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ABSTRACT

Gobal warmingorcesthe energy sector to move away from fossil fuels and towaetiewable
energy sources. The increasing number of invebased renewable energy resouraecreases

the amount of inertia coupled into power systenadfecting the power systemability to with-

stand the frequency deviationg.his change has a more significant effeastmicrogrids than
utility grids due tathe already lowerinertia connected to the power system. This thesis sad

the changedue to the decreasing inertia to help to optimidee frequency control for an is-
landed microgrid with high IBG penetration. It is done by studying the frequency behavior in
three different microgrids. These microgrids differ from each other based on the share of syn-
chronous and invertebased generatiorA simulation software called PSCAD is utilized to create
the models and simulate different scenarios. The models are desdlbpased on the IEEE 14
bus system, which j this caseconsidered a general microgrid. On the generation ditiee
generationpatterns are considered. These patterns vary from each other based on the share of
synchronous generation and invertbased generation. All the simulation cases hawattery
storage system implemented into the microgrid. The frequency behavior isvdx$éy creating

four different events. These events aexreatedin four different conditionsincluding the ideal
condition. Based on the results gained in this stuthe inverterbased generation unitsan
support the microgrid frequencgimost atthe samelevel asasynchronous generator. However,

it is highly unpredictable and does require alternatigeneration units as a backup in case of
absent renewable energyhis sudy is also used to create a modular tool for the Wartsila to
utilize to analyzethe frequency behavior in possible future and existing microgktisvever

this study shows that this model conmed with the PSCAD is not suitable for businessduse

to the unnecessaly long simulation times.
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TIVISTELMA:

lImaston lampeneminen pakottaa energiasektorin siirtymaan pois fossiilisista polttoaineista
kohti uusiutuvia energialéhteitd. Invertteripohjaisten uusiutuvien energiavarojen lisaantyminen
vahentaasahkoverkkoisirkytkeytyvan inertian maarad, mika vaikuttadiden kykyyn sietaa
muutoksia taajuudessaralla muutoksella on merkittavampi vaikutus mikroverkkoihin kan
rinteisiin sdhkdverkkoihin jo ennestddn pienemman inertian vuoksi. Tdiggamitydsséatutki-

taan inertian pienenemisesta johtuvaa muutosta, jak&taa optimoimaan taajuuden saadon
saarekekayttssa oleviltaikroverkoille jossa on korkea IBf&enetraatio. Se tehdaan tutkimalla
taajuuskayttaytymisté kolmessa eri mikroverkossa. Naméa mikroverkot eroavat toiststatan
generaattorpohjaisenja invetteripohjaisen tuotannon osuuden perusteella. Mallien luomiseen
ja eri skenaarioiden simulointiin kaytetdan PS@#bista simulointiohjelmistoa. Mallit on kehi-
tetty perustuen IEEE 14olmupisteefarjestelmaéan, jota tasséa tapauksessa pidetaan yleisena
mikroverkkona Tuotannonpuolella tarkastellaakolmea eriduotanto rakennetta Nama mallit
eroavata toisistaan tahtigeneraattoripohjaisentuotannon ja invertteripohjaisen tuotannon
osuuden mukaan. Kaikissa simulaatiotapauksmgaoverkkoonon liitettyn& akkukayttdinen
energiavarasto Taajuuskayttaytymisté tarkkaillaan luomalla nelja erilaista tapahtumiao-
verkkoon Nama tapahtumat luodan uudelleen neljassé evlosuhteissamukaan lukien ihan-
teellinentilanne. Tassaliplomitytssdsaatujen tulosten perusteella invertteripohjaiset tuotan-
toyksikot voivat tukea mikroverkon taajuutta lahes samalla tasolla tahitigeneraattort. Ne
ovatkuitenkin erittédin arvaamttomiajavaativatlisaksivaihtoehtoisia tuotantoyksikditd, jos uu-
siutuvaa energiaa ei olgaatavilla Tamandiplomitydn avulla luodaan my6s Wartsilé modu-
laarinen tydkalu, jonka avulla voidaan analysoida taajuuskayttaytymistélofiegissa tulevissa

ja olemassa olevissa mikroverkoissa. Tama tutkimus kuitenkin osoittaa, ettaRS@AD malli

