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ABSTRACT

This thesis presents a solid-state transformer (SST) application for solar farms.
SST is a device using power electronics components as a one-piece device which
combine between inverters and a conventional low frequency transformer. The main
factor of this converter application in solar farms is to reduce the loss of energy
during the off-load hours at night, resulting in more revenue for investors in the solar
farm project. A SST can automatically disconnect from the utility grid; therefore, the
SST does not cause the loss of power from the core loss like the conventional
transformer. The overall simulation of the solid-state transformer structure is
performed by utilizing MATLAB/Simulink together with PSIM. Generally, the
application of electronic transformers on a solar farm consists of seven-level H-bridge
multilevel converters with selective harmonic elimination (SHE) technique and
switching via the high frequency transformer at approximately 10 kHz. The circuit
operation of the three-level multilevel inverter structure connected to the electrical
system is consistent with the actual experimental results in the laboratory; thus,
these results show that the system is able to operate correctly. In addition, there are
also additional functions of an SST such as functions for detecting abnormal working
conditions of a solar panel by using the Box-Plot technique. A Box-Plot method can
be used to determine the defected solar panel so that the problem of loss of
income of solar farm owners can also be monitored. Moreover, the proposed SST
can offer the function of stability compensation in a transient condition of utility erid
by adding the developed control technique in the converter of an SST to support

the required operation from the utility system.
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Distribution Lines, 3 Phase, 22kV, 50 Hz

Meter (kWh)

Transformer

Monitoring and
Display System

y \

b y— \
vs “TL v
) Ao . |
_PV Modules |
a o ° P s &
5UT 2.1 winn1svine waglassainavedlednsnisy
1'0[__ -1 sl T8 2N 8~ F o 4 T /% ) T & 2 T m|
0.9 | o W a a o
Aaslndrfedala
0.8 g o
‘ Tugraainasiu
0.7 | =
=
0.6 |
=
’5‘ 0.5 ¢ . .
g 04 masluingeydes madluingayde
R 03 Tudasainansfu Tudaeainansiu
0.2 : |
0.1 = !
0 ‘-*-
-0.1 ! ! ' .

0:00  2:00  4:00  6:00  8:00  10:00  12:00  14:00  16:00  18:00  20:00  22:00  24:00
Time

UM 2.2 mevinugedeaisiiiuvun 1 MW
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M13197 2.1 wasnuingadevetsaunsaling o lwvagihawredeariniivuun 1 Mw

Brounsulaciundeiy Lﬂ@%lﬁﬁuﬁ waauiigade | Wi iy
N5eeULas (%) (kWh/kWp) (kWh/kWp)

wdslwihiléann PV module - - 1,000
nsgapdeluauiiu DC 3 30 970
mMsgadeiiduosines 4 38.8 931.2
msgapdeludamiiu AC 1 9.3 921.9
msagydevamiowdasinih 3 27.7 894.2

I3 - 105.8 894.2

a

saunArirasbningdelugianliinisitanuvededisiny wudn @l

41'
b
= gj a

9
mdalniigeydetuinaine Core loss vaamdeutadliiiuazlnidesnledidunesines

a =

Tnofirnadogsis 32 Alatnd vi3euszann 480 wheseiu andnsimarlwiilutagiud
Pelitunsliiluguuuy Feed-in tariff aildwinty 5.66 vimseviiag deturdalulig
aydowaniagyilidwessdiiugydoneldanmiglnlszain 2,716.8 vindetu
viioUszanny 991,632 umsel uazilloAnnaenszeziial 25 U anudaaivesnisiiih
Wvaslea1srsuazagdeselaas 24,790,800 v sielearsnisuuuin 1 winngdng

mﬂﬂ@mmigjjzgLﬁ&ﬁﬁé’ﬂ?\lﬁﬂﬁuaﬂ%aﬁ%@uL'Ja%ma%uawﬂaLLUaﬂWﬁﬂuﬁNnmﬁ'
laifinasvirnuueslaarsnisy ﬂmmmsqmﬁsﬁwé’ﬂw%LﬁmmniwLgaaﬁiﬁéﬁﬁunai‘ma%
ansaudlvlidenstnaindileasdunesines witlymnsgadeidsluihiivsiouyas
Tuanglslvanmaladih (No-load  loss) Wiensgapderndsllituilesaind Core  loss
Tugaeitlaifinnsysuvedearsisududulymiiddunaslamnsauslsly esan
nifoudadihiimadensetussuuimingvasmsluihegnaonaa daudteantidslit
gaydevomsiouvaslwihdildluluansvins Tudwudaluaziduns@nemsfeuvadliiuuy
s 9 Ansldnueglutagiu emivdfeuvadluihuuulafanuangauiigndmiums
Tgnusuiuleasnisy

2.3 vifoudaslvihTutlagtuidanumsnganlunsldauiulainnfu

\uiinsuiuidn Mdsliihigapdslumsioutadliitezysznoude 2 d loun
ﬂﬂﬁgﬁ@@gﬁ'}é’ﬂiﬂﬂ%ﬁ@ﬁﬂﬂ Copper loss LLazmaqwﬁaﬁwé’ﬂﬂﬁ%ﬁmmﬂ Core loss
dwfunisgadeidsliiniossnn Copper loss szt uanznouiiiinssualndilnaly
niiawlas (Conduction  loss) isensipuuasiin1sanenisenielil (Load) diunisgeyide
dsluiiuiesann Core loss vomeutatiiilnsiAntunaonam ladtazdnszmaluih
vi3olaiflnsgmsluiinAny insizudeuvasluiininisafradnduivaniunuindnet
paoanan ity nsmriadeuvadiwihuuulaludlagtuiinumngaufiaalunisiunld
sudwivleansnndy agfinnsanainsiavesdentadlii ddsliifigaydeves
vifoutasliii wazyamsaunuvienamlsgrsildainnnsuiglaiin
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nnIsdsavdenUaciiin 3 e Advwedauvismatanaly Anaddeuuie
1,250 kVA WAaLsIAU 400/22 KV wuu 2 Winding Ailgauduleaisnisuawa 1 wnnging
LAY U o P & &~ N
wuhilsneiunan 5 Ussinn Fadoudadlniig 5 Ussnnil In1sudadelagniamunin
waneineiy dealimnisasydeddalnin Usednsam sudeiuyulunisudnvemsiouas
fAuana1aiufuandlunsed 2.2 uagmnsei 2.3

A1519% 2.2 Uszavsnmdazsiavesvdeilasliinuingg

- 3 AuantAvawdisuUasinilviiasiig 9
YUAVDINBLUAY —
Y58@N5010 (%) 5101 (V)
a9l 1 (Standard) 98.5 % 700,000
) 99 % 900,000
¥infl 3 99.2 % 1,150,000
#3074 (Low core 0ss) 99.2 % 1,250,000
%ﬁmﬁ 5 (Super low core loss) 99.2 % 1,350,000

41 @ T1gUMIAaRUNoRUaIuwIn 1,250 kVA fifawksesu 400/22 kV kuy 2 Winding
UTYN 1aN3FIAINTIU 3119 UMY

A157299 2.3 MaskiiggdevevouUadliihaiasing

M&aliniigaydeva wdfaudadlndlaviindng
slinvawmsiouvas | mdslwiiiaadely | sdslih ety | mdslwihiagde

anmrlddielnan | lwannzielvandindn Savinue
¥iindl 1 1,800 W 18,300 W 20,100 W
iinfi 2 1,800 W 10,700 W 12,500 W
¥iindl 3 1,250 W 9,300 W 10,550 W
¥iinf 4 1,000 W 9,600 W 10,600 W
?J‘lj@ﬁ 5 950 W 9,500 W 10,450 W

1 @ TvuUNITadeUronUauuIn 1,250 KVA fAaLssiu 400/22 kV LUy 2 Winding
UTYN LaN3FIAINTIU 9119 Uy
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v & P ! v PRy a a a ° °

ndeyalesunuimdenladlniifiussaviningauaziia Core loss ¢ 9z
Tamaslninngedevemsiaudasiiitlulaarsvhsuliniias dwaliivedlearsvisud
selnannsugliiiuanniu Fadoudadliihnduseansamasuasilen Core loss Ay
%a%’wmﬂLmum§mLazmamﬁﬁ@mquq Filisiavemdoudasiifiniuasuniy
A nvadanildlunisyimdeudadlniinde dspnuwansisvawmdauadiniive 5 wia
WJuadl

1) wdonUadlniwiini 1 viawlaslwidiuszansain 98.5 % Wundianuadlniin
wuuiasguldiueginly afeainunuminuazunainwuusssun 39l Core loss HA1
g9 uaziluszAnSamaniign

