess
enepy.

Anotherinterestingparametein this annualsimula-
tion studyis the distribution of the generatedheat. The
componentshatgeneratéeatin this wind-HSAPSare
the DILC, the electrolyserandthe fuel cell. The heat
generatedn the electrochemicatomponentss the dif-
ferencebetweerthethermo-neutratell voltageandthe
actualcell voltagemultiplied by numberof cellsin the
stackandthetotal stackcurrent.The meanheat(based
on 8760h operation)generatedy the combinationof
the DILC andthe hydrogensubsystems 6.6kW com-
paredto 4.4kW if the heatgeneratedy the hydrogen
subsystenwere excluded.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
annualmeanheatgeneratedFig. 26 shawvs the water
temperatureproble for a heat distribution/kuffer sys-
tem. Even with the constantheatload, the heatbuffer
is never belov 50%C. It is assumedhat thereare no
heatlossesin the systemexceptin the water storage
tank. The storagetank containingabout50m3-heated
wateris encapsulatedith a standardsolationmaterial
with a specibcdeattransfervalueof 0.036Wm/K. The
resultingtotal thermalresistancavith 0.2m isolationis
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Fig. 26. Distributed heatingwater temperatureambienttemperatureand the heatlossin the isolatedwater tank.
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(1/( 0.036 0.2))isojation K/ W+ 0.1 74y K/ W= 5.7K/ W.
The heatcapacitancef the steeltank andtubesis ne-
glectedcomparedo the heatcapacitancef the water
with specibcheatcapacityof 4.2kJ/kg-K.

4., Recommendations

At lower wind speedghe soleuseof the systemfre-
gueny as an ON/OFFparameteseemgo betoo sensi-
tive for regulationof the hydrogensubsystemOnesim-
plesolutioncouldbeto reduceheelectrolysestack but
thenagain,the advantageof the enegy storageconcept
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might becomeminimal because too small amountof
hydrogerproducedvould beof lessepracticalinterest.
Anothermore promisingsolutionwould beto utilise a
fuzzy ON/OFFcontrollerthatwould take into consider
ationthesystenfrequeng, thefrequeng derivative, the
averagemeasureavind speedor thelasthour, andary
possiblewind speedforecast Whenthe electrolyseris
switchedON, theelectrolysercurrentshouldpreferably
beregulatedaccordingo theactualexcesswind turbine
powerin thesystemSimilarwork hasbeendoneby [15]
wherethe electrolysempower follows the wind power.
Furtherrecommendationsould beto investigatehe
optionwherethefuel cellis connectedo thethree-phase

frequency and voltage
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Fig. 27. Wind-HSAPSwith fuel cell connectedo the systemthroughpower electronics,not throughthe DC motor and the mechanicakhaft

asindicatedin Fig. 1.
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systemwith power electronicsassuggestedn Fig. 27,
and not throughthe DC machineand the mechanical
shaft spinning the synchronouscompensatos indi-
catedin Fig. 1. Preliminaryinvestigationgndicatethat
theenengy efbcieny throughthe DC motorandthesyn-
chronouscompensatowould be about82D85%com-
paredto anenegy efbcieny of about90b93%hrough
the power electronicsit shouldalsobe mentionedthat
the mechanicalsystemsuffers from mechanicalwear
andmaintenancekHowever, a step-upDC/DC corverter
might be necessaryn orderto ensuresatisfictoryvolt-
agelevel for properoperationof the inverter[16]. This
could reducethe enegy efbcieny to about86D89%.
However, the enegy efbcieny for the power electron-
ics has potentialfor further improvements,especially
when the semiconductotechnologywill be basedon
silicon carbidein the nearfuture [10].

Basedon simulationwork donefor a grid connected
fuel cell [17], aswitchingcontrolsignalfor thefuel cell
invertercanbe generatedhrougha PID-typecontroller
to adjustthe phasedifferencebetweenthe voltage of
the systembus and the voltage of the inverter It then
suppliesmore or lessactive power to the systembus,
compensatingor the changein systemloading, thus
regulatingthe systemfrequeng. Also, a control signal
proportionako thevoltage-changeanactivatetheangle
controllerthroughanotherPID-typecontroller Thenan
appropriateswitching signal is generatedo modulate
the amplitudeof the inverter outputvoltagein relation
to the systembus voltage,thusimplementingreactie
power andregulatingthe systemvoltage.On the other
hand sincethesynchronousompensatofSC)regulates
the systemvoltagemore or lessthroughoutthe whole
year using a fuel cell would not be rational for the
time beingbecausef the relatively shortmanufcturer
lifetime warranty (& 3000h). However, the fuel cell
would be suitablefor regulating the active power and
thusthe frequeng duringlow wind speedandpeaksin
loadrequirementsThefuel cell in the simulationstudy
doneby [17] was found to stabilizethe grid at sudden
perturbationsBecausea SAPSis more vulnerableto
perturbationgomparedo aOstiferQgrid, it isimportant
to investigatdf thefuel cell andits controllerarerobust
enoughfor SAPS.

5. Conclusions

Thesepreliminary test resultsare encouragingre-
garding the use of an electrolyserboth as a exible
power sink anda hydrogenproductionunit in orderto
storerenavableenepgy ashydrogerfor re-electribcation

duringdepcitsin wind power or peaksin demand Fol-

lowing integration of an electrolyserinto the wind-

HSAPS thesystenpower quality, mainlythefrequeng

andvoltage,have not beenfoundto differ signibcantly
fromthewind-SAPSwithouttheelectrolyserin factthe
systemfrequeny hasbeenobsenedto be more stable
whenthe electrolysemperatesn parallelwith the Dis-

tributed Intelligent Load Controller (DILC), especially
during periodsof high excessenengy in the system.

It is on the other hand clear that the electrolyser
needsmore parametersn additionto the systemfre-
queng for proper ON/OFF switching of the electrol-
yser(thiswould alsobethe casefor thefuel cell). Aver-
agewind speeddor the lasthour, wind speedforecast,
and the derivative of the systemfrequeng has been
suggesteds additionalparametergor the electrolyser
ON/OFF switching, therebyreducingthe risk for elec-
trolyser start-upat lower wind speedsApart from the
actualon/off switching,it hasbeensuggestedo control
the electrolyseroperationto OsheeQoff the actualex-
cesswind powerin orderto avoid unnecessariuel cell
start-upsfor stabilising of systemfrequeng when an
unregulatedelectrolyserwould drav too much power
from the wind turbine.

The heatgeneratedy the DILC, which canbe used
as a heat sourcefor the end user seemspromising
for keepingthe fuel cell- and electrolyserstack (low-
temperaturd®EM or alkaline technology)temperature
within the nominal operatingtemperaturethus min-
imizing start up transients.Once the electrochemical
componenthave startedup they canalsocontrikute to
the total heatgeneration.The fuel cell is particularly
importantin this regard asit can provide heatduring
depcitsin wind power or peaksin demand.
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