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ABSTRACT

The increasing penetration of invertbased resources is transforming modern power systems
and creating new challenges for gidde compliance. Unlike synchronous machines, these re-
sources do not inherently provide voltage formation, inertia or frequesuggport. This thesis
investigates how simulatichased evidence can support the verification of gddmning inverter
behaviour according to selected requirements of the VDE FNN guid@atmical Requirements
for GridForming(GFM)Capabilities Including Provision of Inertia

The study focuses on two requirements: voltesgirce behaviour and Primary Control Based

on Network Security (PCNB). The Giddel developed by Professor Lingling Fan is used as the
EMT(Electromagnetic Transieygimulation test object in MATLAB/Simulink. The thesis also de-
velops AGIS, the Automatic GFM Inverter Simulator, to automate selected VDE FNN virtual island
network tests, extract active power, reactive power, voltage and frequency, calculate deviations
andgenerate structured validation reports.

The results show that AGIS can distinguish between baseline and tuned simulation scenarios and
provide repeatable evidence for the selected verification procedures. For vedmgee behav-

iour, the analysis focuses on pestanding voltage recovery, whifor PCNB it links frequency
deviation to activepower response. Overall, the thesis demonstrates that automated-EMT
based simulation can support structured and traceable-gade verification for gridorming

inverter models, while recognising that havdre-based validation remains necessary for future
work.

KEYWORDSyrid-forming inverter, invertetbased resources, EMT simulation, VDE
guideline, PCNB, voltag®urce behaviour, MATLAB/Simulink, AGIS;apik certification.
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11 . F 01 ANRPdzy R I yR O2y GSEQ

European power systems are being reshaped b
rapid growbhsefl reseutees (I BRs), including
tai c gener atcioonnn eacn e db astytseereyns. As ant arger

nected t hreoluegcht rpponwecr i nter faces rather than

machi nes, conventional a s scuinrpctuiiotn ss tcroenncgetrhn, i
sponse and voltage formation no | ongkr hol d
technical guestion is no | onhgasednggnédoat it

but how to ensure dbai nahedeayshgimg rewmar ne
| abl e and compl i-ande wiéduierveorherri thnsgy (gE;Uurdopean

| RENA, 261212),. pp. 10

I n the European context, this discussion is
2016/ 631, the Network Code on Requirements
national and regional i mpl emenHkE apgn esheemtud e s

NC RfG as a harmonised framework for gener:

code itself recognises both compliance test
ci al point for | BRs, because it medanisn t hat
the regulatory architecture; the practical
o f model | i ng, validation and interpretati ol

compliance assessme-*ret, inn dr.ealE uprroopj@efcit 6s¢C o(nETN T

Within this bGFokhdretrr alr amaess teamenr,ged as a str
pability for | BRs . NERC defines GFM contro
mai ntain an internal voltage phasbranhbdant i s
ent to transhenmnebyi m@eabir-amgettheesoaveceéeeto

i mmedi ately to external system cfhalnlgewi ng hi
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control, twhesad ef odbtj ecti ve i s current regul
mati on. Recent | iterature also shows that,
sponse, voltage support, synchroni sation ar
ancean no | onger be separated from the quest
( NERC, 2023 a; Ghif)re et al ., 2025, pp. 2

At the same time, GFM technology is not dev
al . (2020) ppguédthat i mplementation is | il
crogrids and island systems to waeak -Belcki on
system depl oyment. This shaged vYalijeztiooly er
i mportant . It can support early controll er

atic exploration of operating pdentse adeflodke
| arsgeal e field deployment, and help build th
adoption across current and emerging i mpl
(Ghi mire et-ldl;,. LiZx0 28, 4Fp., NEBRCO0 ~2p.p3bddpp

1.2 wSaSFkNOK LINRPotSY YR Y2UAQFGA2Y

Despite this progress, a sluebvsetlaond & iad x pyeamt ar -e
tions and a robust compdpamlce INRBRR$.0dRd coegnyt f
that transmission system operators, standar
to overlapping but not identical sets of G

guirements are often formulated with varyin

pp~6)2 show that specialised perforrmamrce anoda
novel | BRs and t hat many GFM capabilities
control concept s, equi pment constraints anc
argues that the field stildl neends, cfl erma teir o

specifications and Yarmdagi oecpbnotegyesé Ghom
pp-6:;2 Lin et al., 2020, p. 44).
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For this reason, the central problem addr e
GFMapable I BR can ful fil sel ecteasedcoawi ca
dence can be organicoaece tcompe mamster atne ag rmiad r
parent , repeatabl e and wuseful for interconn

l em i s reinforced by t hsee qfuaecntc et hsattu dci oensv eanrtei

sufficiendombnat eadesystems. NERC siteanttes t h;
(EMT) studies are becoming increasingly nec
for |l ow system strengt h, conti# dlrougthe baedhtaive

i our ,-cisrhcouritt studies and the benanhmarEkEEnNg ¢
2800.2 reinforce the same movement by I inki
pl dretvel conformity assessment procedures,

met hods for demonstrating conforman€e (| EEE

X)) .

Accordingly, this introduction forceogdbeounds
compl i anckRuractpeaanpanvel, using the NC RfG a
ment as the primary regulatory frame. Afterl
the detailed operational analysis to the VL
cally justified because recent l'iterature

sources that has transl|l ated generals ,GFM exp
i ncluding phase and magnitude steps, RoCoF

and €shorcatiito variation (Ghimire et al., 202

131 AY YR NBASIFNOK ljdzSailiAzya

The aim of this thesosieste¢d Odeaméwpr la Tomp
Si mulbaatsieodn evi dence can denoapdlriag el BERs fwir tnt
code requirements. The emphasis is placed o
satni of one specific converter design. More

ul atory requirements to simulation scenario
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and validation steps that <can support credi
future applications-Eof nGEM; t éE&ElEE0l @GR 6( ENTS
The main research question of the thesis is
based evidence demonstbraasteed croenspoluacamokeese ma ft hi n

guirementfoorfme mggroipeeration? To answer this

four supporting I ssuesrtelFavwartt, ridqguweixraemmenretss
tracted from TthbedeEGramesaor gradd its nation.
text. Second, it considers how those requir
naosi, assessment criteria and compliance i n:
el ling, compl e nameanrtdenda reyo ocpo nvtarl oildlaetri on, can
credibility of the evidence producwlda- Fourt
ti-based validation in relation to p-lant be

worl d i mpl ementat tEoon ncadn st rGahiinmisfil € ; EeENNTESKRIC, |
2023 bx)pp. Vv

By framing the study in this way, the thesi
to current GFM devel opiharsted wamheldyath ow <iomd
only to for mal compliance assessment, but
benchmar kdienpgl,o ypmeent ri sk redoaotioh &RrR&M thbeht
ogy across microgridsjdi apbaphdedt bspyassteeann d W e
operation. Simulation is therefore nreated
evidgeonerating mechanism within a wider com

pp-119 Lin et 4V;, NEBRCO ~2ipip)3b44ddpp. v

1.4 { O21LISZ YSGK2R2t23AO0Ft F LILINEI OK | yR

The scope of this thebbsedsabsmssmdnt ootf hee
forming requirdbmeedsrkecsourosesrtrtdhe wor k doe
European grid codkesermderyetompt molinleavregrrord pr o
tification procremiumg fomctail dnalrii tdi es . | nste

subset of the VDEsBMNNcgubdbhvneur vahtagei m:
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detailed inertia procurement tests, -har moni

paral l el operation dampae Icietryt idnd aftuloln, hare

scope of this thesis.

15 { G NHzOG dzNB 2F GKS (GKSaaa

Foll owing this introduction, Chapter 2 revi
of | nbveesretderr es-barmesg gontr-bhsaddcemmui anhce
sessment . 't i ntroduc efsoltlhoewidnfg®e traimmndevgg rdi redh fa e t
iour, reviewsrmhegmaiomtgoildfamilies and di s
l ation, EMT si muaklmatepop metdhbdsdivaa smed ere- i n
source validation.

Chapter 3 narrows the broad regulatory cont
as the operational verification framework o
ments relevant to the i mpsloeumrecnet ebde RN BKp, U re sapr

and explains the corresponding operating poc¢

criteria used in the virtual i sland net wor K
Chapter 4 presents the modelling frameworKk
GFModel used as the simulation test object,
Simulink testbed and explaindrtlmeaeacyt rdaoloo
|l oop, reawalitveege odmearop | oop, outer voltage ¢

The chapter also clarifies the-Hlold easofa opfofsl-

sible future validation stage rather than a

Chapter 5 presents the simulation I mpl ement
verter Simul atorba(skEGl R)u,t otmad | AT FAB mewor kK
cute the selected VDE FNN tests, extract me

tiontsepdhe chapter then presents the two s
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a baseline scenari-oompExlpiexzntedbelmavieveral amadne
expected to satisfy the implemented criter:i
Chapter 6 interprets the simulation result:
outcomes, it explains how the measured quan

the physical requirements of the We@EvVv E&EININ- gu
ageource behaviour measurements and then an
ing how the deviation calculations connect

l ying physi calf dorehianvg ownri to.f a gri d

The final chapter concludes the thesis by s
tion of the AGIS framewordasele appmobahi @am:
ommendations for future wortki,meiln |vadliindga te xo

anlwr oader coverage of VDE) FNN verification
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2 [AGSNY Gdz2NB yR {dlFyRFNR wSOASga

21 L. w ReylrYAO 0SKI OW20NE yA2Yili BRi 2 YRY F

The starting point for the literature review is the recognition that invetbased re-

sources are not merely smaller or cleaner substitutes for synchronous generation.

Their AGside behaviour is created through powelectronic conversion and digital

contol , so their system contribution is more
tional machi nes. NREL' s roadmap emphasi ses
systems containing both synchronous and invetiesed resources, and that the con-

trol behaviour of the latter is central to stability, protection, fault rittlerough and

model validity. Ghimire et al. similarly note that rapid growth of IBRs reduces inertia

and shortcircuit power and can intensify voltage, frequency and synchronisation chal-

lenges, which is precisely why gifimkming functionality has moved from niche mi-

crogrid practice to the centre of present gradde discussions (Lin et al., 2020; Ghimire

et al., 2025).

The | iterature consi SINKREIf2oENERNNGyiEs hes ¢
trol . Il n NREL’ sf dlolronwil mg i oant it dled cakreidd olna cap r
t hat est i matveosl ttahgee taenrgnmicen matnrdo | a | couwrpr etnhtat r ¢
jected AC current. Under this aromngement,
PQ source whose operation depends on an ex

NREL theref orfeoldeoswirnigbh ebse hgarviidour asdiedepende

fed ter minal voltage to which the PLL can |
same |l ogic as synchronising to the grid anc
rent . By €onimi agt cogtirdl |l ers do noe obely o
PLL in the same way,; Il nstead, they define

vol tsmgd cke behaviour on the AC side (Lin et
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Wit hinomgmiimdg control, NREL identifies three
most useful organisin@NPRaxb &N Gr atehy/eOKiNS \
YIOKAY&AadNIidzZ t 23a0AThHAati20) ©®2yiiNREéation is an
it separates controllers according to the f
tion and power sharing emerge, whil-e al so

state-l dkeoproperdiitelsy dINtRetLe se xtpHhat droop con

oscill atordoalmi ngi mehtavgoiud and can-be comg
statanoproperties, evetn mehsocuag he tihnepilre nsehnotratt
(Lin et al., 2020).

5 NP@ L3 S BF ZANWAARY Ir eO2ay/iirM2 ft he most mature and h
iy, NREL describes decdtmabtobbeomi mas e thieo dv
originally proposed in the early 1990s, and

t r aodfef bet we eann df rveog uteangceyy, on t he one hand, a
on the other. ThtHsvperodwnesse qtuven ceyss ttehnat r et
for compl i ancewisdteu dsiyensc:h rroentiveoartki on am-d pr og
i ng. At the same ti me, the same NREL revie
| opvass or notch filtering of measured signa
strongly on -afhfe bhetnwegn trasdgonse speed, har
bi I 1 ty. For a thesis focused on certificatd.i
because i1its structure is ceampgar a@tuinvceliyo nisnt ¢

al so means that parameter seéempiedaagiem gglht er
must be considered part of the compliance e
(Lin et al., 2020).

+ANldzZ f aeyoOkMhyfzdd YIsOWReyYS$S understood as ¢
chromagésine model, or -eaquattiach analkdgoeced isw
control s. NREL notes that VSM imphememntat:
forms to mor eeldekteaimoedde | nsa cihnicn i d ink@ ge& a meir mg

and that these parameters can be tuned muc
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machine. The attraction of VSMs in standard
comparatively natusgastgmooadpnceéeptgacyuplowes
and synchronising torque. The compl comti on
pliance requirement; the thesis must there

nodovoking controll erciosleacommmat aoal | y nmar e ¢

~—+

ext, the relevant i ssue is whethee-the <ch
ui red measur—phlassiemphaesponse, rtetarca u grke, s u |
ampi ng aqntdr esrygttewmstulpiprorthar dware and curren

020; NERC, 2023a) .

N OO Oo

+
>

NI dz £ 2 & QA i hicRiA2aNIDIaRQMINRIES OA NI dil &  t2meOArhd &
nonl inear of the three families and often
rounding for decentralised syschiobatosat men

s emulate nonlinear oscil |l atroarl | cyi rdciufiftesr e

-+ O @«
o

rom droop or VSM (cwantik alr o opan awtsi liIn et kialliy
original dvOC work by Seo et falr.mutllfagn oaddan
reports experimental validastantobpdyatamon,
sient voltage regulation, |l oad sharing and
sis writing, the main anal gratakepbegbonds “d
versus VSM” anfdorsmionms itshamorgea idsef ul |y trea
than as a single architecture. Howsecvaelre bec

conformity pr-aat i\bcddd etdh afno sdmuoiogpt i ® of t en mor

|l iterature review as a conceptual -lbyenchmar
clause compliance mapping (Lin et al., 2020
The control |l iterature also points to an in

ti OWzNNBYy G fAYAGAY3IT Fldz G 0SKIGA2dz2NE Ay SNJ
dASO2YyRINE AYLIE SYSyYylGldA2y RSE2 RN AY D dAUNIRGHFM YL
NERC’'-sogmidg white pafperrmisng ersessesurtdhads mudtd

bilising characteristics while respecting
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phajsiemp performanmean,gtdy stugprppor t fault curr.
transitionseamnuwe megaldetlvaevi our. Ghimire et al
showing that some candi date GFM functional!
as optional and some as advanced because t|
har dwar e, energy buffering or operating co

compl-oanheprted thesis should thereforye avoid

It is better to describe it as a |l ayered pe
depends on the disturbance class, the ti me
( NERC, 2023a; Ghimire et al., 2025).

A second |l ayer of Fdiy®©ithayohomRBFAdeEhadrRrygds f a
NERC def-fi mremi nggr i o mptormely stremnbat Ed | BRs as
whose primary objective is to maintain an

nearly consteaansiaent heo subamesbyneéndablimend riam

ate response to external disturbances. Ghin
tions are valwuable: they can cut accdeoss har
thinking than merely naming controller top
usef ul requirement taxonomy in which mandat
source behaviour, synchronising active powe

ton, vol tage stulprpoourgh daapdhiti Iriitdye and robust

changes; optional capabilities include func
verter control s, such as harmonic sinking
blii ties incl ueeg shhleanc ka udtoanrotmo ulsarogpeer ati on ar
autresynchronisation functions. This taxonon
sis because it gives a principled waw to se

from what can be acknowl-ddpeddanstfeaekxuersiwon

2023a; Ghimire et al ., 2025) .
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The methodological literature is clear thad single simulation or testing method is

sufficient across all IBR compliance questiotisstead, the evidence chain must be

matched to the type of requirement under st
explicit on this point: as IBR penetration increases, EMT studies are becoming increas-

ingly necessary for lowystemstrength networls, control interactions, smaland

large-disturbance stability, black start, protection misoperation, powgeality issues

and IEEE 2800 verification. At the same time, the same guideline states that positive

sequence RMS models remain relevant, especially when benchmarked against verified

EMT models, because largeea planning and broader screening cannot practically be

carried out using EMT alone (NERC, 2023b).

wa{ aAYudziéndR2ore retains a |egitimate rol e,
suited to sl ower electromechanicaidpophénomer
studi esystleamgeontingency sweeps and prelim
power ainweoweactf unctions that doycnoet cdoenpveerrd ¢
dynami cs. However, NERC explicitlfyi dredtigsy t |
model s and recommemdsencieatdypami ti vieodel s b
agati nseri fied EMT model s. -{Formiand hesmp! icoma
means RMS model s can -au@@gocadntaexthapn epr @lni m
design, but they should not be sHSoO@atedba&s s
havour, -ldumrirteamtg efsfeqauten,c en a gatpigwvummng, preapgiod -p

mance or -rpelogwanti otnransi ents (NERC, 2023b) .

9a¢ AAVYidHE [tikeycentr al model-bi ingntmed hGEMTf @s s

ment because it is the most sui tlaobolpe ceomv-i r
trol s, current | imits, asymmetrical faul t s,
contrakctionerin weak grids. NERC states tha
as thef hdghiesy models wused in stability st

needsqlalgihty, valspadciedi anEBMT arfoolréentgy .whNERC ' ¢
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paper goes further and argues that verific:
and detailed EMT models provided and certif
tion reports against | aboratory, fiieds d or

therefore not just “one possible simulatio

which the claimed evidence becomes regul ato

| I NR #hyNG&ES2 Z7neJt hods occupy an intermedi ate po:
tion podveffultlesti ng. Ghi mi-basetd Bnestdeasribe
point for GFM capability assessment and the
used foingrotwvetrypi cation and the use of r ec
HI'L results as avalaildatipamtchdi n hapamorded o mm
vided validated models be suppororey, bfyi eelad i

or HIL tests. For a master’'s thesis, this i
met hodol ogy: the thesis does not need to cl
but it —eamdamdye and with edphpmar tHIfLr osm rtemeat
the traceability between controller i mpl em
Ghimire et al ., 2025).

Within that brOayiehk? INNRENFNERZ 2dED tyh,e most pl atl
validation | ayer for the present thesis bec
retal me simulation while executing actual c

hardwar e. Al t hough the standaendsessédothmebt o

term “HIL” than the narrower ter-mrl €nted, t
thesis design: mod el credibility iampreodves v
retal me pl ant model , yet the cost, safety b
much | ower t hasncafloer tRKItL nagr. fTdlils 1 s an i nt

from the evidence chain proposed tbhy tNERC a

thesis scope assumed in the prior discussio
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t 2 oIBRNNRANGES2 2k t he stronger but more demand
|l ogic. Ghimire et al. describe PHmMeE ®B8éemu-be
| ations capable of emulating phase jumps, Vv
dynamic i mpe.daMERC edlfeactci tes PHI L experi enct
and notes that such testsfbempeg iquaatt éry ¢
needed for stability in a real ikdgtliow,t Paddmn $ mi
particularly valuable when the research que
bl e?” to “Does t ke nitmtod g rpaatcekda ghea rbcevihaarvee cr e «
grid emulation?” The practi cradd udcreaswbaaddki,t ioof
cost, interface complexity and stability <co
propriateomasmat Hod | bbvan as the core of a m

Ghimire et al ., 2025).

Taken together, the met hodol eogiiceanlt eldi teevri adteur
hi er awadfhoyr: swisddeenscreeni @g¢ amdma@iomteéyxymhami c
ance c¢llaifmelL[i mpl eawamteatviadm dati on of contrc
t1 L[ 2NJ GFNBSGSR I bF 02 Med @iNBicdiadsitSe (&Slaadiams ,

where plant integration or hardware constr a
the | ogic of -arsesceesnstmemd n fdoervneiltoyp me n tnsd, espec

NERC’s emphasis on vali dastpecci @EM mod dalesn caend

23 {0 YRFNR& YR NB3IdzE I 62NB NBODASSH

The standards | andscape relevant to this th
than a single rulebook. At/ 2tYheh aEuAr2oyp evaSna dif el v
09| 0 HaomMtkReoMet work Code on Reqghipreneentss f o
this code as the harmonised framework for g
explicitly organises I mplementation wor k, g
it. ThkE ENFSOAbws that the code covers diff
modgl eand power park modules and includes s¢g

park modul es, which i s si garEuUfrioganatn bceocngu s ea |
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met hodol ogy must be able toshpardlfe cbotljyugenmn
ments €EENTSO.; European Commission, 2016) .

From the perspelcased odr tsiifmudaattii com, t he mos

Rf G is not only the | ist of plant capabil it
clude®©2NVal Al y@Q302SBIIAYHAOS aArvidztcllleA 242 conce
mon provisions for compliance testing, whil
compliance simulation. Article 43 states th
fulfilment of the regull@aws otnh & tnreeriqevaer tad oW S
to request additional or alternative si mul e
cient. For type C and D power park modul es,
| ogic even clearer: several <oafmpll iamlcy isfi mu
ulation model has been validated against re
Itself is demonstrated. This is a cruci al
conceptual bridge bet weenl rseiandw!| aetmboend daendd i cn
pean | aw; the unresolved issue is the qual
process (European Commi ssion, 2016) .

A second strand of the standards review cor
| RENA argues that gri-decbdak aéoudad de pessd

evolve as system needs evol ve. It iglasoohi nlk
digitalisation and el e¢REi $ystaémoani nanea snion
full frequency and vofbagengocohpalairt aswulpi-bi
port and broader controll abable¢eyfemvehopies .
because i tcofdreamneevso |l qurtiicdbn as a governance ptr
one: requirements must be specified in func
| ocking the industry into 20ne i mplementatio

At the di sL®9Dbmtnmoermalienvsela, key reference bec
nical specifications and testing for the in

energy resources with electric power syste
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covers response to abnor mal conditions, p O\
test specifications for design, i nstall ati
plicability across DER technologiestbennec:
present thesis, |l EEE 1547 matters | ess as
comparator: it demonstrates how interconnec

ments directly to testing and veirsi fdiicvaetrisoen

(1l EEE, 2018).