2) nilonUaslnihviind 2 udewvaslniiuszansnin 99 % asraanunuwanyia
a ) v A A '\ P Ao W, < o % a &
Weatundiawdadliihutnd 1 uilinnsldvnaianinaningsdu Favilindeudaslnigiiag
HUseavEnngeUuy

3) nuenUadinihuin? 3 niouvasliiiuseansain 99.2 % asanunULaNLAY

A ~ o v v a—cli 4 ° = A a '
panlianngs Jevilindeudasiniwiiaiifien Core loss #1 wazliusydnsainganin
yalawlaslnirefinn 2

4) ylakUadlninwind ¢ vdowdastniiuse@nsSnin 99.2 % (Low core loss) Hn1g
Tdupaniifivseansamgaruiediunioudasiiiihgien 3 wildunumdnndaaningand
a9 l9iAn Core loss Anmsioiaslwivden 3

5) wilouUasluinuilan 5 wilouUaslnviruse@nsnin 99.2 % (Supper low core
loss) fimsldunannfiussansamgatuieatundendasininuind 3 wasndeudaslnih

a Ql' 5 ¥ @ Ql'al d‘ = o % v a d’jdl c'; d'
yip?l 4 waldunuimannilnuningengadavilindeudaslnihailaiiden Core loss #niign
a a a ~ A A ) v v

walusEaviznngeae Weweuiundowdasluiivi 5 Usean

a1

fawimsidenldvdoudadliliien Core loss i wavluszAniamas avvinlv

Al igaidevesnsioudaslulearsnisuianias winisldvdewdaslning

Usrdniangeduildondmareiuamuiiiugetudoduiy dufu Fainnidoy

dsliinfigapdovemifeuvadlniiusarainfilsiannismagou (The losses are referred
to the actual test report) dmaennsm LLazmammsﬁﬂé’qh\lﬁﬂﬁqﬁyﬁwawﬁ@LL‘U@@TV\I‘WW
#e5 Curve fitting Tneldlusunsa Matlab sanansauansinridslnivigapdeluvazilaiil
nsanelyan (Core loss) wazannsiddliihiigapdonuivesifudlnanesvsioudaslmiin
wilawing 9 fauandluguil 2.3 Saguil 2.7 Wielneiimfeuvadwihuuuleasinumnzas
Tunsldauiulsansnnsumniign fnsgadesian uazlinansuunuvidediyadinisaumu

GBI
LV
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(AAY) sassoTT [ejo]

41 1.25 kW

Percentage of Load (%)

sUN 2.5 Ansaadsniasluiinvessisuuadslniviing 3

Y o

v

(AAY) sasso [ejo],

Percentage of Load (%)

Yaslniiailedt a

sUN
U

InAvaansiow

gANAY
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N
(=]

Total Losses (kW)
©» o 5 ®* o =

=)}

'S

Percentage of Load (%)

JUN 2.7 AmsgayideridslnihvemdenUasininyiing 5

=

Wolianziardslningydovemdandasluviauin 1250 kVA viianng o Algau

Y v
Y (3

Aulwarsnsuoun 1 wnngdnd  waeviinisussluyasmiaasegmeans Inaiivualve
Iifivneliunisluineglusuiuy Feed-in tariff fld1 5.66 UInseve naemszEIIN
25 U mudanissudeliannnisinih Ussavsnmwesundaasisadanas 5 % NN 9
5 U aun19keuase wazAnAonsiRuilesovas 2.2 (Net present value, NPV) lny
tdslnih g devomsouvadniinlurnsdidiginanasiuegsufdsinddndnldan
Tgandnfudadinisiadenn 9 30 Wit uarAnduvesidudilnanvesmiionuaslwiinien
Adslylihiigadevesvsiouvaduiimuaunisluguil 23 fegudl 2.7 dwumsgaidoves
nifouvadliiinlugrsilifinnsinuvededisinsuaunsafinnsanldaindinsanyde
dslitihwemeuadiihiidumiaUesidudilvanindugud Fayarmaalnifigade
yosmsfoudasliihwinsing q  awnsadwaldinaunisd 2.1 Ssaunisit 25 Tneyarn
ﬁﬂé’alvdﬁwﬁq@ﬁaamawawﬁaLLUaQIWﬂwﬁmN 9 suiundendadlniuuuninggiu
visonfeuvadlnihaded 1 annsauansléfesuil 2.8 uazaamlsqrsvdsingainisanud
dstuansnsouanslifeguit 2.9

Energyofffperiod = (PCore Loss X tofﬁperiod) / 1;000 (21)
Energyoperation = [ZP(%Load X Taverage J1/1000 (2.2)
Energy Loss all Day = Energyoperiod + EN€Igyoperation (2.3)

Cost = (Energy Loss all Day) x (5.66) x (365) (2.49)
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n Cost
NPV=) ——

=1 (140)"

(2.5)

ENersyof period A9 Wé’amulw%ﬁqzyLﬁﬂiuﬁaqﬁiszjm%vh%mlﬂﬁmi‘v‘hmu
Pcore Loss D ﬁwé’qlvslﬁﬂﬁquL?m’[,uamwlu'ahsﬂwamamﬁauﬂaﬂﬂﬁw

toft period A sypziatlutasilearsnnsuldfingienu

Energyoperation A8 wamulvxlﬂf] adsluvaeiiloansnisurinny

P(% load) fi® ﬁﬂé’qlﬂﬁﬂﬁqiyl,?iaimﬁﬂmuLU@%L%uﬁuamawﬁaLLUaﬂW‘ﬂ']
Toverage A AUNALRAY

Energy Loss all Day fie ndsslwiiigadeveduardvindaly 1 fu

Cost Ao yaAnsaaidevedleanivisalu 1 Tu

NPV fig yarinisauyulagtu

n fia B1gvedleansisu vise szazan1sinih el

1,600,000 " CF T |
LRI £ 1,419, 449 1,484,182 |

1,400,000 ]

1 e 1,193,722
1,200,000
1,000,000 - |
800,000 |

| 547,231
600,000 |
400,000 |
200,000

0

FUAN 2
¥indl 3
Y4

R ¥iafi 5
R P RIRIGE!

=

5UN 2.8 yarmmdsliihgadeanasvemdowdasinihaiiaiig q Weuiundowdasluih

v

WUURIRSEIUTTERT 1 (Useansnin 98.5 %) masnszeziian 25 U audyainisdeual
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1,000,000 -
900,000 =
834,182
800,000 - iy
g 700,000 -
Z
2. 600,000 -
2.
=3
qs—; 500,000 7
£ 347,231
£ 400,000 -
[cn
()
& 300,000 7
200,000
100,000 =
0 fF—s 2y
NN =
R R —————
¥UaN 3 ¥iindl 4 5
a v %ﬁﬂﬁ 5
YUAYDINRUBLUAY

JUN 2.9 yarnshuyuvsenailsarsvedeuvadliiiwilasing q Weuiunsiaudasluih

WUUIIRSFINTERN 1 (UseanBnIn 98.5 %) masnsvesiian 25 U anudyayinssudeuial

9n3UT 2.8 msldvsioudasliinfifusyansaings fa Core loss #1 vizevsioudas
Iihiiarsnunmauazinumaniifinanings asvilimaalnifigadodesnnudioudas
Twihveslaardvirfuiainas msldmfeuvasiniiieded 5 Fadundfoudadlwihidannmn
gean desalvigarnsaunuilianiiaadedisuiunsoudaslifihuuumasgiuviadl 1 fo
1,484,182 U widlefinnsanfegainmsamuiiistudodeutundeoutadiniinded 1
wuwsfoudaslniheiied 4 axlyinaneuunuduariign TyuarnisAuyuyiniu 869,449 um
Fauandluzuil 2.9 defundeuvadlniniiianumunzantuleasnsy fo wioutaslil
yilafl 4 FiUsEANBAM 99.2 % wuu Low core loss ilpaanniinisgauderindsling uas
Tinarlsnouunudueniunisamusniian

ieyarinisAunuemsiouvasiniuvusiie 9 Mfeufundeudadluiiuuy
ey uried 1 eseiuazuonidugainsfunuaindn Conduction loss flanad uas
A Core loss anasanansauansléfisnsisil 2.4 uazguil 2.10 dunadiulddaauin yad
nshunuvomdieutadiniitannislivnaniiussansnmgatuasdalndidestu uagld
uansnafunnlofisufunsiouvasliinedad 1 uddefiarsanyarnisauyuainasly

WNUWaNTUsEanEA gty agldnaneuunuiliyanIgaiuaniftegwn AiudEuse
agUliimiiaudasiniidanuumnzadlunsldnuiuleasvhsudesdundoudasinig
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ISl ° P 1§ § A o a o - = PN A
1A Core loss ¢ WasanleasvsudnIsiauiesUszunn 10 TNy fananilivie
a Y] 1 PN (=] o 1§ s 1d a o w A 1
3n 14 $alus Tugnnlddnsvhourededisiisussidunisgydeidlniindasainen
Core loss vemisiawdadlih Fulunmsgaydeniyanigs