ei sovellu yrityskayttoon tarpeettoman pitkien simulointiaikojen vuoksi.
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CASE | EVENT EPP CONTROL CONDITION
Case 1| Load trip Droop Ideal
Case 1| Load trip Droop No BESS
Case 1| Load trip Isochronous Ideal
Case 1| Load trip Isochronous No BESS
Case 1| Synch. generation trip Droop Ideal
Case 1| Synch. generation trip Droop No BESS
Case 1| Synch. generation trip Isochronous Ideal
Case 1| Synch. generation trip Isochronous No BESS
Case 1| Network-link trip Droop Ideal
Case 1| Network-link trip Droop NoBESS
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CASE | EVENT EPP CONTROL| CONDITION
Case 2 | Load trip Droop Ideal
Case 2 | Load trip Droop No BESS
Case 2 | Load trip Droop No PV
Case 2 | Load trip Droop No WT
Case 2 | Load trip Isochronous Ideal
Case 2 | Synch. generation trip | Droop Ideal
Case 2 | Synch. generation trip | Droop No BESS
Case 2 | Synch. generation trip | Droop No PV
Case 2 | Synch. generation trip | Droop No WT
Case 2 | IBG trip Droop Ideal
Case 2 | IBG trip Droop No BESS
Case 2 | IBG trip Droop No PV
Case 2 | IBG trip (PV) Droop No WT
Case 2 | Network-link trip Droop Ideal
Case 2 | Network-link trip Droop No BESS
Case 2 | Network-link trip Droop No PV
Case 2 | Network-link trip Droop No WT
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CASE | EVENT EPP CONTROL| CONDITION
Case 3| Load trip Droop Ideal
Case 3| Load trip Droop No BESS
Case 3| Load trip Droop No PV
Case 3| Load trip Droop No WT
Case 3| Load trip Isochronous Ideal
Case 3| Synch. generation trip Droop Ideal
Case 3| Synch. generation trip Droop No BESS
Case 3| Synch. generation trip Droop No PV
Case 3| Synch. generation trip Droop No WT
Case 3| IBG trip Droop Ideal
Case 3| IBG trip Droop No BESS
Case 3| IBG trip Droop No PV
Case 3| IBG trip (PV) Droop No WT
Case 3| Network-ink trip Droop Ideal
Case 3| Network-ink trip Droop No BESS
Case 3| Network-ink trip Droop No PV
Case 3| Network-ink trip Droop No WT
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Case 1 LD Frequency Droop

Case 1 LD Frequency Droop No BESS
Case 1 LD Frequency Isochronous

Case 1 LD Frequency Isochronous No BESS
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Case 1 GD Frequency Droop

Case 1 GD Frequency Droop No BESS

Case 1 GD Frequency Isochronous

Case 1 GD Frequency Isochronous No BESS
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Case 1 ND Frequency Droop

Case 1 ND Frequency Droop No BESS

51 - i

50.5 - i
N
Lz

? 50 e NS e e e —
[0)
>
O
o

% 495 :

49 - i

T T T T T T
120 130 140 150 160 170

Time (s)
CAJamB alSS mg 2 NINIRTLA v |



cy

63/ F &#Sa2NB { A3JRHRAYIIKNE y{2kdraNED Sy S NI i A 2

CKAA ORIGIGNENIGKS NBadzZ Ga 3R T PRIGINEYS (KB &K
I RRAGAZY 2T (KB BPSYyHas femlikKSR { 3 NASNIHIG M3/ D SING
Ff a2 adMidz i in@RB2aRR®HD AT Ade 2F aAvydZ FdGAy3a GKS
SPSyiGa dzyRSNJ (i 63 i @BWRAIKR 2 ¥ 3 2 6AGH yady AAM0Od SyPR
0 K& & SA 2R ®yiB NBfea 20 B3 Yax § dibSKedM 28RISKE ySEOSSRA
dzLILESod 2 FAVI K S YA A Y @ (dzZNDAY SaA

Q¢
pul

CFESR 2y (KS NEFaHEA 8 6AVAEY BRI RNE MAIKAKY DI 8BSy
I YIRKS NB adff &8 KBNERAL) V8§ KANR f{OK2aSy a (KS Y2:

O2y GNRBf YSGK2R T2NI RS 28y 3 K¥daa SN s1828yQ 2 yi GyNPat
9ttar &Y H aAyYdzZ IGA2yao

¢CKS AYLX SYSyGldAaz2y 2F L.D |ftaz AyeNBRIaOSa i
IS GKS YAONRINAR NBfAlIOf & dzy RENI ORYRAIGNE YA :
I O At RaKGdzd adFFAONSYyat RO Y gzih y R NBR SRS S E LIS
RAY3 OFy 0% & YLyt SSyySSYNIBSSR/aGH YWl (1adaaNE YAZINSR T 2 NJ
SEGSYRER2ZB®S IRGAAARPHDAZY FTNRY |y SO02y2YAO0
AGZ F2N) GKAA NBlFaz2ysz Aa y24 O2yaAiARSNBR Ay i

631 / I MEK[SI NBSad [2F R ¢NALLISR

{AYdA  GREBEaHAY NS &l NIyIR SoASHK dnk & WikeKib B A @ MR L
NHzy & I NBRBRY SAFDINENIAEAX O&E LK R D vy RNBRYTR