At the transtmi a3 mins thald min@asa Il much c¢cl oser t
themes of this thesis. | EEE states that t hi
mum requirements for interconnection, capahb
nected to tra#tsm@anssmi e i andgs gveobl et nasg,e iamcdl ufdrier
ri-derough, active and reactive power contro
voltage support, -9oqueenagaadurtiyentmeiglag e oei on
al so applies to isol at eeHVIDERS aicntleartadocemsne cwhe
vant to offdhwnrkeedampd aHY¥DConcepts. I n analy
portant because it moves well beyomar -basi c

formance regi mert leatt ede rEtMTf isd aitdii ®@rs must ad

The recentlL 9a9mPp moyvrd @roif f i cantly strengthens
vance of the standards stack. | EEE describe
f or mistsyessment pr oceldeuwreels ctoon fvoerrmiftyy pwiatnht | E

it compl ements kt we th8 @ efcidmevadri ons for equ

model |l ing methods -asmsksemeat eootcedmirteys nee
strate conformance. This is perhaps the mo:
for a thesibsasend sedvmudeantcceonbecause it for mal
ance Iis not just about raw performance but

and verification steps used to prove that p
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Th€59 Cbb HedzA&$péglSally i mportanEumnepehr br
framework and the practical test phil osophy
VDE FNN publication pafOKiydontfi fwiSdjsdzA NE& S b
C2ZNXAY3 /LI OAfTAGASE alsy@f dzRxYiAicHROhas2y¢ 29
of Horhi ng units and for-bpaetdiprpaturemenn ©
services. The gui del i nAceo deex teexnpdesc t baet yi ocomnds goeyn «
pl i chinti ctaelc requi rements and wseourfciec alt @ hbav iport
continuous Vvolutpagtei nteo nctornoslt,a nstt abrethavi our , i
guerxwoyntrol functions associated with Pri ma
( PCNB) .parall el Ghi mire et -laévelproevidewd ne
role of VDE FNN within the broader GFM | and

not prescribe a single control I mpl ementat.i

o

ation framework based on representative di

—n

ormance criteri a. Tdreglee i aarcd uchag viotl udhg ev @
guency disturbances-segaemoaei behadirceuwrgathnet
variandoassesasments of stable operation und
this thesis, the VDE FNN guideline therefor

framework for-l ¢evalnelfanténgebtghi ons 4 nto co
baseadmpl i ance assessments, while NC RfG ren
ti OMDE FB®N,Gh2iOn2Zi re et al., 2025).

Finally, two NERC documents are particul ar/l

European codes. The 20£28r NERE whntcei papler s
provides one of the clearest behavioosal de
such as aut-om®mMmamtsameaus voltage -andipfrequ
performanseresgshesmupport, standal one capab
haviour. The 2023 NERC EMT guideline then
moell | i ng expectationss;spealilfiircg EfMOIr moalleil da taen
benchmar ki nrsge qoufe npcoes imoidveel s. Together, these

because they define the thesis’'s Iltegalhecomp



28

technical evidence expect-aasedscehntfiaogt isc

flow must eventually meet (NERC, 2023a; NEF

The relationship between regulations, model

summari sed as foll ows.

EU NC Rf G-Eanm:

pl ementation‘w

National i mp .
—> Functior—_———% RMS studies

and V DgRu i FdNeN . .
guiremenNts ing armd ew den-

| EEE 1547,/ text

and | EEE

NERC funct— » Model qu EMT stud—» CHI L val
EMT gui d: pectati fast dynamics and
weagk i d behav- Compliance evi

iour

!

I nterconnect

cation dec

CAINKCE 26 / KFENII 2F NBflFGA2yaKALl 60SGsSSy

f23x0
This diagram reflects the central concl usi c
pliance is not moving towards a single uniyv
package in which | egal requirements, perfo
and validation steps must be expiEi ¢implly-I1in
ment ation framewor k, | EEE standards, | RENA
viewed to establish the wider r-bgeskdtorey a
soucoepliance. However, these documents ar
frameworks in the simulation part of the t|
for understandi-hgr whgygdeénifedatgirom i s nece

[ i noguiisr erde and -bvahsye ds iemu ldaetnicoen must be trace

The operational verification framework usec
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FNN guideline, becadfioemingprevgiudeemexplsi civt
work test conditions, EMT model validati on
criteriasbdborceobeéehgei our and Primary Contr
Therefore, Chapter 3 narrows the broader st
and extracts only the requirements, operat.

i mpl emented in the simulation framework dev
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ongoing energy transition is fundament a
rrsystems wor |l dwi de. T hbea s end rreeasso unrgc ese n
uding wind turbines, phot ovol taisc syst:
ressively replacing conventional synchr
utes significantly to decarbonisation o
es related to frequency st ali Isiytsyt,emvol
ngt h. Unli ke synebharscendo u s sgeurr ecreast aarrse, ciorr
through power =electronic converters al
tromechanical characteri st i cast iuopno nh ansh i
orically relied.

he European | evel, the regulatory frame
lities is established by Commi ssion Reg

he Network Code on Requirementsrfor Gen

sed technical requirements for generat:i
ri bution networks across Europe. I n add
ements, the regulation recognises both

as acceptable methods for demonstrat.i
d assessment has become an increasingly
o tb aisrevde rrteesrour ces before commi ssioning
ite providing the | egal foundation for
noé wigyal and does not define -fdermrmidgd t
ation.-b&Asedogepretatri on continues to rep
tional technical specifications have b

ou# oofmigmi dini ts and to establish obj ect
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organi sations have therefore developed supp
ni cal requi-remminng todclgmoldogi es.

Among these initiatives, the VDE -FOUNmMGui del
ing Capabilities I ncluding Provision of 1Ine
of the most comprehensive frameworgkrsi dcur r en
forming units. The guideline specifies the

characteristics and weorriniiincgpeppmnarnir og edmir te s
age systems and controll abl e coespulmpdiitonr ai-
guirements for electromagnetic transient (E
| arly rel evabnats efdorc esritmufliactaatoinon met hodol ogi

The VDE FNN guideline identi ffioersmisnegv eurnailt knet

provide, including voltage source behaviour
ing capability, current | imitatspbdeandgnehw
objectives and scope of this thesis, the a

ments that f orfnortrhien g acsp esr aotfi ogrr:i d

T Vol tage source behaviour;

T Primary Contr ol Based on Network Securit
These requirements were selected because t
ni sms throughmhrwhingh iaavemriter establishes an
guency within an electrical net wor k. Mor eov

expli verification procedures and assessmer

bling their i mplementati omasvad ha enxr tainf iacuattoino
wor k.
Consequently, this chapter narrows the broe

in Chapter 1 to the specific requirements a
FNN guideline. The chapter first exhamines

vol tage source behaviour and PCNB operation
validation requirements, assessment criteri

thesi s.
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According to Section 4.2.4o0itmbhgthai VDEhE&N!

as a controllable voltage sour cef oaltl otvhien gn et
converters, which synchronise to-famieeaxgterna
converters actively establish and regul ate
ternal voltage source.

From a physical perspective, this requireme
a posietgueemce voltage whose magnitude and ¢
pendently of the surrounding network condif
capaobfl emai ntaining voltagegranmd offr @ U eamaye de w
conditions.

The guideline represents thisobrdavmodel| uso
nected to the network through an i mpedance.

active and reactive power exchange between

nakt work can be approximated wusing the fol

The active power exchange is described by
Qp : —OaT (3.1)
Similarly, the reactive power exchange is d
Q5 i — 05 6 AT O (3.2)

h h

The angul ar difference between the terminal
defined as:
1 LIS . (3. 3)

Wher e:
0l s the angular difference between the posi

and the positive sequence voltage of the in
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oul, PGUt he voltage angle of the positive se.
gr-idr ming uni-t

®uls t hed nidruecretdi ao ol t age angle of therpositi:
nal voltage $oumce@egofunihe grid

pl, PGUthe positive sequence afcotrinviengp ouwne rt oal
its terminals

gl, PGUthe positive sequence r daatmiwg poawdr
at its terminals

rwj$ the active resistance of the positive
gr-i dr mi ng uni-t

XxXwjs the inductive reactance of the positiwv
t he fgorrind ng uni t

uls the magnitude of the positive seqguence
the PGU

ul, PGUt he magnitude of the positive sequenc
forming unit

LYGSNIINBGFGAZY

Equati ofBs 3()3.afr)e extremely i mportant becaus:e
ci pl e undfeorlnyiinngg (oypiEdaR NNM,n 2025, Section 4.z

The active power transferred between the co

on the-avgl eageyyj Cemeageerft | vy, active power
modi fying the phase angle of the internal v
Conversely, reacti ve powema gdreipteinddes drafifnerye n
t ween the internal voltage source and the |

can be regulated by adjusting the voltage n
This behaviour c¢cl oaeabyerebambhtesrthbhei pswef
ators and exfpolraminnsg whoyn vgerritder s are often de
nous machiné€d®l |l dwl ingecgmiverters, whigch dire
gr-idrming converters regulate voltage and a

from network interactions.
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To maintain stable network operation, the V
ous voltage control. The voltage controll er
nitude at the network connection point whi
ronding equi pment .

The objective of continuous voltage control

T maintain voltage within acceptable opera
T support reactive power balancing;

T i mprove system stability;

f contribute to fault recovery foll owing d
Furthermore, the guideline requires suffici

unstable behaviour during transient events.

322 t NAYFNE /2YyGNRf . IASR 2y bSGg2N] {SOdzNR

5STAYAUAZY
Primary Control Based on Network Security
guirement addressed in this thesis. Accordi

l ine, PCNB represewxtonnttrtoe pgminmdn y nfarl @ ¢ we n dya

sthbal ity outside the normal frequency deadbe
The objective of PCNB is to restore active
mai ntain frequency stability during both sy
The guideline distinguishes between:

T unlimited PCNB operating range,;

T Il'imited PCNB operating range.

The unlimited operati ng -proawege rceogriroens pwhnedrse t
can provide frequency support without signi
range, the converter must demonstr aaien st abl

a stable operating point following power in

Droop Characteristics
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The active power response of the PCNB controller is characterised by the droop coeffi-
cient:

i - ( 3.
LYGSNIINBGFGAZY
The droop coefficient establishes the relat

actpower response.

When frequency decreases below its nominal
power outoput. Conversely, when frequency ri
active power output.

Therefore, the droop controller acts as a p

ously adjusts active power to restore power

z

339a¢ +FfARFGA2Y YR 2SNRATAOIGAZ2Y aSi
331 9a¢ a2RSt *FtARIFIGA2Y wSldANBYSYGa

The increasing pbeanseed arte soonu rocfe s nhvaes theirghl i g |

traditiosauepnset RMS model ssddbmrnassespowgr c

tems. While RMS model s remate aswudtabéet f @me
studies, they often fail to accurately repr
haviour and el ectromagnetic interactions t

converters. Consequently, the VDE FON gui de
transient (EMT) simulations asf ar mecgssm@artys
The objective of EMT model validation is to
reproduces the behaviour of t kda apghy sainaalt reag
sient operating conditions. Accordihg to Se
shall represent all relevant control | oops,

that i1 nfluemnelatcedmpbeldaacieour. The model mu s
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active power, reactive power, voltage and f
guirefdorgmiidg functionalities.

The validation philosophy adoptoad emyt etdh e pg L

proach. Rat her than wusing si muloat i&Tst hseo |l e |
modedn bepaséeédoédsthe compliance evidence su
predur eGonsequently, the model must accurat

of t Rfeorgmiindg unit under the operating condi
cedures.

Within the scope of this thesis, the EMT mc
i ng tlhged @dFMing i nverter model developed by

T A t prheeesse voltage source inverter,;

T I'nner current control | oops;

T OQuter voltage control |l oops;

T Active and reactive power control | oops;
T Virtual inertia i mplementati on;

T Drolmpsed frequency regul ati on;

f Current | imitation mechani sms.

The model i s subsequently subjected to the
FNN guideline. Therefore, the compliance a

formed ent amedeg!l thujught ed to the FNN verif

har dwacsed model val i dati on remains outside

332 +ANJdzlf LaflyR bSidg2N]

The primary verification environmdmtr mspeci f
ing Type 2 wunits is the virtual i sland netw
The guideline defines a virtual I sl and net
griadrming unit becomes solely responsi bl e f
voltage and frequency while supplyiemg a r es

ation, no explicit i slanding signal i's pro



37

must autonomously maintain stable operati o
nous operation to islanded operation.
From a certification perspective, the virtu

i ng operating confdornmiomg bwerciatusean hreo glrormdger

voltage or frequency reference. Consequentl

T establish network frequency;

T establish network voltage;

T mai nt ai-pno waecrt ibvael ance;

T maint ai mp orweac thiaMeanc e;

T ensure stable operation following distur
The VDE FNN guideline uses this operating c
erties:

l.1lnherent stability;

2. Vol tage source behaviour;
3. Primary Control Based on Network Securit

For the verification procedures considered

operation is achieved through the disconnec
stant. Following this event, thkecosopplttvyeng
the residual | oad connected within the isl a

c

>
w»
ax

333 a8l adzNBYSy i vdz yiaad

The guideline specifies that the following
the verification process:

Active power (P);

Reactive power (Q);

RMS voltage magnitude (V);

= =/ =_ =4

Frequency (f);
I n addition to these fundament al guantitie

stantaneous phaseteclat age®e amédncsueneéntbe havi
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before and dhter isslgamdisnd.orm the basis of

assessments.

341 33SaaYSyd [/ NAGSNAI FyR ¢Said {OSyl N
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The operating points used in this thesis ar
gui del i ne, which defines the measurements
wor k ffoor ngirnigd uni ts providing negative iner

ments is to verifysomheeebéhaviabut i agd PCENE
actpower, -pcevacrti aerd omaesicowmali ti ons. The tes
steatdtgte operating point in parallet- networ
work is created by opening the netwoerk inte
forming unit exclusively supplies the adj u:
must be maintained until a stabd e( VDPErRNN,ng
2025, Section 5.5.4.3).

Table 3 of the VDE FNN guideline defines t
i sl and net wor k. Tbheel iotmd il ldbee iasu sree prto dpurcoevd d e s

ni cal basis for the operating points i mplen

¢l oM-Beasur emeirhtes rtisdlaed wé ok vtelrd f iccfanh eme mtb i | -
i twagl tsaggwer ce behaviour and PCNB for units which

Initial power of the grid -formin .
P unit g g Residual load
Measurement Oroct!
Pmom (% PEmax) Q/PEmax () Presidual (*) p
Emax ()
Behaviour as a voltage 11 O(Presidual* 0.0 45 % PEmax
source (large signal) and 12 23% Pemay) max. ind. t0 65 % PEmax
PCNB in the procured di- 13 max max. cap. temativel
rection of inertia power 149 | PEmax* Presidual 0.0 alternatively 00
- 0

Small-signal behaviour in 85 %1 95 % 45 % PEmax
the non-procured direction 2.10rd) P 0.0 to - 65 % PEmax
of inertia residual when measuring 1.4
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a) Check load step with active power reversal only for units that operate both as load and generation (e.g. storage).

b) Suitable throttled operation and sufficient primary energy supply are required for this test.

c) If lower values are permitted in accordance with Table 10 Appendix B.l. regarding the power amplitude, these may be applied.
d) Not applicable if the inertia is procured in both positive and negative directions.

e) This corresponds to at least half of the power response to a phase angle step of 45% Pgmaxin the (negative) procured direction

in accordance with the requirements. This is a compromise to enable the tests to be performed in practice with reasonable effort.

Wheme:= initial powefroromitnpgu tu noift t he gri d
0 = load that remains in the island ne"
0 =max i rpuro dwncpeadft yt he unit
The first i mportliasttcehdadi damage. TRl eMeasu
to 1.3, the residual active |l oad in the vir

(65%) of. (In this thesdo9adtihargetected resi
0 ™ m O

This value islequiwhémrsnt. @ opu)5.0%Therefore,

the admissible radnge required by Tabl e

M uno 0 ™ U0 0 (3.5)
The second i mportant condition i-Soitmiengequi
unit before islanding. FloegMe asr e ment i 1. b
power at the momernyt of islanding to satisf
0 0 ] O (3.6)

where 0 ) is the active power of the grfibrming unit immediately before the tran-
sition to virtual island operationf)( ) is the residual active load in the virtual is-
land network, and{{ ) is the maximum active power of the unit. With the values

used in this thesis,

0 ™ m o
0 p8TN 6
the minimum required 1 nitial active power b

0 ™ T N o T @ 0 ( 3).
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Thei mul ations are initialised around (0.75
margin above the minimum requirement while

tion prescti bTehde rbeyf oTraeb,l ei n t he -A&SI &ndimpyY e ame

ti.wvewer condition is interpreted as

0 ™ 1) O

0 ™ @) 0
The three measurements i mplemented in this
i ng points. Thelymeaarseu rtehmee ntthsr eues e®a btlroe ea stsee-s s
haviour and PCNB in the procured di+ection
power conditions. Measurement 1.1 is perfor
Measurement 1.2 i s ipreduocotrimeed raeta cnta xviemupro we r
ment 1.3 is performed at maxi mum capacitive

9 ¢Sad momyY b2WASNI th LISOG B2 v

o & ) 0
0 T o6
0 =initial powerf oumipug whdit he grid

This operating point evaluatespdoéwer clomad+t e
i ng conditions and serves as the reference
T ¢Sad mMouY L itRABOSINGGSLISWEH IONI2A YD S

0 ™ a) 0

0 ™ u) O
This operating point evaluates the converte
The objective is to determine whether stab

tained unde¢rf alcagogi ncgo npdavweirons .

T ¢Sad mooY [/ IHIROSHNNGEISNSKORYVODS
0 ™ 0 0
0 ™ @) 0
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This operating point evaluates the converte
The objective is to verify volftagtorsouormraei -
ti oGosl. ectively, these three operating poin

Sess t he converter acr oss a representative

The VDE FNN guideline defines Measurement 1
maxi mum i nductive and maxi mum capacitive re
FNN table does not explicitly assign a nume
value used in this thesi-power taapabifliomyt ¢
SFESN 52529 19. Il n Section 4.7.2. 2, the stanct
t he def atplotwere acetqgiuve ement i s up t(ay 33/ of
bot h-excert ed -eexnadi tuendd eaper ati on when the acti
(H.Since the simulated unit i s operated at a
i slanding, i1t is cl|l da/DIEy FiNbec® Dt@ipe EING %4t IBr e
50529 2019, Section 4.7.2.2).

This thesis Iimits the i mplemented verifica
urement 1.4 is not i mplemented bepawee it c
reversal and is only applicable touamias th

storage sysmemel TBBedGFM this thesis is tr:q
model and is nopowerrabedr pthi arctmvaece . Me a s u
outside the implemented -scgpeael bbehagsieout icu

procured ditrieac,t iwhni loef tihniess sbesice bebtasesvuo

PCNB in the procured direction of inertia p
Therefore, Measurements 1.1 Ppoibt3bpasosvi der
simulations carried out i n t-lhoad tdeersdist.i ol

within the required (45%) to (péMWedndIEmax})
tion satisfies (P_{mom}P {rediodmahpg+0n28Pt ¢

tested under zero, inguowtirveoamnmdtcamaci (Tihee
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establish the f owsmdatcieo m nfdo rP CtNnBe awscsletsasgree nt ¢

foll owing sections.

342 1 aaSaavyYSyid 2F £2ft 01 3S {2dz2NDS . SKI @A 2 dzNJ

The verification of voltage source behaviou

o
—
—
=
()

guideline.

For each operating point, the following qua

~

0 hdo hdo ho

C2

wher e

C-
1

I ni ti albefcdarie ei ploavedi ng

C-
1

mi ni mamsc einvt ea tploaviedi ng

C2
I

maxt mamsi ent asltamnvdki mpwer at

C
1
—

I nadt asttee aadeyt i ve power.
Similarly,

hO hO ho

ho ho ho

"Q h"Q h"Q hQ

(ey]

8.

1
)l
)l
are extracted for reactive power, voltage m
The primary objective is to verify that th
chronous operation to virtual island operat
quency.

For t he-sowolcteagbehavi our val i dat(iomgn t he
5.5. 3)sot.a2t.e2s. 3t hat at ket st emadwnl voltage of th

after transition into island network operat

ured steadyvalue by a maxi mum of 3%, relat

physhiacradlwar e measur ement i s -i asVv aainlda iltge tsie ne atdhyi
vol tage of the simulated test is used as th
width is neverthel ess -wcmiltc ud alt tealg eo hbea shee. nTol

vol tsagiga ce criterion i mplemented IS expresse
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W T8t ® W W T8t O ( 8).
whewe) (is the nominal voltageubasevolStage Ww
(@ p8tNd, the tolerance band becomes
w0 T o (9.
This formulation preserves the intent of toh

to the ointhyl stciopre of the thesis (VDE FNN,
5.5.3.6.2.2.3).

343 1 aasSaavySyid 2F t/b. . SKIGA2dzNI
The verification of PCNB behaviour foll ows
Unli ke voltage source verification, which f

cation evaluatespbWwer aandrbacggoénagtregul at

The measured quantities are comppaoriendt argeafi-n ¢

erences before and after islanding.