] ! a o % 2 aa X
M1919N 2.4 HaﬂqﬂqiﬂunumﬂﬂwﬂaLL‘UaﬂlWﬂqﬂqﬂﬂqsisﬁﬂ]ﬂa?l@lLLagLLﬂuLViaﬂV}Nﬂm.ﬂqWQ\i%u

Weuiundowdadlwiwuuansgiueiid 1 (Ussansam 98.5 %)

yaAn1sAunuvewlisuUassiiafig q Weuiundoudasuiian 1
yinvasndauwiag o . o A y p
yamnsAunuaInsidunaian | dasinisaunuainnisldunuman
JUseavonmgely (um) NUTEANEANGUY (W)
wiAd 2 547,231 0
wiindl 3 673,612 520,110
YUAN 4 662,924 756,524
YTa9 5 680,374 803,807
1,000,000
900,000
E 800,000 el 803,807
673,612
é 700,000 662,924 680,374
2. 600,000 547,231
= 520,110
(e
= 500,000
(o
"€ 400,000 ﬁ
(G ’
=2°
300,000
200,000
100,000
0
JUan a d I 1
YUAN 3 a o :
yilad 4 o
o ” yliad 5
YUnvanUaLUag

' a v Y Ao . )
%aﬂ'lﬂ'liﬂu‘i/!u"ﬂa\'i‘Vi&IE]LLUaﬂﬁ]']ﬂﬂ']il%‘ﬂﬂa?ﬂﬂil Conduction loss #11

' = v v & Ao )
. Haﬂ"lﬂ"liﬂu‘l/!u‘l]E]\?‘VIQJE]LLUa\ﬁ]'mﬂ'l‘ﬂ.ﬂﬂtﬂul;‘lﬁaﬂ‘VlllﬂW Core loss A

JUN 2.10 yarmn1saunuannisldvaainiifiussdnsnimgstu uwaznsldunumanid
Usgavsnmgeiuvemiiaudadiihviinnne q Weuiundeuvadniiuuuuinsgiusiio 1
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ogslsnuiausiazldnfeuvadluihiifian Core loss sann 1wu nifeuvadluiizila
7l 5 uiffuAnnsgapdeindsliiindesan Core loss Tutreilsifinsiauvadsarsviia
PR 1 nnging maamﬁmmwms%amalwstlaaﬂﬁlw%l,ﬁuzﬂamﬁa 735,997 U Aduansly
1397 2.5 uazguTl 2.11 Faduaueyarnisgaydovesvsioutadiniheineig o Tudedilad

ANSYIURdleaIsHnsy

M990 2.5 YaAnisaadevesdenUadtnieiacig q Tugrilearsusulidnigihau

R y A1 Core loss 983 | wamAn1sagdssiol | yamnsdeLdenasn
PYUAVDINUBLLUAY y v v v v
MusuUal (kW) () s¥8zIan 25 U ()
YUAN 1 1.80 55,779.30 1,394,483
YUAN 2 1.80 55,779.30 1,294,483
YUAN 3 1.25 38,735.63 968,391
¥ia9 4 1.00 30,988.50 774,713
BUAY 5 0.95 29,439.08 735,977
1,600,000
1,394,483 1 394,483
1,400,000
§ 1,200,000
bt 968,391
2 1,000,000
aa
E; 800,000 774,713 Sasdt
£ 600,000
(=
p €]
400,000
200,000
0

Yinvasidanlag

JUN 2.11 yarnsagdevemsiaudadliihviineie q Tugeiledasnasuladinisiinu
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2.4 unagy

Tuuniildnaaiwmdnnisieuvededisiida Jaymnasgaydeindelaialy
Twansnnsu uagnsfoudasliiiludlagiuiidaummganlunisldauswiuleaini sy
wuin wifeutadiniiiifinnamuganlunisidausiusulearsnnsunisdunieudasliing
fien Core loss o flesanleansvinsudinisvhouiieassana 10 alussoTu daunand
wdednUszaas 14 Halus Alsifnmshauvesleasnsuasdunsgydomddwiidesan
f1 Core  loss vosautatiily dstdu mndnsmsoutadiwihuuulvaflidnisgade
Adalnihlugreiilednsunsuldinisyaunieaunsalaadndnisinuldiguientu
lransdunesinasuldeu ﬂ]zﬁ’]@ﬂiaLLfg‘f‘f]QJjViWﬂﬁijiyl,?wmﬁﬂlﬂ/\lﬁﬂLﬁl@ﬂﬁ]’mm Core loss
Tugreitldfimnusifuvielifinnseuvedeadsals venaniddadunsidiuseldann
nsugliiildudvedeasinsulgsnmaniisdie dafoudasinihuuulmidasiing
tausluainudall



uni 3

§d 0

Y a a a
nuduUaIBLaNNIdUNENIAY

3.1 uni

nauUasdiannsefindnnds (Power electronics transformer) %38 “Solid state
transformer”  (5ST)  undfoudaslaliniiarsangunsaldidnmsetindidauasyinannd
Audgedalaseadieanunsonansléfagui 1.3 vesund 1 lassa¥rsvonsioudas
Sidnnsefindfdssenouderasaeuieiines 2 fe iemafuusugiuasduniend G
W 2 Eﬂqﬁﬁmsﬁamﬁaﬁ’ué’awﬁaLLUaﬂﬂawuﬁqq (High frequency transformer, HFT) 21nn15
yhaufinnuigedsdmaliviiouasdidnnsedndtdaiivuadidnuasiimiiniiuiniuile
Feutundeudadluiiuuusssunn enanindewdasdidnnsefindmdedfifleidunsld
Nufinainuans Wy Ususeiuusaiulng sawedidslndinaiiou widuniesurawmes
nsesdyaasunIY fissuunistestuiiseadey awsadouseseuulniihfidanudsmeiuls
aaenuNsisadssnnvesszuulvih vlanunsausmsdanisndsaulndaldeenad
Useansnn geaenmsadialsali wasluduuseneunilefiddalunswaussuulngils
Juszuulvfuuudanses [3]

3.2 anadunnvasndisulasdiannsalindings

uifoulasdidnvsedindrinds vide ST gminiausasausnlae W. McMurray Tull 1970
Farhiausiinaivrsesnieulasdidnnsetindidsiiinnsienuoy 4 dgae Tneilsgund
wilendeiunauazifenseiuilimAuglisenioulaumuusadunuuunainauigs 1 e
lassasvesiunisnimileutusuusugiusdnssosmisnhuasdufvdssqdnluse
é’fﬂLLamﬂugUﬁ 3.1 dmMTUN3INNUYRIEIRTG Sy; kagaing Sy, svinunauiulaeiingdng
U 50 % Funslouduaind S, wavadng S, YDINUN AL Imsﬁmuﬁaugmﬂﬂmmazﬁj
@0 uazussfuewimnansaUualdnmnssuadun (41, [5] Fawuii 2993a1unsa
vnaulaAmilauasas Dual-Active-Bridge 989 DC-DC converter ﬁgﬂﬁ%auaiuﬂ 1990 [6]

Si4 Sy
™o o
input = output
Low frequency 512 522 Low freqouency

Hihg frequency
transformer

] '
v a

JUN 3.1 wamdeudasdidnnsetindindsiigninawensawsnlag W. McMurray 1wl 1970
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3.3 Tassadnsvemdaudasdiannsaiindinas

nsdaidelniinlaevalulutegdudiulung azidunisdadrdalniinuuulai
nszuaadu esnannsodeihdsinihldlnasazantamusesiulniinn (Voltage drop) 7
Uaeanelfiduedned uavgunsainieifanuduluegrsnndmivssuunsdsindslylih
wuuliinszuaaduiensouvasluin vifeuvasiuihildauegluiagdusiunainuny
winuavunadn sefervemdowvasinihvilad fo Saruudausimuniy uwideds feo &
drudnann vunelng) warlififlesfunisldaudy 4 uenanenseduuseduluih (Step up
voltage) M3oanszAuLsnulnin (Step down voltage) wihths anaudsnsiasEUU
T I dussuulniuuudaaiesiianmnsoauaunisdaiidaluin muauaafvesszuy
Wil wazUsusgaunssulnilasgednluli® aasnaunisiinasaulddiannnaseu
naumusendsuadonuldnulussudieidslii dsing q fnaani nieudas
Tihildlusyuulnih g eflausndugesdifeddunisldauiinatnnateiinunntu 34
nifoutasanudidldlutagduldaiunsarinld fadu esndudesiinisimiioutas
Budnmseindmdsifowadn tuiniun weedilddumslinuiivanraienianssgndld
uluszuulidin delaseasramdnvondiondasdinnseindiideusznaudie199s
Aouedlaes  mifaudasninuige seuuAIuAY (Control  system)  wazszuLUfTRNS
Aoufme3 (Computer interface) fauandluguil 3.2 Tnesiazidonsing  awgniiauely
andudnaly

