TR BHOANWN VBRI TY
I NSTI TUTE GF BN NEER NG
PULCHOXK CAMPUS

THES SNO 079/ MBPSH 003

Per f or rance Eval uati on G PV ESS- I ntegrat ed Gi d Usi ng ANN Tuned UPQC For
Power Qual i ty Enhancenent

by

AshishQiya

ATHES S
S.BM TTEDTOTHE DEPARTMENT G- BLECTR CAL BN NEER NG
PART AL FULFI LLMENT Or THE REQUJ REVENTS FCR THE DECREE O
MASTERCF SO BNCE | NPOMER SYSTEMBENG NEER NG

CEPARTMENT G- BLECTR CAL BNG NEER NG
LALI TPUR NEPAL

APR L, 2025


HTTPS://DOEE.PCAMPUS.EDU.NP/
HTTPS://DOEE.PCAMPUS.EDU.NP/

APYR GH1©

The aut hor has agreedthat thelibrary, Departnent of Hectrical Engi neering, Pul chownk
Ganpus, Instituteof Engi eering, Tri bhuvan Lhiversity, Nepal nay nakethisdissertation
freely avail abl e for i nspecti on. Mreover the aut hor has agreed t hat t he permssi on for
ext ensi ve copyi ng of thisdissertationworkfor schol arly purpose may be grant ed by t he
pr of essor (s), who supervi sed the di ssertati onwork recorded hereinor, intheir absence
by t he Head of t he Depart nent, wherei nthis dissertati onwas done. It i s understoodthat
the recognitionw |l be giventothe author of this dissertation, and the Departnent of
Hectrica Engi neering, Pul chowk Ganpus, | nstituteof Engi eering, Tri bhuvan Uhi versity,
Nepal inany use of the naterial of this dissertation. Qopying or publication or other
useof thisdissertationfor financial ga nwthout approval of theDepartnent of Hectric
Engi neeri ng, Pul chowk Ganpus, | nstituteof Engi eering, Tri bhuvanUni versity, Nepal and
author’swittenpermssionis prohibited. Request for pernissiontocopy or tonake any
useof thematerial inthisdissertationinwhol eor part shoul d be addressedt o:

Head of Depart nent

Depart nent of H ectrical Engi neering

Tri bhuvan Uhi versity, Instituteof Engi neering
Pul chowk Canpus, Pul chowk, Lalitpur, Nepal


https://doee.pcampus.edu.np/

Propas Rafaraa
TRIBHUVAN UNIVERSITY

sRaferaRy sneaer Ixamer

INSTITUTE OF ENGINEERING

FaATFd

PULCHOWK CAMPUS
ey vesn 6 DEPARTMENT OF ELECTRICAL EN

Pulchowk, Lalitpur

CERTIFICATE OF APPROVAL

The undersigned certify th
acceptance, a dissert
ANN Tuned U
fulfillme

at they have read and recommended to the Institute of Engineering for
ation entitled “Performance Evaluation of PV-ESS-Integrated Grid Using
PQC for Power Quality Enhancement”, submitted by Ashish Oliya in partial

CHE nt of the requirement for the award of the degree of Master of Science in Power System
l:ngmccring_ =

Assoc. Prof. Dr. Sujan Adhikari

Hillside College of Engineering
(External Examiner)

) AnenTrlory

Asst. Prof. Dr. Bishal Silwal

Assoc. Prof. Dr. Basanta K. Gautam
Program Coordinator

M.Sc. in Power System Engineering
Pulchowk Campus, Lalitpur

Head of Department

Department of Electrical Engineering
Pulchowk Campus, Lalitpur
(Supervisor) (Supervisor)

April 2025

Tel: +977-1-5443081, Email: doee@pcampus.edu.np, Website: www.doee.pcampus.edu.np



ABSTRACT

The grow ng i ntegration of renewabl e energy sources i nto power grids has posed na-

jor chal l enges to nai ntai ni ng power qual ity and systemstability. Therefore, this stud
proposes an Artificia Neural Network (ANN -based Lhified Power Qual ity Gonditi oner
(UPQD for enhanci ngt he power qual ity of agri d- connect ed phot ovol tai ¢ (PV) and ener gy
storagesystens (ESS, mtigati onof power qualityi ssues of renewabl eenergyintegration
togridisthenai ncontributionnade by thisresearch.

Inthispaper, UPQCutilizestheNCconverter inbothseriesandshunt activefilters. The
st udy exam nes THDi nprovenent, PF conpensati on, vol tage regul ati on under nonl i n-

ear | oads, griddisturbances, andfaul ts (L-GandL-L-L-G i n AN\t uned UPQCagai nst

P -control | ed PQC The Series \bl t age Gondi ti oner (SVO miti gat es vol t age nagni t ude
saggi ng, swel ling, and i nbal ance, whereas t he Shunt Qurrent Gondi ti oner (SHVO it -

i gates harnoni c distortion, | oadinbal ance, and reacti ve power. RIZZY|ogic MPPTis

i npl enent edfor opti nal PVextracti onw t hfast andst abl e convergence. | naddition, ESS
w th RUZZY Logi c Gontrol | er (FLO supportsgridstability by handl i ng power vari ati ons
and i nprovi ng dynam ¢ response. MNLAB S mul i nk si mul ati ons verify THDreduc-

tion, mtigate voltage sag/ swel | and Power Factor (PF) i nprovenent, of the systemand
est abl i sht he dom nance of ANN-based control over traditional ones.

The Gesar Apartnent, locatedinlLalitpur, Nepal , isthereal -worl dtest systemunder con-
siderationhere, andit isalready equi ppedw t h Pvnodul es as wel | as ESS Despitethis,
the systemsuffers frompower qual ity i ssues such as harnoni cs and fluctuating PR in
addi tiontobei ngpoor i nextractingthe naxi numpower fromt he PYnodul es. Thi s pro-
posal invol ves utilizingaUPQw th AN\ based control to provide sol utions for these

I ssues. Furthernore, FLCal gorithmfor control schenes was desi gnedto i nprove ESS
per f or mance and naxi m ze power poi nt tracki ngof PV Theresul tsfromthe si nul ati ons
showsi gni fi cant i nprovenent i n power qual ity, aswell asenergy utilization, have been
obt ai ned.
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CHAPTERONE | NTRCDUCTT ON

1.1 Background

Renewabl e ener gy sour ces, i ncl udi ng phot ovol tai ¢ (PV) systens, and battery storage are
becom ng nor e coomon i Nt he power grid. Thi s cancreate opportunitiesandchal | enges

for power qual ity. For instance, thisthesisconsiders power qualityissuesonthedistrit
tiongrid. The PVsystemand batt ery st orage ar e connect ed t hr ough t he poi nt of conmon
coupl ing (PQO tothegridandthi s systemserves bot hresi stiveandnon-Iinear | oads. The
work i s based on a hypot heti cal nodel andtestedw threal -ti ne datacol | ect ed over a pe-
riod, wththenai nnetricssuchasacti ve power, reactive power, total harnoni cdistortior
(THD), power factor andstability.

Inaworldof transition, the energy sector i s nowconvergi ngtorepl aceregul ar forns of
energy such as fossi |l fuel s and nucl ear power w t h Renewabl e Ener gy Sour ces ( RESs)

such as sol ar, wind, and tidal energy. The i ncreasi ng soci o- econom c envi ronnental is-
sues of | arge-scal e power pl ant s havel edresear cher s and pol i cynaker st oexpl oreal t er na-
tiveenergy sol utions, suchas hybridrenewabl e energy systens (HRES), whichintegrate
mul ti-renewabl e sourcestoinproveenergy efficiencyandreliability, resultingingreat
diversityandresilienceinthecurrent power i nfrast.r sstungept her s, t he chang-
ingaspectstowardthisdirectionareacrucial requirenent for sustai nabl e energy suppl \
ri si ngenvironnental awar eness, andt he nar ket growt h of renewabl e ener gy t echnol ogy.
\ar i ous RESs have been appr eci at ed as bri ght suitorsfor conventi onal energy sour ces be-
cause of their nature of bei ngabundant, accessi bl e, and ki ndto Mt her Nature. O fferent
fromfossil fuels, RESs donot, inother nodalities, foster depl etion of natural reserv
whi l ethey apply abigcontributionintogreenhouse gas em ssi ons reduction. The resul -
tant use of RESs purportedl y mti gat ed gl obal warmng ef f ect s and carbonf oot print, thus
theoretical |y servingas ananswer tothestruggl es agai nst aspect s of cl i2fat e change [

\ari abl e Renevabl e Ener gy Resources (VRER), nanel y sol ar and wnd, are central to

achi evi ngacl eaner, nore sust ai nabl eenergy future, yet they posereal chal | engesinterm
of gridstabilityandreliabilityduetotheir variability. These chal | enges were examr
and possi bl e sol uti ons wer e consi der ed, i ncl udi ng better forecasting, energy storage of
tions, and supportive policy prograns. Utinately, wth planningand col | aboration, the
i ntegrationof VRERI s nanageabl e, and we can creat e or hol d account abl e a power sys-
temthat i sresilient andenvi ronnent al | y r esp8hsiWid. ¢ r enewabl e ener gy sour ces,

that i s, wndand sol ar, provi de nunerous advant ages, they areal soquitelimteddueto



their rel i ance on specific weat her conditions as wel | as geographi cal | ocation. \ari abi
ity insunlight and wnd patterns translates to fluctuationin power generation, causir
instabilityinthegrid, hence posingadirect and significant chal | enge to backup suppl
especi al |y at peak tines. The out put of REScan al so be hardto predi ct, causi ngvol t age
and frequency fl uctuations that can substantially affect the grid perfornance as wel | a
operational efficiedty |

Recently, avarietyof Maxi numPower Poi nt Tracki ng (MPPT) net hods have been st ud-
ledtooptimzetheefficiency of photovoltai c (PV) systens under vari ous envi r onnent al
condi tions, suchastenperatureandirradi ance. Todeal w ththesechal | enges, thejoi nt us
of RE Sources w th Energy S orage Syst ens has becone a sol uti onw th hi gh potenti al .
ESSisveryinportant for bal anci ngt he ener gy suppl y and denand si nce it stores any ex-
cess energy whent he productionishighandrel easesit whenit i sneeded. Battery storage,
punped hydr oel ectri c st orage, and super capaci t or s possess nuch val ueaddedtoqual i ty of
enhancinggridabilitytoassi mlaterenewabl e energi es, whil ekeepi ngstabl eandreliabl
The conbi nat i on of RESand ESSadds asurel y noreresi |l i ent power system contri buting

t o nanage probabl y better variati ons i n energy suppl y and denand and, thus, naki ng a
contributiontotheenhancenent i nthe efficiency of renewabl e energy conslinpt i on [

Inrecent years, Al techni ques suchas ANN FLCcontrol | er, and nachi ne | ear ni ng al go-

ri t hns have beenexpl oredf or opti m zi ngt he per f or nance of i nt egr at ed RES- ESSsyst ens
toreachthe desiredtarget val ues. Real -tine predictions, deci si on-naki ng, and adapti v
control can be acconpl i shed usi hgthese snart control techni questo nmai ntai npower sys-
temseffectivenessandreliability. Thegridcan, therefore, beapplieddirect!lyfor dyna
response t o changes i n RESgenerati ont o keep t he power suppl y syst emnor e st abl e and

sust ai nabl e by t he neans of Al technol ogi es.

The dat acol | ect ed fromJan- March of 2025, reveal edsi gnificant fl uctuati onsinacti veand
reactivepower, Total Harnonic O stortion(TH), andsol ar generati onout put, i ndi cati ng
serious operational i ssues. On20/ 03/ 2025 Act i ve power | oadi ngranged consi der abl y over

t he course of the day, w th peaks of net around 64, 871. 789 Wconsuned | oad at 1 AM

on Gf PVtinefrane, Therewas asinmlar tendency wthreactive power, havi ng a peak

of 57,655. 805 \ARat peak | oad i ndi cati ng power factor around - 0. 745 reacti ve power
correctiveissues. A so, the THDval ues were above acceptabl e limts for the Load AC
Qurrent across all A B, and Cphases, O 12/ 03/ 2025, THD ar e peaki ng at 252. 28%

308. 08% and 193. 07%around 7 AM S mlarly, THDoccurred on March 25, 2025, at

15: 00, whent he Load ACQurrent THD(Phase A reached 205. 24% The THDf or phase

Bwas 149. 26% andf or phaseC it was 361. 62% Duri ngt hat sane hour, weal soobser ved



t he syst emexhi bi ti ng a power factor of 0.861. Innost cases, the THDval ue fl uct uat es
bet ween 30%and 60% Thi s denonstrates significant distortioninthewaveformof the
source, possi blyasaresult of heavy non-1inear | oads andfromaninverter. Aternativel\
t he best case for THD and poor case for PF occurred on March 9, 2024 at 7: 00 AV

begi nni ngw t ht he THDof current Phase Aat 5. 23, Phase Bat 5. 91, and Phase Cat 6. 06,
onthe contrary the power factor was laggingandthisis not favorablei.e. 0.717 using
| oad net active power of 42.681 kW and reactive power of 41.366 K\ARw th a total

appar ent power of 59. 439 k\A concurrent|ythesol ar generationfor that ti ne peri odwas
approxi natel y9kWWthal | theavai | abl edat avol t age THDseens qui t e sat i sfyi ngwhi ch
ranges f rom2- 4%nhi chi s under | BEE519 st andar d.

Sol ar energy producti onexhi bitedanatural diurnal variationw ththe peak producti on of
46, 293. 238 Wat 11: 00 PMon 31/ 03/ 2025, and negl i gi bl e producti on at ni ght. The net

acti ve power suppliedis 33,204. 805 ww th net reactive power consuned of 5, 720. 606
\ARat activeirradi ancetine, suggestingthat el ectricityisbeingfedbacktothesysten
andat thesaneti ne THDval ue of current of phase A Band Care5. 6% 8. 75%and 9. 3%
respectivelywthPFof 0.985. Smlarly, onMrch4, 2024 at 12: 00 PM PV gener at es

40, 136. 078 Wi t h net acti ve power suppl ytogridof 14, 193. 986 W At thi sti ne system

has PF of 0.884 and | oad current THDof Phase A Band Care 40. 63% 26. 39%and

50. 001%r espect i vel y whi chi s very above t he | EEE519 S andar d.