The apcotwiere devi ation is determined as
30 0 0 (3D

wherr e

0 = measured (@ckldi VI® )power

Similarly, the frequency deviation is deter
3’Q Q Q (321}

Wher e

"Q = measur edQfficed@pncy

According t s ¢tbeibgmBi)dbetii.eRentd answtal/leade)s mu st r e
main within the pref@¥faichceed ttamiceer acrvcie elrii mint
PCNB verification.
Consequently,

T80 O 0 P81 ( 32

i "Qy p8t (0 ( 33) 1
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wher e:

Q= reference frequency,

0 = reference active power.

must be satisfied for successful compliance
I n practical ter ms, these re@aumi rmamettbas nens

power bal ance anfde ff arefaoul el nocwi nsgt \ab& | | & Mdyi, n @ 0 2 5
secsibns5.4.4.2)and 5.5.3.6.2.2.5

344 /| 2YLX AL YyOS 9@IfdzriA2y aSiGNROa

To aut omate t he wedretviefl eocpgerdioignn atptribtsh atklse s i s
tracts four key metrics from every simulat:i
1.1 niti aslt asttee avdayl u e ;

2. Mini mum transient val ue;

3. Maxi mum transient val ue;

4. Final-ssbaéeadyal ue.

These metricseate d@oedmatically

T Active power ;

T Reactive power ;

T Vol tage magni tude;

1T Frequency.

The extracted values are then compared agai
VDE FNN guideline, all owing automapi cantdent
behaviour.

A

345 ¢SAa0G {OSYINR2& LYLIXSYSYGSR Ay (KA& ¢KSaa

To demonstrate the operation of the certifi
tions are perfor med.

9 b2y 2YLIX AL yid {OSyl NR2
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The -cnoompl i ant scenari o representsfammi bhgsel
controller using default parameter settings
These parameters intentionally produce devi
ment s. The objective is to verify that the

I dent i f iceosmptlhieanntonbehavi our and reports the
9/ 2YLIX AlLYyG { OSYl NA2

The compliant scenario represents the optin
Controller gains, tcroenrt triod eatrtaimmeg e ran dar\eo lat
converter satisfies the acceptance criteria

n

and PCNB behaviour.

The resulting configuration is then subject
for t-bemmlboihant <case.

By comparing the outcomes of Dboth scenari oc¢
its ability to automatic-abmpl idarstt i bglhawswihoLw
generating reproducible certification evide
The requirements, operating conditions and
ter provide the foundation for the simulat:i

wor k developed in the foll ow
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4 a2RSttAy3 CNIYXYSg2N)] YR =+t ARIFI

The previous chapter defined the VDE FNN r ¢

in this thesis. This chapter presents the r
reqguirements in an el ectromagnetic transier
po®é the chapter i s-fratmithg dceowdlrod & tmreaw eqgry
a reliable simulation and validation framew
be executed, measured and evaluated.

The model used in thimopdtehedieveil © pleals dg d&m off
Fan. This choice is justified byotdkecsecbpe

fication by simulation rather than on the ¢

The &6 del i's suitable for this purpose beca
with a-svaoaltegeonverter, filter, transf or mer
mu Htoiopf gr mdng controller. 1t also ifropl ement

this thesis: v @bl atsaegde ssyunpcphorrotn:b appcevdeorh r ag d e d ¢
respdrase & M @4, Ch. 6) .

41 9a®l &SR Y2RSttAy3a FNI}YSs2N]

EMT si mul ati on wa sf osremiencgt eidn vbeerctaeurs eb eghraivd o u
el ectromagnetic and -basedoki thy ksd mit es ,v o8 it eapgh
and current gquantities are represented mair
usef ul -sfcoarl el aerlgeect r omechani cal studi es, but
neous-pthlasee wavefor ms. Il n EMT simul ati on, b

and voltages ar-domashastgnabes 61 meeldar to w

with an oscilloscope. This makes EMT si mul a
control-sowrodd algeehavi our , I sddaméaitmn@nt dy msimt ic
sponkBars & M ®d4, Ch. 2) .

The modelling framework was i mplemented in
Specialized Power Systems environment. The

step of



47

Y vmmpTm O T 8p
wher e:
Y= si mul ation sampling ti me.
Discrete
5e-05s.
powergui

CAIwMNBS SNHdzA { AYdZ Ayl of 201

A small simulation step i s neceeslseacrtyr olmea cca u

switching, conhepol cupbpes-¢t camtdr ofla sdy nvaontitcasg.e | |

terms, this means that the s ojpsyerwhoiwcsha taelsl t
t he model to capture the fast converter re:
ances.

The general power architecture of the model

a DC voltageée isnoku rccaep aacni dt oD G

a tiphease voltage source converter (VSC),;
a coupling filter between the converter
a PCC measurement bus;

shunt capacitor filter;

a 500 kW residual | oad;

a 400 V /-up3t2ak¥feremer,;

an external gridphapre pemoige & mma bd et wWroe & ¢

=4 =2 =2 4 4 -4 -4 -4 -2
QO

breakers and measur e me ncto nbnleocctkesd uasnedd itsol

o

perating conditions.

The model therefore reproducesi nttheer fracierd ptle
source connecvte@ldt a@wge agmiedi umhe DC source su
converts the DfEhaeserfgg vokbobagareferhegyenter
component s, and t he t rveon stfaogremecro ncveerrntesat ss i tdl

di wmol tage grid. The residual l oad is pl acec
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grfiadrming inverter must supply the |l ocal de

frequency.
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AN + RL filter (RiL)
AR I

ETB.‘ e

A~

ASYR|

(o)

z

A

Residual load (lioaa)

B
p—T
’ | SRR _ [ p—
C c¥g Yg | & c
ce
t 400-V/13.2-kV RL filter
a
A a < Q
B-AMW—TW-b W
& L [ |refiter
< J... O T
= | s00kw —a—
r

z

{ UASYadiat

A~

CA Ja¥eNID Ca
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The -umert system is used to scale electrical

bet ween operating points. The base apparent
Y p pTm6! T 8¢

wher e

Y= base apparent power.

The base i mpedoahcageakbktddealied as

D p —h U8

wher e:

Wy = I|boanse voltage

Similarly, the basevompadansiedeni $ he medi un
D i r8

whe:rr e

Wrp, = mecéciasme voltage.

The usenot paftues is important because the

relative active power, reactive power, volt

the same model to be interpreted isnidceaplender

equi pment .

42t 26SNJ | NODKAGSOSazNBSRT (KS DCa

The power <circuit begins wiotuhce ROnyveutece ft
a DCnk capatinkrprohedP€ the energy buffer
stabilises the DC voltage duringhémnagenent

erat eg htatsreedAC vol tages according to the ref

controll er.
The instanpparmrseuxsoinivreee er voltage can be r1 €
0
7l v r8vu

0
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The corresppdhmdasien g utrrreende vector s
0
i Q T8¢
0
The output -odurtchee ovoonvergteer i s connected to
filtering and network interface. I n the i mp

cludes aRiR&Lsgivee€Cing structure. THhEC conver

throughY@coewepliiesg branch, Onhs |ceo nan eschtuendt acta pt
PCC bus. Additional resistive, inductive an
sent the downstream network/ |l oad interface.
nected directly to the net wohr ka; fiinlstteeraedd, iint:
face that | imits cur rfernetg wearnrciyatc oconmpso n ean ttse nau
the electrical coupling between the inverte

The voltage rel aYld)oncowploismsg thhrea rscelr i ceasn (b e

e of l

| { Yi 0 — 8
Where:
i = consedéeevol tage vector,
" = PCC voltage vector,
Y= filter resistance,
0= filter inductance,
i = converter current vector.
The shunt capacitor current at the PCC is e
6 y8
wher e

i = current flowing through the PCC shunt ca
0= shunt filter capacitance.
Applying Kirchhoff’'s current | aw at the PCC

L i i w8
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wher e

i = series filter current,

i = current absorbed by the residual | oad.
These equations 9§)hodw @sh artotEqrueaprieosne nt4d .t he ¢
work of the converter. 1t onlyYVYdeésdbriabmbed .t h

The complete PCC behaviour depends al so on

(@)
Q

d, the transfdemempaddntclkee Jghid distinct
the vebtage behaviour observed odnuryi nbgy itsheal

inverter controller but also by the passive

The active and reactive power -paras ec avlod ulagte

and current. Il n the synchronous (dqgq) frame,
0 -0QUQ p &
0 -0QULQ po
These quantities are essenti al because the
evolution of active power, reactive power,
transition to virtual island operation.

43/ 2YyGNRE f23RRSEIT GUKS DCa

The &Mt rol | ¢ moip$ ga mmanigt control structure.
Mi ao (2024; o®mp. GFM crowmlttriol can be under st o«
gr-iadll owing control, where the converter st
chmiosati on mechani smcasemotdhei €dy | HewaahesGF
synchronisation method while making mini mal
control structure. Professor Fan (2024) des
Pf droop controller ithng @emgeregt evhtiHe wyxnadhreo
troll ed t hr&uglhr otohpe nseacrhea NnA s m.

This modelling choice iIis suitable for the t

di fferent GFM strategies, but to use an exi
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as a test objbectedf cwrergiimulcattii om.

431 wSTSMNBRNIOSS NI yaT2NXYEFGA2Y

The measupheads e hweelet ages and currents are tr

reference frame. This i s -mleaxees sqau yn thietciaauss el
approxi mately constant quantities in the sy
the design of Pl controll ers.

The Park transformation used for the conver

0 A6 Al & — Al & — Q
QT oA o o Q p&
OE+L OEIL- — OEL —

I n af oglrliodwi ng i njviestesualtlhy ahmhigldeenlad fIr@omp &
(PLL). konthel GEM, the angle i goiwest eladogen

| oop. Thi s ifsortnhien gc emotdriafli cgartiidon of t he mod

432 t 29 NBljdzSyO&é RNR2LJ f22LJ

The frequency dmodel carefbpbedGEMr aopi véehe
measured active power -piosvecompdree & nwiet, h atnlde t
ence is used to modify the angular frequenc

The pforweeguency relationship can be represen

~

17 O 0 O X
Where:
1 = angul ar frequendy rgm mgr atoend rioyl ltere gr i d
1 = nominal angular frequency,
O = aeptoiweer droop gai n,
O = aeptoiweer reference,
0= measured active power
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The synchronising angle is then obtained by
—0 .1 00QO0 p

Wher e

—0= synchronising angle used by the convert

1] 6= instantaneous angular frequency.

I n simple terms, if the measured active po\

changes the internal frequency. This chang

therefore modifies the active poweri xXxchanc
cal |l edbapsoende rsynchroni sati on. -tlrtacrkea pnlga cbeesh atvh

of a PLL withfaeqgueneynaé¢l aowemshi p.

W
+
Pref * ‘e 0.05-(27zf) - 5 ¢ KT, |, o )
A — KP + L= 1
P

CAImvNB & 8IBJj dzSy O0& RNR2LJ f 22 LJ

433 wSI QU A B2 (LRIgBNIRNR 2L f 22 LJ

Vol tage support is prow aletdagé rdbrugdp tlheo p.e a
power i s compared with the reactive power r
the voltage magnitude reference.

The reacvoVeéapgewdroop can be written as
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W w 0 v 0 p&B
Where:
w = voltage magnitude reference,
w= nominal voltage magnitude,
U= reactvoétpgwedroop gain,
0O = reactive power reference,
0= measured reactive power.
This | oop gives the inverter the ability toc
l ation. I n simple terms, if the reactive po
reference is adjusted so that trhiebuwtoinovrerter

Q_ref + 3
V_ref
(e }— *
1.0

CAIgeNIVSE Ol x @S5t LRBISNRNR2LI f 22 L

434 hdzi SNJ @2t GF3S O2y GNP

The outer voltage c-andr glu aaeigst uadeletsad ehe. dlin
pl ementmadd&FMakxhe o) tage is compared with
the-akgy voltage is regul atcesddtrowarsds uzeéuoe

expressed as

JO5 0 @ U O, ®w L Qo T@p



56

o O TOU O ., ML QO T8 p
Where:
D Q = reference currents for the inner cur
O ,0 = proportional andaxiinst evgorlatla ggea i cnosn torfo Itlhe
O ,0 = proportional andaxiinst evgorlatla ggea icnosn torfo |tl]
OL,0= measured PCC voltage components in the

The purpose of the outer voi+egud¢tactoownhr obl erc
i nto current references. These current refe

controll er.

A4
~
9 | =

+ +

-~

QU o*

A 4
=

\ 4
>
v

0 | =

CAIaeNB dzi SNJ @2t G IS O2yGNRt f22LJ

435 LYY SNIJ OdzZNNBy i O2y i NEPf

The inner current | oop regul ates the conver
ences that are sent to the conrnterrdlere quoatuilc
can be represented as

VI b By Q v, G MQO6L 1070 Ty p
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(VI v Q QU U, QG MQoUuv 107 17 )
The feedfor warudplamd dreasmss | mprove the dyna
controll er. I n simple terms, the inner curr
the converter follows the references produc

excessive current d
The
and appliedsowor ¢téded

Based Resources, ch

-gdiq9 vol tage references

eviations.

dMoWebwpearg. and St abi
p 4, p89)

(uLiq

dq0 —abc—> V,

A 4

£~
-~
v +
L{ )
o
o
Y
>~
)
@J

olLi;

abe
A ¥
V([ zero-

angle
sequence

CAIMNA yYy SNI / dz2NNB vy i

O2Yy GNRf f220LJ

apbashegquanansti

ity A



58

AT

o
&

INIWIHNSYIN

d QA
oqe

1bp 0} oqe

Zbp 0j0qe

(snosugjueysu| ‘ydg)
Jamod
D 2l

kM
e

pAC)E]
JBpIO-Isiy

Ly

BpIO-ISy

INIHEND
H3INNI

[l

1efawo e

Y2 R

[atN
A
w»
W)
(@]
Q

CAIYWNEB AYdzZ Ayl /2yiNRE f23A0 27



59

5 / SNI A F A{ON YOdkt2Iyh Aoy

This chapter presents the simulation 1 mple
FNN requi r emefnotrsmifnogr itnhvee rgtreird model . The pr «
the modelling framewor k, tmoedapdwéeéheamahhnt ec
trol principles used in the EMT model . The
Ssimul atedeavelroped around this model. The o00b
| ected FNN operating points are executed,

and how the results are evaluated against t

The simulation work was carried out wusing N

programme developed during this thesis, nan
l nverter Simulator. AGIS was designed to re
cattieant s . Il nstead of running each test manu
preparing plots and compliance tables by ha
a verification family, choose one andmore F
automatically generate a structured verific

511 dzi2YlF GAO DCa LY@SNISNI { AYdz I G2 NJ

AGI'S i s a MABIsARB/ Qiumwlimank on framewor k devel
FNN verificatidmrmesgsionmetther gmodel . The
around the GFM model wused in this thesis, b
ulas that it can be adapted to other EMT mot
is to connect the simulation model, the sel
the extracted measurements and the final re

The verification procedure begins with the

user to runsceurtcdherbelmdviagwer test s, PCNB beh
cation families together. I n thed fomtailonvwer
was selected to run all measuTleemesname 1silmull

data are reusesdoufrocre baontdn R@ONB aggreal yses when
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point is selected. This avoids unnecessary

execution ti me.

DSYSNIt g2N]Ft26 2F GKSApDed)ditxziB Yl GA2Yy TN

The programme architecture can be divided i
tion, user selection, scenari o configuratioc
report generation.

The first |l ayer is the parameter definitior
where the base values, mod el parameter s, c
power referédmaas, f arce Dir-ssp eatnidf iscc edhaatnteidn g sT haer e
parameters include the base power, base vol

ti-vewer refer-gpower, refaeitceometer,o |lvogedraogeep Qai n

and simulation ti me. I n the cur Aeratndi mplee me
nomi nal frequency is 50 Hz. The islanding e
stop time is 60 s. This simulation duratiol
islanding steady state, e X e roipeenrcaet si otnh ea ntdr

settl es t ostaatfe ncadn dsitteiaadny.

The second | ayer is the user selection | aye
script of AGIS. The script prompts the wuser
selectsovoottagkbehavi our, PCNB békavionr det en

mi nes whether a single operating point or .

structure makes the programme fl exible, sin
campaign or only repeat a specific failed t
The third I ayer is the scenario configurat:.i
present thesis. Scenarcom@Phicarcoe respoinidre t
the initial/l default parameter confedutrati or
satisfy the FNN requirements. Scenario Two

the tuned parameters selected after the bet

justed. -cloomptlhieantoncase, the baseloinhnheotodbefig
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d load settings. In the compliant case, t
tive powe¢tH,oafdi nmreels prosmssieduaanld vol tage recov
cted compliance bands.

e fourth | ayer is the simulation executio
signs the required inioadlcoperatongtepot!l
del . The model is then ebopeutaed ngnee®i har
e simulation, the inverter initially ope
l anding instant, the exter Aalr mmeaetgwd rnkv eir g
st supply the resi dutaworlko.adThins tfhoel Ivoiwst ut
asurement | ogic, where the operating cond
ated by opening the network interconnect.i
e fifth | ayer is the signal extraction | a
t put signals and extracts the quantities
r veobowmge behaviour, the progreammeweerx,tr a:
|l tage magnitude and frequency. For PCNB ¢t
wer and frequency only. For each quantity
e maxi mum value after i sl anding, ftimal mi n
eatdgte value. The devshaioenvadlrowen itdheal ot
e final | ayer is the report generation | a
enari o, the test configuration, the extr:
e plots and the final verdict I ntomphi HTNM
ce summary foll owed by detailed results f
ot windows required fsorurtcltee bprhease tuat iaonnd

viour. The generated report i s & hstrredo-r e

red compliance document.



6 2

AGIS/

b

Dbb testbed _overall.slx Y
Dbb main_run_all tests. m

Dbbconfi gl

b cCbb data. m Y data and scenario
Dbbfunctions/

b Dbb define_FNN_tests. m

b Dbb run_single_test.m Y
b Dbb extract_metrics. m Y s
b Dbb fnn_evaluate_ _compliance. m Y ¢
b Cbb generate_report.m Y pl
Dbb resul ts/

Cbb reports/ Y final HTML valida

CA3JddeNB DL{ I NODKAGSOG dzNB

ClLowyS FaxfOiAzylf

Y2 Rdz Sa

M alAy 9ESOdziAzy az2F
CAMmSY¥n _run_all tests.
e Displays AGIS intrd

. Coll ects wuser scena

e Controls overall pr

e Launches required g

H 540 FYR {OSylINR2 [ 2\
CAEtS&Nfig/data. m
val ues al

. Defines base

. Set s Pref-l o@d ef actrerss
gai ns

* Managceosmpnloinance and co

0 ¢Said 5STAYAGAZY a3
CAf&Nctions/define_ FN
e Definepetabl &g
e Includes 1.1, 1.2 3
e Excludes 1.4 and 2.

poif

n  {(AYdA FGAZ2Y OESOdzZiAZY
CAf&Nctions/run_singl e f

* Applies selected oper i
e Updates initi all ocaod dfiaf
* Runs the Simulink mod ¢

P {(AJdylf O9EGNIOGAZY
CAf&Nctions/extract n
* Reads

|l ogged output

c [ 2YLX Al yOS 9@ t dzl G A2\
CAf&Nctions/fnn_eval uat g

e Applieba¥y®E EMN&cks
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e Extracts Ppccl, Qpd e Evaluasesrcel anade PCNB

e Extracts Ua, Ub, Udgd * Veri flaesd Ta&@lwliaedualondi t

* Prepares data for 4

T tf20GAy3 az2RdzZ S y wSLI2Z NI DSYSNIGA2Yy a?2l

{2dzd0@2Serate _report. m CAf &GNctions/ generate _r ef

e Creates P, Q, V and e Builds final HTML val

e« Creates PCNB P and || Writes summary, scenanft

* Generates zoomed I sul ts

rent plots e Inserts plots and gui

e Adds annotations ar e Computes final compl i {
Al l the MATLAB scrAiGdtS fairlee d id¢sét20td@ § oxnfphgespesch d |
codes of these scripts are not included dir

AGI' S was developed for the GFM model used

anot hdrorgriing model . To do so, sever al modi f
ulink model name must be changed in the ma
snagl names must be adapted so that AGI S can
voltage, frequency, instantaneous voltages

Third, the path of the islanding buretaltkk,er or
the base vahiutescamwbempeiron factors must be m
of the new model .oaHli fbtlto,c kt mai st e biedddinked t

file so that the progr alnmes i-devaad as ali gas t aet @
ically. Finally, i f the new model uses a d
power, the compliance | ogic must be adjuste
This modul ar structure is important because
the specific model used in this thesis. Th

based wverificaftarom ngf i|iantvleert egr imbdel s, pr o
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exposes the required measurement signals an

ured through MATLAB parameters.

52 { OSY I NA21OBYBIWAbgPS o1 aStAyS &AYdA I

Scenari o One correspompki anttbenbeEgaimMmnieono

i ng inverter model. The purpose of this sce
framework identifies deviations froan the FN
rameters are tuned. I n the AGIS refPomt, thi
compliance baseline parameters”.