R.
S = Filter &
8
¢ b
J;.)ga")n
Single Cell 2=
|)||:}(
@ ¢
afJ.uf) T g:e ~ L N f) 1:_}
5161] (9. 0 BT L6164
L el Y e
YLy AR AP =
e @ ['o \ = AN
¢ BT o\t (6% 1.9 =\ 1 »
6161 TR B A1) 461 61 RSB N - 18761 119, .6 §
{):;':.‘: ML % ‘f):;*:.f‘*"‘.:' '?:;‘:., M1 ] ¢
CRE X BT o O n';:-)f'l’:lt.; . .‘; w1 H AR R '_‘-;‘ >
6 b 9 AN L W 7| e 179
T 44 9
. . .R
Computer Interface .— Control System = -|T | —=p{FiterfS,
penmy g O o

Y ' [

JUN 3.2 feglassaiiandeudadidnvseiindings
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3.3.1 2993ABULIDINDS

Ffafindunneunthil lnssadevemieutasdidnnoindrindsmsusznaufensas
AouIETAEY 2 9A HaneinuUgunlinarnaiuyRond Ssrounednediio 2 yllandoude
fuseviioutasnruigeiiviinfiuvioanseduussiulaiin - uazuonisasliifia 2 de
ponaniu dvsumaievemiioutasdidnnseiindinds 1sesreunesinesiligugiia:
wasliihnssuaaduanudsliduliiinssuaaduanuias annduardafdslaiining
ifoulasauiguiielinounesinesdnyanisuvaslriiinsruaaduniuigadiiduliih
nsvuaaduaudmuazindululdou Tnglasad1nsesnounesinedon 2 Ha wuudis 9
yosvsoulasdiannsedindindsanunsauanaldfagud 3.3 wui1 Asunesinesildauazidy
LuULedYeTRuesNBS (AC-AC converten) Tnesihmihiiudaslylihnssuaaduaiuan-l
Gulwihnszusaduanuige Ssdnlvgjarlirsesuummindreunesines (Matrix converter)
Lar9958nsasuilsnfinisldom Ae 1sasutayuianeunesines (Back-back converter) 7
fidnuvaradrofunsiitasduesdunesines 2 yn nideusefunazildiivlszqogase
nan SneasiilddningasdusuunseuriBusneuiesines (Frontend converter) lng
fofvensasudenuiarouneinesiosiluduiduitasd Ssaunsadeudenuszuuluih
nszuansady o aalihnszuanss wagundsirgluinszuansaiindnannndanunauny
wendwnumadenta (7], (8]

uendnionadulusoniimadanateszduiu (Multilevel) sndszgndldmnunisdin
ussgasheiiteliigunsalanunsonuusesiuluiily Fstedfe amisaanusssulnliiinnases
andirdslunsariuasfinfidaidswesnssaeuiosines wideidsde aindriidenldd
Frurunn shlknsgyiderdsliiindesanmaiuresaiatiidun wasdarldaedi
wndudae 9] Inedegsvesduesineinatessduiiinigldo 1aud asaslaloauaud
(Diode camped inverter) 2995 lWdB U Tnes (Flying capacitor inverter) 3433
waaPRdaRlaLnABuesnes (Cascaded multi-cell inverter) 39asiauuesealaddafiana
duIiMes (Generalized P2-cell multilevel inverter) 19353t 3%aliadinadiafiaa
duLIesnes (Reversing voltage multilevel inverter)  wazdvsueagarsdafiana
Buesmes (Modular multitevel inverter) 1ugiu [10]
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HFT

HV

@_AC

Lv

AC

Taseadrauuui 1)

HFT
LV

@_ AC DC

DC AC

HVDC & DC load

lAsesas1quuun 2)

LV

1 |
F“-.
-
Taseadsnuun 3)
Renewable energy

&DCload
HV " '
H ﬂ

J

&

Renewable energy
& DC load

HVDC & DC load

Taseadauuui 4)

§ 0 w

EU 7 3.3 1A5985192995ABUNBSLADILUUANY | “UENVINE]LLIJaﬂ@LaﬂVIiEJUﬂﬁ RGN

3.3.2 nifouuasaudge

Tnssafranioudasnnuigemdevsioutadlniiii q 1U Uszneude 2 dwumdn 9
fun vnaanith wagunuildlunisadsauandinan dusunisesnuuuairvienyas
Auigavsevsioudasliiiniily dsdhdyiidesfiansanlumseenuuuldun Uszdnsamues
wifouvas vuraveanieutas uazdunulunsnan fauanduguil 3.4 avwuin Sl4Tanns
aunmgdlumsaimiowdas udfoulasilddufiediusyandnmgs Svwafidn uisaives
wifoutasiagifisasiu wlunmendusudlisaniidamnnslunsaimioutas nifoutas
ﬁlé’ﬁwﬁmgﬂ WSy AN e msauUasazen wazuonlasaziivuinlve [11], [12] Ex
nseenkuuniowasauiigaiu Hadesine q Andnundastuegiueiinveaununuigsd
vhanl#lunsesnuuy Tnsunuaudgeiiinisldanlutiagu léun unuddneuafa (Silicon
steel) wnuozuesila (Amorphous) wnuweslss (Ferrite) wazunuuilupsanalall (Nano-
crystalline) AauanURvaIRNUYLAAIG 9 Janunsouansledsomnaed 3.1 [3], [13], [14]
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Efficiency

AHigh efficiency, Small size

¥ High cost

ALow cost

¥ Low efficiency,

Large size

0 ¢
=

Size

v

\\

Cost

UM 3.4 anudiusvesUsgavsnim vuin uwavdunulunisudavdenuasanuige

M1319% 3.1 AauantRveawnuriiasie 9 Aldlunsimioudasminungs

Tei0) fegnwlaunu | Awemdudwes | Aeafur | 51
Aunudnan (1) 25°C | usiwdn ()
Fanoudana Arnold Arnon5 1.48 Uunang i
DyNoTa Metglas 1.56 J1unang Junang
2605SA1
waslsd 1 Ferroxcube 0.44 i Urunang
3C96
waslsd 2 Epcos N97 0.41 i U1unans
wlumsasalail 1 Hitachi 1.23 a GR
Finemet FT-3M
wiluesasala 2 VAC 1.20 a9 g
Vitroperm500F
wiluesasialad 3 Magmet 1.23 GN GR
Namglass 4
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v A

wad o = a = ° o a a
ﬂmﬁll‘UGW]aqﬂm@ﬂﬂsgﬂqiﬁuqslla\iLLﬂu‘?ﬁJ@ﬁnﬂ 9 Vﬂsi’ﬂuﬂﬁW]mJaLLﬂadﬂmamqq Ao

o
'

=

ArmaslniiiigadeieldasvauuwivinvemdowUasnnudas mmasinihngadeves

<

a 1 A

unuaudgedingng  Aldlunisadanuuimdnazidulusuaunisves Steinmetz  #is
wandluaunisit (3.1) Tao P, WWurnidsliihfigayidevesunuiiteldlunsaisauauwimén
(mw/cm’), Lﬂummﬁlaﬂagmﬁiﬂumidqﬁﬁé’a (Hz), K Lﬁummﬁmiq@ﬁmmLmummﬁ
geunazyila (mw/cm?), B usanuduaunuwdvén () dsduniseenuuudiulngae
AruAl B da1iiu 0.3 T, o way B Li‘]ummﬁﬁwﬂﬁmmﬁmmLmummﬁqwﬁmw ‘
Taeshegharmdslaihiigydevesunueuigesdineg 9 Annud 3 kHz uazAndsludi
ﬁquﬁamaaLLﬂuﬁﬂaﬂuﬁégﬂLLﬁ 100 Hz 9ude 100 kHz a@nansauandldfmnsnsd 3.2 uae
U7 3.5 audndiy

p.=kf*gP (3.1)