Hrst of all, inthisproject wearedevel opi ngtheefficient nodel for research, The propos
isfor athree-wre, three-phasegridthat i ncor porat es Pvand ESSvi aaphasei nverter. The
equi val ent nonl i near | cads cause har noni ¢ di st urbances, swell's, and di psinthe vol t age
under wor ki ngcondi ti ons. Aconsi stent frequency of 50Hz i s nai ntai nedt oget her w t han
ACvol tage Phtoground of 230V Theregul ati onof fault vol t age ci r cunst ances i s done

w thaUPQ A ongside aroughl y 60 kWrat ed PV system and a DG coupl ed Ener gy

S orage System ani ne48V30Ahbatteryw thratedcapaci ty 13kWHw t habat t ery bank
linkedviaabidirectional converter isusedinconunction. Inthecurrent study, ANNi ¢
utilizedas acontroller inthe N°\Cconverter inside UPQC and t he FLC appr oach has

pr oduced t he suggest ed MPPT f or a PVsyst em

Inthisaspect, it has been proposed t hat AN\ based UPQCi s an best approach for im
provi ng power qual i tyingrid-connect ed P ESSsystens. | naddition, capabl e of al ways

| ear ni ngand adapt i ngtothedynam cs of asystem A provi des apreci secontrol andanef -
fectivenechani smfor real -ti nei nprovenent i npower quality. A though ANNwoul d be

ti ne-consumngw ththetrai ni ng, hi ghaccuracyandreliability, inturn, nakeit aprospec
tivecontrol tool of power qual ity devi cesw thintherenewabl e energy syst ens.



1.2 Probl em& at enent

Theri se of renewabl e energy, especi al | y phot ovol tai ¢ (PV) systens, has brought toli ght
nany i ssues, suchas fluctuationsinvoltage, intermttent generation. A the sanetine
Energy S orage Systens (ESS) arefacedw thissues such as control, operation, and co-
ordi nati on of renewabl e generati on. Newnodern, sensitive | oads are nore suscepti bl e
to power qual ity issues such as vol t age sags and swel | s, harnoni ¢ di st urbances, or un-
bal anced condi ti ons caused by caused by non-1i near | oads and i nvert er - based gener at i on,
resul ting overheatinginelectrical equipnent, andinefficient power transfer. Further
this, i nbal ancesinvol tageandreacti ve power result inaninherent instabilityonthegri
| eadi ngto hi gher | osses, inefficient operationinelectrica |oads, aswell as penaltie
non-conpl i ancew thgri dstandards. \ol t age sags and di ps ar et he ext r ene case as i ndus-
triesnostlyarereliant onfragil eel ectronics, whil eharnoni csandflicker decreasethel
of el ectrical conponents. Theexi stingmtigationdevi cesthat canbeusedtoaddressthese
energi ng and chal | engi ng si tuat i ons have denonstrated|limtati onsontheir effectivenes:
i nnoreconpl i cat edscenari os, nost |y duetodynam cgridsw thhighlevel sof renewabl e
and ESSpenetrat i on.

1.3 (pjectives

The obj ecti ve of the st udy ar e nent i oned bel ow

» To enhance sol ar energy extracti on of PVsyst emusi ng RIZZYMPPTandtoi nt e-
gratean ESSwiththegridusi ng LG based control for gridsupport.

 To devel op an AN\ based control strategy of UPQCw th NPCcontrol | ers whi ch
gives efficient vol tage regul ati on, harnonic el i mnation, and performactive/reac
tive power conpensation to i nprove power factor conpared to traditional con-
trollers.

1.4 Scope

The nai n scope i ncl udes:

» Enhancethequal ity of power inthedistributionsystemutilizingaUPQ@w thNC
typeinverterstoall eviatethei npact of vol t agedi st urbance, harnoni cs, andreacti v
power i nthedistribution network



« Qeateintel ligent control wthANNbased schenes for adapt i ve and r obust oper a-
ti onunder varyi ngl oadi ng and sour ce condi ti ons of suppl y.

| npl enent PVand ESSfor effi ci ent ener gy nmanagenent, renewabl e ener gy usage,
and peak shavi ng duri ng hi gher | oad denand.

1.5 Limtation

o Sone key assunpti ons nade w thinthis anal ysis mght not nake roomfor real -
wor | d conpl i cati ons.

» Does not takeintoconsiderationthecost-effecti veness or econoni ¢ aspect s of ESS
si zi ng.

* The power qual ity and stability areprioritizedwhilelarge griddynancs are ne-
gl ect ed.

« Alimted study on extrene situations-such as | ong durations of | owPVor ESS
degradat i on.

1.6 ThesisQganization

Thedissertationisorgani zedintofivechapters. Thissectionenlistsabrief outlineof e
chapter anditscontents.

» Thi s chapt egi ves bri ef i ntroductionof thedissertati on. The probl emstatenent i s
descri bed and f ol | oned by t he obj ecti ves of thet hesi s.

o (hapt er 2expl ores the necessary literaturerevi ewdonefor thisdissertation.

» Chapt er 3escri best her esear chnet hodol ogy of t hedi ssertati oni ncl udi ngt he M-
LABsi nul at i on and wor kf | ow

» Chapt er 4i scussest heobt ai nedresul t sand per fornst heanal ysi s of t he ANN based
control systemof UPQCconparedw th conventi onal control | er and al so conpar e
thereal systemo/pdatawthupdatingthereal i/pdatato proposednodel .

» Chapt er 5concl udes t he t hesi s wor k.

Fnally thisthesiswll endwthalist of referencesandtherel evant appendi ces.



HAPTER TV LI TERATURE REV BEW

Thi s chapt er expl ores the necessary literaturerevi ewdonefor thisdssertation. It cov
t he over vi ewand f undanent al s of P\, ener gy st or age syst em uni fi ed power qual i ty conr ol
and nachi ne | ear ni ng t heory.

2.1 Qverview

Renewabl e energy i ntegrationrel i es on power el ectroni c devices | i ke converters andin-
verters, whi ch can degrade power qual i ty onbot ht he source and| oad si des. Addi tional |y,
non-1 i near | oads at t he poi nt of conmon coupl i ng (PAJ i nt r oduce har noni ¢cs, wor seni ng
exi stingissues. Common power qual ity probl ens i ncl ude vol t age sags, swells, flicker,
and har noni ¢ di storti of.[

The pri nary concer ns of power qual ity are: \ol tage and current vari ati ons caused by un-
control | abl evariabilityof renewabl e energy processes. Renewabl e ener gy r esour ces cause
intermttent suppl yduetothevariabilityof weat her condi ti onsthat changew thti ne, caus
ingvariationsinfrequency and vol t age at t he i nt er connect ed power system Harnoni cs,
whi ch ar e caused by power el ectroni cs that are used inthe generation of renewabl e en-
ergy. Wenthe penetrationlevel of renewabl e energy resource i s hi gher, thenthe ef f ect
of har noni cs coul d be si gni fi c@ht The gr ow ng penet rati on of renewabl e energy (RE)

sour ces has rai sed power qual ity (PQ issuesduetotheir intermttent natureandrel evan
i nterfaci ngconverters connectingthemtothegrid. Nunerous appr oaches have been used

to detect and cl assify PQdi st urbances i n R&penetrated utility networks, using featur
extracti on net hods, eveninnoi sy environnents. Additional |y, advanced si gnal process-

I ng net hods and nachi ne | ear ni ng appr oaches have been w del y revi ened, whi ch serve
tonaxi mzestateestinati on, nonitoringandmtigati onof P@jssues [

Offerent nethods areusedtomtigatethe power quality concerningrid. Theseincl ude
FACTSdevi ces such as UPFC UPFG FLC GPFC UPQC and SVC whi chareusedto

mti gat e THDand enhance power qual ity for betteringgri d perfor@aneeldi tion, in
theliteratut@][deal swththeuseof ULPQCtoalleviate power network and har noni ¢

di st urbances via P¢ BESS. APV BESSi nt egrat ed UPQC ensur es vol t age support and

stabl e power evenintines of voltageinterruptions. Thistoois far superior to SVG
Satcom and DVRw th respect to vol t age enhancenent, harnoni c al | evi ation, current
enhancenent, and i nprovenent of systempower qual i13J[ I nthe presence of |inear

and nonl i near | oads si mul t aneousl y, t he UPQCout perfornedthe DVR The UPQCwas
abletoeffectivel ymtigatevol tagesag, andvol t age swel |, andaccount for har noni cs pl us
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the UPQCwas fast er, andrest oredbetter vol t age wavef or ns when conpar edt ot he DVR
Furthernore, the UPQCkept THDW thin acceptabl el evel s nakingit better at keepi ng
vol t age st abl e t hus hel pi ngw t h power qual i ty nakes for better m&2pgrids [

The SR-and dg0 concept based control strategi esareusedfor seriesandshunt connect ed
activepower filter of UPQC WPQCreduces vol tagef | uct uati ons and har noni c di storti ons
w thseries and shunt active power filtersinpl enentedw th SRFand dqO st 13} egi es [

In conparisonwth the classical P controller, the UPQGC ANNRE systemis able to
achieve slightly better THDi n | oad- si de vol tage and currents, whil e bei ng capabl e of
el i mnating har noni cs due t ot he operati onof nonlinear | oads. Bot h systens neet | BEEE
519 har noni ¢ di st orti on st andatdk.[ The FLG based MPPT i s superi or t 0 AN\ based

MPPT in PV Wnd, and ESSfor an effi ci ent and econom cal use of power. They gi ve
electricvehiclestheflexibilitytoconsune power andassi st thegridduringpeak | oad anc
of f-peak periodsif proper control labilityandgridintegrationareprovided. Real -tinep
di ctions, decision-naki ng, and adapti ve control can be acconpl i shed usi ng t hese snart
control techni questonai ntai npower systems effectivenessandrébjability [

Lhcertai nty i n REsour ces can be avoi ded when usi ng FLG based MPPT al gori t hns. The

FLG based MPPT i s known t 0 have been carri ed out for avoi di ngthe uncertainties from
clinmate conditions rel atedto dd|arJeveral paraneters, suchasirradiati onandtem
perat ure, nust be anal yzed when nodel i ng PV systens, as RESs are sensitive to both
weat her and | ocation. Avariety of Mixi numPower Poi nt Tracki ng (MPPT) net hods

have been studi edto opti mze the effi ci ency of photovol tai c (PV) systens under vari ous
envi ronnent al condi tions, such as tenperature andirradi ance. Because fuzzy | ogi c con-
trol (FLO responds qui ckl y to changes i nthe envi ronnent andi s insensitiveto changes
incircuit characteristics, it is arenarkabl e net hod when used for MPPT. The accur acy
benef i t s shown by t he FLCMPPT t echni que have boost ed t he systems abi l ity t o operate

at t he Maxi numPower Poi nt (MPP) [17] .

Ener gy st orage devi ces, includingbatteriesandul tracapacitors, contributesignificantl
t hei nprovenent of transi ent stabilitybyreduci ngpower vari ati ons. THe sthildy|

eval uat es systemresponse w th vari ous DGtypes, fault scenariotypes and fault | evel s
of penetration, verifiesthat storageis effectiveat enhancingstability/reliabilityw
power systemand i nproves theintegrationof DGi ncontenporary power systens. ESS
Isveryinportant for bal anci ngthe energy suppl y and denand si nce it st ores any excess
energy whenthe productionishighandrel easesit whenit i s needed.



2.2 Solar PVSystem

Sol ar cel | s are sem conduct or devi ces usedto convert sunlight directlyintoel ectrical e
ergy inaPVsolar system onsidered a cl ean, renewabl e energy source, sol ar power

has becone one of t he bi ggest renewabl e sour ces of energy for the benefit of theearth,
reduci ng gr eenhouse eni ssi ons, and contributingtothe goal s of sustai nabl e energy de-
vel opnent. APV systemconsi sts of four standard conponents: sol ar panel s, inverters,
optional battery storage, and aconnectiontothegrid. S ncethey cansupply power ina
cont i nuous nanner, PVsystens arenowal soof interest wthregardtotheirintegrationin
conj uncti onw t h ener gy st or age syst ens (ESS) or hybri d syst ens.

The wor ki ng pri nci pl e of aphot ovol t ai ¢ systemi s expl ai ned by t he photovol tai ceffect. In
thiseffect, sunlight representedbyits photons excitedthe el ectrons of the sem conduct
nat eri al and hence devel opedtheel ectriccurrent. The perfornance of aPVcel | i s gui ded
by itsrespective paraneters, nanel y:

Qpen-circui t vol tage (\oc)he vol t age across the P/cel | termnal swhenthereis no
| oad,

Short-circuit current (1sB)ecurrent that passes whenthetermnal s are short ed;

Maxi numpower poi nt (MPP):  The poi nt at whichthe PVcel | works at its naxi num
efficiency interns of bothvoltage and current. The el ectrical power out put fromsol ar
panel sw il dependontheintensity of |ight, theareaof the panel, andthe characteristi
of thecell.