The -cnoompl i ant scenari o uses tfebBlrkasewine pa

ClHooYS. FaStAyS LITOR YWLStUASINYRO SF 238N0 SAZIYNAR 2

Parameter Val
0 0.75
0 0 pu, -¢(
+0.33 pu

on th

0 target 0.50¢0
Si mulink 0l ¢ 0.50
0 1.00
Q 50
O QV droop 0.
O vol tl e ¢ 0. ¢
O vol tl ape d 4Q
|l sl andi ng i 5
Simul ati on 60

Thei mulcambi nes two verificatisomurfceamibleihneas.i oT

where (P), ( Q) , (V) and (f) are extracted.

are extracted. The same simulations are reu
The overall compliance summary of Scenari o
final ver dilcaaad Tchoen drietsiiodnu arle mai ns acceptabl

| ected-lmagdi dwmalget | i es within tHe arcdguwier ed
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power condition fail-isslhercdiusgeg dadhtei me apawerd
0.6839 pu, whereas the minimum required va
ments also fail, especiall ypdwert hceasensd.uct i v

521 b2WW2YLIX AlLyd ¢Sad momyY o6v I no

Test 1.1 evaluates the inverter at approxin
reacpoweer operatindtpetnat dhethaveéabee is f
connected mode and is then separated from t
For t hesowolcteagpeehavi our analysis, the measu

i's 0.68390 pu. The final active power sett]l
its initial wvalwue, with a fi nadorvcoel tvaoglet aogfe
criteriomsiho wseat fi isd ubest 1tOhe overal-tomest i s
pliant becd@se temd ryabcloendi ti on i s not sati s
{ OSYy I N2fHyY3S &2 dzMIS3% (0 MOMGALEHENIE 6! LILISYRAE

{ OSY I NI ahiy §F il yS2dza LIKI a8 SE&2f (v oS aLI02yTR 6Q dzBLI

For the PCNB behaviour analysis, the same ¢
and (f) signals. The fregweaelnceg beaemdiarsouwrnd |
However, the final active power |isept.a4-6831
ble Iimit of O0.47500 -poadrobanget heCOnsSOqupen
guantitative check fails. The failure of T

® ) condition amawerh-estfdteiad eqoit i ement .

{ OSy | Nat2 bhy 5 S &d SR IBEMILISAY R A E

522 b2®2YLX ALyl ¢SaG MPHY YIEAYdzZY AYyRdzOUA DS

Test 1.2 evaluates the inverter under maximum inductive reagimger operation. In
the sign convention used in this thesis, inductive operation is represented by negative
reactive power. Therefore, the operating point is defined by

0 ™ @) 0
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This value represents tphoewema xo preurna tii nndgu cctoi nvd

|l ected for I1mdhaes FNdNmdabl e

For veodtbwtrmrge behaviour, the initial active ¢
not satisfydthe méqgiumuenmént . The final vol:t
pu while the all owed devisaotuirocne ibse htaOv.i0o3ulr0 Oc
therefore fails. The final voltage settl es
acceptabl e band diedliamredli mg owmldt ade. pr e

{ OSy |l N2 fhiyf &S & 2 da2NIBS (IBIQEMHANSEEARL E

{ OSy ! N@L/ ahiyr &/ G | yS2dza LIKI a&¢ 320t i EHIBISBY ¥ RE O dzNJ
For PCNB behaviour, the final active power
acceptable range of 0.47500 pu -ltmad.tSha2r5¢et .r
The final frequency remains i nggiodveat-irseg +5 %
value requirement fails. The -cPoOMNoBl iqaunatn.t i t at

{ OSy | Ngt2 bhy ® S&o SAglaaND i &S  LI2 6 S NUJtF §R.ILBIWER AdES y O
70

The result shows that theabasal nnéheoneqgaol
i sl andipnogwearc thhavleance under maxwenu ml o adiurcdg .i v
| arge voltage drop al s dmao g aaceodn tvrdold t acgodne

figuration are not sufficient for this oper

523 b2®W2YLX ALyid ¢SadiG mdoY YIEAYdzy OF LI OAGA @GS

Test 1.3 evaluates the i nvee¥rptoewe ru nodpeerr ama xoinn
the sign convention used in this thesis, C
reactive power. Therefore, the operating po

0 ™ @) 0
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For vebtmge behawv{dou)r ,h coarhdei tTiadod eagain fails
uredi pr&andi ng active power is below the regq
ation is +0.08614 pu, while the all owed dev
source behaviour uwlirtitiemdiomatfeas | tshatThtlse rkeas

causes an excessive vol tpaogwee rr icsaesei.n t he <cap

{ OSy |l N2 fhiyf &S & 2 da2NIES (IBIQEMADINISBEARL E

{ OSy |l NGL/ ahiyf &/ G yS2dza LK I & &¢ SR JINEdSIEI0Y ¥ RE O dzNJ
For PCNB behaviour, the active power increa
settles at 0.56320 pu. The final active pow
u around the 0.50 pu target. Al tB®wufhet he
uency band, -ptohwerf icroanldi a¢toinved ai |l s. The PCI

-+ O o

heref-oomphbant .

{ OSy | Nat2 bhy S S&d SR debid A ILISTYBR(A E

The -cnoompl i ant results demonstrate the wusef.@l
The scenario name alone does not dl eetveerImi n e
verdict is calculated from the indiwedual \

ment fails in every measur ememp, i 3andnari o C

53 { OSYINA2 ¢¢g2Y [ 2YLIXAlIYy(Od Gdzy SR &A Y dz

Scenario Two corresponds to thef dmumieng ciomp |

verter model . The purpose of this scenario
selected FNN criteria after the colt Soll er
report, this scenarioCobompidantcteftededspabaes

The compliant partaanelterbesledaw; s shown i n
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¢l oy S¢dzy SR LI N} YSGSNAR FT2NJ 0KS O2YLX ALyl &aos
Parameter Value

0 0.81 pu

0 0

0 target 0.50 pu

0 0.5183 pu

0 0.5980 pu

0 0.5200 pu

0 1.00 pu

Q 50 Hz

0 Q-V droop gain 0.10

0 voltageloop gain 0.40

0 voltageloop gain 40

Islanding instant 5s

Simulation stop time 60 s
The compliant scenacronopldiafnfte rssc efnraorm- ot hnea i md

power referenlcoead tfhaec treevssiddaumanlp t dhaei 4HQoad he r e
factors are ltasedspethaabltée final active i

PCNB gsahtutecband around otalde tGa.ryCk dp w dhegi&d ma |

also reduced from 0.30 to 0.10 to i mprove t
The overall compliance summary of Scenario
final v eir di cahecTkileo a(é sc deak, main requireme
verdict are all wmwmaoaunkeded deh@QKifoar wmnldt PELCNB |

urements 1.1, 1.2 and 1. 3.

531 / 2YLX AlLYyd ¢Sad momyY ov I no

Test 1.1 evaluates the t upnoewde ri novpeerrtaetri nagt ptohi
initial active power before islanding is O0.
val ue of 0.7300 pu. The final v oilattaigoen iiss 1

-0.00210 pu, which is wel/l within the all ow
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For veoebtuwtmrge behaviour, the inverter therefo
tude after islanding. The transient voltage
ately after i slansiage YValktue heethiusniagn dsitre aa
value. The test is therefore compliant.

{ OSY | N2 f¢ig23 S & 2 daNBSa (10 SweHMBALIBIENE % E

{ OSy |l N2y &lgl2y (| yS2dzd LIKI & §¢ @2d (i m@nSLILIB BHRE ED dzN.
120

For PCNB behaviour, the final active power

range of O0.47500 pu to 0.52500 pu around t
50.86800 Hz, which is also inside t-he 5%
power response also follows the correct PCN

titative check is compliant.

{ OSy | Nat2/ bet. 6 20 S Kd AR deMd!mLILIBIGR & E

532 / 2YLX ALYyl ¢Sad mMOHY YIEAYdZY AYyRdzOGA GBS NB

Test 1.2 evaluates the tuned i-powet eopemnaer
tion. THe weaaoteifvee ence i s

0 ™ a) 0
The initial active power befor a@®i 9l amdci-ng i

dition. The final voltage is 0.96913 pu. Th
i's within the all owed -std0u r0c3e0 Ob0e hpauv iboaunrd .t eTshte

compliant.

{ OSY | N@+2 t¢ig23S & 2 daNgBR (10 SvistHH@ AL IR & E
{ OS

Sy I NaRy &®l2y G yS2dza LIKI a&¢ &2 6 ( wa & aoSypRi EOdzN
150

For PCNB behaviour, the .fiTnhails arcetmavien sp owietrh
ceptable range of 0.47500 pu to 0.52500 pu.
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remains inside the 5% frequency band. Ther

compliant.

{ OSY | Nat2/ bt g 20 S Kd SEAR debld HILISIGERA E

Compared wictompt hanthoscenari o, the tuned <co
proves the ipowetri cvaseeadtni vehe baseline ca
settlledawndot he fi nal voltage deviation exce

tuned casepowert hamatctvwowletage criteria are sa

533 / 2YLX ALYyl ¢Sad mooY YIEAYdzy OF LI OAGAGS N

Test 1.3 evaluates the tuned i-powetepbppender
tion. THeo weaacoteifvee ence i s
0 ™ @) 0

This case is I mpoomphitabecacaseeat he ppbpaduced
age deviation and excessive final active p
scenari o, the AGIS complianc-20sruamnanal  h da wida |
cbck, PCNB )c heetcekg k (d roda dr ecshiecclkalar e all sati s
{ OSYy I Ng+2 t¢id23S & 2 daNgBS (10 Skt dIAISFIRD E

{ OSy | NaRy &Wl2y (| yS2dza LIKI a&¢ &2 d ( @83 ostypRi EOdzN

180
For the PCNB behaviour test, the initial ac

finalssatadgcti ve power settles atstapgroXxir
frequency is approximately 50p6@w&d Hane -Thes
guencyv asltiwd deHamkesdd by the FNN guideline

{ OSY | Nat2 bt ¢ 20 S Kd IBAR debld A ILISIGAR( E

The compliant result of Test 1.3 confirms t

vol tsmgigg¢ ce and PCNB behaviour not only at z
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al so at the maximum capacitive operating p
measurements collectivepbwecovangeheesgeal eede

curcidr ect i-iol asnd tweadi fi cati on.

Il n su@mamrar,i o Two de mdmeutl raacteaens AtGEa8tu ctehea c om
automated verification report for t-he sele
power condi t i-loona,d tchoen dri et srsonhwradtelsas ae@ldtyand @ a g ¢
criterion andaltbhe eCNBésmaas dt eémeselt eciel to
the i mplemented chelckwel awmedr dihcet fiisn ado mpelpioa
The compari son between Scenari oc &dies tainnd- Sc
gui sh bet weemormmlsiedntnebeamlavi our and tuned ¢
supports the main objective of -btahses dt haeustios :
mati on can be used to generate structured,

dence formgngdinverter model s.
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6 wSadzt Ga LYOGSNLINBGIFGAZY

Chapter 5 presented the AGIS simulation frz¢
used to evaluate the selected VDE FNN requi

only to repeat theomphalantompelidact spr boon't

measured quantities should be interpreted f
Vi ew.

The interpretation is divided intoourwmwe sect
behaviour tests, while Section 6.2 analyses
anal ysis follows the same | ogi cS.echinrdst ,t hteh e
EMT validation requirement is explained. Th
|l ations are interpreted in order to show ho
cal behaviour expentnegd ufnricdgm a gri d

This distinction is important because the V

haviour requfiogredi g oumniat gffri@dm the procedure

iour. Section 4 defines what the wnitthimust
behaviour must be measured, extracted and
the results presented in this chapter shou!
requirement and the EMT validation procedur

6.1 LY U SNLING U GARWYNIZST OZ2K UG AF2SdZNI Y S I & dzNB

The physical r e egwiurr ecrme nbte hfaorri owal tiasgedef i ned

the VDE FNN guideline. Frdbomr mhegnebhiwbr muper

at its terminals as a voltage sourté@éebehind
unit must be able to establish and maintain
rather than simply following an externally

explains that a voltage amplitudae rcdantgieveat
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current response, while a voltage angl e <c¢hi
response. This is thesophgysi bahameaorng of v
The EMT validation requirement transl ates
guantities. I nstead of directly observing a

cedure observes the behaviour of titkd andi t i
test is relevant because, after disconnect:i
tain voltage and frequency without relying
vol tsmgige ce behaviour test therteifvoe epaowveror d®
voltage magnitude (V), and frequency (f) be
and at the final steady -sdwuntee WDéteasii onud ait g

using (P), (Q) ., (V) , ang (P), awdi (&) PCNB be

For each quantity (X), the deviation is cal
W W W p8p

whee) (i s tbeatsé ema@lyue before islanding. Th

tify how much each measured quantity <chang

|l anded operation.

Frame ghfuNNdsleicme on 5. 5. 3. 6 vdIl BSa8iercesq Wierheamd not

veri ficatdtoengtdstthdet dgmadfter i slanding must

pries|l andi-sitgatsée evaallyt age. This is evaluated a:
W p WO W W p MO P8¢

whewe) (is the voltage magm) tiud et theesffoatea li sd ta

vol tage afTheirs icsrliatnedriingn | i nks the EMT val.i
guirement of Section 4.2.1.1. Physiiscally, i
| anding voltage, the wunit has e&emarmrcst rcahtaerd
acterestthbheatkternal grid reference i s remo

i mum values show the severity of the transi

converetsdrabrla shes a stable voltage operati ng
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6.1.1 aSlI adzZNBYSyYy( wmowmiY2 SNziNE$ NINBA Dyi A S

Measurement 1.1 corresponds to the operatin
approximately zero reactive popwewer Tda se refg
the Taéftefication procedur e. The converter
grid and is then separated from it at the i
tities aTeaeblsehodwn i n
¢l op+2 f 08 2HINDS 06 SKF GA2dzNJ YSIF AdzNBYSyGa F2N ¢S
Quant BeforgMaxi munm Mi ni mun Fina
i slandi| i sl andi
(P) [ 0. 73 0.74 0. 46 0. 48
(Q) I -0.03 0.02 0. 05 0.02
(V) [ 1.00 1.23 0. 97 1.00
(f) [ 50. 0 50. 9( 49 . 9¢ 50. 8¢
The deviations from the imitial steady stat
ClocsSSPA L GA2ya F2N) ¢Said mowm
Quan|30d wd 3®wa Qg 3wi i
(P) 0.000.26]0. 25
( Q) 0.010.01 0.01
(V) 0.22{0.020.00
(f) 0.90/0.00 0. 86
For this measursemeagrcte, ithhterywolettaage on-i s bas:e
state voltage ad séandshandohgagidespedaf DAO4AB
age Iis (1.00228) pu. The final vol tage devi
3w pIIMmeeEBINTtoyYrmBiTgp @ 6c do 0
The corresponding voltage band i s
ToX TOo@W p8toT oY 8T
I n this case, the voltage experiences a tr a
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reaching 1.23014 pu. However, the final vol
cl ose tiosltéhredipmrge voltage of 1.00438 pu. Fro
the final voltage therefore remainveinside
this means that tRestadbdverht ear sitsabdlel e otld arge
di sconnected. The transient voltage peak re
inverter, filter, residual | oaadal aeddembandi
strates themvogtageabil ity of the unit.

6.1.2 aSl adz2NBYSy i

Measur ement 1.

MOHY YI ERI¥AzZENRA § R8I & B8y NBI O

2 corresponds

-pbowe heo pnarxa tmiun

point. I n the sign convention used i t his
negative reactive power. The operating poin
0 ™ @) 0
The extracted measurements ar shown in Tab
¢l oT+R2 f 08 2HINDS 6 SKF GA2dzNJ YSIF AdzNBYSyGa F2N ¢S
Quant BeforgMaxi mun Mi ni mun Fina
i slandi| i sl andi
(P) [ 0. 73 0.73 0. 43 0.51
Q) | 0.21 0.01 0.21 0.01
(V) [ 0.99 1.00 0. 82 0. 96
f)y | 50. 0 51. 0 49 . 9¢ 50. 74
The deviations from the i n7it.i steady stat
¢l oyWS5SPGALFGAZ2ya FT2N ¢Said moH

Quan|3d wd 3®wa Qg i i
(P) [pu] | 0.00009| —0.30646| -0.21959
(Q) [pu] | 0.20385| 0.00000| 0.20008
(V) [pu] | 0.00937| -0.16288| -0.02197
(f)[Hz] | 1.05357| -0.01067| 0.74506
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The final voltage deviation is
3W  THOP WP TBOWP P TITBIC P PR @38
The corresponding voltage band is
TOQEPPI pPIIgppT 6c ®c U
This measurement is more demanding than Mese
tially operates tprodverr icrochud ttii vwen sr. e achtei weo | t
islanding is 0.82821 pu, showing a signific
fi nal voltage settles at 0.96913 pu, which r
vol tage. This result should be interpreted
spective, the final vol tagsetateenarabgevi t AT a

physical perspective, the esomnvert drehiavi @l e
i slanding, even though the inductive operat
ance.
613 aSl adz2NBYSy i mMdoY YI E#RdSNOIZLISHA Gim@Y NBI C
Measur ement 1.3 corresponds Ppoweheomarkamum
point. I n the sign convention used in this
positive reactive power. The operating poin
0 ™ ) 0
The extracted measur&ments are shown in Tab
¢l o+ f GE2HINDS 6 SKF GA2dzNI Y& AdzNBYSydGa F2NJ ¢S
Quant Befor¢gMaxi mum Mi ni mun Fi na
i slandi| i sl andi
(P) | 0.73 0.97087 0.50232 0.51530
(Q) | 0.15056 0.15126 -0.04282 -0.02245
(V) | 1.01649 1.50594 1.01294 1.03543
f) [ 50.00000 50.79419 48.88830 50.75750
The deviation val9ues are shown in Tabl e
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¢ oMM SOALI GAZ2ya FT2N ¢Sad wmoo
Quan|3d wd 3®wa Qg 30l i
(P) [pu] | 0.23226| —0.23629| -0.22331
(Q) [pu] | 0.00069| —0.19339| -0.17302
(V) [pu] | 0.48945| -0.00355| 0.01894
(H [Hz] | 0.79419| -1.11170| 0.75750
The final voltage condition can be written

TOPET® pP8T T W Q88X
and the final voltage deviation 1is

3W TSP YPo p8Y

This case differs physically from the induc
to support or raise the voltage. Therefore,
to be more |Iikely than in the iemddwant itwe cas
| ayers. The EMT validation | ayer checks whe
permitted band. The physical | ayer asks whe
age source after islanding. Siecrreandge, ftimhal
result indicates that ®sbercevéeehavioan made
tive | oading.
614 [ Ayl 0SHo@GYZNDSt ©la3S Ot ARFGA2Y YR LIKeaA
The vebtuage tests must be interpreted as mo
i cal reqguirement i n Sedtoiraom n4g. 2.nl.t1 mutsdt ebse
voltage source behind an effectivablienpteadanc
create voltage, respond to angle and voltag
net work condition changes. The EMT validat.i
gquirement into measurable quantities in the
The relationship can be summarised as foll o
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0 EUOGIAIAGA QROAAOEOAT AT O
t AAEOED®II | QARAECRAITAMEAABRIOBOAAT AA
%- HAT EAMRONEGHOAT AT O
t T AAOGORONCA A EIAODBT ALEEHODO AT AET C
) T OA ODP 0 AXEARARIATOG HA O GAD T1GhA
The voltage deviation calculation is theref
and validation requirements. I f (V_{final})

shows that B¢ abhi shcanstable vodummertoper

from the external grid. I f the final vol t ac
the internal voltage source, effective i mpe
i nteraction is not p-soducemnprehbhei required v
It is also Iimportant to disti-sgaiehbéhawisoae

The transient maxi mum and minimum values s|
However, t hset atien avla lsutee asdhyd vosr nw hnegt huenrinttt dcea ng rsi
a new stable operating point. Therefore, a
sarily mean -gcuartc & hree quwil rteamgeent 1 s not physi
sive interpretation is whether tbkeos$éentbd v

the-iprneanding value.

62 LYGSNLINBGFGA2Y 2F t/b. 0SKIGPA2dzNI Y

The physical requirement for PCNB is defined in Section 4.2.2.2 of the VDE FNN guide-
line. PCNB corresponds to a frequesigpendent activgpower contribution used to
support network security outside the normal frequency range. Physically, this means
that the gridforming unit must change its active power when the network frequency
deviates. For the negativ@ertia direction used in the thesis tests, an increase in fre-
guency after islanding should lead to a reduction in active power. Conversely, a decrease

in frequency should lead to an increase in active power.
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The PCNB behaviour test evaluates the agbower and frequency response of the

grid-forming inverter in the virtual island netwodccording to Section 5.5.4.4.2.