Ad20KNRWREXZA R2YyS (2 RSTAYS (GKS O2yidNRf YSiOK
Ol 4K NI a dzf (34 YFIXER! Y AlRK/Sid B OMBS Y &RK A dAgRIKASNY

O2YLI NAYy3d (KRS OKERirKEMY 66 8§ K& A R &l K I iy 28KGS yREATH
AAGEKSS O2y FAIAMNRE LA DY Y B NAKNIRRZ2RABARTH2 NS NBI OKA Y
0KSHIAG By AKAOK O2dzZ R 0S ORFONRIE 4 SRJI 6 A/ R yIINR {IS
Sy0SisSSy (KSaS AGAyeNEt RNE2KkP®2y(iNRt A& OK



c o

F2NJ GKS aNBradit 25T AAEGS SIDKE ADBY dzf | GA2y O2y FA 3 dzN
O2yaraiaSyd FyR SFaAASNI G2 O2YLJ) NB®

¢l oMAS | & & KISNBS BRI LI

/ 2y FTAIdzNY CNAISI0] T|al E RN G6h 121 CNABIS NB | OK §
5NRE2 LLRSI pMZ M ¢ MHM?
ENR2 LI VY72 PHZ HZXJ MHMJ
ENR2 LI VY72 pMmZ M2 MHMJ
5NR 2L VY72 pmZ M 2 MH N2
La2 OKBNER Y # pMm3 M 3 ( MH M ]

Case 2 LD Frequency Droop

Case 2 LD Frequency Droop No PV
Case 2 LD Frequency Droop No WT
Case 2 LD Frequency Droop No BESS
Case 2 LD Frequency Isochronous
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Case 2 GD Frequency Droop

Case 2 GD Frequency Droop No BESS

Case 2 GD Frequency Droop No PV, No Protection
Case 2 GD Frequency Droop No WT, No Proctection
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Case 3 GD Frequency Droop No PV, No Protection
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Case 2 ID Frequency Droop
Case 3 ID Frequency Droop

52 r

51 A -

49 - -

Frequency (Hz)

48 - -

T T T T T T T

100 110 120 130 140 150 160 170 180
Time

(s)
CAIpaMR YLI NA&a2y 0Si04a&Sy {ASyNEBNIESINES I35y SRBE YA @Y G NX

¢CKS T OUADS LIR26SN) 2dzii Lddzli 2 K& K2 OFA MBNBERI G A2Y
/

FTNRY ICA SpmBA YVl KE ABNRBIj dzSy 08 & dzLILI2 NI FNRY
R2dzof S O02YLI NBR (2 KSR Y fovee 30INPAYY & (i laySi toy S 2 dza
FTNRY GKS txttoOly taz 65 asSsSy
Case 2 ID ENG 1 Active Power Droop
Case 2 ID ENG 2 Active Power Droop
Case 2 ID ENG 3 Active Power Droop
Case 2 |ID BESS Active Power Droop
Case 2 ID PV Active Power Droop
Case 2 ID WT Active Power Droop
30 A r
% 20 1=w*\°/— B
E
SIS |
o
2 0
[5)
<C
-10 A r
120 125 130 135 140 145

Time (s)

CAdpaNB aS H | Ol A OBK SR ASYNESDEHASHE AFYSNF GA2Yy (G NALI



yy

Case 3 ID ENG 1 Active Power Droop
Case 3 ID ENG 2 Active Power Droop
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Case 1 ND Frequency Droop
Case 2 ND Frequency Droop
Case 3 ND Frequency Droop
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Case 3 ND ENG 1 Active Power Droop
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| Fixed Load *
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i Intemal Outputs
v General
Name
Rated Real Power per Phase 20 [Mw]
Rated Reactive Power(+inductive) per Phase 4,5 [MVAR]
Rated Load Voltage (RMS L-G) 33 [kv]
Initial Terminal Voltage 1.0
PQ Defined at Rated Voltage
MNumber of Parts in the Composite Load 1
Fundamental Frequency 50 [Hz]
Scaling Factor 1.0
Mumber of Cycles before Load Release 10
Display details? Mo
~ Coefficients and Indices
Frequency Index for P (dP/dF) 1]
Frequency Index for Q (dQ/dF) 1]
Voltage Index for P (dP/dV) - Part A 1]
Voltage Index for Q (dQ/dV) - Part A 1]
General ‘
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I Fixed Load X |
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fo |ntemal Outputs R
Name
Rated Real Power per Phase 20 [Mw]
Rated Reactive Power[+inductive) per Phase 4,5 [MVAR]
Rated Load Voltage (RMS L-G) 33 k]
Initial Terminal Voltage 1.0
PQ Defined at Rated Voltage
Number of Parts in the Compaosite Load 3
Fundamental Frequency 50 [Hz]
Scaling Factor 1.0
Number of Cycles before Load Release 10
Display details? Mo
v (Coefficients and Indices
Frequency Index for P {dPfdF) 0
Frequency Index for Q (dQ/dF) 0
Vaoltage Index for P (dP/dV) - Part & 0
Voltage Index for P (dP/dV) - Part B 2
Voltage Index for P {dP/dV) - Part C 2
Valtage Index for Q {dQ/dV) - Part A i}
Voltage Index for Q {dQ/dV) - Part B 2
Valtage Index for Q {dQ/dV) - Part C 2
Contribution of P at Specified Condition -Part A 1
Contribution of P at Specified Condition -PartB 0
Contribution of Q at Specified Condition -Part & 1
Contribution of Q at Specified Condition-Part B 0
Name
Name for easy identification
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Case | Bvent | Control Condition peak/nc;dir Max freq de- peak/nc;dir