S S
. ] R 3
lph
Current
| R PV
Source |/ sh
Voltage

H gure 2. 1:PVS ngl e Mbdul e



A PV nodul e uses t he si ngl e-di ode equi val ent nodel to generat e power dependent on
tenperatureandsol ar irradi ation. Thefollowngfactorscontrol thel-Vcharacteristics

V*+1LRseries | V*ILRseries

2.1
c\f Rparal I el (24

KT
Vr = FQchel Nser (2.2

Wiere: -1, =Qutput current fromt he PVpanell s =Phot ogener at ed cur rent (depends
onirradi ance)l sz = Reverse sat uration curreMr-= Thernal vol tage € = D ode
qual ity fact oRserjes= Series resi stancBpara 1o Paral | el resi st afegper at ure
andlrradiance Hfects

G
ls=1 —_— 2.3
s=lsc G- (2.3)
Voc = Vocireft KT(T  Tref) (2.4)

Were: -lsc=Short circuit curredpe =(Qpencircuit vol t ag&-=Sol ar i rradi ance
- T =Mdul et enper at ur e kt = Tenper at ur e coef fi ci ent

Power Cal cul ati on
Ppv = Vpv  lpv (2.9)

2.3 BEnergy Sorage System

Even though el ectricity has, by and | arge, been regarded as a non- st or age abl e pr oduct
event hough punped hydr o and el ect r ochem cal batterytechnol ogi es have beenar oundf or
aconsi der abl eperi od. Expl ai nthingsthat have beenomttedor viewedas not sufficiently
practical —everythingfromexcess buil di ngcosts, tonot enough operational capacity for
use of energy inelectric power systens —is extensive. Qiurrent and advanced st or age
technol ogi es, andt he ongoi ngeffort toenhanceel ectric energy storage (EES), aregettin
significant attentiontoday. G venexistingnarket structureandthenewpotential of EES
t echnol ogi es, nuner ous EES appl i cat i ons have been devel oped and ar e under i nvesti ga-
tion. BEvery ESSsystemconvertsel ectrical fornsof energyintoother fornsof energylike
nechani cal , chemical , thernal, etc. Based ont he st orage energy nat ure ESShave di ff er-
ent technol ogi es, configurations, and characteristics. ESScan be cl assi fi ed accor di ng
thei r storage technol ogi es as el ectrical, thernal, nechani cal, chemcal , el ectrochemc
and hybrid systens. Anong these, | et ustal k about the el ectrochemcal energy storage
system



2.3.1 Hectrochem cal Energy S orage System

H ectrochemcal storage refers to battery technol ogy, whichis the storage of chencal
energy that has areversibl e conversionintoelectrica energy. Battery technol ogy is a
ol dand nat ure t echnol ogy and i s avai | abl ei nvari ous ranges of energy capacity, cost, |ife
cycle, andnaterial, andis overtaki ng energy storage technol ogy, day after day. Batter)
cel | s can be connectedin series and paral | el conti nati onsto obtai ntherequiredvoltage
andcurrent ratingof the battery bank.

Lead- AcidbatteryThisbatteryisoneof thenost traditional andw del y utilizedtypes of
battery and awel | - establ i shed, nat ure, and secondary storage battery. The anode of t he
cel | consi sts of | ead peroxi de (Po(2) and t he cat hode consi st s of sponge pure | ead (Pb),
andasanel ectrolyteit usesdil utesul phuri cacid(HS3). Thereacti onsoccurringduri ng
t hedi schargeof thebatterycanbesummari zedi nterns of oxi dati onreactionsat t heanode
and cat hode as:

Qidation: Pb Pp?" +2e

Reduction: PY +2e | Po2*

Bot h oxi dation and reducti onreactiongivesrisetolead sul phuric acid (PoSOf) astheir
by- product. The overal | red-ox reaction can be gi ven as:

Po+ PoO,+2H,804 ¥ 2P0S04+2H,0

LithiumionBatterythisis arechargeabl e battery. The anode i s nade up of graphite
and the cathode i s nade up of Iithiumnetal oxide (LiM®2). Anelectrolyte nade up

of lithiumsalt contains a separator nade up of Pol yet hyl ene (PE), Pol ypropyl ene (PP).
During chargi ngthereactionat two el ectrodes can be gi ven as:

A cathode: LIMD! LT+M s+e

A anode: G+L*T+e ! LG

Overal | Redox Reaction: LiMDFCg! M o+ Li Gy
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At the cathode, |ithi umnetal oxi de produces |ithiumionsandafreeelectron. Theli ber-
at ed i on passes t hr ough a por ous nenbr ane i nsi de an el ectrol yte, reaches t he anode, and
conbi neswthgraphitetoformlithiatedcarbon (L ().

Duringdischarginglithium onandafreeel ectronisrel easedfromlithiatedcarbon. Fre
el ectronflowsthroughanexternal pathandlithiumionfollows anel ectrolytic nenbrane
pathtoreachthe cat hode. At thecathode, netal oxi deconbineswthlithi umionandfree
electrontoformalithi umnetal oxide.

At cathode: Li+MD,+e ! LiMD>

At anode: LiG! Cg+Li*+e

Overal | Redox Reaction: Mo+ LiGg! LiMD 2+ Cg

Lithiumionbattery cel |l voltage variesfrom3.8—-4.2volts. There are several |ithiun
ionbatteriesbasedonlithi umnetal oxideused. Sone exanpl es ar e Li t hi umnanganese

oxi de (Li Mh2Q®), Lithi umni ckel nanganese cobal t oxi de (Li N MiGoQ®), Lithi umiron
phosphat e (Li FePO%), and Li t hi umTi t ani t e (Li 4Ti 5Q12).

N ckel Batteriethese batteries are ol dbattery technol ogies. |Innickel -basedbatteries,
anodes ar e nade of ni ckel oxyhydroxi de, cat hode by any one netal (Ql/ MH Fe/ Zn or
H2), and pot assi umhydr oxi de as an el ectrol yte. Among several nickel batteries, N-Ol
andN - MHarecommerci al | yavai | abl e. N -Gdi sthenost successful . Thered-oxreaction
can be gi ven as:

At cathode: GF2CH ! A() ,+2e

At anode: NOH+HO+e ! H +N(A),

Qverall Reaction: @R2NAH +2H0! @(A) ,+2N (A,
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2.4 WhifiedPower Quality Gontrol (UPQD

The Whi fied Power Qual ity Gonditioner (UPQD i s consideredto bethe nost advanced
power qual ity i nprovenent devi ce, incorporating advantages of both a Series Active
Power Flter (APF) and Shunt Active Power Flter (APF) into a singl e conbi ned unit.

po V.L Pr
I Z — Load
L

Ve I‘( 2

l‘d(_- 1 i P, bus

FHgure2 22UPQCArcuit Sructure

1 Ppc

Power qual i ty probl ens such as vol t age sags, swel | s, harnoni cs and transi ent s nay seri -
ousl y af f ect t he per f or nance of sensitive equi pnent, especi al | yi ncommerci al andi ndus-
tria settings. \arious specialized power gadgets have been devel opedto nmiti gat e t hese
di st ur bances. The UPQCst ands out as a uni que power qual i ty condi ti oner conbi ni ngbot h

seri es and shunt conpensati on, t hus becom ng useful inintegratedpower quality nai nte-
nance. The IPQCintegratesintoitself thetraditional devices, the DSTAAGMand t he

DR It thereforeprovidesaholisticsolutionfor thesepower qualityissuesbyintegratir
bot haseri esandashunt i nverter i ntoasingl edevi cefor enhanci ngthevol tage profil ean
thecurrent profileandtherebyinprovingtheoverall reliability of power. Fromsingle
functiondevi ces, power qual ity conditionershaveenteredanul ti-functional donai n. The
initial solutions, suchas static var conpensators (SV3) and dynam ¢ vol t age rest orer s
(DVRs), addressed a nuner of i nportant power qual ity i ssues such as vol t age sags and
reactive power conpensation. However, these devices were limtedintheir operating
range of mul tipl e di sturbances at the sanetine. Therefore, anoreholistic sol utionwas
sought inthe UIPQCplatform UPQCwas i ntroduced for theveryfirst tineinliterature

w th a concept of bridgi ngtwo power el ectroni cs devi ces totackl e bot hvol t age and cur -
rent qual ity issuestogether. A8]i,ntthe UPQCcan be defi ned as aseriesinverter for

vol t age wavef ormrestorati on at the PQCand a shunt i nverter for current harnoni c and
react i ve power conpensati on fromt he | oad si de.
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Inrecent literature, thecontrol strategiesfor UPQChave been anaj or focus of research.
Tradi tional net hods of control, whi chinvol ve P control |l ers, have cone under scrutinyin
noder n control scenari os. Anexanpl e of thisis giVv&djinhi ch proposes an MPC

control strategy for UPQCto i nprove perfor mance concer ni ng seri es and shunt i nvert -
ers. TheMPCcontrol strategy provi des better dynam c perfornancei nmtigati ngvol t age
sags and har noni cs. Likew se, intelligent control techni ques, |ikefuzzylogiccontrolle
and ANNs, have beeni nvesti gat edf or t he UPQCsyst ens. For devel opi ng an AN\ based
UPQCcontrol strategy for i nprovi ng vol tage regul ationand harnonic mtigation, refer-
ence [14] and [15] utilizedtestinginthis systemunder various | oadconditions, establish
i ng i npr oved per f or nance conpar ed t o convent i onal net hods.

UPQCi s appl i cabl ei nnunerous donmai ns. It ispopul arlyusedinindustrial and conmer -
cial applicationstoincreasethe quality of power suppliedfor their efficient operati
sensi ti ve equi pnent, such as mcroprocessors, datacenters, andindustrial nachi nery, ar
involved. Itisalsoutilizedinall renewabl e energy systens to conpensate for i ntermt
tency and variability of therenewabl e power generated. Integrationof Hectric \&hicle:
i nthe Power G'i d has been anot her appl i cati onar eawher ei n UPQCsyst ens ar e engr gi hg
asfrontlinesolutionstoaddressissues arisingduetochargingstations and power qual it
di st ur bances.

2.5 Machi ne Lear ni ng

Machine Learningis apart of Artificial Intelligencethat enhances systemperfor nance
throughlearningderivedfromdata. It isfoundedonstatistical principlesandal gorithi
anal ogous t ot he processes hunans usetol earn. Theresult i sasystemor nachinethat i s
abl et oi ncr ease per f or mance and accur acy over ti ne. Soneof t henai nareasi nwhi ch Ma-
chineLearningis usedare Natural Language Processi ng (NLP), speechrecognition, and
classification. Inregardto Mchi nelearning, traininganal gorithmistheact of teachii
the al gori thmt o recogni ze patterns, provide deci sions or predictions w thout bei ng ex-
plicitlyprogramedtodoso. Algorithns for nachinelearningw !l | earnfromnassi ve
anount s of data, uncoveringthe underlyingpatterns andrel ationshi ps anongthedatain
eachdataset. Ohcetheal gorithns | earnthese patterns, systens can adapt and enhance
thei r accuracy over tine, dependi ng onthe effectiveness of thetraining. This adapti ve
| earningprocessisespeciallyrelevant ine.g. interact natural | anguage conversati ons v
hunans, recogni ze speech patterns, differentiate speakers, or categorize data. Machi ne
Learningi sversatil eandhas broadappl i cati onsinnanyindustries suchas heal t hcar e and
fi nance. Machi ne Learni ng, because of research and i nnovation, i s constantly evol vi ng
andfuturisticallyproficient, advancingartificial intelligencew thpractical applicat
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nany scal ar situations andsettings. Machi nel ear ni ng appr oaches can be cat egori zed i nt o
three nai ntypes:

(1) Super vi sed Lear ni ng
Super vi sed| ear ni ngconsi sts of atrai ni ngdat aset wher e eachi nstancei sdefinedas a
vect or of i nput vari abl esandrespectivedesiredout puts, presentedasanatri x. Qe
of thegoal sistonaxi mzeagi venfunction; typically, alossor cost function, which
gener at es nodel paraneters that naxi mze or mni mzethefunction. |Insodoing,
the nodel | earns topredict outputs accurately for newinputs by deriving patterns
andrel ationshi pswthinthetrai ni ng dat aset. Gonsequent |y, supervi sed | earning i
consi dered foundational tofieldslikeinageidentificationandpredictiveanal ytic
Gormonl y utilizedal gorithns i ncl ude support vect or nachi nes, | i near regression,
K- near est nei ghbour, neural networks, nai ve Bayes, and randomf or est .

(11 Uhsuper vi sed Lear ni ng
Unsupervi sed | earning i s based on a col | ecti on of unl abel ed data and identifies
shared or cormon feat ures to cl assi fy i nto neani ngf ul (or neani ngf ul ) groups or
partitions. Thenodel thenactsonthecoll ectionof datasets baseduponwhet her or
not those features are present. Gormonl y used al gori t hns i ncl ude Hopfi el d | ear n-
i ng, naxi numl i kel i hood, H erarchi cal clusteringandpartial | east square..

(111 )Rei nforcenent Learni ng
Rei nf or cenent | earni ngi saninteracti ve net hodi nvol vi ngaMrkov processthat is
usedtooptimzeactionsandful fill objectives. Feedback or rewar ds woul d of t en be
utilizedtoopti mzeactionsbasedonthecurrent stateor thecurrent stateandacti o
Sone commonl y used appr oaches i ncl ude Monte Garl o, tenpor al di ff erences, and
SARSA

2.5.1 Artificia Neural Network, Mil ti Layer Perceptron

Artificia Neural Networks (ANNS) areincreasi nglyrel evant i naddressingaw devari ety
of conpl ex probl ens w t hi n nuner ous di sci plinesincluding, but not limtedto, pattern
recognition, classification, regression, andforecasting. | nMNLAB N-Tool or Neural
Network Fitting Tool is one of several tool s introducedthat provides a Gd (G aphi cal
Wser Interface) toconstruct and train ANNs for data fitting probl ens nodel ed wth a
mul til ayer perceptron (MP). Thi s revi ewpaper contai nsinformationinMPusingthe
NFTool regardi ngstructure, trai ni ngapproach, and practi cal exanpl es.
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The Mul ti Layer Perceptron (M.P) isatypeof artificial neural network, whichisrecog-
nizedfor its feedforwardarchitecturethat i nvol ves nultipl el ayersthat i ncl ude, anin
| ayer, one or of tennore hidden| ayer(s), andanoutput | ayer, all layersarefullyintercc
nect ed, Here i nput vecboand eval uat es t he wei ght ed sﬁr{Ll Xiwj + bwherebisis
biasterminadditiontotheperceptronsimlar towei ghtedinputs, allows for added f | exi
bilityinnodel i ngconpl ex patternsintheinput databut i susual |l yomttedinthe network
architecture. Theactivationfunction cal cul ates the out put based on t he wei ght ed sumof
theinputs.

Sone of t he commonl y used acti vati onfunctionare:

1. S gnmoidfunction
The si gnoi d acti vati on functiontransforns real - nunibered i nputsinto arange be-
tweenOand 1. The si gnoi di s defi ned as:

f(x) = (2.6)

1+e X

The H gur 2. 3shows t he si gnoi d f unct i on.