For the PCNB vebinfiycawioampaakttedaedtss

[ P, f ]

where (P) is the faocrtmivneg puonwetr aonfd t(hfe) girsi dt h «
The deviations are cal cul at eds auusricneg htehhea vsiaam
anal ysi s:

(6.9)
(6.10)

W

0 Ca
S ca
3 ca

I n addition t o gtuh edseeh edneewsy adttuagt nrce q U ihree me nt s .

ti al

o]

ctive power must remaipowekrosetpoinhe
final active power mudtoardemairrgedl, o saen dt d hteh e

nal f

]

equency mufsrte grueemmacigyr wswiathhaicmd .t Tehe F NN ¢

stat s that for the PCNB model val i dati on,

D

to the val ue fscertmiimgy uworfi tt hvei tghr iad maxi mum de
defines additi oingfgr edqauremicryg caomp ag edstoln r equi t

measured hardware reference data are avail a

The +=59% oawetri vaendatcepgptuedcdeviati on caef i ned

be expressed as

T80 O 0 7 p3TO bcdPMMOU
o "Q 4 p3t (Q p8pC¢
For the simulations dtomasi dargeétheéese, the re
0 ™ M) 0

Therefore, -pbowerf imahndaicg i ve

M XUTNMH TWCUTT p8po

For the frequency setpoint

Q v TiOA



the 5%
These
PCNB
i sl and

I ngi u

Thi s
guency

st avtailcu e

Thi s
PCNB r

power

6.2.1 a Sl

Measurement 1.1 evaluates PCNB behaviour at approximately zero reactive power.

di st

does

freque

T® Q v
conditions

requirement .

o that

OCBd
me a n sp:o wtelre racstpiomnes e
deviati on,

tol erance

ncti

esponse

not

adz2NBYSyi
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ncy
@04

net wopower Theviaati oe

di stur bance.

ockQ

on i s

but St

settl e

MDOMY

show how
The

and

essenti

t/

band i s

p8puU

t he

frequency

Py

mu s t

t he fi

bands.

a l
| fai.l

cl ose

b. 0SKIF@A2dzNI | {

EMT

nal

t he

enough

devi

repr e sfeonrtns-

Therefor e,

move i

active

A si

The extracted activpower and frequency values are shown in Table 6.6

val i dat.

ation

mul ati or
guantitat.i

t o

¢ oMM/ b. YSIAdINBYSyida T2N ¢Sai mowm

Quant Bef orgMaxi mun Mini mun Fina
i slandi| i sl andi

(P) [pu] 0.68390 0.69065 0.45728 0.46831

(f) [Hz] 50.00000 50.76015 49.96093 50.72927

The deviationslare shown in Tabl e

¢ oMMS/ b. RSOALGAZYya F2N ¢Sald mowm

Quan|30d wd 3®wa Qg 3wi i

(P) [pu] | 0.00675| —0.22661| -0.21558

() [Hz] | 0.76015| —0.03907| 0.72927

The final acti v.e Goompear eds wWi.o46dBt3hla rppue i dbabDb

the fi mpaolweacteirver i s
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0 Mo NMNNMtop @
The final frequency error 1is
Q UV QWG YBITIT MY ¢ WO

The value is beladwethe miawed Dt A7IFAOmMmuUu. Th
the physical PCNB perspective, the response
i s higher--shandihg paréue, and the final act

I slanding active power. This podercawlkesnthrae
guency increases, which is tiherexmae preod udien
rection considered in the tespecHoweyet hefd
active power is slightly below the | ower boc
ualload target. Therefore, the result shows
and quantitative validatibot the feespbnsead

not sufficiently close to the target.
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Measurement 1.2 evaluates PCNB behaviour under maximum inductive reactive
power operation. The operating point is
0 ™ @) 0
The extr apcotvweedr aacntdi vfer equency meadgf@drements a

¢l oM/ b. YSIadz2NBYSyida F2N ¢Said moH

Quant BeforgMaxi mun Mi ni mun Fina
i sl andi| i sl andi

(P) [pu] 0.68390 0.68414 0.26732 0.38154

() [Hz] 50.00000 51.43318 49.97864 51.01707

The deviationsladare shown in Tabl e

¢l oMMS/ b. RSOAFGA2ya FT2NJ ¢Salimon

Quan|30d wd 3®wa Qg 3wi i
(P) [pu] | 0.00024| -0.41658| -0.30236
() [Hz] 1.43318| -0.02136| 1.01707
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inal frequency error 1is

Q V@pXTIY BITTTTTT A8t p X 1O
result cledalerii hustpaeéeatitbe. t Ab t he
y increases after islanding and the ac
esponse is consistent withrthea.exXHmavect e
at the EMT validation | ayer, t he f i ne
target band. The final power of O0.3815

means that although the ngorthreolsliemulrad

does not reach the required static op

cal l vy, this repaWwerfihdegaércsytbant it dle
rectly bal ancedpofwerr tohpeerianduwgt ipvoe nrt e a

ng condition also affects thdanfdlut-age

t hpeo weecrt irvees ponse. Therefore, this case
not be reduced to frequency alone. Fre
h-poweti vesponse is not sufficiieent t o
iour.
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Measurement 1.3 evaluates PCNB behaviour under maximum capacitive reactive

power operation. The operating point is

0 ™ a) 0
The extracted measurgéements are shown in Tab
¢ oMpd / b. YSIHadNBYSyida F2N ¢Sad moo
Quant Befor¢gMaxi mum Mi ni mun Fi na
i slandi| i sl andi
(P) [pu] 0.68390 1.07431 0.55092 0.56320
() [Hz] 50.00000 50.44646 48.44682 50.41091
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The deviationsl&re shown in Table
¢l oMd¥/ b. RSOAFGA2ya FT2NJ ¢Sald moo
Quan|30d wd 3®wa Qg 3wi i
(P) [pu] | 0.39041| -0.13298| -0.12070
(f) [Hz] | 0.44646| -1.55318| 0.41091
The f i mpaolwearc teirwreor i s

0 ™ QOoCT® NMMNTBLQ 0§ «
The final frequency error 1is

"Q VB pPTTOPBIMNNNEG p T OQ
I n this case, the final frequency remains
hi gher than the wupper | imit olfoatdhet aarcgceetp.t eT
means that the converter supplies mg.re act
From the physicalppewespeespoasetbbowastthat
acts strongly to the isl| ampbiweg ewvardt tuodasr
the validation perspective, the final wvalue
This case also shows why the maxi mum and mi
active power of 1.07431 pu indicates a str.
transition. The final value of 0.56320 pu i
the expecteddreéeardetnl Therefore, the transi
pl ementary informati on: the transient val ue
sponse, while the fimdlatwalvwad i dlead droinb & £ stuh «
624 [ Ayl 06S0Gs6SSy t/b. 9a¢ @IfARIFIGAZ2Y | YR LKE®

The PCNB tests link the physical requirement of Section 4.2.2.2 to the EMT validation

procedure in Section 5. The physical requirement is that thefgriging unit must

provide a frequencylependent activepower contribution to support network secu-

rity. The EMT validation requirement verifies this behaviour by recording active power

and frequency during the virtual island test

Thi s

relationship can be summarised as foll
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This thesis addressed tbhaes ecdh ael vliednegnec-eo ft ou ssiun
code certi ffiocant ngh amfeeygntied our cbeass.e dA sg ecnoenrvae-r
tion progressively replaces synchronous gen
ods for veri flyd snegd thmitt 9§ noveemr teantri bute to v
guency st amellatteyd belravi@aur and networ k sec
cused on the connect-i @ammibred weequitremantca, B

tiont,onmated test exeouiennhednidntemptetbatieon

The thesis narrowedcddhe dormmtaax tEutrm ptetaen YD E d
CSOKYAOFE wSI|j@RNEKYWEGIA I ER2NIADNKR S&. Ly Of dzRA Y =
Within this framework, the studysocwrncceentr at
behaviour and Primary Contr ol Based on Netw
were selected because they r efparemiemg dpveor a-s
ti ol tssoguer ce behaviour describes the abil it
trolled voltage source behind an effective

power response required to support frequenc

The simulation work waededr dieeel opedudiyn®r o

Lingling Fan. Since the objective of the th

model was udadecastaestEMDj-erciterdtoed camdliysicait
power architecture, phaesmee, fiésedualg i oaer
tion and control |l ogic were analysed in ord
responds during virtual island network oper

0-°Cdroop lUocedpr,ootphe oep,voheagetcontroller anod
controller, because these blocks deter mine

| ates active and reactive power.

A major contribution of the thesis iIis the d
tomatic GFM Inverter Simulator. AGI S aut oma

tests i n MATLAB/ Si mul i nk. | t all ows the use
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operating point, run the simulation, extrac
deviations and generate a structured valida
mented for Measurements 1.1, 1.2 and 1.3 of
whhccorrespond to operation at approxi matel
tive reactive power and maxi mum capacitive
puts were then useuWr de khelaewisowrolamdePCNB b
The results showed that the automated fr ame
and tuned simulation scenarios. The baselin
compliant behaviour, while the tuned scenar
ment ea@r ica.i tHowever, the thesis also showed
from the scenario | abel i tsel f. 't comes fr
|l ations and the comparison with the assessn
I mporbtexrmtuse the same scenari o name may | eaf
rameters in the MATLAB scripts are modified
For vebdbwtmge behaviour, the interpretation s
sult is not only the transient response i mn
inverter to recover and maintainna stable v
nected. Theté&dieaVobktagdywas therefore inter
i sl andi-ntgatsd ewmwalyt age, with the tolerance wi
unit voltage base. This interpretpdtyisorali nk
requirement of Section 4.2 .flofdmiofgtwrei vDBEuU §
continue to behave as a voltage source behi
For PCNB behaviour, the interpretation show
be analysed together. The frequency devi ati
by the virtual i sl apadwaret dwvevikat whn |l rephes arc
spoon$et Afeorgmiindg unit to that disturbance. T
bet ween two interpretation | ayers:- The firs
power response must move in the expected di
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deviation. The second is the validation | ay
must settl e witkiad utehd orl equinrced bsatnaltsi.c Thi s
why a test may show the correct phwstcal di
tative EMT validation check if the final va

qguired targets.

Overall, the thesis demassdrates|l ahabonactan
structured, repeatable andf ormicegbteqgevi e ma
The AGI'S framework reduces manuapraoor k, | in
cessndgcraeates a clearer | ink between the V
model , the extracted measurements and the f

sis contributes noftorhmi pg oporsti mal lae m,e wo wtr i kd

exi sMT nmodel can be orgamiieead edntwor&fdeoemwt i f
The main | imitation of the tihasied.i I hteh &tF Mt
model was used as an EMT test object, but t
cal inverter measurement-si mmahafdwaueeexpes
Therefore, the results demonstrate the beha
der the i mplemented test conditions, but th
compliance for a commercial physical invert

FNN requirements wesouirmnel dedratve durv @alntda ¢PeC |

guiresmegnincluding detailed inertia procuren
ing above 10 Hz, curr emrtarlailnietlatoipoerr altdé hoanv ica
br oadercesrytsitfeincati on procedures, were out si
wor k.

Future work should first extend AGIS to cov
This would inclloperaddingippo&int Baglb h@etri o a

cases, dampi ngupevtail meatdc eomst, arstt avdr i fi cati on
haviour and supplementary tests in synchron

prove the generrak iy adagthien df rod@EheSnag omood enlesr.
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This would require standardising the signal
base valmiets,c@rvyersions and sign convention

wor kfl ow can be applied to different conver

A third and i mportant directiontifme €abhwure

trohdredwarhkeoop validation.-HIh whe pissested
future valbiudagsotoni malyement ed exipreiCnent al |y
setup would all ow the powé¢iln mei pd waittf oran bvdr i ¢
controller is executed on physical control

bility betweenoaof fahidnerBRETIi samulcaniuulrdl | er i
al so make it possible to test contr-oll er ti

ti me execution constraints before moving to

Finally, future work shoul éaismmgr cwe ttiHa claitn
and pr aetoidealevgrdiechce packages. This incl udce
templ ates, better automatic traceability be
put s, and stronger comparisoni metstiocs| deit we
and measured hardware data. Such extensions
not only for academic anal ysioanmilswti oanlishag f o

studidesoanroll er dfeoemopgleamsted oregourdces.

I n conclusion, the tihasied cenftifmgsathain <ian
portant role infohmhmi valti @dahnohogifegri As pow
i ncreasingly demisreat ed soy ricrewser ttenre eabi | ity
guirements, EMT model s, automated testing a
essential. The AGIS framework developed in

that objective by demonstrating how selecte
int o an automated MATLAB/ Si mdloirmk ngei infviec & teir

model s.
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During the preparation of this thesis, art.i
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tion, formatting assistance, ase tobaltisf weaet
not used to replace my own research, analys

or acadedmmeAkl technical decisions, MATLAB/

|l ation analysis, results i mwteerpratratiean,oudan
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General Workflow of the AGIS Automation Framework
AGIS = Automatic GFM Inverter Simulator

1. Launch AGIS ‘
Run main_run_all_tests.m in MATLAB
v

fam 2. Display AGIS pr tation in C d Window ]

>_ Greets the user and presents the program

3. Select simulation scenario
Scenario 1 ] [ Scenario 2: ]
c :

li i 1ce / tuned confi

g

v
4. Load scenario parameters from data.m J

and apply them to the Simulink model

v
5. Select verification scope
{ Test1: ] Test 2: ] [ All tests: ]

Voltage-source behaviour PCNB behaviour Voltage + PCNB
L 2 , 7. Optimization: when both
6. Select Table 3 operatlng pomt(s) _(@ - verification families are selected,

'9\ each operating point is simulated
°1 gz o Ma)umum Max1mum (1':“::’ :“3) only once; extracted signals are
inductive Q capacitive Q reused for both analyses.

0 For each selected operating point

O 8.1 Configure test conditions: Pref, Qref, residual-load factor Pres,
controller gains

1
i |
1 ]
: I
. 4 !
| o 8.2 Run Simulink model (60 s simulation) :
1 I
: (" cria i : jing event | GFM inverter supplies residual load .
| L before islanding H att=5s ' until full istand network after islanding |
E e b i bt s avga il i
! [ 5 8.3 Extract logged signals from Simulink outputs J !
] |
N e b s e A s e e t ________________________________________ >

¥ ) v
.ﬂ 8.4A Voltage-source behaviour analysis /\/I- 8.4B PCNB behaviour analysis

i e
P/t

‘ N Instantaneous voltages and currents:

Ua, Ub, Ug, Ia, Ib, Ic
Zoomed window from 2 network periods
before islanding over 30 periods total

T

v J
8.5 Calculate metrics h
E « Pre-islanding value + Max after islanding
+ Final steady-state value « Deviation from initial steady state + Min after islanding
v = =)
8.6 Eval pli gainst VDE FNN requirements
g For voltage-source behaviour: For PCNB behaviour:
Check voltage acceptance criterion Check active-value behaviour for
and Table 3 operating conditions active power and frequency
J
Yes 8.7 Are all verification No
(V) COMPLIANT |« S vediicn o ® NON-COMPLIANT
) checks OK? L
v
A 9. Generate structured HTML validation report &= S e e = i )
. | Final report verdict is |
> + Selected io and verification scope s Instantaneous waveform plots (for Test 1) | ) : based on actual verification |
+ Compliance summary and verdictstamp Final signature section il results, not on the selected |
‘ « Detailed results and plots | scenario name. :

= — NSRS

é 10. Validation Test Report for GFM Inverters Simulation Model
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clear; clc; close all;

modelName = "testbed_overall";

addpath(genpath(pwd));

if ~exist("results”, "dir"), mkdir("results"); end
if ~exist("reports”, "dir"), mkdir("reports"); end

if ~exist( "figures”, "dir"), mkdir("figures"); end

run("config/define_FNN_tests.m");

load_system(modelName);

fprintf(" \ N============-=--ooooooooooooooooooooooooooooooooos
============\n");

fprintf("  AGIS - Automatic GFM Inverter Simulator \ n");
fprintf("===================—------oooooooooooooooooooooooo
==========\n");

fprintf("Hello, welcome to AGIS. \ n\ n");

fprintf("AGIS is an automated MATLAB/Simulink verification
program \ n");

fprintf("developed for the thesis project: \ n");
fprintf(" Grid Code Certification by Simulation for Grid
Forming Connected Inverters \ n\ n");

fprintf("Student researcher: Boris YONDJIN NGAMY \ n");
fprintf("Supervisor: Assistant Professor Mustafa Alrayah
Hassan Ibraheem \ n");

fprintf("Institution: University of Vaasa \'n");
fprintf(" e

---------- \ n%);

fprintf("This program runs selected FNN validation simula-

tions, extracts \'n");
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fprintf("the required measurements, evaluates compliance,

and generates \ n");

fprintf("an HTML validation report with plots and quantita-

tive verdicts. \'n");
fprintf('===========================---oooooooossssssss=ss=s==s

fprintf("Available verification modes: \ n");

fprintf("1 Voltage source behaviour test (P, Q, V, f) \ n")

fprintf("2 PCNB behaviour test P, f) \n");
fprintf("3 All tests (Voltage +
PCNB)\ n");

fprintf(" \ nSelect the simulation scenario: \ n");

fprintf("1 Scenario One - Non- compliance baseline parame-
ters \'n");

fprintf("2 ~ Scenario Two - Compliance/tuned parame-
ters \ n\ n");

scenarioChoice = input("Which scenario do you want to simu-

late? Enter 1 or 2: ", "'s");

scenarioChoice = strtrim(scenarioChoice);

if scenarioChoice == "1"

FNN_scenario = "noncompliance";

scenarioText="Scenario One - Non- compliance baseline";
elseif scenarioChoice =="2"

FNN_scenario = "compliance”;

scenarioText = "Scenario Two - Compliance/tuned config-
uration™;
else

error("Invalid scenario selection. Please enter 1 or
2.");

end
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assignin('base’','FNN_scenario',FNN_scenario);

fprintf(" \ nSelected scenario: %s \ n", scenarioText);

familyChoice = input("Which verification do you want to run?
Enter 1, 2, or 3: ", "s");

familyChoice = strtrim(familyChoice);

if familyChoice =="1"
selectedTestTypes = "voltage";
measurementChoice = ask_measurement_choice();
selectedTestldx = measurement_choice_to_indices(meas-
urementChoice, length(tests));
elseif familyChoice =="2"
selectedTestTypes = "pcnb";
measurementChoice = ask_measurement_choice();
selectedTestldx = measurement_choice_to_indices(meas-
urementChoice, length(tests));
elseif familyChoice =="3"
selectedTestTypes = ["voltage", "pcnb"];
selectedTestldx = 1:length(tests);
measurementChoice = "4";
else
error(  "Invalid selection. Please enter 1, 2, or 3.");
end

% IMPORTANT OPTIMISATION:

% Each Table 3 operating point is simulated only once.
% The same extracted signals are then reused to generate the
voltage - source

% and/or PCNB analyses.

allResults = struct([]);

r=0;
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fprintf(" \ N===========-ooooooooooooooooooooooooooooooooo
============\n");

fprintf("Running selected simulations \ n");
fprintf("==============================oooooo=ooooooooooooos
==========\n");

for idx = selectedTestldx
fprintf(" \ nRunning simulation for %s: %s

tests(idx).id, tests(idx).name);

testCase = tests(idx);
[simOut, testCase] = run_single test(modelName, test-

Case);

Ppcc = simOut.get('Ppccl?;
fdroop = simOut.get(‘fdroop");
t = Ppcc.Time;

P = Ppcc.Data;

f = fdroop.Data;

Q=1

V=1

Ua =[J; Ub = [J; Uc = ];
la=[;b=[lc=[;

t abc ={];

needQV = any(selectedTestTypes == "voltage");
if needQV

Qpcc = simOut.get('Qpccl);

vdl = simOut.get('vdl');

Q = Qpcc.Data;

V = vdl.Data;

\n",
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% Optional instantaneous phase quantities required
for the detailed

% voltage - source measurement report. These To Work-
space blocks should

% be named Ua, Ub, Uc, la, Ib and Ic in the Simulink

model.
[Ua, t_abc] = try get_timeseries(simOut, 'Ua");
[Ub, ~] =try get timeseries(simOut, 'Ub";
[Uc, ~] =try _get timeseries(simOut, 'Uc";
[la,~] =try _get timeseries(simOut, 'la’);
[Ib,~] =try get timeseries(simOut, 'Ib";
[lc,~] =try_get timeseries(simOut, 'Ic");
end

for testType = selectedTestTypes
if testType == "voltage"
metrics = extract_metrics(t, P, Q, V, f, test-
Case.t_island, "voltage");
else
metrics = extract_metrics(t, P, [], ], f, test-
Case.t_island, "pcnb™);
end

verdict = fnn_evaluate_compliance(metrics, testCase,

testType);

r=r+1,

allResults(r). testType = testType;
allResults(r).scenarioChoice = scenarioChoice;
allResults(r).scenario = FNN_scenario;
allResults(r).scenarioText = scenarioText;

allResults(r).test = testCase;
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allResults(r).metrics = metrics;
allResults(r).verdict = verdict;
allResults(r).t = t;
allResults(r).P = P;
allResults(r).Q = Q;
allResults(r).V =V,
allResults(r).f = f;
allResults(r).t_abc =t_abc;
allResults(r).Ua = Ua;
allResults(r).Ub = Ub;
allResults(r).Uc = Uc;
allResults(r).l1a = Ia;
allResults(r).lb = Ib;

allResults(r).lc = Ic;

fprintf("Analysis % - 7s for %s: ", upper(testType),
testCase.id);
if verdict.overall
fprintf("COMPLIANT ~ \ n");
else
fprintf"NON - COMPLIANT n");
end
end
end

save("results/all_FNN_results.mat", "allResults");

reportFile = generate_fnn_report(allResults, familyChoice,
measurementChoice, scenarioChoice);

fprintf(" \ nSelected FNN verification completed. \'n");

fprintf("Report generated: %s \ n", reportFile);

function choice = ask_measurement_choice()
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fprintf(" \ nSelect the Table 3 measurement case: \n");
fprintf("1 Measurement 1.1 - Q=0\n";

fprintf("2 Measurement 1.2 - Maximum inductive Q  \ n");
fprintf("3 Measurement 1.3 - Maximum capacitive Q \ n");
fprintf("4 All measurements 1.1, 1.2 and 1.3 \ n\ n");

choice = input("Which measurement case do you want to
run? Enter 1, 2, 3, or 4. ", "s");

choice = strtrim(choice);
end

functionidx =measurement_choice_to_indices(choice, nTests)
switch choice
case "1"
idx = 1;
case "2"
idx = 2;
case "3"
idx = 3;
case "4"
idx = 1:nTests;
otherwise
error("Invalid measurement selection. Please en-
ter1, 2, 3,0r4.");
end
end

function [data, time] = try_get_timeseries(simOut, varName)
%TRY_GET_TIMESERIES Safely read optional To Workspace out-
puts.