M137199 3.2 Armdslnihnagyidevesunuaudiguilacg q Anud 3 kHz

Vel K a B Amdslifinfigade
(mw/cm’) #0037
Fanoudna 278.40 1.39 1.80 147.00
avuasia 46.70 1.51 1.74 30.20
wiaslss 1 42.80 1.53 2.98 6.30
wiaslsa 2 44.00 1.36 2.72 7.40
Y luasasalay 1 8.03 1.62 1.98 4.39
ylupsasalay 2 248 1.80 2.08 1.47
Y lupsasalay 3 3.75 1.71 1.97 2.30
500~ SRR~ ~No & .
—_ Silicon steel
e
g 400+ i
[#]
~~ = _
g Amorphous
= 300 .
N [ _
n
S 200 .
]
3 100
E Nanocrystalline
R .
0 - | I L | L
0.1 1 10 100
Frequency (kHz)

5UN 3.5 Amdsliifigedevesunuanudganauinig 9 Asus 100 Hz 9uda 100 kHz
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= = = wa = a o v -
WewSsuiiguauautAvesunuanudgeeiianie q lngededeyadinaisned 3.1
15799 3.2 Wagdoyadu o AMIINsAnyr  wud wnuddneuadavsiinaiududives
AuNULAwan (Saturation density) Useanad 1.48 T SA1Anudueiuwdindn (Permeability)
U1unane 51190 n1seenkuukazlianudis Tanuudeusmuniu Tdyagiasuniutos us
== o w = o A = o Y Y = a o a
Taidy fAs Masliinggidedangs Jeinlvndeudatarnudganvinainunueiaid
Usgdninmidlafiguiuniauuaianudgeianunuainuigaiingu 9
wnuezuesladuunumudgeniianudueividvanuiunals Aranududives
! [ ¥ | °o w - =
auuwimanUssann 1.56 T nseenwuukagldaudis siadiunans maslnifgeyde
Urunan Jevhlimdendasanudasnndnanunusiadiinauaudalussiuiiunats aunal
Iygjunn wasdiseAnianmunzauiuaununligeanndn
wnulaslsiidusnuanudgandaanududvesauuudmandssunm 0.4 T 51A7
Urunane nsgeyidedann wiliniseanuuuiaznisidaunasudidudou wnuiamuie
wazuaniinde uaslidranuduyuwlvind Juilindoudasanuiasiindaainunueilad
fownlnguin wininuesdnuluieseswuiniudnwvugnislidanunlddasnisanuudauss
numuanniin wnwsdedidudnthaulaiiewinlivssdniamgadedisuiusnifumu
wnuwluasadata duwnuninudgeniinnuduguwimvings daaududives
- = S o o A A Y = a A
auukdvanuszana 1.2 T dnsagydemannuaziifgaiameuiuknuainangeidndu 9
= ° P a & o o v v a4 Ao & =
Famniunuaungaielindadundeulasazlaniisulataufaaniivuiadnuazd
UszanSamgann uisimildlunisasuiagaanniuiu
aedunisdenldunuanudasianie 9 Fedndudesiddisdnvuznisldau

=

Usednsnmvemidawtas vuinvesmtawdas kagduyulunisngs Jeanunsauanalang
JUN 3.4 mudlananalineuning
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3.4 msUszgndldaundeulasdidnnsalindiaeiussuusng o

Uagtu Tnssadrnesniisudasdiinnsefindiddlagnimuisazinunussendldiu
NULUAIUGAN 9 WINWIY 1P TEUUANITNNTA (Smart  grid)  WANIUNALNULASWENY
Maden (Renewable energy) syuuliudzaundsy (Energy storage) amﬁé’mﬂizq
LunmessaaudliwuuTIngs (EV charging station) szuusalwiin (Traction system) wag
gunsalifiniafivsnwvesszuulii (FACTs devices) LHudiu dsteldiiusouvemiiouas
Sidnnsedindidadefisuiuszuunsiaudy fio awnsauszgndldauiuszuusiie 16
othalivsgdAniam,  Sowadnuazdvdniuiniesuurienwiy weeifsitunsldaud
pannuane tngluideiagnandanmsunstmieutadidnvseindridslutssendld
NUAUTZUUAN 9 Fewasdunannsouansldi

3.4.1 msussenaldeulussuuauninnia

syuvannvnin Wusruuivszneuseunasindalniiainndanunaununas
winunmaden szuvazaundsaulii i wazgudnansnismuauililunisuinis
FansndsnulnindieliiAnefiosnmuasivszdnsamgegn andgmuaznansznuain
uEsEndsunauuLaEnd s adeniiiatufussuuliih SeilEiumnfelunisi
293ABUNID SN TIEITanIuANMslF THlussuulnih Sufunleudasaudia
dielrannsnuimsdansndanuldesnaisedniam nstannsndieliszuuhauld
oesdiuszAnBamanniy uigunsaifildlunisfndedvualng uasiledFunisieudsls)
disswasionnsldarn fafu Selddnniudeulasidnnsedindidanntszandldamsmi
izwb\lﬂwLmuﬁwﬁ@LLanmmﬁﬁﬂLtamauna%ma%ﬁﬁmﬂ%&magjﬁﬂﬂ [15], [16]18] 33
ansnsa3sufisuananiisus q Toud fleidunisldnu suauasimdn Ussansnm
Ansideiie wazsim dauandlugud 3.6

Functional Performance
100
e

T80 \\QﬁﬁaLLﬂﬁﬁaLﬁﬂﬂﬁaﬁﬂﬁﬁﬂﬂwﬁ

Low Cost o~ - el B - - \\\ Power Density
(WattUnit Price} s

o = e
~udaunUasA U n

._ /[ + Aowedined
Reliability 'Efficiency

sU 3.6 malSsufisunuantRnuang o vemdsulasdiannseindiaiu

Y 9

wisuUasmnudsmnvihausiuasuiesnasnussendldnulussuuli



29

UM 3.7 Wunisussendldnundeudasdidnnsetindmaesiudussuulniiwuy

'
a =

audnnin delassadrsvevisieutasdidnnseiindidsusznousieg nifeudasaiuige
AounBSNesAUUgUYT wazaaunesnasAunAugl nglasnuimdenadidnnsetind
Srdaiiiladdunisldauiivainuats venannsulasseduussiulwihdaduiledduiugnn
vosnsauvasliiiings neuvasdidnnsofindidadaaunsaifeuseduszuunin
nszualiianndsnunauny szuvazaundsnulili uazandsauszauuainedsagud
Iulihuuusang Wudu Snsudsdoyauuy 2 e fedoyainszuulniuasdeyanes
il Fsanunsariaulfednednluf@  vieanunsamugunisvihaulagnisdanisain
szoglnaifielvianinsauimsdnnismdanuluivesssuulvdanududuaziiussansam

g9dm 3], [15], [18]-[21]

Plant Data Operation

Distribution i E Monitoring
System | & Remote Control

1Y
{}
N

[ ]
1 = L) &
Communication | Command Data
f N =2 "1 '
i | |

N VB (XA

|
DC AC DC ACH | v
{ = l
HFT |
High Voltage Side Low Volfage Side AC Load
DC ’,_\ -
1772 2
DC
Renewable
| Eenergy
|
DC Bus
|
DC = =
e
Eenergy

I Storage
o2
DC
EV Charger
JUN 3.7 nMsUszgndldnuniendasdidnnselindidsiuszuulnihuuvanisnnia
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3.4.2 M3uszgnaldeuiuszuusaselui

ndelaUseulusasvesruiniidnuaziininiiuidvinlaiinisumdeudas
a & a § o o ¥ = Y a o [y
diinnsetindmaunuszgndldanuluszuusaselni Feanunsouanalasagun 3.8 dwmsu
STUUNSINUANYeITas ez Usenaume wlenlasnudmndvuialuguazuinin
Apud9N war9asIsulayulnrounesinesnldlunisuiuauiiseuvessasalin
d! a a | 1 o a |Id| U dl o 4
FeuszaniamdrulngvessruunsinianuAuazediussuin 90% waldladmdioudas
dudnnsefindirdedivumdnuazindnunieinnisinuiiaudaanussendld
lvissuuiiussansnmigdu nsdnlnyiidnaiesgiuszana 95% (3], [18]

MYV Catenary Line
| | | | | | | | | |
/ SST
""""""""""""""""""""" HFT
_["’""L%.AC + DC 3"{ AC + DC %
E DC AC DC ! AC|

Y

UM 3.8 Mmsvszendldnunioulasdidnnseiindiiaaiuszuusasislih

3.4.3 n1sUszenaldauiuanddnuszauuninassaeualnil

dmiunisuszyndldauivandsnuszquunneisasudlniinuusiniianuise
wanslanagud 3.9 Inenuitszuvdediemaslnfinldauivanidauseauunineiasd
Aeny 2 pRUMRTY Ao szuvdItemaaliilwuuiniinsewaadu wazssuvdsaeniaalnii
wuUlnANszLanse Felaseadrweaviiowlatdidnnsaidndridanlaiuszuudsananidsluin
WUUNTELAARUILUTEND UMY 193518y eTRauliasinesivimtniasuainuivedliii