Hgure 2. 3:3 gnoi dacti vati onfunction

2. Hyperbol i c tangent function
The hyperbol i c tangent functionisverysimlar tothesignoidactivationfunction,
has t he sane S-shape, andinthis case, the output ranges from-1to 1. For tanh,
as the i nput i ncreases (becones nore positive), the output goes towards 1.0, and
as it decreases (becones nore negative), theout put goestowards-1.0. Thetanhis

defi ned as:
e+e X

e e X
The H gur e2. 4shows t he t anh f unct i on.

f(x)= (2.7)
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FHgure 2. 4tanhactivationfunction

3. ReLUfunction
ReLU whichstandsfor rectifiedlinear unit, sinplyconvertstheinput toeither zerc
or itself. ReLUoperates by produci ng an out put of zerofor any zero or negative
i nput or by produci ng t he sane i nput whentheinput i s apositiveval ue. RLUis
nat henat i cal | y expr essed as:

f (x) = max(0;x) (2.8

-5

H gure 2. 5:ReLUacti vationfunction

4. Leaky ReLU
Leaky ReLUi satypeof activationfunctionfor artificial neural networks. Wileit
isavariationof thetraditional ReLUactivationfunction, it was specifical |y nad
to address “dyi ng ReLU t he i ssue of neurons that can beinactiveduringtraining
due torepeatednegative outputs. Insinpleterns, Leaky ReLUal | ows for a non-
zerosnal | gradient for theactivationfunctionwhentheinput islessthanzero, as
opposed t o ReLUwhi ch woul d just return zero. The nat henati cal definition of

16



Leaky ReLUi s: 8
2x:  ifx 1

f(x)= . (2.9)
Tax; ifx< 1

5. Sof t Max
Soft Mixissinplyafunctionthat convertsinput of kreal val uesintoan out put of
k real val ues that sumto 1 whi ch can be per cei ved as probabilities. |If oneof the
inputsisasnal | or negativenunber, thesoftmaxw || turnthat variabl eintoasnal |
probability, andif that i nput i sabi gnuniber, thesoftnaxw || turnthat variabl ei nt
abi g probability. The soft nax can be defi ned as:

()= P— (2.10)

The sof tnax i s used as an activationfor output |ayer of nulti class classificatior
net wor ks.

Each | ayer inan MPis conposed of several perceptrons. Gonnecting these |l ayersin
sequence forns t he MParchi tecture. Thew dt h of al ayer i s det er nmined by t he nunier

of perceptronsinalayer, whilethe network’s depthis defined by the total nunber of
theseinterconnected| ayers. Theoutput | ayer, | ocatedat thefinal stage of the network,
responsi bl e for produci ng t he desi red out put .

For MR, i f eachl ayer transformthei nput vi afuhgtfgrfs,fa, respectivelyfrom n-
put toout put | ayer. Thenfor ani nput wect be out put vect or W | 1 40&3(f 2(f 1(x)))) .

M.PLearni nginvol vestheiterative adj ust nent of connecti onwei ghts bet ween neur ons,
aprocesscritical for thenetworktolearnpatterns andrel ati onshi ps fromdata. The ANN
nodel i sgeneratedusi ngtheNeural FttingTool (nftool) of t he MILABuUSI ng Levenber g-

Mar quar dt backpr opagat i on(LMBP) for trai ni ng and hence gi ves great conver gence and
accuracy becauseit uses t he approxi nati onof the Hessi annatri x i nst ead of si npl e gradi -
ent descent.

By mini m zi ng MBE, suchan AN\ based control | er bringsinpower quality, adaptability,

and robust ness i n UPQCappl i cations. Whliketraditional controllers, ANNs | earnnonl i n-
ear systembehavi or and offer sel f-1earni ng capabilities and substantially i nproved st
bi ity under di sturbances wth greater speed of the dynam c response and very effi ci ent
real -tineinpl enentationfor superior power conpensati on.
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CHAPTER THREE METHODALGGY

Thi s chapt er descri bes t he wor kf | owof the research starting fromthe PV -ESSsystem
nodel ing, integratingthemwthgridfor power efficiency and stability and appl y ANN
tuned UPQCt o i nprove power qual ity i ssues, vol t age sag/ swel I and t o conpensat e r eac-
tive power.

3.1 Approach

The UPQG ANNTuned, PV ESSsyst emmet hodol ogy i nt egr at est he Uhi fi ed Power Qual -
ity Gonditioner wththeArtificial Neural Networksfor theactionof enhanci ngand

Literature
Review

!

Use FLC for PV Grid Model with .
extraction and ESS |« PV and ESS N 'I.'es.t with
Controll Syst »| Existing Real
ontroller ystem System
v ¢—|—¢ v
Analyze PQ Analyze PQ .
EASga;’{azrefoF:'vm:::e Parameters without Parameters with Data Collection
UPQC UPQC *
| Update Model
l l Parameter to
Real System I/P
Use Pl as UPQC Use ANN Tuned
controller uPQC

Compare

Both Resul system

Results &
Discussion

Conclude ANN Tuned
UPQC Performs Better
than Conventional one

\ 4

Conclusion

Documentation

H gur e 3. 1:Met hodol ogy Appr oach
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nanagi ng power qual ity usi ng a P/ ESS-enabl ed setup. The overal | net hodol ogy t hat

has beenutilizedinthisdissertationis show BnTi ghedPQCisfor mtigating

vol t age di st ur bances ari si ng f romsags and swel | s by conpensat i ng vol t age di st ur bances
occurring on bot h t he sour ce and | oad si des. The ANNopti mi zes the control strategy of
the UPQCtothecurrent | oad, irradiationfromsol ar, andgridstatus. The PV ESSsystem
assurest hat renewabl e ener gi es ar e produced whi | e al soensuri ngt he st orage of t he excess
power for stabl e and sufficient supply for all theunits. Perfornance andstability of tl
systemareal soi nprovedthroughefficient active/reactive power nanagenent, i nt egr at ed
renewabl e energy resourcew t h prot ecti on of hi gh power qual ity under dynamc gri dand
suppl y condi ti ons. .

Hgure3. 2illustrates a DGSyst emRE Based Wt h UPQCi n whi ch sol ar PYw th en-

ergy storagesystemand utility power i s supplied. Three-phase source/ substationsuppli e
power t hrough f eeder | i nethat havet hr ee- phase br eaker and st epped downt o 11/ 0. 4 k\V.
PVsyst emw t h MPPT and DO ACconvert er suppl i es power t ot he syst em support ed by
anEES(Battery) and EESGontrol | er for t he managenent of energy st orage. There exi sts
alinear, nonlinear and DCl oad present i nthe systemandafaul t bl ock i ndi cat es possi bl e
di sruptionsinthesystem

Source 3Distributed » 3-Ph XFMR
Parameter » Breaker (11kV/400V)

Fault

Solar -
PV -

» DCI/AC Distributed |3 3-Ph
MPPT 2>{converter § Parameters ﬂ Breaker

I v Capacitor s

Bank
ESS Linear
iy Controller

Load

\ A4

YYY

\A A 4
Linear
Load

F gure 3. 22Qveral | Proposed System

Qveral | systemnodel i ngin MILABI s shownin H gur 8. 3bel ow
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Vabe P ——)

-0 labc  Q—
/al EJJ: :g PF Calculation  Power Factor
labc— Three-Phase Breaker B2 A e Grdval
: .

a abe
L (- Sh-A  SA
Sh-B  S-B
ree- rmer <l
ype Sh-C S
(me b UPQC
1 EX

|
c
Discrete Three Phase Fault
rte 1

. ulse: Single Li round Fault
RES/ Battery Power B4
3
|
TA A AYabe 11 B
ﬂ:a B TTbr— B A I c
epp——— 1 ™ S - 1 o ‘ Non Linear Load
Bi-directional converter | Vabe Pl -
Solar PV System 60 kW S ag
% Resistive Load
’—‘E - 0 =
Charging / Dis

Fuzzy i/p(MPP) +VEH

- VE|

ESS Controller

Hgure 3. 3:Qveral | Syst emNVANILAB Mbdel

3.2 PVMbdel I'ing

The overal | PV system includi ng MPPT and a boost converter, feeds into an AJDC
bi di rectional converter, as showni n8i #f8r&hi s sane converter i s al sosharedbythe
bat t ery syst emvi athe DChus. The PV syst emuses a Fuzzy Logi c Gontrol | er (FLQ as

Boost Converter

= " Em m Em o Im - EmEEmEEE-EmEm - -
1 1
1 H 1
1 L 1
1 . 1
! cin l TO AC/DC
] 1 ﬂ
PV Arra — I-I—I-I—l Vde 1 Converter
y |C—— —_— DC Bus
1 IGBT/ — .
1 MOSFET j [ Voltage
1 1
L I 1
———— L ............. J
MPPT
|

H gure 3. 4:MPPT and Boost Gonverter for Maxi numPV Power

shown i n MILAB nodel i nfigure 3.5t o acconpl i sh Maxi numPower Poi nt Tr acki ng
(MPPT), whi ch opti mi zes power extraction by dynamical |y regul ati ngthe duty cycl e of

20



t heboost convert er. The FLG based MPPT provi des better fl exi bi | i t yanddeci si on- naki ng,
al low ngfor noreeffectivetracki ngi ndynam c si tuati onsthanconventi onal MPPT net h-
ods | i ke Perturb and Cbserve (P&Q and I ncrenent al Gonduct ance, whi ch have troubl e

w t habrupt changesinirradi ance and partial st&di ng[

; ql:l
MPPT Power, Voltage & Current
<Irradiance (W/m~2)>
x|
MPPT Power
m
+ 1
MPPT Current ‘
—

60 kW PV Array 1

v
MPPT Voltage >
-ve

H gur e 3. 5:RIZZY MPPT MNLAB nodel of PV

Fuzzy Logi c Gontrol | er for MPPT

Fuzzi ficati druzzificationconvertscrispinputs (PVvoltageandcurrent) i ntofuzzyval -
ues usi ng nenber shi p f unct i ons.

| nput s:
* Vpv (PV\O t age)
e lpy (PvQurrent)
Menfer shi p Funct i ons:
 \OltageV) -LV Low\ol tage, M/ Medi um\ol t age, H+ H gh \ol t age
e« Qurrent ) -LI- LowQurrent, M- MediumQurrent, H- H gh Qurrent
I nf erence (RUl e- Based Deci si on Maki ngfuzzy rul es are appl i ed based on t he power
sl ope condi ti on:

Pv(@) Pv(q 1)
lv(@ Iv(a 1)

21
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Deci si on Rl es:
* IfTEV(q) > 0, thenincrease duty cycl e.
 ITEV(Q) < 0, thendecrease duty cycl e.
« ITEV(q) 0, thenMxi numPower Poi nt (MPP) i s reached.

The changeinerror i s givenby:

dEV(d)= EV(9 EV(q 1) (3.2)

Thi s det er mi nes whet her t he power i sincreasi ng or decr €azizgdRul es

PV O/p
> Fuzzy lip
Voltage Fuzzification
| 1 Interfacing I Crisp Value
Current FUzZY | I
Rules A Defuzzification I—)
Fuzzy O/p I I
FUZZY Set -

H gure 3. 6:B ock di agramof FLG based MPPT enpl oyed to control duty cycl e
of boost converter i n PVsystem

e [fVpvisLVandlyyisLl, thenDuty Geleis HO(H ghDuty Gycl e).
* IfVpyisWand lp,isM, thenDuty Gycl ei s MD(Medi umDuty Gycl e).
e IfVpvisHand I isH, thenDuty Gycleis LD(LowDuty Gycl e).

Def uzzi fi cati on Def uzzi ficati onconvertsthefuzzydutycycleintoacrispval ueusingth
cent roi d net hod: P

p=_bi % (3.3)

Wer e:
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e i =Menber shi p degr ee
e di =Qrrespondi ngduty cycl e

Boost Gonverter Gontrol The duty cycl @& isusedtocontrol theboost converter:

Vin

Ve =
out 1 D

(3. 4)

The f uzzy MPPT dynam cal | y adj ustB t o mai nt ai n naxi numpower out put .

Tabl e 3. 1:Fuzzy Gontrol Rul es for MPPTV &I as | nput

VA | LowQurrent | Medi umQurrent H gh Qurrent

Low\l t age HghDuty Medi umDut y Medi umDut y

Medi um\ol t age HghDuty Medi umDut y Medi umDut y
Hgh\Wltage | Medi umDuty LowDuty LowDuty

3.3 ESSMdel i ng

The power nanagenent approach i dentifies hownuch power nay betransferredtothe
battery, or the PVsystem or the gridin hopes of achi evinganoptinal power flow In
t he pr oposed nodel , battery(ESS) i s DCcoupl edw ththe PVsystemand overal | system
w t h buck/ boost converter feedingw th the sane AJ DCconverter is showninfigure
3.7 ESSi s charged whenever thereis power surplus, and di schargi ng occur s whenever

Buck/Boost Converter

Charge
1!
ESS Controller
N\ A i
L > |
SW,
. i DC Bus ' TO AC/DC
Battery — _ C _VJ SW, & J— Voltage Converter
| |
Discharge

FHgure3.7:Batterycontrol | er and Buck/ Boost Gonverter for ESS
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thereisapower deficit at the poi nt of cormon coupl i ng (PGO . The di f f er ence bet ween
active power at the PGQCand reference | oad power i s conput ed and i nproved t hr ough

the el enent control | ed by the fuzzy | ogi c controller (FLO toinprove the acti ve power
val ues. Appropri at e power shoul dbe provi dedt oneet | oaddenandstonai ntai nareliabl e
andefficient gridsystem The ESSplays asignificant roleinprovidingthe extra power
denand or storingthe surplus energy. Sol ar energy i s dependent on weat her, and t he
ESS can act as a backup supply for providi ng power at any ti ne. MNLAB nodel of

RUIZZY Logi ¢ Gontroller isshowninfiguBe8 It getsitsregul ationof chargi ng and

ao
Fuzzy i/p(MPP)

Fuzzy Logic
Controller
with Ruleviewer.