% The report can still be generated if the optional abc phase

signals are

% not present in the model.
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data = [J;
time =];
try

sig = simOut.get(varName);
data = sig.Data;
time = sig.Time;
catch
warning("Optional signal '%s' was not found in si-
mOut. The instantaneous abc plotwill be skipped.”, varName);
end

end

I LILIS YiA BRI G I

%% AGIS data file with two simulation scenarios

% Scenario 1: Non - compliance baseline

% Scenario 2: Compliance/tuned configuration

%

% The scenariois selectedinmain_run_all_tests.mand passed
through the

% base - workspace variable FNN_scenario . If the file is exe-
cuted manually

% without a scenario selection, the tuned compliance scenario

is used by default.

if ~exist('FNN_scenario','var')
FNN_scenario = "compliance";

end

switch lower(string(FNN_scenario))
case "noncompliance”
% Scenario One: initial/non - compliant configuration
P_ref = Pinit;
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Q_ref = Qinit;
Pres =0.5;
Presl = 0.5;
Pres2 = 0.5;
Pres3 = 0.5;

case "compliance”
% Scenario Two: tuned/compliant configuration veri-
fied by the user

P_ref =0.81;
Q_ref = Qinit;
Presl = 0.5183;
Pres2 = 0.598;
Pres3 = 0.52;
otherwise
error("Unknown FNN_scenario : %s. Use 'noncompliance’

or ‘compliance’.”, string(FNN_scenario));
end

f = fbase;

Sb = 1e6; % base power

Vb_S =13.2e3*sqrt(2)/sqrt(3);% secondary side base voltage
phase to ground

Ib_S =Sb/Vb_S; % secondary side base current

Vb_P =400*sqrt(2)/sqrt(3); % primary side base V

Ib_P = Sb/Vb_P; % primary side base |

Zb = ((400)"2)/Sb; % primary side base impedance

Zs = ((13.2e3)"2)/Sh; % secondary side base impedance
Zt = 0.02+1i*0.0721; % transformer impedance

Vg =1;

P = Pinit;

Q = Qinit;
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S = P+1i*Q;

I3 = conj(S/VQg);

V3 = Vg+I3*Zt; % pcc voltage in S side
% Vpcc = V3*Vb_S/Vb_P; % P side

Vpcc = V3;

R1 = 0.001/Zb;

L1 = (1i*120*pi*46e - 6)/Zb; % impedacne ZL1

Cl= -(1i/(120*pi*3*444e - 6))/Zb; Y%impedance ZC1

I2 = Vpcc/C1; % curreent going through the Capcitor
11 =12+13;

V1 = Vpcc+I1*(R1+L1);

V =V1*Vb_P;

%%%
Ts =50e - 6;s =tf('s),

%%%

f = fbase; w0 = 2*pi*f,vdc = 1000;
sb = 1e6;vnl = 400;vn2 = 13.2e3;
vbl = vnl*sqrt(2/3);

zb1l = vn172/sb;

zb2 = vn272/sb;

%%% passive

rfpu = 0.034;

rf = rfpu*zbl;

xfpu = 2*pi*50*(46e - 6)/0.16; %0.1084;
If = xfpu*zb1/wO;

cf =444e -6*3;

%bc = 0.102; xcpu = 1/bc;

%cf = 1/xcpu/zbl/woO;

bc = wO*cf*zb1,
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% grid

xgpu = 0.35;

lg = xgpu*zb2/wO0;
rgpu = xgpu/10;
rg = rgpu*zb2;

%% grid impedance
xgrid_pu = 0.8; %0.2 pu is working 0.19 is not working
lg_real = xgrid_pu*zb2/w0;

rgrid_pu = xgrid_pu/10;
rg_real = rgrid_pu*zb2;

%%% controller
Pdroopl = 0.02*w0;
Pdroop2 = 0.05*w0;

% Scenario - dependent voltage - control gains
switch lower(string(FNN_scenario))
case "noncompliance”
Kp_v=0.4; Ki_v=40; % GFL
kpv =0.4; kiv =40; % GFM voltage loop
K2 =0.3; % Q -V droop gain
case "compliance”
Kp_v=0.4; Ki_v=40; % GFL
kpv =0.4; kiv =40; % GFM voltage loop
K2 =0.10; % tuned Q -V droop gain
end

Kp_vg =1; Ki_vqg =10; %GFM 3
Kp_P =0.25; Ki_P = 25;
%Kp_P =0.1; Ki_P =10;
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%kpvd = 3; kivd = 300;
k=0.1;

%kpvd = 1*k; kivd = 100*k;
kpvd = 0.4; kivd = 40;

kpg = 0.2; kig = 20;

% kpv = 0.25; kiv = 25;

% kpv = 1; kiv = 100;

ang_0 = 22*pi/180;

% Yazdani's GFM
%kpv = 1; kiv = 100;
%Kp_v=1; Ki_v = 100;

%%%
%kpi = 0.4758;
%kii = 3.2655; % current control
kpi = 0.4758; kii = 3.2655; % current control

OL = (kpi+kii/s)/(rfpu+xfpu*s);
bw_in = bandwidth(feedback(OL, 1))/2/pi;

%%%
kp_PLL = 60; ki_PLL = 1400;
%kp_PLL = 30; ki_PLL = 600;

Gs_PLL = (kp_PLL/s+ki_PLL/s/s)/(1+kp_PLL/s+ki_PLL/s/s);
bw_PLL = bandwidth(Gs_PLL)/2/pi;

%% %%
Tc=3e- 3;
Td=25e - 6;



wn=2*pi*15;
f1=1,;f2=30;fc=sqrt(f1*f2);
Q=fc/(f2 - fl);

zeta=1/2/Q;

%% GFM claculation

SL = P+(Q)*1i;

Vpcc_gfm = 1;

I3_gfm = conj(SL/Vpcc_gfm);
Zb = 400"2/1e6;

XC1l = - (li/(120*pi*3*444e
I2_gfm=  Vpcc_gfm/XC1;
11 gfm =12_gfm +13_gfm;

Spcc = Vpcc_gfm*conj(11_gfm);

real(Spcc);
1- real(Spcc);

R = 0.05;
Tc=le- 3;

Td=25e - 6;
K1 = 1/0.05;

124

- 6))/Zb; Y%impedance ZC1

% K2 is scenario - dependent and is defined above.
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%% Definition of FNN automated test cases: Table 3, Measure-

ments 1.1to 1.3

common.Presidual = 0.50;
common.PEmax = 1.0;
common.fbase = 50;
common.t_island = 5;
common.Vnom = 1.0;

% For voltage - source behaviour (Section 5.5.3.6.2.2.3),

% the steady - state voltage after islanding is checked within

+/ - 3%

% relative to the pre - islanding steady - state voltage, using

Vnom as base.

common.VfinalMin = 0.90; % kept only for backward compati-

bility; not used for voltage - source verdict

common.VfinalMax = 1.10; % kept only for backward compati-

bility; not used for voltage - source verdict

common.maxFinalFregDeviationHz = 2.0;

tests(1).id = "FNN_1_1";

tests(1l).name = "Test 1.1 - Q=07
tests(1).Pinit = 0.75;

tests(1).Qinit = 0;

tests(1).PresVar ="Pres1"; % Simulink residual

value from config/data.m

tests(2).id ="FNN_1_2";

tests(2).name = "Test 1.2 - Maximum inductive Q";

tests(2).Pinit = 0.75;
tests(2).Qinit = - 0.33;

- load tuning
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tests(2).PresVar ="Pres2"; % Simulink residual - load tuning

value from config/data.m

tests(3).id ="FNN_1_3";

tests(3).name = "Test 1.3 - Maximum capacitive Q";

tests(3).Pinit = 0.75;

tests(3).Qinit = 0.33;

tests(3).PresVar ="Pres3"; % Simulink residual - load tuning

value from config/data.m

for k = 1:length(tests)
tests(k). Presidual = common.Presidual,
tests(k).PEmax = common.PEmax;
tests(k).fbase = common.fbase;
tests(k).t_island = common.t_island;
tests(k).Vnom = common.Vnom;
tests(k).VfinalMin = common.VfinalMin;
tests(k).VfinalMax = common.VfinalMax;
tests(k).maxFinalFreqDeviationHz =  common.maxFinal-

FregDeviationHz;

% Default Simulink load factor. The final value is re-
solved in

% run_single_test.m from Presl, Pres2 or Pres3 defined
in config/data.m.

% The compliance target remains test.Presidual = 0.50
pu.

tests(k).Pres = common.Presidual;

end
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function [simOut, test] = run_single_test(modelName, test)
%RUN_SINGLE_TEST Configure one Table 3 operating point and

run the Simulink model.

%

% The FNN compliance target for the residual load remains
test.Presidual

% (typically 0.50 pu). However, the actual Simulink load

block may use a

% tuned factor Pres so that the final active - power settling
point is within

%the +/ -5% PCNB static - value band. The 500 kW residual - load
block should be

% parametrised as: Pres*Sh.

%

% For Table 3 cases, Pres is resolved from config/data.m as:

% FNN 1 1 ->Presl

% FNN 1 2 ->Pres2

% FNN_1 3 ->Pres3

Pinit = test.Pinit;

Qinit  =test.Qinit;
Presidual = test.Presidual;
PEmax = test.PEmax;
fbase =test.fbase;

w0 = 2*pi*fbase;

assignin('base’,'Pinit',Pinit);
assignin('base’,'Qinit',Qinit);
assignin('base’,'Presidual’,Presidual);
assignin('base’','PEmax’',PEmax);

assignin('base’,'fbase’,fbase);
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assignin('base’,'w0',w0);

% Load model parameters for the selected scenario. The
scenario is

% controlled by the base - workspace variable FNN_scenario,
setin

% main_run_all_tests.m. The data file then defines Pres1,
Pres2 and Pres3.

if ~evalin('base’,'exist("FNN_scenario”, "var")")
assignin(‘base’,'FNN_scenario',"compliance");

end

evalin('base’,'run("config/data.m")");

scenarioUsed = evalin('base’,'FNN_scenario");

test.scenario = scenarioUsed;

% Store the effective scenario - dependent parameters in
the test structure
% so that the report can clearly distinguish between
P_ref and Pinit, and
% show the tuning used for the selected scenario.
if evalin('base’,'exist("P_ref", "var")")
test.Pref = evalin('base’,'P_ref');
end
if evalin(base’,'exist("Q_ref", "var")")
test.Qref = evalin('base’,'Q_ref');
end
if evalin(base’,'exist("K2", "var")")
test.K2 = evalin('base’,'K2’);
end
if evalin('base’,'exist("kpv", "var")")
test.kpv = evalin('base’,'kpv");
end

if evalin(base','exist("kiv", "var"))
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test.kiv = evalin(‘base’,'kiv');
end

% Resolve the Simulink residual - load factor for the se-
lected Table 3 case.
% This is the value used by the block parameter Pres*Sb.
Pres = Presidual;
if isfield(test, 'PresVar’) &&
strlength(string(test.PresVar)) > 0
presVarName = char(test.PresVar);
if evalin('base’, sprintf(‘exist("%s", "var")',
presVarName))
Pres = evalin('base’, presVarName);
else
warning( 'Residual -load tuning variable %s was
not found in config/data.m. Using Presidual = %.4f pu in-
stead.’, presVarName, Presidual);
end
elseif isfield(test, 'Pres’)
Pres = test.Pres;
end

assignin(‘base’,'Pres',Pres);
test.Pres = Pres;

fprintf(" Scenario = %s \ n', char(string(scenarioUsed)));
fprintf( Compliance residual target Presidual = %.5f

pu\ n', Presidual);
fprintf(" Simulink residual - load factor Pres = %.5f pu,

used in load block as Pres*Sb \ n', Pres);

t_stop = 60;
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simOut = sim(modelName, ...
'StopTime', num2str(t_stop), ...
'ReturnWorkspaceOutputs', 'on’);

end

I LILISYIRABEGNI OGywYSGNROa

function metrics = extract_metrics(t, P, Q, V, f, t_island,

testType)

%EXTRACT_METRICS Extract FNN report values for voltage or
PCNB tests.

% Voltage - source behaviour uses P, Q, V and f.

% PCNB behaviour uses only P and f.

if nargin <7
testType = "voltage”;

end

t=1(); P =P(); f=1();
if ~isempty(Q), Q = Q(:); end
if ~isempty(V), V =V(); end
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preWindow =1t > (t_island - 1.0) &t < (tisland
0.1);
postWindow =t >t _island;
finalWindow =t > (max(t) - 5.0);
if ~any(preWindow),  error("Pre - islanding window is

empty. Check t_island or simulation time."); end

if ~any(postWindow), error("Post - islanding window is
empty. Check t_island or simulation time."); end

if ~any(finalWindow), error("Final steady - state window

is empty. Check simulation stop time."); end

metrics.testType = testType;

metrics.P_before = mean(P(preWindow), ‘'omitnan’);
metrics.P_max = max(P(postWindow), [], ‘omitnan’);
metrics.P_min = min(P(postWindow), [], ‘'omitnan’);

metrics.P_final = mean(P(finalWindow), ' omitnan’);

metrics.f_before = mean(f(preWindow), 'omitnan’);
metrics.f_max = max(f(postWindow), [], 'omitnan’);
metrics.f_min = min(f(postWindow), [], ‘omitnan’);

metrics.f_final = mean(f(finalWindow), 'omitnan’);

metrics.dP_max = metrics.P_max - metrics.P_before;
metrics.dP_min = metrics.P_min - metrics.P_before;
metrics.dP_final = metrics.P_final - metrics.P_before;
metrics.df_max = metrics.f_max - metrics.f_before;
metrics.df_min = metrics.f_min - metrics.f_before;
metrics.df_final = metrics.f_final - metrics.f_before;

if strcmpi(testType, "voltage")
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fore;

fore;

fore;

fore;

fore;

fore;

end

end
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if isempty(Q) || isempty(V)
error("Voltage behaviour test requires Q and V

end

metrics.Q_before = mean(Q(preWindow), 'omitnan’);
metrics.Q_max = max(Q(postWindow), [], 'omitnan’);
metrics.Q_min = min(Q(postWindow), [], ‘omitnan’);

metrics.Q_final = mean(Q(finalWindow), 'omitnan’);

metrics.V_before = mean(V(preWindow), ‘'omitnan’);
metrics.V_max =max(V(postWindow), [], ‘'omitnan’);
metrics.V_min =min(V(postWindow), [], 'omitnan’);

metrics.V_final = mean(V(finalWindow), ‘omitnan’);

metrics.dQ_max = metrics.Q_max - metrics.Q_be-
metrics.dQ_min = metrics.Q_min - metrics.Q_be-
metrics.dQ_final = metrics.Q_final - metrics.Q_be-
metrics.dV_max = metrics.V_max - metrics.V_be-
metrics.dV_min = metrics.V_min - metrics.V_be-
metrics.dV_final = metrics.V_final - metrics.V_be-
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I LILISYiIRABEYY PSSO tdzd GSPO2YLX Al yOS

functionverdict=fnn_evaluate _compliance(metrics, testCase,
testType)

%FNN_EVALUATE_COMPLIANCE Quantitative checks for FNN Table
3 tests.

%

% Important distinction used in this version:

% - Table 3 entry conditions are checked for illustration

and traceability

% (Pmom before islanding and residual - load range).
% - For voltage -source behaviour according to Section
5.5.3.6.2.2.3,

% the main quantitative requirement is the steady - state
voltage after

%  transition to island operation: V_final must remain

within +/ - 3% of the

% pre -islanding steady - state voltage, using nominal volt-
age as base.

% - For PCNB according to Section 5.5.3.6.2.2.5, the static

% value checkis applied to both active power and frequency.

Active power

% is compared with the Presidual target, and frequency is
compared with

% the configured frequency setpoint fbase, both with +/

5% tolerance.

if nargin < 3
testType = "voltage”;
end

tol5 = 0.05;
tol3V = 0.03;
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verdict.testType = testType;

if isfield(testCase, "Vnom")
Vnom = testCase.Vnom,
else
Vnom = 1.0;
end

verdict.Vnom = Vnom;

%% Table 3 entry conditions

verdict.Pmom_required = testCase.Presidual + 0.23*test-
Case.PEmax;

verdict.Pmom_ok = metrics.P_before >= verdict.Pmom_re-

quired;

verdict.residual_load_lower = 0.45*testCase.PEmax;
verdict.residual_load_upper = 0.65*testCase.PEmax;
verdict.residual load ok = testCase.Presidual >= ver-
dict.residual_load_lower && ...
testCase.Presidual <= ver-
dict.residual_load_upper;

verdict.frequency_finite_ok = isfinite(metrics.f_before)
&& isfinite(metrics.f_final) && ...
isfinite(metrics.f_min)
&& isfinite(metrics.f_max);
verdict.power_finite_ok = isfinite(metrics.P_before) &&
isfinite(metrics.P_final) && ...
isfinite(metrics.P_min) &&

isfinite(metrics.P_max);

if strcmpi(testType, "voltage")

%% Section 5.5.3.6.2.2.3: voltage - source behaviour
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% The automated report does NOT use a +/ - 5% active -
power final - value
% check for voltage - source behaviour. P is still

plotted/measured, but

% the main quantitative voltage - source requirement
is the +/ - 3% final

% steady - state voltage band.

verdict.reactive_finite_ok = isfinite(metrics.Q_be-
fore) && isfinite(metrics.Q_final) && ...

isfinite(metrics.Q_min)

&& isfinite(metrics.Q_max);

verdict.voltage_finite_ok = isfinite(metrics.V_be-
fore) && isfinite(metrics.V_final) && ...

isfinite(metrics.V_min)

&& isfinite(metrics.V_max);

verdict.voltage_tolerance = tol3V*Vnom;

verdict.voltage_lower = metrics.V_before - ver-
dict.voltage_tolerance;

verdict.voltage_upper = metrics.V_before + ver-
dict.voltage_tolerance;

verdict.final_V_error = metrics.V_final met-

rics.V_before;
verdict.final_ V_ok = metrics.V_final >= ver-
dict.voltage lower && ...
metrics.V_final <= ver-

dict.voltage upper;

verdict.req_ 5 5 3 6 2 2 3 ok = verdict.final_V_ok
&& ...
verdict.voltage_fi-

nite_ok && ...
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verdict.reac-

tive_finite_ok;

% Final verdict: Table 3 entry conditions + voltage
source main requirement.

verdict.overall = verdict.Pmom_ok && verdict.resid-
ual_load ok && ...

else

%% Section 5.5.3.6.2.2.5: PCNB behaviour

verdict.final_P_tolerance =  tol5*max(abs(test-
Case.Presidual), eps);

verdict.final_P_error = metrics.P_final
Case.Presidual;

verdict.final_P_lower = testCase.Presidual
dict.final_P_tolerance;

verdict.final_P_upper = testCase.Presidual + ver-
dict.final_P_tolerance;

verdict.final_P_ok = abs(verdict.final_P_error) <=
verdict.final_P_tolerance;

verdict.final_f tolerance =  tol5*max(abs(test-
Case.fbase), eps);

verdict.final_f_error = metrics.f_final
Case.fbase;

verdict.final_f_lower=testCase.fbase

nal_f _tolerance;

verdict.final_f_upper=testCase.fbase + verdict.fi-
nal_f _tolerance;

verdict.final_f ok = abs(verdict.final_f_error) <=

verdict.final_f_tolerance;

- test-

- ver-

- test-

verdict.fi-
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verdict.initial_P_tolerance = tol5*max(abs(test-
Case.Pinit), eps);

verdict.initial_P_error = metrics.P_before
Case.Pinit;

verdict.initial_P_ok = abs(verdict.initial_P_error)

<= verdict.initial_P_tolerance;

verdict.initial_f tolerance = tol5*max(abs(test-
Case.fbase), eps);

verdict.initial_f _error = metrics.f_before
Case.fbase;

verdict.initial_f ok = abs(verdict.initial_f_error)

<= verdict.initial_f_tolerance;

verdict.stable_ok = verdict.frequency_finite_ok &&
verdict.power_finite_ok && ...
abs(metrics.f_final

Case.fbase) < testCase.maxFinalFreqDeviationHz;

verdict.droop_static_ok=verdict.final_P_ok && ver-
dict.final_f_ok;

if metrics.f_final > metrics.f_before
verdict.pcnb_direction_ok = metrics.P_final <
metrics.P_before;
elseif metrics.f_final < metrics.f_before
verdict.pcnb_direction_ok = metrics.P_final >
metrics.P_before;
else
verdict.pcnb_direction_ok = abs(metrics.P_final
- metrics.P_before) < verdict.final_P_tolerance;

end

test-

test-

test-
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&& verdict.initial_f_ok && verdict.droop_static_ok && ...
verdict.pcnb_direc-
tion_ok && verdict.stable_ok;

verdict.overall = verdict.Pmom_ok && verdict.resid-
ual_load ok && ...
end

end



139

I LILISYiA BSY SNI G S gpNB L2 NI

function generate_report(test, testType, metrics, verdict,
t,P,Q,V,f)

%GENERATE_REPORT Legacy compatibility wrapper.

% The updated workflow uses generate_fnn_report.m to create
one combined

% report. This wrapper is kept only in case an older script

still calls it.

if nargin < 9, f = []; end
if nargin < 8, V =[]; end
if nargin < 7, Q = []; end

R.test = test;
R.testType = testType;
R.metrics = metrics;
R.verdict = verdict;
R.t=t;

R.P=P;

RQ=Q;

RV =V;

R.f=f;

generate_fnn_report(R, ", ");
end
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I LILISYIRA BSYSNI GSYTFyy pNB L2 NI

function reportFile = generate_fnn_report(allResults, fami-

lyChoice, measurementChoice, scenarioChoice)
%GENERATE_FNN_REPORT Generate one structured HTML report for
the selected analyses.