) % a A o v A 1Y) Y] AN Ao I fal o
nszuaaiy ndanUasnnudgevimtinanseaulsiulni 2995ednataeuniesinesii

Y A ) v A Ao I s o v

wihsedlninssuaadulmduliiinseuanss wazi9asRdyagaeunosnasiviini
AIUALNITZUALAZLTIAUTETINNIT8AUTZUUAMES drulassadavemlionasddnnseting
0o w A Yo L o w 9 aa ~ & &
MasldiuseuudsdemasiiiiuuunssuansaasUsenaunig 1ITRTYeTADULIBSNDST
° v A v o A A v a A o v A
nthiwdasiiinszuansslndulninssuaaduianungs vilauvasanudaaiviming
ansziuwssnulni 199508 yAdneunesinesniiuinnsediihnszuaadulidului
NITUANTI UAZINRTATYATADULIDTNDINIIMTNNAIVANNTEUALAZUTIAUVEYIINTEN
Uszquumnes [22]-(24]
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nsindauasdiannsedndidunuszandldnuivaniidnuszquuanassaeus
Iiwuusinsrdwmalivuiavesgunsaliivumanuaziivinug dzaindenisiadeudiy
wazn1sAnasldanu eden1sungssny wagssuuiiussaninimeadu lneadeUssansam
1 ] o a a P o a0 o N Ao
wagNUTENIN 95% FINTNTEUUNMTVINNUANNUTENaUMendowUanudifuledyid
ADULIBSMES LaTATYATABULBIINES FaUTsanEA NRRLRLIUTEIM 88% - 92% [3]

MV EV Quick Chager Station
E ] wFr
ol ilac AC pc/| |
I /HE —
AC DC DC| Ev
Isolated
MV EV Quick Chager Station
£ o~ R <\ SON A~
o | i|pC AC pC/| | Vay
2 - 3k — | fam
é AC DC DC i . q"‘ E\J’d\
Isolated

Y =

JUN 3.9 nsUszandlinundeudadidnvselindindsivaniidnuss quunmeisaaud i

3.4.4 n1sUszendldauiuszuvinvinemaanesnnasszuulnila
nilanTuniIsvinauRvanratgvesntionlasdidnnsatndniaadinlinsanuas

3 a

wnnsetindidigniunyssendldeudu FACTs  device  Tafuszuuliil dswansly
U9 3.10 91n3935ku3U7 3.10 1Junistimsleudasdiannsedndmdmnuitaginisyaie

[

maslnfinaiou (Reactive power compensation) wagnisuisnsueindussdyaalni

St ®)

4

e Active filter  aiailoufiufIualvELUUTINULIL-0YnT1 (Combined  series-shunt
compensator) fisrufvaiwewuuuy (Shunt compensator) WaLAIYALYLLUUBUNTY
(Series compensator) L3lugunsaiffeariu

wanannsaseiad i alsulaznisuiasuslindvesdygralviliual ng
Uszandldnunionvasdiannsetindirdsiuszuudsananidaluidsaunsanivnuiie
n1an1sivavesmidslniy aansagdeluatgdavesszuuliiin annisundavesnidalnii
Jostuannelnamiuflaviietuiuaess (Over load) Shensesuussiuliiivesaneds uas
Faoiiudnsinvesaeddiaunsodshdalniildunntulunsdifildanusaadsaneddlile
(3], [19]-[21], [24]
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? Shunt Compensator
AC DC

Series Compensator

3 { AC DC
pcHH /ac ” DC L /ac
HFT Link
AC DC 3||€ ac/
pcHH /ac DC
AC DC }{ ac/l_
pcH /Ac " DC

§ 0 o

JUN 3.10 nsUssndldnundeutasdiannseiindrings

luguwuugunsal FACTs device
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o o/

3.5 nmsussgnaldaundeudasdidnnsalindinaeiulaasnisy

=) o w

Mnnsnituandauanduuni 2 msgadeidaluilulaiisaunsous
ooty 2 du dauiiviladunsgademasliihlusasfinisiheu adunsgadeilsl
ansovanidedls uiludnfiaeadunmsgydeluvagilbiinmhaudelutinainaisiy
leiun nsggyidalwiiiidesannen Core loss veasioutadlyli (No-load loss) uaznns
adeidsliiniluansdunesines dmiuiymnisgaideidalniinaindr Core loss ves
wifowvadlutisilifinmihnuvedearfidudunsgydeiiyadunnuashiaansoudly
1o ilesannmifeuvadlniiwosledshddeudefuszuudmingvesnsinihegnasniian
oy wisulasiifinumnsavdmsunsldaulleasvhudmsduntoudasiings
A1 Core loss i

oghdlsfnudidsnihiigapdedes Core loss AfsnuAntunaenailutasiilid
mavieelutiananansiu fefuniioutasiwihdfinnumneauiigadmiunsldoy
fulsaniwnsunazannsouddyvinmsgademasliiiniesain Core  loss  luthsm
nansfuly Ao vilouvasdidnnsefindiids lesnuiouvasdidnnsedindidsaunsala
andrndsiidounatussuuiimiig (Power electronic switch) Feilvinszudliinainnns
T ldanuisalvauniivdiewvaslniivesled1snisuld wazainlassadrsvemdontas
Budnnsedndmdsiifidnvasmiioufunsruleasduneswmesuazniioudasanudsidili
ety foiusansaldvieudadidnmsefindiduiieiisamuiissuumsviauiod
Usznaushe leansdunesinesuazniiouvasnnudmlsiauanduguil 3.11 (1)

.' EI : 22kV

Inverter LFT (50 Hz) Distribution
System

i E

LV Converter HV Converter Distribution
System

Solid State Transformer
JUN 3.11 msldruniiaudasBidnnsedindmdsumuinszuunsianudululeansrisu
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Tassadrsvesloanfsuanunsautsesnlfidu 2 suuuu wouinis Wulassadrauuy
String inverter fia Usznaudheduiesinesuuiadnviorwianaians o i Sdunesimes
mmfj%am&gqagﬁlﬂé’ﬁu PV string I@Bﬁ]%ﬁﬂﬁ’]ﬁﬂﬂﬁﬂugﬂLL‘U‘UIWW’]ﬂizLLﬂﬂﬁUN’l’i?uﬁuﬁ
MDB (Main distribution board) Aeudeusefuszuusminedendeutating druuuud
ao9 1Wulassadnaiuu Central inverter Tngagiinisdsiaslnvhuuulninssuansslusauiu
fdunefnesuunlng uazuwlasdalwihnszuanssdidulnfiinssuaaduieudousoty
syuuTmensrianUaslnil

TuanAdeiladnwnisinuvedeaisrsuiiinsldaueidulssmalnedts 2
sUuuy FeyaitldarnnisAnwiazgniuidudeyaiugiulunisesnuuundewuas
didnvsedndiduiiolidanumnsaniigadmiunisussgndlinuaie Fdldfumnusudle
PNNUTENLLa15A1 311m (Solarta Co., Ltd.) Imele@nswisuuuy String inverter dwunn
3.573 MWp(DC), 3 MWp(AC) wagltleansduliosimasauin 15 KW 91u3u 203 61 Alans
Tuguit 3.12 drulsandvsuuuu Central inverter 1A 6.168 MWp(DC), 5 MWp(AC) 14
ToanBunndinosuuin 850 kW 1 6 1 duandlusuit 3,13 Salwarsvidunis 2 aondd
iéfa%ﬁua%ﬁ]LLazai']aﬁwé’qlmlﬂ'}Lsﬁwéizuuﬁmmaé]y’uwiﬂ 2012  uwazaiwlsallSeuLiigy
UszAvsmwnsyauesi 2 ssuu Tasmsed 3.3