Pulse I Charging / Discharging
Generat
<Voltage (V)> | . .__@
<S0C (%)> ¢+ 00 —a—y < g
<Current (A)> P Battery Voltage
l <
* . Y
= hd
N P— i Mosfet1. L’j = J;ﬁ Diode1
@ T 2] j:
e 4[
Battery. !
— — D

-VE

H gure 3. M LABnodel of FLCcontrol | er of ESS

di schargi ng vi a a Fuzzy Logi c Gontrol ler (FLQ that is set to opti mze the power fl ow
whi | e nai ntai ni ng the systemstabl e. The SOCrepresents the avai |l abl e battery capacity

andi s gi ven by: 2

SOC(t) = SOC(0)+ Cl

rated

el (3.5)

For di screte-tinesimul ation, SOCi s updat ed as:

Ibard(k) T

rated

SOC(k+1)= SOC(k)+ (3.6)
Wier e:

e SOC(t) =S ateof Chargeat ti t€%.

« SOC(0) =Initial SOC

* Crateq= Rated bat t ery capaci ty (30A) .
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e lpat{t) =Battery chargi ng/ di schargi ngcurrent (A).
e t=Tinestepfor similation.
SOCBehavi or:
o (hargi ng: |Fpt> 0, SACi ncr eases.
e D scharging: i< 0, SOCdecr eases.
SCCi s const rai ned bet ween 0%and 100%
0 SOC(t) 100% (3.7)
Thebatterytermnal voltageis given by:
Voatt= Voc  lbat Rint (3.8
Wier e:
* Vpgt=Batterytermnal vol tage (V).

* Voc =(pen-circuit vol tage (V).

lhatt=Batterycurrent (A.
* Rit=Internal resistance (0.14667Q) .
The open-circuit vol t &gei s afunctionof SOC
Voc = a SOC3+ b SOC?+ ¢ SOC+d (3.9
Wer e:
» a;b;c;darecoefficientsdetermnedfromthebattery characteristics.
The power suppl i ed or absorbed by the batteryis gi ven by:

Pbatt= Vbatt |batt (3.10)

I ncl udi ng char gi ng/ di schar gi ng ef fi ci ency:
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o (hargi ng:

Poatt= ch Vbatt |batt (3.11)
D schargi ng:
Phat t= Vbattd_l . (3.12)
IS

Wier e:
e h=0hargingefficiency.
* gis=Dschargingefficiency.
The FLCappr oach i s devel oped t o nanage batt ery char gi ng and di schar gi ng dependi ng

onthe power i nbal ance (Error) inthegrid, definedas the difference between generation
and | oad denand.

SOC

Grid/PV/Load *
P(ref_cc)

PCC2 P(ESS) P(ref) P(battery)
— | Filter FLC |——| ESS [—»

*

H gure 3. 9:Fuzzy Logi c Gntrol | ed ESSconnectedw thgridfor support

o Deficit Power (Bror <0): Sgnifiesthat thegridis short onpower (generationis
| essthandenand). I nthiscondition, thesystemdefaul tstobatterydi schargi ng(BD

=H gh, BC=Low)
o Excess Power (Error >0): Sgnifiesthe grid has excessive power as generation
exceeds denand. I nthi s casethesystemsw tchestoenabl ebattery chargi ng (BC=

H gh, BD=Low).

Thecrispduty cyclzis conput ed usi ngt he centroi d net hod:
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Tabl e 3. 2:Fuzzy Gontrol Rulesfor Eror, BC and BD

RuleNo. | Bror (Inputl) | BC(Qutputl) | BD(Qutput2)
1 LowEror ( 0) Hgh(1) Low(0)
2 HghEror $ 0) Low(0) Hgh(l)
_ . bp(x X
D= S0 (3.13)

Wer e:

» X representsthediscrete val ugs of

* p(x)istheaggregat ed nenber shi p functi dd of
Thisdetermnesthefinal dutycyclefor thebidirectional converter.

3.4 WPQG ANNTuned, PV ESSTPALGGY

Bel owS ruct ure fi guBelOsyniol i zes t he ar chi t ect ure of a UPQG ANN PV ESS sys-
templ anned t o boost the power qual ityinanintegratedgreenenergy setup. This System

Resistive
Load
Series i
gowelr > PCCl € 9 Coupling <€» PCC2 No:-(l)_;:ear
upply Transformer

!

Shunt
. DC/AC 2N Energy Storage
LTI Converter System
Transformer T
Shunt NPC ¢ . 3 Series NPC
Converter DC Link Converter Salmr

H gure 3. 10:UPQG ANN PV ESS Topol ogy
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utilizes the dual conpentation approach as it consists of a Shunt NPCconverter utili z-
ingitspower architecturetoconpensatefor current, connectedt hrougha Shunt Goupl i ng
Transforner toregul at ereacti ve power and neut ral i ze har noni cs andt he seri es- connect ed
NPCconverter t hrough a seri es coupl i ng transforner provi des for vol t age conpensat i on

t hrough appropri atevol tagei nj ecti on. Thetwoconvertersarelinkedby aDCLi nk whi ch
nai nt ai ns power bal ance. The ANN based cont rol keeps opt i mi zi ng UPQCper f or nance

by i nst ant aneousl y nodi fyi ngits operationininstances of di sturbances. The syst emcon-
tains two Poi nts of Gonmon Goupl i ng (PGCL and PGZ2) wher e PGCL connect i ng t he

nai nsuppl y of theelectrical gridand PO2 feeds |inear and nonl i near | oads, an ESS PV
provi di ng i nt egr at ed r enewabl e ener gy by neans of aconverter, besi des assi sti ngvol t age
stabi |l ity and power factor enhancenent. Shunt and series connectionto formthe UPQC
utilizing NPCconverter i sshowninfiulke

Sh-A

sh-B

3
Sh-C

>

i NPC Convener-Seii s
j—"3 Ja i 3 i N AT | —A2R
EI . a3p—| ey ‘ BL ‘ 1;3‘ N
. A | “ I mil R
B- ,—F evel . 1 < B2

B5 |
Imes_SH C- c3 + + R
- sec oc | 7 7 3-Level ¢ Cl+— || = C2rp— sB
Shunt_trafo NPC Converter-Shunt 1 DC_ P 3| e
=4 - Switching devices c1 = IS c2
Series_trafo

Shunt Control Series Control

H gure 3. 11:MNLABMdel of UPQCw t h NPCconvert er

ANPCconverter serves inthe UPQCsystemfor series and shunt conpensation. The

NPCt opol ogy has a conmon DCI i nk and, si ncet he vol t age acr oss each swi t chi ng devi ce
ishalf of the DGlink voltage, this reduces voltage stress andincreasesreliability.
three-1evel converter canw thstand | arger vol tage | evel s and has | ower sw t chi ng | osses
thantraditional two-1evel converters. Thethreel evel NPCconverter topol ogy i s shownin
fi gur &. 12t hr ough MNLAB bl ocks.
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First Leg 3-Level Second Leg 3-Level Third Leg 3-Level
1

=
ol L] N

; B ] o
e @2 Z%a}i Qs Z%a}i Q10 2%/‘1”!:

2 . . i
-ve Terminal - ZE; '7 ZE; '7 ZE; |—

D6al D6a2

e[ e fle e e
£ "t =

Phase A Phase B Phase c

H gure 3. 12:Three Level NPCconverter circuit

The ANNInodel i s generat edusi ngtheNeural FttingTool (nftool) of t he MYLABuUSI ng
Levenber g- Mar quar dt backpr opagat i on(LMBP) for trai ni ng and hence gi ves great con-
ver gence and accur acy because it uses t he appr oxi nati onof t he Hessi annatri x i nst ead of
si npl e gradi ent descent .

By mini m zi ng MBE, suchan ANN-based control | er bringsinpower quality, adaptability,

and robust ness i n UPQCappl i cations. WUhliketraditional controllers, ANNs | earnnonl i n-
ear systembehavi or and of fer sel f-1earni ng capabilities and substantial |y i nproved st:
bi ity under di sturbances wth greater speed of the dynam c response and very effi ci ent
real -tineinpl enentationfor superior power conpensati on.

Eror Mni mzation: )The Mean Squared B ror (MBE) i s gi ven by:

1 N )
MSE = — (Tx Ox) (3.14)
N k=1
vher e:

 Txisthetarget out put
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;

Input 1
e
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Weights

Hidden Layer
hi

Bias

Activation

Function. F

F(V)

— Output

Summing
Junction

ol
og}‘:;o
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H gure 3. 13:Basi c ANNS ruct ur e.

* Ok i sthe ANNout put

* N i sthenunber of trai ni ngsanpl es

Output Layer

o

Output 1

Output n

Wi ght Updat e Rul e The wei ght updat e usi ng gr adi ent descent i s:

wher e;

Wi (t+1) = Wj (t)

* Wijj (t+1) isthe updat ed wei ght

30
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. %’V\'A?Elsthegradl ent of theerror function
e isthelearningrate

3.4.1 NPCShunt | nverter Gontrol

Thel cadcurrentig, ;i p;ic aretransfornedint ot frane usi ng Park’ s transf or na-

tion: 2 3 2 32 3
Ig 5 cos cos( 120) cos( +120 ), .iLa
Eiqz = 3Esin sin(  120) sin( +120 )zgiué (3.16)
io 3 3 5 iLc

Thel owpassfilter (LPF) renoves oscil | ati ng conpongnbad . The conpensat i ng
current referencei s generat ed:

igsh = Id  ldref; igsh=1iq lIqref (3.17)

Thereferencecurrent i sthenconput ed and convert ed backalat hane usi ngi nver se

Par k t ransf or nat i on:
3 2 32

ish cos 1

§ z gcos( 120) sm( 120) égughz (3.18)
iSh cos( +120 ) sin( +120) 1 i§"

The\ol tage Sourcel nverter (V3) i nj ect st he conpensat ory current usi ngsw t chi ngpul ses
producedbyt he hysteresi scurrent control | er. Theshunt i nverter regul ates DG i nkvol t ag

H gure 3. 14:MNLABnodel of NPCshunt control | er

and conpensat es f or reacti ve power and current har noni cs usi ng an ANN based cont r ol
strategy. Smlarly, thevoli;age/. aretransfornedinto de frane using Park’s
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transfornationfor the phase synchroni zati on. MVLABnodel of Shunt NPCconverter
I sshowninfigurdll

H gure 3. 15:MNLABnodel of current control | er of shunt control | er

H gure 3. 16:MNLABnodel of vol tage control | er of shunt control | er

I nput s t o ANN

* DGlinkvoltageerror:
evdc(t) = Vacrret Ve (3.19)
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e« (hangeinDGlinkvoltageerror:

evdc(t) = evac(t)  evac(t 1) (3.20)

e Load current conponents i ndg-frane:

iLdsiLg (3.21)

ANNQUt put :

e Referencecurrents for theshunt i nverter:

ishdiishg = FANN (Bvdes  EvdeiiLdiiLg) (3.22)

These reference currents are convertedtothe abc-frane and control | ed usi ng hyst eresi s
current control togenerate swtchingpul sesfor theinverter. The shunt controller inje
current toconpensat e for power di st urbances:

Iinj = lref lsensed (3.23)
wher e:
* linj istheinjectedcurrent
e lof isthereferencecurrent fromANN

* lsensedi St he neasured syst emcurr ent

3.4.2 NPCSeries|nverter Gontrol

Thereferencevol tagei s extract edusi ngt he SR-theory: Gonvert supplVs\tada@e

frane: 2 3 2 32 3
Vg cos cos( 120) cos( +120 ), ~Vsa
§qu = 3Esin sin(  120) sin( +120 )ngsbz (3.24)
1 1 1
Vo > 2 P Vsc

The osci | | at i ng conponent S4rand Vg ar e r enoved usi ng an LPR. Ther ef er ence vol t age
I s cal cul at ed:
Vis = Vd  Vdref; Vgs= Vg Vgref (3.25)
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The conpensatory vol tage i s conputed and returned to the ABCfrane after filtering.
Smlarly,it converts the source dgulieptisc are transfornedinto g whichis

usedf or t he power conput at i onand syst emsynchroni zati on. Thegat epul sesfor t heseri es

i nverter areproducedusi ngaS nusoi dal Pul se Wdt h Mbdul at i on (SPAX) appr oach. The
seriesinverter conpensat es f or vol t age sags/ swel | s by i nj ecti ng appropri at e vol t age usi |
an AN\ based control | er.