% This function intentionally creates a single report, even

when several

% Table 3 measurements and/or both verification families are

selected.
if nargin < 2, familyChoice = "™; end
if nargin < 3, measurementChoice = "; end
if nargin < 4, scenarioChoice = ""; end

timestamp = datestr(now, 'yyyymmdd_HHMMSS");
reportTitle = "Validation Test Report for GFM Inverters

Simulation Model";

if string(familyChoice) == "1"

reportBase = "voltage_source_behaviour";
elseif string(familyChoice) == "2"

reportBase = "pcnb_behaviour”;
elseif string(familyChoice) == "3"

reportBase = "complete_fnn_verification";
else

reportBase = "fnn_verification";

end

reportFile = fullfile("reports”, reportBase + " " +
timestamp + ".html");

fid = fopen(reportFile, 'w");

iffid<O0
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error("Could not create report file: %s", report-

File);

end

guidelineLink = ‘https://www.vde.com/re-
source/blob/2405504/cd87a82107a12d014626e497e4d77ald/fnn -
guideline  --- technical -requirements -for -grid -forming - capa-
bilities -- october -2025-- data.pdf’

fprintf(fid, ‘'<html><head><meta charset="UTF - 8"><ti-

tle>%s</title>', reportTitle);

fprintf(fid, ['<style>' ...

‘body{font - family:Arial,Helvetica,sans - serif;mar-
gin:35px;line - height:1.45;color:#222;}' ...

'h1,h2,h3{color:#222;} hil{font - size:30px;} h2{mar-
gin - top:28px;border - bottom:2px  solid  #444;padding - bot-
tom:5px;} ...

'table{border - collapse:collapse;margin:12px 0 20px
0;} th,td{border:1px solid #777;padding:6px 10px;text
align:right;}' ...

'th:first - child,td:first - child{text - align:left;}
th{background:#eee;} .ok{color:green;font
weight:bold;} .fail{color:red;font - weight:bold;}' ...

".note{background:#f6f6f6;padding:12px;border -
left:4px solid #777;margin:14px 0;} ...

".case{border - top:3px solid #444;margin
top:32px;padding - top:12px;} ...

".stamp{display:inline - block;padding:16px 28px;mar-
gin:12px 0 20px O;border:4px solid;font - weight:bold;font

size:22px;letter - spacing:1px;transform:rotate( - 3degq);} ...
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".stamp.okstamp{color:green;border -
color:green;back-
ground:#f2fff2;}.stamp.failstamp{color:red;border -
color:red;background:#fff2f2;}" ...

".signature{margin - top:40px;border - top:3px solid
#444;padding - top:15px;font - size:13px;back-
ground:#f8f8f8;padding:15px;}' ...

‘a{color:#005bb5;text - decoration:none;}
a:hover{text - decoration:underline;} ul{margin - top:6px;} ...
'</style>");

fprintf(fid, '</head><body>");

%% Title and programme presentation
fprintf(fid, '<h1>%s</h1>', reportTitle);
fprintf(fid, ['<p class="note">This report is an auto-
matically generated output of <b>AGIS</b>" ...
‘(<i>Automatic GFM Inverter Simulator</i>), a
MATLAB/Simulink - based verification programme developed dur-
ing the thesis research project ' ...
"<b>AGrid Code Certification by Simul a
Forming Connected I nverterso</b> at the Uni
‘The work was conducted by <b>Boris YONDJIN
NGAMY</b>, an Erasmus student in the SMACCs programme, under
the supervision of ' ...
'‘Assistant Professor <b>Mustafa Alrayah Hassan Ib-
raheem</b>. The simulation tests documented in this report
follow the verification logic of the ' ...
'<a href="%s#page =57">VDE FNN Guideline, Section
5.5.3.6.2</a>, which defines validation requirements for EMT
simulation models of grid - forming units.</p>'], guide-
lineLink);
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fprintf(fid, '<p class="note"><b>Simulation optimisa-
tion:</b> each selected Table 3 operating pointis simulated
only once. The extracted signals are then reused for the
selected analyses. For voltage - source behaviour, P, Q, Vand
f are evaluated. For PCNB behaviour, only P and f are eval-

uated.</p>");

%% Summary of scope

fprintf(fid, '<h2>1. Summary of Selected Verification
Scope</h2>");

fprintf(fid, '<ta-
ble><tr><th>ltem</th><th>Value</th></tr>");

fprintf(fid, '<tr><td>Simulation sce-
nario</td><td>%s</td></tr>', scenario_text(scenarioChoice));

fprintf(fid, '<tr><td>Main selec-
tion</td><td>%s</td></tr>', selection_text(familyChoice));

fprintf(fid, '<tr><td>Measurement selec-
tion</td><td>%s</td></tr>', measurement_text(measure-
mentChoice));

fprintf(fid, '<tr><td>Number of analyses in this re-
port</td><td>%d</td></tr>', length(allResults));

fprintf(fid, '</table>");

write_scope_introduction(fid, familyChoice, scenario-
Choice, guidelineLink);

%% Compliance summary and global verdict stamp

fprintf(fid, '<h2>2. Overall Compliance Summary</h2>');

fprintf(fid, '<table><tr><th>Verification</th><th>Meas-
urement</th><th>Pmom check</th><th>Residual
load</th><th>Main requirement</th><th>Final ver-
dict</th></tr>");

globalOk = true;
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for k = 1:length(allResults)

R = allResults(k);

fprintf(fid, '<tr>");

fprintf(fid, '<td>%s</td>", test_type_ti-
tle(R.testType));

fprintf(fid, '<td>%s</td>", R.test.id);

fprintf(fid, '<td>%s</td>", ok_text(R.ver-
dict.Pmom_ok));

fprintf(fid, '<td>%s</td>', ok_text(R.verdict.re-
sidual_load_ok));

if string(R.testType) == "voltage"

else
end
fprintf(fid, '<td>%s</td>", ok_text(mainOk));
fprintf( fid, '<td>%s</td>", ok_text(R.verdict.over-
all));
fprintf(fid, '</tr>");
globalOk = globalOk && R.verdict.Pmom_ok && R.ver-
dict.residual_load ok && mainOk && R.verdict.overall;
end
fprintf(fid, '</table>");
if globalOk
fprintf(fid, '<div class="stamp okstamp">COMPLI-
ANT</div>");
else
fprintf(fid, '<div class="stamp failstamp">NON - COM-
PLIANT</div>");
end
fprintf(fid, '<p>The stamp above is calculated from the
verification results in the summary table. It is not deter-

mined by the selected scenario name; therefore, if any check
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returns <b>FAIL</b>, the report - level verdict becomes
<b>NON COMPLIANT</b>.</p>");

%% Detailed results
fprintf(fid, '<h2>3. Detailed Results</h2>");
if string(measurementChoice) =="4"
fprintf(fid, ['<p class="note">This report includes
measurements 1.1, 1.2 and 1.3 from ' ...

'<a href="%s#page=73">Table 3 of the VDE FNN
Guideline</a>. Measurement 1.4 and measurement 2.1 are not
executed in this automation framework. ' ...

'Measurement 1.4 is mainly relevant to active
power reversal conditions, typically applicable to units
that can operate both as generation and load, such as storage
systems. ' ...

'Measurement 2.1 concerns the small - signal be-
haviour in the non - procured direction of inertia. The pre-
sent Simulink testbed and thesis scope focus on the procured
direction virtual -island tests 1.1 to 1.3.</p>"], guide-
lineLink);

end
fprintf(fid, [<p>The simulation stop time is set to
<b>60 s</b>. Since islanding is applied at <b>t = 5 s</b>,
this duration provides sufficient time to observe the pre
islanding steady state, ' ...
'the transient response immediately after islanding,
and the final steady - state values computed over the last

part of the simulation window.</p>");

for k = 1:length(allResults)
R = allResults(k);

fprintf(fid, '<div class="case">");
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fprintf(fid, '<h3>%s - %s</h3>', test type_ti-
tle(R.testType), R.test.name);
write_case_explanation(fid, R, guidelineLink);

write_configuration(fid, R.test);

if string(R.testType) == "voltage"
fprintf(fid, '<h4>Extracted measurements: P, Q,
V and f</h4>");

write_measurement_table(fid, ['P" "Q" "V" "f"],

R.metrics);

fprintf(fid, '<h4>Deviations from the initial
steady state</h4>");

write_deviation_table(fid, ['"P" "Q" "V" "f"],
R.metrics);

write_voltage_analysis(fid, R.metrics, R.ver-
dict, guidelineLink);
else
fprintf(fid, '<h4>Extracted measurements: P and

f only</h4>");

write_measurement_table(fid, ["P" "f"], R.met-
rics);

fprintf(fid, '<h4>Deviations from the initial
steady state</h4>");

write_deviation_table(fid, ['P" "f'], R.met-
rics);

write_pcnb_analysis(fid, R.metrics, R.verdict,
guidelineLink);
end

fprintf(fid, '<h4>Final verdict</h4>");
if R.verdict.overall
fprintf(fid, '<p class="ok">COMPLIANT</p>");
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else
fprintf(fid, '<p class="fail">NON - COMPLI-

ANT</p>");

end

plotFile = save_result_plot(R);

fprintf(fid, '<h4>Plot</h4>");

fprintf(fid, '<img src="../%s" style="width:1150px;
max- width:100%%; height:auto;">", strrep(plotFile, ' \\ Y
)

if string(R.testType) == "voltage" && has_instanta-

neous_phase_signals(R)

instPlotFile = save_instantaneous_phase_plot(R);

fprintf( fid, '<h4>Instantaneous phase quanti-
ties</h4>");

fprintf(fid, ['<p>In accordance with <a
href="%s#page=76">Section 5.5.4.5.1</a>, the instantaneous
phase voltages ' ...

‘'u<sub>a</sub>, u<sub>b</sub>, u<sub>c</sub>
and phase currents iI<sub>a</sub>, i<sub>b</sub>,
i<sub>c</sub> are displayed over a zoomed window around the
islanding instant. ' ...

'For a 50 Hz network, one period is 0.02 s;
therefore, the plot starts two network periods before is-
landing and covers 30 network periods intotal.</p>'], guide-

lineLink);

fprintf(fid, '<img src="../%s"
style="width:1150px; max - width:100%%; height:auto;">',
strrep(instPlotFile, ' \\ ),

elseif string(R.testType) == "voltage"
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fprintf(fid, ['<p class="note"><b>Instantaneous
phase quantities not plotted:</b> the optional To Workspace
outputs ' ...

'<code>Ua</code>, <code>Ub</code>,
<code>Uc</code>, <code>la</code>, <code>Ib</code> and
<code>Ic</code> were not all available in the simulation
output.</p>");

end

fprintf(fid, '</div>");

end

write_signature(fid);

fprintf(fid, '</body></html>");
fclose(fid);

end

function write_scope_introduction(fid, familyChoice, sce-
narioChoice, guidelineLink)
fprintf(fid, '<h3>Introduction to the selected scenario
and verification scope</h3>");
if string(scenarioChoice) == "1"
fprintf(fid, [<p><b>Scenario One</b>representsthe
baseline non - compliance scenario. It uses the initial/de-
fault control configuration of the model: ' ...
'<code>P_ref=0</code>, <code>Q_ref=0</code>,
<code>Pres = Presl = Pres2 = Pres3 = 0.5 pu</code>, <code>K2
= 0.3</code>, <code>kpv = 0.4</code>, and <code>kiv =
40</code>. ' ...
"This scenario is intended to illustrate how the
model behaves before the tuning required to satisfy the ver-

ification criteria.</p>'));
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elseif string(scenarioChoice) == "2"
fprintf( fid, ['<p><b>Scenario Two</b>represents the
tuned compliance scenario. Compared with the baseline, the
model uses the verified tuning values ' ...
'<code>P_ref = 0.81</code>, <code>Q ref =
Qinit</code>, <code>Presl = 0.5183</code>, <code>Pres2 =
0.598</code>, <code>Pres3 = 0.52</code>, and <code>K2 =
0.10</code>. ' ...
‘The voltage and current control gains are kept
consistent with the validated configuration used in the sim-
ulation campaign, including <code>kpv = 0.4</code> and
<code>kiv = 40</code>.</p>");
else
fprintf(fid, '<p>The scenario was not specified ex-
plicitly. The report uses the parameters active inthe MATLAB
base workspace during execution.</p>");

end

if string(familyChoice) == "1"
fprintf(fid, ['<p>The selected verification family
is the <b>voltage - source behaviour test</b>. According to
'<a href="%s#page=63">Section 5.5.3.6.2.2.3</a>
and the virtual - island test defined in Section 5.5.4, the
model is evaluated by checking whether the final steady
state voltage remains within the allowed band after island-
ing.</p>'], guidelineLin K);
elseif string(familyChoice) == "2"
fprintf(fid, ['<p>The selected verification family
is the <b>PCNB behaviour test</b>. According to ' ...
'<a href="%s#page=63">Section 5.5.3.6.2.2.5</a>,
the initial and final steady states are used to verify the

PCNB droop/static - value behaviour, including the active
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power and frequency response after islanding.</p>'], guide-

lineLink);
else
fprintf(fid, ['<p>The report combines both verifi-
cation families: <b>voltage - source behaviour</b> according
to'...

'<a href="%s#page=63">Section 5.5.3.6.2.2.3</a>
and <b>PCNB behaviour</b> according to ' ...

'<a href="%s#page=63">Section 5.5.3.6.2.2.5</a>.
The same simulation data are reused for both analyses when-
ever the same Table 3 operating point is selected.</p>'],
guidelineLink, guidelineLink);

end

fprintf(fid, ['<p>The measurement cases follow the op-
erating points of ' ...
'<a href="%s#page=73">Section 5.5.4.3/ Table 3</a>.
The values presented in the report follow the recording logic
of Section 5.5.4.4: values are extracted before islanding,
afterislanding during the transient, and at the final steady
state.</p>'] , guidelineLink);

fprintf(fid, ['<ul><li><b>Pmom</b>: active power of the
grid - forming unit immediately before the islanding event,

used to verify the Table 3 initial active - power condi-
tion.</li>" ...

'<li><b>PEmax</b>: maximum active - power capability
of the unit, used as the per - unit reference for the Table 3
limits.</li>" ...

'<li><b>Presidual</b>: target residual active load
in the virtual island network, here used as the PCNB final

active - power compliance target.</li>' ...
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'<li><b>Pres</b>: Simulink residual - load factor ap-
plied to the load block as <code>Pres x Sbh</code>. In the
tuned scenario, it may differ from Presidual to make the
simulated final active power settle within the compliance
band.</li>" ...

'<li><b>Pinit / Qinit</b>: initial active - and re-
active - power operating points of the grid - forming unit be-
fore the islanding event.</li>" ...

'<li><b>fbase</b>. nominal frequency of the model,
used as the frequency setpoint for the steady - state
checks.</li>' ...

'<li><b>Islanding instant</b>: the time at which the
external grid is disconnected from the virtual island net-
work; in this automation, it is set to 5 s.</li></ul>"));

end

function write_case_explanation(fid, R, guidelineLink)
if string(R.testType) == "voltage"
fprintf(fid, ['<p>This case evaluates the voltage
source behaviour of the GFM inverter in virtual island op-
eration. The model is first brought to the selected initial
active - andreactive - power operating point, then the grid is
disconnected at the islanding instant. ' ...
"The expected final condition is a stable volt-
age magnitude close to the pre - islanding steady - state volt-
age. In accordance with ' ...
'<a href="%s#page=74">Section 5.5.4.4.1</a>,
the report records P, Q, V and f before islanding, the max-
imum and minimum values after islanding, and the final
steady - state values.</p>", guidelineLink);
else
fprintf(fid, ['<p>This case evaluates the behaviour

of the PCNB in the virtual island network. The initial
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active - power operating pointis established before islanding,
and after separation the model must settle to a final active -
power and frequency response compatible with the configured
droop/static - value requirements. ' ...

'Inaccordance with <a href="%s#page=75">Section
5.5.4.4.2</a>, the PCNB report focuses on the measured P and

f quantities.</p>"], guidelineLink);

end
if abs(R.test.Qinit + 0.33) < 1e -6
fprintf(fid, ['<p><b>Reactive - power operating
point:</b> this is the maximum inductive reactive - power case.
The value <b>Q = - 0.33 pu</b> is used to represent the de-

fault capability of absorbing reactive power up to 33%% of
rated active power. In t his model sign convention, inductive

operation is represented by negative reactive power.</p>");

elseif abs(R.test.Qinit - 033)<le -6
fprintf(fid, [<p><b>Reactive - power operating
point:</b> this is the maximum capacitive reactive - power

case. The value <b>Q = +0.33 pu</b> is used to represent
reactive - power injection at 33%% of rated active power. In
this model sign convention, c apacitive operation is repre-
sented by positive reactive power.</p>'");

elseif abs(R.test.Qinit) < 1e -9

fprintf(fid, '<p><b>Reactive - power operating

point:</b> this case is performed at Q = 0 pu, which repre-
sents the neutral reactive - power condition of Table 3.</p>");

end
end

function write_configuration(fid, test)
fprintf(fid, '<h4>Test configuration</h4>");
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fprintf(fid, '<table><tr><th>Parame-
ter</th><th>Value</th></tr>");
if isfield(test, 'Pref")
fprintf(fid, '<tr><td>P_ref</td><td>%.4f
pu</td></tr>', test.Pref);
end
fprintf(fid, '<tr><td>Pinit</td><td>%.4f pu</td></tr>',
test.Pinit);
if isfield(test, 'Qref")
fprintf(fid, '<tr><td>Q_ref</td><td>%.4f
pu</td></tr>', test.Qref);
end
fprintf(fid, '<tr><td>Qinit</td><td>%.4f pu</td></tr>',
test.Qinit);
fprintf(fid, '<tr><td>Presidual compliance
get</td><td>%.4f pu</td></tr>', test.Presidual);
if isfield(test, 'Pres’)

fprintf(fid, '<tr><td>Simulink load factor
Pres</td><td>%.5f pu</td></tr>', test.Pres);
fprintf(fid, '<tr><td>Residual load block
P</td><td>Pres x Sb = %.5f x Sb</td></tr>'", test.Pres);
end

fprintf(fid, '<tr><td>PEmax</td><td>%.4f pu</td></tr>',
test. PEmax);
fprintf(fid, '<tr><td>fbase</td><td>%.4f Hz</td></tr>',
test.fbase);
if isfield(test, 'K2")
fprintf(fid, '<tr><td>K2 Q -V
gain</td><td>%.4f</td></tr>', test.K2);
end
if isfield(test, 'kpv')
fprintf(fid, '<tr><td>kpv voltage
gain</td><td>%.4f</td></tr>', test.kpv);

tar-

droop

- loop
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end
if isfield(test, 'kiv')
fprintf(fid, '<tr><td>kiv voltage - loop
gain</td><td>%.4f</td></tr>'", test.kiv);
end
if isfield(test, 'scenario’)
fprintf(fid, '<tr><td>Simulation sce-
nario</td><td>%s</td></tr>", string(test.scenario));
end
fprintf(fid, ‘'<tr><td>Islanding instant</td><td>%.4f
s</td></tr>', test.t_island);
fprintf(fid, '</table>");

end

function write_measurement_table(fid, vars, metrics)
fprintf(fid, '<table><tr><th>Quantity</th><th>Be-
fore</th><th>Max after islanding</th><th>Min after island-
ing</th><th>Final</th></tr>"),
for v = vars
before = metrics.(v + "_before™);
vmax = metrics.(v +"_max");
vmin = metrics.(v +"_min");
final = metrics.(v +"_final");
fprintf( fid,
'<tr><td>%s</td><td>%.5f</td><td>%.5f</td><td>%.5f</td><td>
%.5f</td></tr>', v, before, vmax, vmin, final);
end
fprintf(fid, '</table>");
end

function write_deviation_table(fid, vars, metrics)
fprintf(fid, '<p>For each quantity X, deviations are
cal cul at ed as- XpKefore.</@>";
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fprintf(fid, '<table><tr><th>Quan-
tity</th><th>pmax</th><th>gpmin</th><th>amfi
for v = vars
dmax = metrics.("d" +v +"_max");
dmin = metrics.("d" +v +"_min");
dfinal = metrics.("d" + v +"_final");
fprintf(fid,
'<tr><td>%s</td><td>%.5f</td><td>%.5f</td><td>%.5f</td></tr
>' v, dmax, dmin, dfinal);
end
fprintf(fid, '</table>");

end

function write_voltage analysis(fid, metrics, verdict,
guidelineLink)

fprintf(fid, '<h4>Quantitative voltage - source behaviour
analysis</h4>";

fprintf(fid, '<p>For the voltage - source behaviour veri-
fication, P, Q, V and f are extracted and shown. However,
the main guantitative criterion from <a
href="%s#page=63">Section 5.5.3.6.2.2.3</a> is applied to
the steady - state voltage after islanding: V<sub>final</sub>
must remain within +3%% of the pre - islanding steady - state
voltage, using nominal voltage as base. The active - power and
residual -load checks are kept as Table 3 entry - condition
checks, not as the main voltage - source compliance crite-
rion.</  p>', guidelineLink);

fprintf(fid, '<ul>");

fprintf(fid, '<li>Table 3 Pmom entry condition: Pmom
= %.4f pu; required minimum = %.4f pu: %s</li>', met-
rics.P_before, verdict.Pmom_required, ok_text(ver-
dict.Pmom_ok));
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fprintf(fid, '<li>Table 3 residual load condition: Pre-

sidualinside 0.45 - 0.65 PEmax: %s</li>', ok_text(verdict.re-

sidual_load_ok));
fprintf(fid, '<li>Voltage band for Section

5.5.3.6.2.2.3: %. 5 f pu O Vfinal O

dict.voltage lower, verdict.voltage_upper);

fprintf (fid, "<l i >Final
=%.5f pu, allowed = £%.5f pu: %s</li>', verdict.final_V_er-
ror, verdict.voltage_tolerance, ok_text(verdict.fi-
nal_V_ok));

fprintf(fid, ‘'<li>Requirement 5.5.3.6.2.2.3 voltage
fprintf(fid, '</ul>");

end

function write_pcnb_analysis(fid, metrics, verdict, guide-
lineLink)

fprintf(fid, '<h4>Quantitative PCNB behaviour analy-
sis</h4>");

fprintf(fid, '<p>For the PCNB verification, P and f are
evaluated. In this implementation of
href="%s#page=63">Section 5.5.3.6.2.2.5</a>, the static
value requirement is checked for both active power and fre-

vol tage

<a

quency: P<sub>before</sub> must remain wit hin £5%% of the

configured Pinit, P<sub>final</sub> must remain within +5%%
of the Presidual target, and f<sub>before</sub>/f<sub>fi-
nal</sub>mustremain within +5%% of the configured frequency
setpoint fbase.</p>', guidelineLink);

fprintf(fid, '<ul>");

fprintf(fid, '<li>Pmom =%.4f pu; required minimum = %.4f
pu: %s</li>', metrics.P_before, verdict.Pmom_required,

ok_text(verdict.Pmom_ok));