Nndoualumsnsd 3.3 wuin UsgBvsnmnsianuvesleansnifud ifadmesi

a

y, 'ivummﬂﬂamaaﬂu (Rated povver) Falwansrnsunuy Central inverter asflusyavsnm
iU String inverter iisadnties WeRosanmdsliiinfigadeveluasdunosines
youis 2 sEUU WUt Adesdudmadlaiiigaidenes Central inverter  agiiAnsdani
String inverter lngA1n13geaydemasiniives Central inverter AU 2.44 % duen
nsasydemasiniiives String inverter ey 2.49 % Aetiumsussensldaumdenla
a o a 6§ 0 o W A 16 i, [ ] aa 1 o w
didnnselindirdsiuledsnisuienisidunuu Central inverter  Afinsdeidaluil
. o A a 1 o Y @
NITUANSIINMAY 9 PV string  ansauiuniaiied neuvinisuuasiniiinssuwansalidu
Infinszuaadumgledsduniesinesvunivgduandusuin 3.14 uenanigunsallui
NINULIUAE AR U LN Fuinlinisidaugunsalndifdamasuialrgiiniig
AuAfiunsamuanndy Wedleuiumslénueunsanfiidamawuindnnats o i
v [ &/ a a o w A Y (s I3

wannsviuvemdeudasdiannsetinditdeiuszgnaldiulednsnnsuluguuuy
Central inverter fauanslugu? 3.14  ua1nnsudasiihnseuansaindnlanuwg
lgaswadliluliihnssuaadunanudigeineleaisdunesives mntuasdeidsludin
niloudasruigs (HFT) ieudasszauusaiulnd deannduliiinssuaaduainudgeazgn
wUadlidulwihnssuansaingi99sieanseud (Rectifier) waslATad (DC-link) viwiiviu
avaundsu luddugaving azdumsudasiiihnssuanssliduluihnssuaadudnasmile
MeBuBsNes WawewsaiusyuuImnefiaud 50 Hz Inedayasie o asgndniiaud
AIUANNTSYINAIUTBITEUL (Plant data operation) tiieyiunaytuiindeya wazhansuadie
UV Monitoring  #4a11150A3UANNIINUYBITFUUMENITAINITINTEEING (Remote
control) uenwileandedlusosweswuafianasazdminvesgunsaliiiuniu feswnnis
nuiaudgs  wlswlasdidnusedndiddaliilandunisinunnainnaeaiunsadu
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FACT’s  device wWiatfuadosninlanuszuulai dadudsdrdandslunisuimsdn
nsndsnulnilmduldegnefiuszansnin saudensiaunszuu i lmdussuulniwuy
A115NN3A

Pl
an

Sai Thong Solar Power Plant

sUf 3.13 Todrdvhsulnsmesiifamiauasusy (Central inverter) [26]



A157°97 3.3 NMSIUSEUBUUTEANESANNTYINUBlga1sNSUNRLATIAS19UU String inverter wagliuu Central inverter

Operation (Rated power)

String inverter

Central inverter

ltem Input (kW) | Output (kW) | Power loss (kW) | % loss | Input (kW) | Output (KW) | Power loss (kW) | % loss
PV peak power 3573.00 6168.00
Capture loss + DC cabling loss 3046.00 527.00 14.75 % 5209.53 958.47 15.54 %
Inverter (Eff. 97.5%) 3046.00 2970.00 76.00 2.49 % 5209.53 5082.33 127.20 2.44 %
AC cabling loss 2970.00 2925.68 44.32 1.49 % | 5082.33 5062.00 20.00 0.40 %
Transformer (Eff. 99.2%) 2925.68 2902.28 23.4 0.80 % | 5062.00 5021.50 40.50 0.80 %
Total loss 670.72 1146.17

Eff. over all system = 81.23 % Eff. over all system = 81.41 %
Not-operation
String inverter Central inverter

ltem Power loss (kW) Energy loss all day (14 hr) Power loss (kW) Energy loss all day (14 hr)

Transformer 3.75 52 .5 kWh 6.25 87.5 kWh
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3

High Frequency
Transformer

Low Voltage Side

50 HZ, 23 kVL-L

3 > ,,
o0 ([oo0
100 N, 000
AC/DC T' DC/AC
Rectifier DC-Link Inverter

High Voltage Side

€0 W o

JUN 3.14 nsUssyndldnunieudasdiannseiindidsiulearsnisuluzuiuy Central inverter

Distribution
System
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3.6 unagy

‘wﬁaLL‘UaaSLﬁﬂmaﬁﬂﬁﬁ'}é’aﬁgﬂﬂwLauaﬂ%y’al,t,iﬂiuﬂ 1970 Ing W. McMurray uag
isunsifouasinnnedwioilosuisiagiu dsilagiu nieuvasdidnnseindidaldgn
WHUTEENAMTNURUTTUUAI 9 1INUIY 13U TEUVANTITNNTA NS UNALTULAZNASY
yaden seuufivazamdanu annilsauszauumnedsasudlniuuuniad ssuusnse
Wi wazgUnsalifinaiiosnnwesszuulnih Wudu msthudfouvasdidnnsedndidan
UszgnaldauiuleariiludsendlneAludndmilsiinaulasgeds esanniswdn
nszudlnihannasnunaunudulngresussmalnedunsudnnsyualniianleasvi sy
31NN15ANYIAIE19N1571U9TI8gla 1550 wud nasussenaldaundeowdas
diannselindirasiuleaisrisuaasiilassadisludnwae Central  inverter fio fn13ds
Adslifinszuansaainrany q PV string insaufufigaiien newhnsuuadlwiiinszuanse
T dulainssuaaduaelearsdunesinesvuining lugrsuneluaziiunisesnuuu
vifouvasdiannsedndmdsiunuuienadeunisianuluiesfjiinis lnsutseenidu 3
du Al MsoenuUUNIIABUNIDS e MUUsUnTvemauTasauigs mseenuuumle
uUasmudigs uazn1seenuULNITARUeSINesMuAsgiivemiieuUaInwAg



n1399NLUULAZN1TINaDLauUasdiannsadin

4.1 uni

unil 4

K-

GHEGH

Tuunizdunsesnuuutasnmssassmsvhnuvemiiouadidnnsedndidlag
mﬁas&’iazﬂa‘luwﬁ 3 fiFnwuiatulassadwemouladidnnsedndids ndnnisvieu
anautRveaunuamigs uasnsUssandldaudivled gy snfudoyaiugilunis
paNLUY Nseonuuuvsenladidnnsedndideildlumadetosuvmendu 2 dw
wanslugud 4.1 druiinils Ao mseenuuuuazmsassmsdaiddlihvewsoudasannud
a Tudquilusznaude miaaﬂwaﬁmmaamm?{qq miLﬁanaws@ul,aa%ma%ﬁ]wgugﬁ
yoensioudas nsidenmadafildlunisderigs waznan1ssrasenisyinauselusunsy
Aoufees dmsudiuiiaosazilunisoanuuunasrounesnasideusasuszuulnih 3

UszNoumy N15188N995AUNIESABS MENNNITATUANNISTINIY kaNAN1TINE8INITHNNU
mglusunsuneuimes Jesivazidenne 9 amisassuiglanneluil

Part |
PV =1 HFT
g MPPT
el 5 DCIAC }"E
TTLTA
Jl -2 = > ; Converter
‘_'J PV Voltage ~

AC/DC

Rectifier

[ v

Part Il

Grid

JUN 4.1 lassadandeutasdidnnsetindindwwesnAdeimhunUssendldiuleaisansy

4.2 M3PRNLULLAZNTINARINTEINaslWHvamsiaulasnudgs
Tudeiiidunisesnuuunaznisinaesnisdemasinfivemisuuasnuige g
UseNausig N1seaniuunisluaininudigs Mseaniuuiasreuiesinasiaugugilvewmiis

wUaarudias mssenuuuwaianisasmatini uaznisdraesmelusunsuneuiiunes 39
s1eazduntuLfazdlIuaIusaasuelasadl
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4.2.1 Mseanuwuuniiouasnungs

lassasivamdanlaminuiias (HFT) Usenause 2 dunan | A unaindidiuag
Lmummﬁqaﬁisﬂumia%ﬂaaumLL;J'mﬁﬂ Ay Nazdosiansanlunisesniuundaunyag
Audas bud Ussdnsamveidowtas vuiavemdenlas wagauyulunisunds fsving
Vnounthilluiiden 3.3.2 vaauni 3 uenaintiluiiten 3.3.2 Galanantenuaudinds
MauresnuANNdawidae 9 laud wnuddneuada unuezuesila wnuuluasasalay
wazknuieslyd edayaludiutigninunysenaunisiiansanlunisidenunuanudgewes
PIakUAIAIY

d‘ a d‘ i 1 o o wa o d‘ Qll Y

Wiensananudldlunisdaidaazanaudfinisinnuveawnuaufadilaany
weuntdl  wud wpweslsadanumanzaungalunisiiuyiniewlaininudgs
= a Xa ~ A o w 6 = o v v = A o
Weasmnunurialififagnuasiinisgademdalndien Feilvindeudasaudgavinan
wnulaslsalisnagnuaziivseansainas Audidunumeslsdaziivensslusosveniy
Wiz uaninite waslirianudugviivdne uwinldidulaymsenisussandldau e
wnUasisAa1usasuLsInalmluasn9f LeenafadinAusEnseYlunsiAdaudnaLay
nsinddatasiunIuanin d1rsurimuBug uklianadaevosnunastsd Fevinle