FH gure 3. 17:MNLABnodel of NPCseries control | er

I nput s to ANN

 \WOltageerror:
evs(t) = Vsref Vs (3.26)

 Changeinvoltageerror:

evs(t) = evs(t) evs(t 1) (3.27)

» Suppl y vol t age dg- conponent s:
Vsd: Vsq (3.28)



H gure 3. 18:MNLABnodel of vol tage control | er of seriescontroller

ANNQut put :

 Referencevoltagesignalsfor theseriesinverter:
Vsdi Vsq = FANN (Evs;  €vs;Vsd; Vsg) (3.29)
Theser ef erence vol t ages ar e convert edt ot he abc- f rane and used f or PYW4 based vol t age
injection. Theseriescontroller injectsvoltagetonaintai nsystemstability:
Vinj = Vief  Vsensed (3.30)
wher e:
* Vinj istheinjectedvoltage
* Viet i Sthereferencevol t age f r omANN

* Vsensed | S t he neasur ed syst emvol t age
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3.5 Real Test system

Thereal systemsetupistakenfromGesar Apartnent, | ocatedinLalitpur, Nepal, whi ch
recei ve its power supply fromthe Teku Feeder of 11 kVdi stribution network. Thereal

wor ki i ng condi ti ons have har noni ¢ di st ur bances f r omt he equi val ent nonl i near | oads and

i nvert er based generation. GesaApartnent, lalitpurisconnectedtothree-phasegridwt]
a 250k\Atransforner of 11/0.4kVL-Lw th PV ESS through aphaseinverter. The AC
L-Lvoltageis 400 Vat | oad side, and the frequency i s kept constant at 50 Hz. Inthe
study, I n Gesar Apartnent PV systemconsi sts of Ntype i-TOPQon B faci al dual gl ass
nonocryst al | i ne nodul es connect ed w th 16 seri es-connect ed nodul es per string and 8
nppt paral l el stringsfor efficient power. The sol ar phot ovol t ai ¢ syst emof appr oxi nat el

H gure 3. 19:Real test systemPVI-Vand P-Vcharacteristics

54. 4 kWuses anopen circuit vol tage (\oc) equal to50.9V ashort circuit current (1sc)
10.56 A aMPPvol tage (Mp) is42.9Vand MPPcurrent (Inp) is9.93 Aunder STC
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conditions. Thegraphfor all of thisinput datais shown8nifd dliteeener gy st or -

age systemwhi chis AG Goupl edw ththe gridand PV conprises of Li FePO batteries

havi ngatotal nomnal capacity of 210. 6 kW, nade up of 36 nodul es, ratedat 48V in
O-seriesand 4-paral l el (94P) configurationtosatisfy the systems vol tage and capaci t
speci fications. The systemis nomnal voltageis 432V, therated capacity is 462. 96 Ah.
Every batteryisrated 200 kW (0. 5Crat e of di scharge) and energy cal cul ati onstypically
includeround-tripefficiency, itsbatterydi scharge characteristicis3h2@ninfigure
The systemi s pai redw t han A -dri ven Ener gy Managenent Syst em( BVE) by Saanbar -

ton, that adapti vel y adj ust s char ge- di schar ge cycl es, di spat ches energy, andreduces | oss
usingpredictiveandreal -tinecontrol s. Qur systemal soutilizesaFuzzy Logi c Gontrol | er
(FLQ toprovide anore adapti ve and nore effi ci ent ener gy nanagenent system This

FH gure 3. 20:Real test systembattery di scharge characteristics

real systemnowutilizes the RIEZZY as MPPTto exract PVYand FLCcontrol | er i n ESS
and whol e systemuti | i zes t he proposed UIPQCnodel to nmitigate power qual ity i ssues.
MNLABnodel of real systemisshownisfigur® 21
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H gure 3. 21:MNLAB Mdel of Real System

3.6 Tool s and Sof t ware

Thissectionliststhetool sandsoftwareusedinthi s dissertation.

3.6.1 Mcrosoft Gfice

Mcrosoft Gficeconprisesasuiteof softwareapplicationscreatedbyMcrosoft, i ncl ud-
i ng aword processi ng program(\Verd), a spreadsheet application (Excel ), and a presen-
tationsoftware (PowerPoint), anongother tools. Inthisdissertation, Verdisutilizedf
initial report drafting, whileExcel isenployedfor storingtheextractedfeatures.

3.6.2 Matl ab

Matl ab i s a software pl atformfor programming, and nunerical conputing, created by
Mt hVBrks. Inthisresearch, Matlabsimulink is usedtocreate nodel and all data are
extract fromsimul ationresults. NNtool i susedfor trainandtest thedatafor ANN

3. 6.3 Overl eaf

Qverl eaf i saninnovativeonlineplatformandLaTeXeditor desi gnedspecificallyfor aca-
dem cs, resear chers, andprof essi onal sinvol vedi nsci entificwitingandpublishing. Qe
| eaf provi desacol | aborati ve envi ronnent wher e users cancreat e, edi t, and nanage LaTeX
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docunent s seanhessl y, w thout the needfor | ocal LaTeXinstallations or conpl ex set up.
It offers LaTeXtenpl atesfromvariousreputabl ejournals. Inthisdissertation, overl eaf
usedfor preparingthereports.
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GHAPTERFOLR RESLLTS AND D SOSS QN

Thi s chapt er presentstheresul ts obtai ned usi ngt he net hodol ogy descri bedi n Chapt er 3.

4.1 Proposed Mdel

Inthissection, wedescribethesinulationresults andanal ysi s of a P¢ESSsyst empr o-
posedw t h RIZZY MPPTt o ext ract sol ar ener gy &FLCi n ESSfor power nanagenent ,

ANNTuned UPQCand NPCas seri es and shunt converter. The perf or nance of t he sys-
temvas t est ed under di fferent faul t condi ti ons, i ncl udi ng st eady- st at e oper ati on, dynan
di st urbances, and power qual ity anal ysis. Sone overvi ewof dat a and concept of proj ect

ar e shown t abl e bel ow

Tabl e 4. 1: Syst emConponent s and Speci fi cati ons

Cat egory

Gonponent

Secifications/Detail s

Power Source &Gid

Thr ee- phase YGSour ce
Transmi ssi on Li ne

S ep- down Tr ansf or ner
S ng Bus

11kV(L-L), 50 Hz

D stri but ed par anet er, 100 km
11kV ! 0.4kV(L-L)

100 kWpower

ow

PV System 60 kW 1kWm 2, 25°C Fuzzy MPPT
Renewabl e Energy &Storage | Battery Storage 30Ah, Charge/ O schar ge Gontr ol
ESS Fuzzy- based control | er, Manages power f
] Buck- Boost Gonvert er MOSFETSs, | &BTs, Fuzzy Logi ¢ Gontr ol
Power H ect roni cs
NPC Gonvert er P/ANNGontrol | er

Loads

Li near Gid Load

Nonl i near Load

30 kWResi sti ve
100 kW( DO ode Bri dge + RL.Q

Power Qual ity &Control

P
Shunt I nverter (NPQ

Serieslnverter (NPQ

\bl t age Regul ati on &Harnoni c Mtigati o
Qurrent Conpensat i on
\ol t age Sag/ Snel | s Conpensat i on

-

Qontrol Srategies

MPPT
Pl/ANNGontrol | er

Fuzzy Logi ¢
NPCQonvert er

4.1.1 Sol ar PVMPPT

PV systemconsi sts of FHrst Sol ar FS- 272 nodul es connect ed wi t h 26 seri es- connect ed
nodul es per stringand33paral |l el stringsfor efficient power. Each nodul e conpri ses 116
cel | sand has Qpen-d rcui t \ol tage(\oc) equal t094.57\V Short-Arcuit Qurrent(lsc) 1.18
A MPP\Ol tage(Vhp) 70.56 V and MPPt Qurrent (1 np) 1. 01 Aunder STCcondi ti ons.

The per f or rance of the photovol tai c (PV) systemwas anal yzed i n two scenarios: the
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first inanoptinal conditionw thout MPPT and t he second usi ng MPPT cont rol based on
REZZY1 ogi c. FH gurest 1showthel-Vand P-Vcharacteristicsof the Pvarray at 25°C

for different | evel s of irradiance: 1kWni, 0.75kWni, 0.5 kWni, and 0. 25 kWn3.
W1t h decreasi ngirradi ance, one expects adropintheanount of energy that t he PVarray
coul d generate; conversely, higher irradi ance al |l ons for nore power and current to be
output. Eachirradi ance | evel shows a naxi numpower poi nt (MPP) w t hi nthe power-

vol tage charact eri stics, whi ch expl ai ns the need for good tracki ng al gorithns for MPPT
that provi de for good extraction of power. F omthe graph, 451gur ¢ he Maxi num

FHgured. 1l:l-Vand P-VCharacteristicsof array at 25deg. ¢

Power Point (MPP) occurs at 1 kWna of irradiation, wth avoltage of approx. 1750-
1850 V and current sonewhere 30-35 A Thus, naxi rumpower out put of 60KWcan

achi eved at i deal case. Asirradi ancedeclines, paraneters suchas current and power drop
proportionately, affectingenergy generationoverall.

AFRter usi ng RIZZY as MPPT, the simul ationresul ts indicate that, the PV systemhas

r eached a st abl e naxi numout put of approx 57. 5 kWa t h a cor r espondi ng vol t age of ap-

prox. 1800vandacurrent of approx. 32Aw theffici ency of nearly 96% Thef uzzy MPPT

real i zes def i ni tel y snoot h-and- f ast tracki ng, havingitsstabilityunder variabl e-irrad
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condi ti ons assi sted by t he extra prowess i nhandl i ng nonl i near and uncert ai nty condi ti ons
that real -worl d applications wth constantly changi ng irradi ance | evel s i npose upon it
Fast and snoot ht racki ngresponsew thnegligi bl eoscil | ati onsi s aconsi derabl e advant age
of fuzzy MPPTfor actual PVapplications. Therefore, thisapproachisextrenel yreliabl e,
adaptive, and efficient for enhanced perfor nance. Such an MPPT i npl enent at i on f unc-
tional |y becones t he pref erred choi cetoi nprove PVsyst ens over ol der t echni ques. The
systemi s fast and snoot hi ntracki ngw t hmni numosci | | ati ons as shown i412i gure

H gure 4. 2:Power, \ol tage, Qurrent A ot After RIZZY MPPT

4.1.2 Energy S orage System

Akey aspect of t he syst emwoul di nvol vet he use of Fuzzy Logi c Gontrol for the ESSw th

real -ti ne dynam c adj ust nent of power fl ows, as showni n H.dorBurt her, based on

t he f uzzy- based cont rol approach, thefluctuationsincurrent floware naintai nedwthir
limts toachi eve uninterruptedpower feedingintothe system This prevents abrupt ex-
tractionof thestoredenergyandhel psw t henergy shari nganongt he phot ovol t ai ¢ syst em
andthebattery, andload. Thisresultedinthe systems nore stabl e perfornance, power
quality, andefficiency, renderingit veryeffectiveinreal -tineapplicationsfor bothc
connect ed and i sl anded node.

The SOCwas i n sl owdecl i ned. 4 whi chindicates that controll ed di scharge woul dt ake

pl ace, whi chal sostabilizesthecurrent over ati neal | ow ng snoot h power transfer. Wth
proper Fuzzy Logi c control inEES better perfornancew || be achi eved ont he gr ounds

t hat power fl owadj ust nent woul d be dynami ¢ agai nst real -ti ne operating condi ti ons.
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Figure4. 3:1deal Characteristicsof Battery

H gur 4. 5depi ct s t he ESS s power dynam cs, show ngitsabilitytocharge (positiveval -
ues) and di schar ge (negati veval ues) over atineperiodfromOtolunit. The ESSbal ances
energy frombot hthe gridand PVsystem storing excess energy duri ng hi gh suppl y and
suppl yi ng ener gy duri ng hi ghdenand. Specificinterval shighlight fault conditions: fron
0.2t00.4, the ESSrespondstoanL-Gfaul t by di schargingtostabilizethegrid, andfrom
0.6t00.8, it addresses anL-L-L-Gfaul t by di schargi ngat ahi gher ratetonai ntai nstabil
ity. Theseresults denonstratethe ESS scritical rol einnanagi ngpower fl uctuati ons and
enhancinggridresilienceduringdi sturbances.



H gure 4. 4:Ener gy S or age Syst em\ol t age, SAC% Qurrent

H gur e 4. 5:P+ MPPT Power and Char gi ng/ D schar gi ng Power of ESS

H gured. § focuses speci fically onthe chargi ng power of the ESS. The graph shows t he
power bei ngtransferredtothebatteryover tine, wththe ESSpower val ues rangi ngfrom
0to-1500units. The negative val ues i ndi cat e t hat power i s bei ng absor bed by t he ESS
for chargi ng. The pl ot denonstrat es howt he ESScharges at varyi ngrat es dependi ng on
t he avai | abl e power fromt he gri d andt he denand.



H gure 4. 6:Char gi ng Power F ot of ESS

H gured. 7depi cts the di schargi ng power of the ESS Here, the ESS power val ues are
positive, indicatingthat the ESSis supplyingpower tothegridor | oad. The graph shows
t he power out put fromt he ESSover thesanetineperiod, wthval uesranginginitiallyat
11kWtostabl e8kWunits. Thisplot highlightsthe ESS srol einprovidi ng energy when
thegrid ssupplyisinsufficient toneet denand

H gure 4. 7.0 schar gi ng Power H ot of ESS

4.1.3 Analysis 3 Qi dBefore Usi ng URQC

Inthispart, wearegoi ngtojust Overvi ewof Systemi ndifferent typeof Load and Sour ce
Scenari o.
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Qi dWth Source and Resi sti ve Load Onl y

FHgure4.8Gid\VI Vivef ormw thnly Resi stivel oad

H gure 4. 9:FFT of neasured current signal at only Resi sti ve Load
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Gidw thResistiveandNon-Li near Load

Hgure4. 10:Gid\WI Vevef ormw t h Resi sti ve and Non- Li near | oad

H gure 4. 11:FFT of neasur ed \ol t age si gnal at Resi sti ve and Non- Li near Load

47



H gure 4. 12:F-T of neasured Qurrent si gnal at Resi sti ve and Non- Li near Load

GidwthPVESS Faul t, Resi stive and Non-Li near Load

Beforeinsertingthe UPQC such waveforns of gridvoltage and current are i nmensel y
distorted, comng fromnonlinear | cads, P¢ESSintegration, andfault conditions. The
overal | systemwavef ordnl3shows irrefutabl eirregul ar vol tage and current vari ati ons,

i ndi cat i ng poor power qual i ty. Wenintroduci ngthe P£ESS faul ts, and nonl i near | oads
4.14 thedistortionencounteredhas i ncrenented, wthgreater harnoni c content, vol tage
sags, andswel I sintensity. Evidence of vol tage unbal ance, radi al current, and consequen
possi bl e over| oad i n sone phases i s obser ved under an L- G 43 tThe nost severe

| oss occurs inthe three-phase fault case (L-4-16 Giher e huge vol t age dr ops and

hi ghl y di sproportionate current wavef orns attack t he systemtot he poi nt of al nost total
col l apse. Thi s nakes a nunier of calls toinpl enent a conpensati on nechani smli ke
UWPQC wthitsfeatures of harnoni cs cancel | ati on, good vol t age regul ati on, and overal |
stabilityinprovenent of the system



FHgure4. 13:Gid\VI Vevef ormof Qreral | systemw t hout UPQC

FHgure4.14:Gid W1 Viveformw th PLESS Faul t and Non- Li near | oad but
w t hout UPQC

Al theseH gures (wthout UPQD, severevoltageandcurrent distortionare observed, es-
pecial lyincurrent waveform DuringanL-Gfault at (0.2s-0.4s), thevoltage experi ences
uneven peaks and a faul t ed phase (signal 1) drops to nearly zero and vol t age swel | oc-
cursinrena ng phase, whil ethe current surges fromapprox. 250Ato 2000A, nar ki ng

8 tines/800%i ncrease. Smlarly, duringlL-L-L-Gfault at (0.6s-0.8s) , thevoltage col -
| apsestonearlyzeroandthecurrent spi kestoapprox.. 2200Ai.e. 9ti nes/ 900% ncr eases,
indicatingextreneinstability.
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Fgure4 15:Gid\VI Veveformw thL-Gfaul t but w t hout UPQC

Fogure4 16:GidVI Veveformw thL-L-L-Gfaul t but w t hout UPQC

F gure 4. 17:FFT of neasur ed \ol t agébi gnal w t h PV ESSand Non- Li near Load
but w t hout UPQC



H gure 4. 18:FT of neasured Qurrent si gnal w t h P4 ESSand Non- Li near Load
but w t hout UPQC

The fi gures above represent THDof agridthat was obt ai ned fromMNLABsi mul ati on

over five cycles from0.5s. The THDi s neasured up to 20t h har noni cs(i . e 1000Hz) .
Under nornal operatingconditionsw thout faults or PVint egréatitandd. 12 the
systemshows | ittlecurrent distortion, wthaTHDval ueof vol t age as 11. 54%and cur r ent
as 17.55% After integrationof the PVsystem thevol tage andthe currend.i28fi gure
and4. 24THDri set 0 13. 17%and 21. 30% respecti vel y, duetothe fl uct uati ng generati ng
capaci ty of renewabl e resources, and power factor (PF) of 0. 86 was obser ved.