%. 5f

devi at

f
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fprintf(fid, '<li>Residual load target inside 0.45 - 0.65
PEmax: %s</li>', ok_text(verdict.residual_load_ok));

fprintf(fid, '<li>Initial P within £5%% of configured
Pinit: %s</li>', ok_text(verdict.initial_P_ok));

fprintf(fid, '<li>Initial f within £5%% of fbase: error
= %.5f Hz, tolerance = %.5f Hz: %s</Ii>', verdict.ini-
tial_f error, verdict.initial_f tolerance, ok_text(ver-
dict.initial_f_ok));

fprintf(fid, '<li>Final P within £5%% of Presidual tar-
get: %.5f pu O Pfinal O %.5f pu; error = %.
verdict.final_P_lower, verdict.final P_upper, verdict.fi-
nal_P_error, ok_text(verdict.final_P_ok));

fprintf(fid, '<li>Final f within £5%% of fbase: %.5f Hz
O ffinal O %.5f Hz; error
nal_f lower, verdict.final_f upper, verdict.final _f error,
ok_text(verdict.final_f _ok));

fprintf(fid, '<li>Correct PCNB direction: %s</Ii>',
ok_text(verdict.pcnb_direction_ok));

%. 5 f Hz: 0%s </ |

fprintf(fid, '<li>Requirement 5.5.3.6.2.2.5 quantita-
tive check: %s</li>", ok_text(ver-

fprintf(fid, '</ul>");

fprintf(fid, '<p class="note">The Simulink residual - load
factor Pres may be tuned per Table 3 case to make the simu-
lated final active power settle inside the +5%% PCNB static -

value band around the Presidual target. The active - power
plotalso showsthe initial Pinit £5%% band before islanding,

and the frequency static - value bandis shown inthe frequency

plot. A detailed damping and transient - frequency comparison

against measured hardware data can be added when reference
measurements are available.</p>') :

end
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function write_signature(fid)

fprintf(fid, '<div class="signature">");

fprintf(fid, '<h3>Report signature</h3>');

fprintf(fid, '<p><b>Programme:</b> AGIS 0 Automatic GFM
Inverter Simulator</p>");

fprintf(fid, '<p><b>Research thesis:</b> Grid Code Cer-
tification by Simulation for Grid - Forming Connected Invert-
ers</p>";

fprintf(fid, '<p><b>Student researcher:</b> Boris
YONDJIN NGAMY</p>");

fprintf(fid, '‘<p><b>Personal email:</b> nga-
myboris@gmail.com<br><b>Student email:</b> x0327345@stu-
dent.uwasa.fi<br><b>Tel:</b> +34 641 809 367</p>");

fprintf(fid, ‘'<p><b>Institution:</b> University of
Vaasa</p>");

fprintf(fid, '</div>");

end

function plotFile = save_result_plot(R)
plotFile = fullfile(“figures”, string(R.testType) + "_"
+ R.test.id +"_plot.png");

% Larger figure to prevent axis boundary values and an-
notations from overlapping

fig = figure('visible','off', 'Units’,'pixels’, 'Posi-
tion',[100 100 1600 1450]);

darkBlue = [0.00 0.00 0.45]; % darker blue, same
thin line style as original

linewidthMain = 1.0;

fontSizeAxes = 10;

fontSizeText = 10;
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if string(R.testType) == "voltage"
triggerWidth = 0.20;
tl = tiledlayout(fig,4,1, TileSpac-

ing','loose’,'Padding','compact’);

%% Active power plot with Table 3 shaded regions and
black dashed boundaries

axP = nexttile(tl,1);

hold(axP,'on"); grid(axP,'on’);

title(axP,'Active Power P"); ylabel(axP,'pu?;

xlim(axP,[min(R.t) max(R.t)]);

set(axP,'FontSize',fontSizeAxes);

pBeforeLower = R.verdict.Pmom_required;

pAfterLower = R.verdict.residual_load_lower;

pAfterUpper = R.verdict.residual_load_upper;

yMaxP = max([max(R.P), pBeforeLower, pAfterUpper,
1.05));

yMinP = min([min(R.P), 0]);

pMargin = 0.08*(yMaxP - yMinP);

ylim(axP,[yMinP yMaxP+pMargin]);

add_rect_patch(axP, min(R.t), R.test.t_island,
pBeforeLower, yMaxP+pMargin, [0.25 0.70 1.00], 0.35);

add_rect_patch(axP, R.test.t_island, max(R.t),
pAfterLower, pAfterUpper, [0.20 0.90 0.20], 0.38);
add_rect_patch(axP, R.test.t island - triggerWidth,

R.test.t_island+triggerWidth, yMinP, yMaxP+pMargin, [1.00
0.62 0.10], 0.38);

plot(axP, R.t, R.P, 'Color', darkBlue, 'LineWidth',
lineWidthMain);

add_boundary_yline(axP, pBeforeLower);
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add_boundary_yline(axP, pAfterLower);

add_boundary_yline(axP, pAfterUpper);

add_trigger_xlines(axP, R.test.t_island, trig-
gerWidth);

add_arrow_label(axP, min(R.t)+5, yMaxP+0.02*(yMaxP
yMinP), min(R.t)+1.2, pBeforeLower+0.04*(yMaxP - yMinP), ...
sprintf (' Before i slandi ng:
pBeforeLower), fontSizeText);
add_arrow_label(axP, R.test.t island+18, pAfterUp-
per+0.10*(yMaxP - yMinP), R.test.t island+8, mean([pAfter-
Lower pAfterUpper]), ...

sprintf (" After islanding: %.

pAfterLower, pAfterUpper), fontSizeText);
add_arrow_label(axP, R.test.t_island+2,
yMinP+0.10*(yMaxP - yMinP), R.test.t_island,
yMinP+0.20*(yMaxP - yMinP), ...
‘Islanding point: t = 5 s', fontSizeText);
hold(axP,'off");

%% Reactive power plot

axQ = nexttile(tl,2);

plot(axQ, R.t, R.Q, 'Color', darkBlue, 'LineWidth',
lineWidthMain);

title(axQ,'Reactive Power Q"); grid(axQ,'on"); yla-
bel(axQ,'pu’);

xlim(axQ,[min(R.t) max(R.t)]);

set(axQ, FontSize',fontSizeAxes);

%% Voltage plot with zoomed +/ - 3% band and black
dashed boundaries

axV = nexttile(tl,3);

hold(axV,'on"); grid(axV,'on");

Pmom O

2 f

O Pmo
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title(axV,'Voltage Magnitude V'); ylabel(axV,'pu’);
xlim(axV,[min(R.t) max(R.t)]);
set(axV,'FontSize',fontSizeAxes);

vLower = R.verdict.voltage_lower;

vUpper = R.verdict.voltage_upper;

vCenter = R.metrics.V_before;

yMinV_data = min([min(R.V), vLower]);

yMaxV_data = max([max(R.V), vUpper]);

vMargin =max(0.015, 0.08*(yMaxV_data - yMinV_data));
yMinV = yMinV_data - vMargin;

yMaxV = yMaxV_data + vMargin;

ylim(axV,[yMinV yMaxV]);

add_rect_patch(axV, min(R.t), max(R.t), vLower, vUp-
per, [0.20 0.90 0.20], 0.38);

add_rect_patch(axV, R.test.t island - triggerWidth,
R.test.t_island+triggerWidth, yMinV, yMaxV, [1.00 0.62 0.10],
0.38);

plot(axV, R.t, R.V, 'Color', darkBlue, ‘'LineWidth’,
lineWidthMain);

add_boundary_yline(axV, vLower);

add_boundary_yline(axV, vUpper);

add_boundary_yline(axV, vCenter);

add_trigger_xlines(axV, R.test.t_island,  trig-
gerWidth);

add_arrow_label(axV, min(R.t)+7, yMaxV - 0.10*(yMaxV -
yMinV), min(R.t)+3, mean([vLower vUpper)), ...
sprintf(*Voltage acceptance band: £3%% Vbefore'),
fontSizeText);
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add_arrow_label(axV, R.test.t_island+2,
yMinV+0.10*(yMaxV - yMinV), R.test.t_island,
yMinV+0.20*(yMaxV - yMinV), ...
'Islanding point: t =5 s', fontSizeText);
hold(axV,'off");

%% Frequency plot

axF = nexttile(tl,4);

plot(axF , R.t, R.f, 'Color', darkBlue, 'LineWidth’,
lineWidthMain);

title(axF,'Frequency f); grid(axF,'on"); vyla-
bel(axF,'Hz"); xlabel(axF, Time [s]);

xlim(axF,[min(R.t) max(R.t)]);

set(axF,'FontSize',fontSizeAxes);

else

triggerWidth = 0.20;

tl = tiledlayout(fig,2,1, TileSpac-
ing','loose’,'Padding’,'compact’);

%% Active power plot with Table 3 and +/ -5% PCNB
static - value shaded regions

axP = nexttile(tl,1);

hold(axP,'on"); grid(axP,'on’);

title(axP,'Active Power P'); ylabel(axP,'pu’);

xlim(axP,[min(R.t) max(R.1)]); set(axP,'Font-
Size',fontSizeAxes);

pBeforeLower = R.verdict.Pmom_required,;
pAfterLower = R.verdict.residual_load_lower;
pAfterUpper = R.verdict.residual_load_upper;
p5Lower = R.verdict.final_P_lower;

p5Upper = R.verdict.final_P_upper;
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plnitLower = R.test.Pinit - R.verdict.initial_P_tol-
erance;

pInitUpper = R.test.Pinit+ R.verdict.initial_P_tol-
erance;

yMaxP = max([max(R.P), pBeforeLower, pAfterUpper,
p5Upper, plnitUpper, 1.05]);

yMinP = min([min(R.P), pAfterLower, p5Lower, pIn-
itLower, 0)]);

pMargin = 0.10*(yMaxP - yMinP);

ylim(axP,[yMinP yMaxP+pMargin));

add_rect_patch(axP , min(R.t), R.test.t_island,
pBeforeLower, yMaxP+pMargin, [0.25 0.70 1.00], 0.26);

add_rect_patch(axP, min(R.t), R.test.t_island, pIn-
itLower, plnitUpper, [1.00 0.95 0.10], 0.36);

add_rect_patch(axP, R.test.t_island, max(R.t),
pAfterLower, pAfterUpper, [0.20 0.90 0.20], 0.30);

add_rect_patch(axP, R.test.t_island, max(R.t),
p5Lower, p5SUpper, [1.00 0.95 0.10], 0.34);

add_rect_patch(axP, R.test.t island - triggerWidth,
R.test.t_island+triggerWidth, yMinP, yMaxP+pMargin, [1.00
0.62 0.10], 0.38);

plot(axP, R.t, R.P, 'Color', darkBlue, ‘'LineWidth’,
lineWidthMain);

add_boundary_yline(axP, pBeforeLower);
add_boundary_yline(axP, plnitLower);
add_boundary_yline(axP, pInitUpper);
add_boundary_yline(axP, pAfterLower);
add_boundary_yline(axP, pAfterUpper);
add_boundary_yline(axP, pS5Lower);
add_boundary_yline(axP, pSUpper);
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add_trigger_xlines(axP, R.test.t_island, trig-
gerWidth);

add_arrow_label(axP, min(R.t)+5, yMaxP+0.02*(yMaxP -
yMinP), min(R.t)+1.2, pBeforeLower+0.04*(yMaxP - yMinP), ...
sprintf (' Before i slandi ng: Pmom O

pBeforeLower), fontSizeText);

add_arrow_label(axP, min(R.t)+9, plnitUp-
per+0.04*(yMaxP - yMinP), min(R.t)+2.0, mean([pInitLower pin-
itUpper)), ...
sprintf('Initial static - value band: Pinit +5%%"),
fontSizeText);

add_arrow_label(axP, R.test.t island+16, pAfterUp-
per+0.10*(yMaxP -yMinP), R.test.t island+8, mean([pAfter-
Lower pAfterUpper]), ...
sprintf (' After islanding: %. 2f O Pmo
pAfterLower, pAfterUpper), fontSizeText);
add_arrow_label(axP, R.test.t_island+27, p5Up-
per+0.03*(yMaxP - yMinP), R.test.t_island+20, mean([p5Lower

p5Upper)), ...
sprintf('Final static -value band: Presidual
+5%%"), fontSizeText);
add_arrow_label(axP, R.test.t_island+2,
yMinP+0.10*(yMaxP - yMinP), R.test.t_island,

yMinP+0.20*(yMaxP - yMinP), ...
‘Islanding point: t = 5 s', fontSizeText);
hold(axP,'off");

%% Frequency plot with +/ - 5% static - value shaded re-
gion and islanding marker

axF = nexttile(tl,2);

hold(axF,'on’); grid(axF,'on’";
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title(axF,'Frequency f'); ylabel(axF,'Hz"); xla-
bel(axF, Time [s]);

xlim(axF,[min(R.t) max(R.1)]); set(axF, Font-
Size',fontSizeAxes);

f5Lower = R.verdict.final_f_lower;

f5Upper = R.verdict.final_f upper;

yMinF = min([min(R.f), f5SLower]);

yMaxF = max([max(R.f), f5SUpper]);

fMargin = max(0.2, 0.08*(yMaxF - yMinF));
ylim(axF,[yMinF - fMargin yMaxF+fMargin]);

add_rect_patch(axF, min(R.t), max(R.t), f5Lower,
f5Upper, [0.20 0.90 0.20], 0.30);

add_rect_patch(axF, R.test.t_island - triggerWidth,
R.test.t_island+triggerWidth, yMinF - fMargin, yMaxF+fMargin,
[1.00 0.62 0.10], 0.38);

plot(axF, R.t, R.f, 'Color', darkBlue, 'LineWidth',
lineWidthMain);

add_boundary_yline(axF, f5Lower);

add_boundary_yline(axF, f5Upper);

add_boundary_yline(axF, R.test.fbase);

add_trigger_xlines(axF, R.test.t_island, trig-
gerWidth);

add_arrow_label(axF, min(R.t)+18, fSUpper
0.10*(f5SUpper - f5Lower), min(R.t)+12, mean([f5Lower f5Up-
per]), ...
sprintf('Frequency static - value band: ffinal =
fbase +5%%"), fontSizeText);
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add_arrow_label(axF, R.test.t_island+2, yMinF

0.02*(yMaxF -yMinF), R.est.t island, yMinF+0.12*(yMaxF
yMinF), ...

end

'Islanding point: t =5 s', fontSizeText);
hold(axF, off');

end

try
exportgraphics(fig, plotFile, 'Resolution’, 220);

catch
saveas(fig, plotFile);
end

close(fig);

function add_rect_patch(ax, x1, x2, yl, y2, color, al-

phaValue)

axes(ax);
patch([x1 x2 x2 x1], [yl y1 y2 y2], color, 'FaceAlpha’,

alphaValue, 'EdgeColor’, 'none’);

end

function add_boundary_yline(ax, yValue)

end

axes(ax);
Xl = xlim(ax);
plot(xl, [yValue yValue], 'k -- ', 'LineWidth’, 0.90);

function add_trigger_xlines(ax, tlsland, triggerWidth)

axes(ax);
yl = ylim(ax);
plot([tisland tIsland], yl, 'k -- ', 'LineWidth’, 0.85);
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plot([tisland - triggerWidth tisland - triggerWidth],

'k:', 'LineWidth', 0.75);
plot([tisland+triggerWidth tIsland+triggerWidth], yl,
'k:', 'LineWidth', 0.75);

end

functionadd_arrow_label(ax, textX, textY, targetX, targetY,
labelText, fontSizeText)

axes(ax);

text(ax, textX, textY, labelText, 'FontSize', font-
SizeText, 'FontWeight','bold’, 'Color','k’, 'BackgroundCol-
or','w', 'Margin’',2, 'Clipping','off');

plot(ax, [ textX targetX], [textY targetY], 'k
eWidth', 0.80, 'Clipping','off");

plot(ax, targetX, targetY, 'kv', 'MarkerFaceColor','k’,
'‘MarkerSize',4, 'Clipping','off);

end

function tf = has_instantaneous_phase_signals(R)
tf = isfield(R,'t_abc') && ~isempty(R.t_abc) && ...

isfield(R,'Ua") && ~isempty(R.Ua) && ...
isfield(R,'Ub") && ~isempty(R.Ub) && ...
isfield(R,'Uc") && ~isempty(R.Uc) && ...
isfield(R,'la") && ~isempty(R.la) && ...
isfield(R,'Ib") && ~isempty(R.Ib) && ...
isfield(R,'Ic") && ~isempty(R.Ic);

end

function plotFile = save_instantaneous_phase_plot(R)
plotFile = fullfile("figures”, "instantaneous_abc " +

R.test.id + " _plot.png");

-, "Lin-
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fig = figure('visible','off', 'Units’,'pixels’, 'Posi-
tion',[100 100 1600 1050]);

darkBlue =[0.00 0.00 0.45];

redLine =[0.60 0.00 0.00];

greenLine = [0.00 0.45 0.00];

lineWidthMain = 1.0;

fontSizeAxes = 10;

fbase = R.test.fbase;

Tnet = 1/fbase;

tStart = R.test.t_island - 2*Tnet;
tEnd = tStart + 30*Tnet;

idx = R.t_abc >=tStart & R.t_abc <= tEnd;

tt = tiledlayout(fig,2,1, TileSpacing','loose’,'Pad-

ding','compact’;

axU = nexttile(tl,1);

hold(axU,'on’); grid(axU,'on");

title(axuU , Instantaneous Phase Voltages');

ylabel(axU,'pu");

plot(axU, R.t_abc(idx), R.Ua(idx), 'Color', darkBlue,
‘LineWidth', lineWidthMain);

plot(axU, R.t_abc(idx), R.Ub(idx), 'Color', redLine,
‘LineWidth', lineWidthMain);

plot(axU, R.t_abc(idx), R.Uc(idx), 'Color', greenLine,
‘LineWidth', lineWidthMain);

xlim(axU,[tStart tEnd]);

add_instantaneous_islanding_marker(axU, R.test.t_is-
land);

legend(axU, {'u_a','u_b','u_c'}, 'Location’,'best’);

set(axU,'FontSize',fontSizeAxes);
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ax| = nexttile(tl,2);

hold(axl,'on"); grid(axl,'on’);

title(axl,'Instantaneous Phase Currents');

ylabel(axl,'pu’); xlabel(axl, Time [s]);

plot(axl, R.t_abc(idx), R.la(idx), 'Color’, darkBlue,
‘LineWidth', lineWidthMain);

plot(axl, R.t _abc(idx), R.Ib(idx), 'Color', redLine,
‘LineWidth', lineWidthMain);

plot(axl, R.t_abc(idx), R.Ic(idx), 'Color', greenLine,
‘LineWidth', lineWidthMain);

xlim(axl,[tStart tEnd]);

add_instantaneous_islanding_marker(axl, R.test.t_is-
land);

legend(ax!, {!i_a','i_b'i_c'}, 'Location’,'best");

set(axl,'FontSize',fontSizeAxes);

try
exportgraphics(fig, plotFile, 'Resolution’, 220);

catch
saveas(fig, plotFile);
end
close(fig);
end

function add_instantaneous_islanding_marker(ax, tisland)

yl = ylim(ax);

plot(ax, [tisland tIsland], yl, 'k -- ', 'LineWwidth’,
0.90);

yText = yl(1) + 0.08*(yl(2) - yl(1));

text(ax, tisland + 0.005, yText, 'Islanding point: t =
5s, ..

'FontWeight','bold’, 'FontSize',9, 'BackgroundCol-

or','w', 'Margin',2);
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end

function txt = ok_text(value)
if value
txt = '<span class="ok">OK</span>"
else
txt = '<span class="fail">FAIL</span>',
end

end

function txt = test_type _title(testType)
if string(testType) == "voltage"
txt = "Voltage source behaviour";
else
txt = "PCNB behaviour";
end

end

function txt = scenario_text(choice)
if string(choice) == "1"

txt ="Scenario One - Non- compliance baseline param-

eters";

elseif string(choice) =="2"

txt = "Scenario Two - Compliance/tuned parameters";

else
txt = "Not specified";
end
end

function txt = selection_text(choice)

if string(choice) =="1"

txt="1 - Voltage source behaviour";

elseif string(choice) =="2"
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txt ="2 - PCNB behaviour";
elseif string(choice) =="3"
txt = "3 - All tests: voltage source behaviour and
PCNB";
else
txt = "Not specified";
end
end

function txt = measurement_text(choice)
if string(choice) == "1"
txt = "Measurement 1.1 only";
elseif string(choice) =="2"
txt = "Measurement 1.2 only";
elseif string(choice) =="3"
txt = "Measurement 1.3 only";
elseif string(choice) =="4"
txt = "All measurements 1.1, 1.2 and 1.3";
else
txt = "All selected measurements”;
end
end
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