(Hz) viation (Hz) reached (s)
Casel| Gen Droop Ideal ny Zd ™Z NP MHNZ 1
Casel| Gen Droop No BESS ny 2o ™MZCdP MHMEZ(
Casel| Gen Isochro. Ideal ny o ™2 M N MHN T
Casel] Gen Isochro. No BESS nTXy THZMPp MHMZ (
Casel| Load Droop Ideal pnzao nIgr MHMZ J
Casel| Load Droop No BESS pmMZn MZnNT MHMZ (
Casel| Load Isochro. Ideal pmMZXZn MZ /0 MHMZ J
Casel| Load Isochro. No BESS pMZT MXT MHMZ T
Casel| Net Droop Ideal pnzn nZnm MHMZ T
Casel/ Net Droop No BESS pnzn nxnm MHMZ
' LIWISYRAE wd /1 aS W NBadzZ Ga

Fre Fre
Case| Event | Control Condition peak/nidir Mg X freq de- peak/nczlldir

(Hz) viation (Hz) reached (s)
Case2| Gen Droop Ideal ny T T™MZHC MH X
Case2| Gen Droop No BESS nT o THXZC QP MHMZ(
Case2| Gen Droop No PV nTxy THXMM| MHMZ ]
Case?2| Gen Droop No WT ny zy ™32 MC MH N 21
Case2| Load Droop Ideal pMZXo M2ZO0Yy MHMZ J
Case2| Load Droop No BESS pHZIAN HXJC MHMZ (
Case?2| Load Droop No PV pMZn MZnNC MHMZ J
Case2| Load Droop No WT pPpMIM M2Z MM MHNZ T
Case?2| Load Isochro. Ideal pMZXZo MZ0d| MHMZ]J
Case2 Inv Droop Ideal ny ™ Nn MHNZ 1
Case2| Inv Droop No BESS ny ZH ™2 TN MHMZ (
Case2| Inv Droop No PV ny xc T™M2 00N MH N 21
Case2| Inv (PV)| Droop No WT ny vy ™2 H N MHNZ T
Case2| Net Droop Ideal nopzT mMZHPp MHMZ |
Case2| Net Droop No BESS ngpxT mMZHN MHMZ (
Case2| Net Droop No PV nopzy mXmMy MHMZ (
Case?2| Net Droop No WT npd m2nap MH N 2 (
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Case | Event | Control | Condition peak/ngdir M_ax _freq de- peak/nc;dir
(Hz) viation (Hz) reached (s)

Case3| Gen Droop Ideal ngpnw m3dpd MHZY
Case3| Gen Droop No BESS ncxaor 210 MHMZ [
Case3| Gen Droop No PV UNSTABLE

Case3| Gen Droop No WT ny gt ™20 MH 2T
Case3| Load Droop Ideal pMXZon MXo0n MH N Zd
Case3| Load Droop No BESS PHZMNH HXNH MHMZ N
Case3| Load Droop No PV ny zcec ™2o0on MHANZT
Case3| Load Droop No WT pnXdn nxdn MH N ZT
Case3| Load | Isochro. Ideal pMXZoC MXO0C MH N ZT
Case3| Inv Droop Ideal nPZHDP mZTp MH N ZQ
Case3| Inv Droop No BESS ngpmo mIyT MHMZ (
Case3 Inv Droop No PV UNSTABLE

Case3| Inv (PV)| Droop No WT nyzyn ™2 MC MH N ZT
Case3| Net Droop Ideal pnod noag MHMZ J
Case3| Net Droop No BESS pnzny nIny MHMZ T
Case3| Net Droop No PV ntTzpw nznao MH N 2 J
Case3| Net Droop No WT pnzmo nNnzZmMo MHMZ J
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