4.1. 4 Analysisof GidAter Wsing UPRQC

The ANNHt uned UPQC dranatical |y restores the vol tage and current wavef or ns under
different operatingconditions, sothegeneral systemwavef or mqui 4.i¥98hguse

wel | -regul at edvol t age pr of i | es and bal anced si nusoi dal current wavef or ns; hence r educed
har noni ¢ di stortions and i nproved power stability. InconnectivitywthPVESS faults,
and sone nonl i near | oads i nH glr®) t hevol t age st ays stabl ewhi | edrasti cal | yreduci ng
current distortion; hence, this validates that the UPQChas the capacity tofilter powe
qual ityissues. Theinternal visualizeddenonstrationduringthecaseof L-Gfault i nH gur
4. 21reveal sthat thevol tagewas typi cal |y di ppedduringtheshort tineandwel | after t hat
qui ckl y stabi | i zedwhi | et he current wavef or mnas very cl osetosymmetri cal , whi chagai n
denonst rat es t he advant age of the UPQCagai nst fault. Thefirst of its unexam ned cases

gi ves concer ni ng sever e condi ti ons of three-1i negroundcaseL-L-L-Gf aul4 P H gure
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where the UIPQCcanentirely keepthe voltage dipswthinreasonablelimts and | et no
highfaul t currentsthrough, whi chgivesbacktothenatureof suchafault quitefast whil
keepi ng stability inthis system Therefore, Pl-controlled UPQC denonstrates siml ar
I nprovenent i n each test case sothat both controllers are capabl e of i nprovi ng power
qual i ty. However, theadaptivecontrol -ori ent ed dynam c f eat ur es ar e assuned t o be nor e
appropriatelyful filledbythe ANNtuned UPQC

Houre4.19:Gid\WI Vdvef ormof Queral | systemw t h ANNTuned UPQC

Fgued 20:Gid\VI Veveformw th PAESS Fault and Non-Li near | oad and
ANNTuned UPQC
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Fgured 21:Gid\VI Veveformw thL-Gfaul t but w t hout UPQC

Figured. 222GidWVI Vdvef ormw thL-L-L-Gf aul t and ANNTuned UPQC

GidwthA control WIPQC PV ESS Fault and Non- Li near Load

I npl enent i ng UPQCal ongw thaP control ler w Il act effectivel ytoreducehar noni cs, as
t he vol t age and current THDwas br ought downt o 3. 13%and 3. 11%r espect i vel y, whi ch
I s under t he | BEEE519 st andar d and PFi nproves t o0 0. 95.
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H gure 4. 23:F-T of neasured \bl tagesignal wthHM control UPQC

H gure 4. 24:FT of neasured Qurrent signal wthP Gontrol UPQC

Gidw thANNTuned UPQC PV ESS Faul t and Non- Li near Load

Hnal Iy, using an ANN-based controller instead of a Pl control | er further enhances t he
per f or nance of UPQCand THDof vol t age and THDof current were reducedt o 1. 66%
and 2. 48% w thstabilizationover tineandPFisoptimzedat 0.99.
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H gure 4. 25:FT of neasur ed \bl t age si gnal w t h ANNTune UPQC

H gure 4. 26:FT of neasured Qurrent si gnal w t h AANNTuned UPQC

ATHDtabl eindifferent cases seenat 0.5s t hrough fi ve cycl es and upt 0 20t h har noni cs
(1000Hz) areasfol | ons.
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Tabl e4.2:Gid THDAnal ysi s Uhder DO fferent Gondi ti ons

(9 Wthout P ESS Non-inear | oad & URQC Integrating P¢ESS Non-linear | oad but w t hout UPQC
“ Phase|l Phasell Phase | 11 Phasel Phasell Phase | 1|
\ol t age 11.54 11.53 11.54 13.17 13.68 13.57
Qurrent | 17.55 17.54 17.58 21.30 20. 46 22.93
TD( Integrati ng P£ESS Non-linear | oad &with Pl control | ed lPQL I ntegrati ng P4 ESS Non-1inear | oad &w t h ANNTuned UPQC
“ Phasel Phasell Phase | 11 Phasel Phasell Phase |11
\ol t age 3.13 3.25 3.26 1.66 1.81 1.79
Qurrent 31 3.21 3.39 2.48 2.66 2.87

F omt he abover esul t s we can concl udet hat RIZZY MPPT ext r act naxi numpower from

PV and Ener gy st or age syst emconsi st of FLCcontrol | er can opti nized t he char gi ng and
D schargi ng power frombattery. A so, for power quality issues, we can concl ude t hat
ANN Tuned UPQCPerforns better thanthat of conventional (Pl) one.

4.2 Test wthReal Mdel

Inthissection, wew || checkal | aboveresult by updatingthereal systemdatatoour nodel
as nent i oned on net hodol ogy porti on.

The per f or nance of t hi s syst emwas t est ed under di fferent conditi onas per dataavai | abi | -
ity. Al thetest dataare nenti onedonappendi x portionat | ast.

4.2.1 Sol ar PYMPPT of Real System

For the real systemanal ysis, the irradi ance | evel s were vari ed bet ween 1000 Wi to
250 Wng inthe ranpi ng down or uptine of 0.6to 1.7 seconds to mmc t he dynamc

sol ar condi tions. Aranp-down and ranp-up profilewas givento bothirradi ance and
tenper at ur e f or studyi ngt he syst embehavi or i navaryi ngenvi ronnent. Tenper at ur e was

i ncreased from25°Cto50°Cw thranp-up patternafter 2 seconds shown i r4f i2gur e

Thi s ongoi ng vari ation of irradi ance and t enper at ur e was done to veri fy t he r obust ness
andflexibilityof thesystemunder non- honogeneous sol ar andt hernal conditions. Wth
t he use of the fuzzy | ogi c-based MPPT al gorithminreal fieldsinmulation, thePVsystem
achi eved a maxi numpower of 50 k\Wunder peak i rradi ance condi ti ons (1000 Wni&) and a

| owest out put of about 15 kWeven under | owi rradi ance condi ti ons (250 Wn&) as shown
infiguré. 28 This perfornanceis greatly enhanced conparedtothereal case w thout

f uzzy MPPT, wher et he obser ved naxi numPVpower was upt o about 46 kW but t he sys-

temnost | y st ayed bet weent he range of 3040 kW t hi nt he acti ve sol ar w ndow( ar ound

11: 00 AMt 0 2: 00 PV, and dr opped down as | owas 5-10 kWdur i ng | owi rradi ance.
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Figured. 27\ariationinlrrad ance and Tenper at ure

H gure 4. 28:Real Syst emPV o/ pwhi | e usi ng FUZZY Logi ¢ as MPPT

4.2.2 Energy S orage Systemof Real Test System

The chargi ngi nfi gude29and di schar gi ng power i nfi gdr80pl ots for t he ALG based
ESScontrol | er denonstrat e howwel | thebattery, whi chis AG coupl edtothesystem(asit
isinreality) wasworkingal ongsi de PVgeneration. Wenthe PVsyst emmas generat i ng,

and supporting the grid, the battery charged t hrough t he excess power. Wen the PV
goes of f, or out put drops, the battery automati cal |y di schargedto support the |l oad. The
two configurations canprovi deuninterruptedserviceandreliabilitybyprovidingthegri
assi st ance when needed; addressi ng power sw ngs; and ai di ng systemresi | i ence under
certainconditions.
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H gure 4. 29:(hargi ng of Real systemBattery

H gure 4. 30:0 schargi ng of Real systemBattery

4.2.3 Analysis GidAter Wsing IPRQC

The capabi | i ty of the ANN-t uned UPQCTf or the preservationof stabilityof thegridduring
transient conditionisillustratedbyexamningtheV | waveforns di spl ayedinthefigure
4.31 For the PV power variation (whichoccurs from0.6stol.7s), thereis asharp
reduction of the out put of the Pvarray, andthe syst emdraws nore power fromthegrid,

whi chis shown by theincreaseinthe anplitude of thegridcurrent. However, thegrid
vol tage renai ns si nusoi dal and i s stabl e across al | phases, denonstrating the UPRQCi s
effectivelyregulatingthevoltage. Inlike nanner, duringtheload variation, the UPCC
denonstrates its effecti veness i nvol tage stability based on the vol t age sags and swel |
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andthe gridcurrent varies proportionallytotheload. The adaptability of the UPQCis
i ndicativeof thedual functionalityfor conditioni ngbothvoltageandcurrent, as evider

provi des bot h power quality andreliability of the system despite changesingeneratior
and | oad.

FHgure4. 31:0veral | GidSupport after usi ng UPQC

F gure 4. 32:G'i d Viivef or mof Real syst emafter usi ng UPQC

As showninthe appendi x databel ow inthereal -worlddistributionof nepal systens, at

t he Gesar Apartnent, theTotal HarnonicD stortion(THD | evel s, particularlyfor current,
denonst rat e consi derabl e vari abi | ity duetotheinpacts of the nonlinear | oads, invertel
based DGand sudden changes i nl oads. \ol tage THDi s typical |y w t hi n 2%t 0 4% and
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current THDvari es from10%t o 300%nenti oned at the i ntroductionpart at thesel oca-
tions; typi cal average current THDI evel s arew t hi n 40%t o 60% hi ghl i ghti ng howvari -
abl eanddi stortion-pronepractical systenscanbe. THDI evel saredrivenbythei ncreased
penetration of i nverter based generati on syst ens conbi ned w t h dynam c | oad behavi or.
Gonversel y, our proposed ANNt uned UPQC syst emeffectivel y mtigates these distor-
tions and achi eves significant inprovenents in overall power quality. W have tested
our real systemnodel w thvariabl e P/generation conditions and al so by changi ng t he
activeresistiveload of the systemfrom20 kWt o 100kW \bol t age THDwas cont i nu-

ousl y nai nt ai ned bet ween 0. 48%and 0. 52%i n f i gdr 83and cur rent THDr enai ned at

anmuch| oner andst abl erange of 1. 80% 04. 5% nfi guBdand4. 35 evenw t hvaryi ng

| oads and PV gener ati oncondi ti ons. The THDat a 20 kW esi sti ve | oad was neasur ed at

4. 40%(due to hi ghinflunce of i nverter based generationingrid) andat a 100 kW oad
was neasured at 1. 88% denonstratingthe systens adapt i ve conpensat i on per f or nance

as t he | oad denand and har noni ¢ profil e vary. The neasur enent s t aken t hr oughout t he
study hi ghl i ght the ef f ecti veness of t he ANN-t uned UPQCprovi ded di stortionmtigation
and grid stabilizationwhileinoperationunder dynam c conditions that general |y prove
difficult for atechnical systeminareal -worldsituationwhilesinultaneously providil
| BEEE- 519 conpl i ant THDfi gures

FH gure 4. 33:HTof \bl tage signal of Real Systemw t h ANNTuned UPQC
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Hgured. 34:FTof Qurrent signal of Real Systemw th ANNTuned UPQCw t h
100kWLoad

H gure4. 35:FTof Qurrent signal of Real Systemw t h ANNTuned UPQCw t h
20kWLoad

Therepresent ati onseeni nFH guBeof f ersacl ear i ndi cat i onof t he pr oposed AN\t uned
UPQCsystems capabi litytocontrol thefl owof acti veandreacti vepower. Duringperiods
of decreased PVpower duetoreducedirradi anceval ue, thegridacti ve power (top graph)
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activatestohel pwththereducti oni ngenerati onwhilenai ntai ni ngthecapacityof contir
uous power deliverytotheload. Thegridis al soexhibitingreactive power consunption
(bot t omgr aph), especi al | yduringtransi ent nani festati ons and| oad changes. Thi s denon-
stratesthecontinuous efforts of the UPQCi nnanagi ng r eact i ve power exchangew ththe
griddynamcal ly. Qverall, the systemnai ntai ns excel | ent power qual ity whileregister-
i ngapower factor of 0.996whi chispractical lyunity. Thisisinstarkcontrast topractic
syst ens t hat donot have conpensati onwhi ch, inturn, resul tsinsignificant degradati on of
t he power factor, aslowas 0.7, fromtheinverter based generati onor changesinresi sti ve
or nonlinear | oads. Theseresults denonstratethat theintegrationof the ANNoptim zed
UPQCnot only al | ows f or har noni ¢ reduct i onbut assi sti ngw t hconpensati oni nprovi ng

the overal | power factor whil e naki ngt he syst emst abl e and ef fi ci ent whi | e appr oachi ng

I deal conditions t hrough dynam c operati on.

F gure 4. 36:Gi d Acti ve and React i ve Power Support
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CHAPTERH VE GONCLUS ON

The proposed P+ ESSi nt egr at ed UPQC syst embased on f uzzy MPPT, FLCbased ESS

control | er and AN\t uned, brings about great i nprovenentsinpower qual ity andsystem
stabi | i tyunder vari ouswor ki ngsi tuationsandfaul t conditions. Thefuzzy MPPTcontrol | er
extracts power efficientlyfromthe PVsystem convergi ngto the naxi nrumpower poi nt
quicklywthgreat stability andefficiency. S mulationresults showthat an AN\t uned
UPCeffectivel ymtigatesvol tagesag/swel I's, current surges, and har noni cs di storti ons
The syst emexper i ences hi gh har noni ¢ di st orti onwhen operat edw t hout UPQC The M -
control l ed IPQCnot abl y reduces thetotal harnonic distortion(THD) |evel s, whilethe
ANN based UPQCwoul d achi eve evenbet t er har noni c at t enuat i on, gi vi ng bot hexcel | ent

per f or mance t o keep har noni cs wel | bel owt he | BEE- 519 st andar d.

The AN\ based appr oach ef f ect s power fact or correcti onnuchnoreeffectivel ythanthe

P control | er agai nst theoriginal, achi evingverynearly unity power factor operati on. R
thernore, the ESSsati sfactorily nmai ntai nsabal anced power transfer wththegridsupport,
w thcontrol | edchargeanddi scharge. | nconcl usi on, t he proposed syst em npr oves power
qual i ty, reduces harnoni c distortion, andstrengthensthegrid sresiliencetowards di st
bances, providingreliable and efficient solutions for nodern power systens. The real

I npl enent ati on of t he suggest ed syst emi nt he Gesar Apart nent whi chwas connectedt o

t he Teku 11 kVf eeder, di spl ayed bet t er perf or mance t han under real operati ngconditi ons.
The ANN based UPQC successf ul |y reduced power qual ity i ssues i ncl udi ng har noni cs

and i nproved t he power factor. The Fuzzy Logi c based MPPT ext ract ed nor e power
fromthe PV systemthan the typi cal real -case scenario, and the ESScontrol | i ng nan-
agedt he char ged/ di scharged cycl es very effectivel y. Thus, theresul ts showedthat thet es
andval i dati onof theresearchthesi s nodel was successful inareal -worl dapplicati onanc
verifiedthat the nodel i s effectiveinenhancingenergy extractionandenergy qualityir
resi dential applications.

63



REFERENCES

[1] D delen, E Boshell, D Saygin, M D Bazilian, N Vdgner, and R Gorini,
“The role of renewabl e energy in the gl obal energy transfornatQhki UJ\
6WUDWHJ\ 5blYL24ZWp. 3850, 2019. [nline]. Avail anltps:
//doi . org/ 10. 1016/ | . esr. 2019. 01. 006

[2] R M Havarasan, “The notivation for renewabl e energy and its conpari son
wth other energy sources: A revief XURSHDQ -RXUQDO RI 6XV)\
'HYHORSPHQW vVBIH\BH BoU BKp. en®076, 2019. [Qnline]. Available:
https://doi . org/ 10. 20897/ ej osdr/ 4005

[3] S Grgand S Tyagi, “A conprehensive revi ewon opportunities and chal | enges
of gridintegration of renewabl e energy resources,” IBHFRQG ,QWHUQDW I
&RQIHUHQFH RQ 6PDUW 7THFKQRORJLHV IRU 3RZHU DQG
2024, pp. 1-6.

[4 R M Bavarasan, S Afridhis, R R Mjayaraghavan, U Subrananiam and M Nu-
runnabi , “Saot anal ysis: Afranework for conprehensi ve eval uati onof drivers and
barriersfor renewabl e ener gy devel opngh@Q H U J\ 5 HWR 6,/ 1838-1864,

2020.

[5] S Devassy and B. S ngh, “Perfornance anal ysi s of sol ar pvarray andbatteryinte-
gratedunifiedpower qualityconditioner for mcrogridsyst(dn & UDQVDFWLRQ\
RQ ,QGXVWUL Dvl ( 881 RONT,) BpQ40EN4035, 2021.

[6) E J. Qoster, J. M A Mrzik, B Kruiner, and WL. Kling, “Integrationissues of
distributedgenerationindistributi orBuiRs’HHGL Q JV, Rl VOXK Ho, (( (
pp. 28-39, 2011. [l i ne] . Avai | dlitgos: // doi . or g/ 10. 1109/ JPROC 2010. 2052776

[7] X Liang, “BEvergi ng power quality chal | enges duetointegrationof renewabl e en-
ergysources,)(((7TUDQVDFWLRQV RQ , Q®d.\V38/ dd. 2SHp.BEFDW LR
866, 2017.

[81G S Chanda, A G Shaik, M Shai k, S Padnanaban, J. B HbolmNelsen, Q P
Mahel a, and P Kal i annan, “ Gonpr ehensi ve r evi ewon det ecti onand cl assi fi cat i on of
power qual ity disturbancesinutilitygridwthrenewabl e energy penet(étion,”
$FFHWIV 8, pp. 146807-146830, 2020.

64



[9] S A Mhaned, “Enhancenent of power qual ity for | oad conpensati onusi ngthree
di fferent factsdevi cesbasedonopti mzedtechni@QW,HUQDWLRQDO 7UDQV
(OHFWULFDO (QwlU BY,aioV 3V pl RA2196, 2017.

[10] M A Mansor, K Hasan, M M Qhnan, S Z B M Noor, andI. Misirin, “Con-
struction and per f or mance i nvesti gati on of three-phase sol ar pv and battery ener gy
st orage syst emi ntegrat ed upqq, ( ( $ F FHV 8, pp. 103511-103538, 2020.

[11] A Amrullah, A Adiananda, Q Penangsang, and A Soeprijanto, “Load active
power transfer enhancenent usi ng upqc- pv- bes systemw t hfuzzy |l ogi ccontrol | er,”
, QWHUQDWLRQDO-RXUQDO RI,QW,HA O18Jie. W BPEQHHU
349, 2020.

[12] W Ahamd and |. U lah, “Uhified power quality conditioner based power qual ity
i nprovenent inmcro-grid,” in ,((( 7H[DV 3RZHU DQG (QHUJ\ &RQ
7 3 (& 2025, pp. 1-6.

[13] A Metiaand S Giosh, “Power qual ity i nprovenent by upgcinadistributionnet-
wor k usi ng a novel srf based control approach,” in QW HUQDWLRQDO &RQ
RQ (QHUJ\ ODWHULDOVDQG &RPPXQLFMELAR.QAEAILQHHL

[14] N Zanib, M Batool, S Raz, and F Nawaz, “Perfornance anal ysi s of renewabl e
ener gy based di stri but ed generati on syst emusi ng ann t uned upg¢, $FFHVV
vol . 10, pp. 110034-110049, 2022.

[15] K Sarita, S Kunar, A S S Vardhan, R M Havarasan, R K Saket, G M Shafi -
ullah, and E Hossain, “Power enhancenent wth grid stabilization of renewabl e
ener gy- based gener at i on syst emusi ng upqc- f | c- evat echni(dued’'F F HdV 8,
pp. 207 443-207 464, 2020.

[16] T.-U Hassan, R Abbassi, H Jerbi, K Mhnood, M F Tahir, K M Cheena, R M
Havarasan, FE Ai, andl. A Khan, “Anovel al gorithmfor nppt of ani sol ated pv
syst emusi ng push pul | converter wth fuzzy | ogi ¢ contrQd ErUJ,J voH. V13,
no. 15, p. 4007, 2020.

[177 U Yilnmaz, A Kircay, and S. Borekci, “Pv systemfuzzy | ogi ¢ nppt net hod and pi
control asachargecontrol | BHQHZDEOHDQG 6 XVWDL,Q®E&H (QHUJ
pp. 994-1001, 2018.

65



[18] A K Sivastava, A A Kunar, andN N Schul z, “I npact of di stri but edgenerati ons
W t hener gy st oragedevi cesontheel ectricr{,6 \VWHP V,-\RIX 6 QD O
pp. 110-117, 2012.

[19] V Khadki kar, “Enhancing el ectric power quality using upqgc: A conprehensive
overview”, (((7TUDQVDFWLRQV RQ ,3WRIZ BA) noOF ppV228R-Q29F, V
2012.

[20] S A Pashaand N P Kunar, “Mdel predictive controller based unified power
qual i ty condi tioner for vol tageregul ati onstudi esin33-bus closed| oopdistributi:
system” i 6 :HE Rl &R Q I,W& HI84 HECP i ences, 2020, p. 01073.

66



APPEND XA GDES ANDDATA

Sol ar PV RIZZY Gode of Mbdel

(avbi2K)

L K24"TpRR"
hvT24~"K K/ MB”
02 bBQM4kXy
LmKAMTmib4k
LmKPmMiTmib4R
LmK_mH2b4N
M/J2i?Q/4~"KBM”*
P J2i?Q/4"K t~
AKTJ2i?Q/4"KBM~"
;1;J2i?7Q/47MK A
27TmxxJ2i?Q/4r+2Mi QB/”

(AMTmMIiR)

L K242"0QHi ;27

_ M;24(y kyyy)

LmKJ6b4j

J6R4NGOMN,NiT TK7™-(y vy jyy 3yy)
J6kd4rJoN,Nim TK77-(dyy RRyy R9yy Rdyy)
J6ja~r>0",Nim TK7”-(Reyy R3yy kyyy kyyy)

(AMTmik)

L K242*m "2Mi~
_M;24(y 9k)
LmKJ6b4j

JBR4NGAN NS TK72-(y y 9X8 3Xk3R)
J6KANIAN AIS TK7A-(dXedN RjXy3 kRX3j keX8k)
JBj4r>AN N> TK7M-(k8X8e jjXdk 9k 9k)

(PmMiTmiR)

L K24~ miv*v+H2"
_M;24(yX9 R)
LmKJ6b4j
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J6RANG.A MY TK72-(yX9 yX9 yX8 yXe)
J6Kk4ANI. A NS TK72-(yX8d3 yXek3 yXd3e8 yX3j9)
J6j4r>. N A0 TK72-(yX3 yX38 R R)

(_mH2Db)

R R-j URV , R
R k- kK URV , R
R j- kK URV , R
k R- j URV , R
k k- K URV , R
k j- Kk URV , R
i R- K URV , R
j k- R URV , R
i j- R URV , R

Sol ar PVREZZY Gode of Real System

(avbi2K)

L K24*"TpRRA"
hvT24~"K K/ MB”"
02 bBQM4kXy
LmKAMTmib4k
LmKPmiTmib4R
LmK_mH2b4N
M/J2i?Q/4"KBM”*
P J2i?7Q/4"K t~
AKTJ2i?Q/4"KBM~"
1:J2i?7Q/47MK A
.27TmxxJ2i?Q/4r+2Mi QB/”

(AMTmiR)

L K24720QHi ;27

_ M;24(y dyy)

LmKJI6b4]

J6R4MNGON, N> TK72-(y y Ryy kyy)
J6k4arJo~, Nit TK77-(R3y jyy 9yy 8yy)
J6j4r>0N Ni° TK77-(93y eyy dyy dyy)
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(AMTmik)

L K24~*m " 2MiA

_ M;24(y Ny)

LmKJ6b4j

JBRANGAN NS TK77-(y v Ry ky)
J6Kk4ANIAN NI TK7M-(R3 j8 8y e8)
J6j4ar>AN Nim TK77-(ey d8 Ny Ny)

(PmiTmiR)

L K24~ miv*v+H2"

_M;24(yX9 R)

LmKJ6b4j

J6R4ANG .MM TK7M-(yX9 yX9 yX8 yXe)

Jek4nrd. NNt TK7M-(yX8d3 yXek3 yXd3e8 yX3j9)
J6janr>. "N A TK77-(yX3 yX38 R R)

(_mH2b)

R R-j URV , R
R k- k URV , R
R j- kK URV , R
k R- j URV , R
k k- Kk URV |, R
k j- Kk URV , R
i R- kK URV , R
i k- R URV , R
jj- R URV , R

Ener gy S or age Syst emALC(ode of Mbdel / Real Syst em

(avbi2K)

L K24~2"*JaRRA"
hvT24"bm;2MQ"

02 bBQM4kXy
LmMmKAMTmib4R
LmKPmMiTmib4k
LmK_mH2b4k
M/J2i?2Q/4"T Q/"

P J2i?Q/4~"T Q#Q 7
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AKTJ2i?2Q/4~"T Q/"
17Jd2i?2Q/4bmKA
27TmxxJ2i?Q/4”ri p2° N

(AMTmIiR)
L K24721°"Q A

_ M;24(@eyyyy eyyyy)

LmKJ6b4k

JER4AMHQr1 "Q "Nt TK7M-(@eyyyy @eyyyy @jyyyy y)
JEKANKT N, M TK7M-(y jyyyy eyyyy eyyyy)

(PmiTmiR)

L K24A2"*A

_ M;24(y R)

LmKJ6b4k
J6R4MNK7ZRMN, A"+ QMbi Min-(y)
J6k4NKT7jr,"+QMbi Mi*-(R)

(PmiTmik)

L K24/~" A

_ M;24(y R)

LmKJ6b4k
J6R4MK7RMN,"+QMbi Mir-(y)
J6k4rKT7jr,"+QMbi Mi*-(R)

(_mH2b)
R- R k URV , R
k- Kk R URV , R

Dat a of Gesar Apartnent, Sanepa, Lalitpur

The f ol | ow ng dat a has been obt ai ned f romGhamPower Pvt. Ltd. for Gesar Apart nent,
locatedinLalitpur, where asol ar PVsystemal ongw th abattery energy st orage system
has beeni nstal | ed.

70



























APPEND XB: PUBLI CAIl ON

Gonf er ence paper

Acceptance enail for the paper titled "Perfornmance Eval uation 0 PV ESS
Integrated Gid Usi ng ANN Tuned UPQC For Power Qual i ty Enhancenent” at
t he RESSD 2025 Gonf er ence of | EEEPESNepal Chapt er.

79





















APPEND XC PLAG AR SMTEST REPCRT

86

































	COPYRIGHT
	ABSTRACT
	ACKNOWLEDGEMENT