P a A o & "o v A X A

nlowtasarnudgaiviaininumestsativuialugiuaiuisaasiasld Wosainiuives
Toarsnsuiivwalug Fsvibilidulgwsdonisuszensldanuas

niipulasanungeldluanuided dwuanddugun 4.2 gnesnuuuiigSnanmunug
(Area product Ap approach) #uliuisaiie lidudeu aunsasenwuuldlaglddeyanugiu
YDINUIMNKREN LagdAuwiugIiInd3s Core geometry wWistdntoewiiy dmsunis
demaslihannsavileaesguuuy A nsdeiaawuuiuaauled (Sine wave) uaznisds
o dl' al' d' d" % dl' L4 U dl'
MaawuusURfuamAsY deaunisussiulnihvessuaiuletduasaunisussiuliiivessuaiu
A A Py ~ a o w ~ = o
AVAUAIUNTOLEASLARAIFNNITA (4.1) wazaunI1sA (4.2) aud1su e A A9 311U
YOWARIA £ An AUD Fundamental 9833UARY B,,, AD AIAIINMUIRUIUEULSWLWEN
way A. AD NUNWUGALAY

UM 4.2 lassaframdoudasmnudgentdlunuide



a1

Vs =G.04NB A @.1)
Vims = ONIB, A (@.2)

WaNITUING 2 dun1s laemnualia i sdnesang 9 davinnu nsdenidinag
wssnulniguaduledaziisiuiiviidawnuidnniinisdeiideiisuwsnulnigundu
s a | v v a N | o v Yy Y] z:l' ¢ o !
dwmdey dewalivdioudasnnudaildlunmsdsidemeussiusuaduleddouiadnnd

] a A1 o w v A4 o 4 & ) A4 o A v a
niiauUasnudgedimdwieguaiudmasy uenanilusenulnihvesguaiudnaeudad
! ¢ A ea ' o ~ ¢ 1 v I o Y A A A
Aesuatindngendussiuliihvessuaduled dualvinsdemasliiiesuadudiniey
a a [ a ¥ Q{' 1 1 o W 1% A & o gj
AnnsgedemaslnihindisuUasanudgeannndinisasiaslnihmesuaduled datu Tu

Ay Hee g a I o o 9 Y] A ¢ A a

uATelsldmalianisdsiasluihmeussdulninguaduled iieanvuinuasnisgey.de
maalninvdenvasrudgs Ingaunisildluniseenwuuaninsauanalansioluil

_ Wl TVl
Ap = (4.3)
4/(BmaXfJ
v
N = (4.4)
4Bma><’4cf
V.
A 2
N, = (4.5)
4Bmax’4¢f
/
wire & (4'6)
J
window A NlAW/re,l A NZAW/re,Z (a.7)
2p
o= — (4.8)
Ho@

' '
= =

aUN157 (4.3) 1WUNITAILIUNIAIILIALAULN DS LS AUD I B LU adAIURAINADINTT

Y
I 1

gonwuu taedl kAo AunAmesnIsRuYnaInilaIUsEi 0.3 - 0.9, B, A8 AIAIY
nuLUUdULSLndnvanueslsATAMUSENM 0.3 T way / Ae ANAINNATENLULYDY
nszualurnaindaindieiUszaim 3 - 5 A/mm”  dleldauinveawnuneslsdudrauise
ﬁ’mmmﬂm’smauwmmaqEﬂaﬂgu{]ﬁLLaznaagﬁlé’é’aaumiﬁ (4.4) uazaunIs (4.5) uay
ANNTOAUAULNAYBIURIALATATIER UL lun s naanlda naLn T
(4.6) wazaunsdi (4.7) augsu



a2

'
a

deddnydndmilsidosdilafddunsdeiidafinniuige Ae A1AudnR (Skin
depth) Inefaflveaduataneswnsildnuazdosiosniimanudnfidadulunuaunisd
(4.8) mnSadveaduainnosnsiimuinldanaunisd (4.6) Samnniaanudninazsies
THduaianenisaiidesnindmnudniamnasiiu Inglinasiuiuiiveaduainneuns
fmndeadiaunnivieowindurinavesduaiavesunsisuinldainaunisi (4.6)

4.2.2 29958uresnedilsugugiivewiiaudas

niinannluihdenountihd nsdsiidslnihdeussulnihgaduledasoan
suofinduazannisguydedsinihiivdoulasauiadd fufusdunefnesiliusugd
yossioulasanuigiensidulsesdunesivesuuumanasziiv

2958uUnefinesvassiuilinueglutiagduiidheiu 3 suuuulng 9 ldud 293
lenuautd (Diode clamped) 2995ln&03AUTIReS (Flying capacitor) UazI99sLAGLAR
LOTUTAINARLALABUIOIMDS (Cascaded H-bridge Multi-level inverter, CHB inverter)
1aserUIadiafianadunednefilurasildfuanudeslunisiuyszgndldauiy
Toansusuunilgauazgminanldfunuideimeduandusuil 4.3 iWesandussansam
mMsulasiundaanuigs viawdiidamasiingauazuseiuliigdladuegned f8nsns
Waguuasssduliile (avat ) Snssuniuesaunuudivdndes Annufaifioues
gﬂﬂﬁuﬁm@ﬂmIWWwﬁﬂ (Total harmonic distortion, THD) AIUANN151191U4NY LA
wiasdelinszuanss (OC source) Wunuuwendassdadidnvaizadnatu PV string Sah
TianursaUszandldauduleansnisuladuegd  [27)29] dmsudruiuszaunes
wssfullihdemavenvseruindiaiianaduliofinesannsauansladaaunisi (4.9)
Taoil m, Wudnnusziuvesssiuliihwessunduussiuma uay s Huduruundseng
Iwihnszuanssildlungas

m, = 2s +1 (4.9)

SruausgiuLsssulninidominnussgndldnuiulsdr s ssdunsaiuliy
na1 (Medium voltage) hazszfiunsadiugs (High voltage) Maun 5 56y, 7 586U, 9 SediU
way 11 seffy [301-138] faudfi Sunusziuvamussiulnihigeduararnsnandt THD vas
suadulsifuedned uazdanalvigunsaluaziamesfivunnidnas udnisgadsindsladi
\{9997n Switching loss uay Conduction loss ¥asgUNIRiBLANNTDRndf&asifingstu vin
THseaninmlaesiuresszuvanas udsaldinsvesgunsaififingstudie ifesain
Srunuaindideiifintu dafu 2esevuiadiafianaduiefineiiuy 7 sedu Sedlana
wanzauiigalunsianyszendliau ese1nan THD i msgapderasludilsinnn uasdl
ANUANATUNITAU [29], [34]-(36]
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Ss.

e HFT
10 l_(Hz o o

2

Turn ratio

sﬂﬁ 1:10

)

S

S,

Vdc

S,

S,

2 |18

ks
)
N 1 S
&
AN

Sto, Slﬂ@

= A cu a a s o )
E‘U'Vl 4.3 1NATLDYUININANLAIADULIDILMBDILUU 7 AU

4.2.3 MATANIIAIUANNITTINUINDIBVUIAILAALALIABULIBIINBTWUY T F86U

waila Selective harmonic elimination method (SHE) gnislgmiuaunisvinau
YonasevUndtafianaduiesinesuuy 7 st iledaddlwiiuinuniioutasnnuiiged
afennunuoslaiduanduguil 4.0 Tnedofivounaiind Ao manuauiarudeuarlsl
Fudou ﬂ'wmmﬁmﬁamaqgﬂﬂ?{ué’ag@mﬁw ammigaglﬁaﬁwa‘”ﬂlvﬂﬁﬂLﬁaamﬂmia%%wm
aindinds amnsaiidnensuefinddususn o ldegafiuszansam uIearunsaiida
g1suelindvasgUnaudnananoninmlilaenss Seilinsmuaunsdahdslaihdemade
SHE  anunsaasnsgayiderindsliinuaznmsifnanueuiiviouvasmnuigaldidusg1ed
[29], [32], [37]-[39]

Wioldldaindindses cell 1 vheowmnauAuly Faih38nns Altemate
amangement  of  pulses 3UszEnAlTAUMATA SHE  LiloAIuANNITYNILTBI9AS
Loruindiafianadunefnediuy 7 seiu lnsanindnsanuves cell 1 uasifinindnsau
P84 cell 3 %msﬁﬁﬂﬁﬁ’m’mmmm cell 1 way cell 3 dawviniu (P, = Ps) wagyinlu
Fpdnsnuvesiia 3 cell Falndifsstudouanduguil a4



a4

Vit

Vit

0 T m
Vo— o e—_—— e

0, 0, 0; 7T-05 -0, 7T-0,

0 . 0, 27-0; 2m
01 Tt-63

0 n 0, 2m-0, on
0, -0,

0 T T+0; 27-0, 2m
93 717-91

P3

-V -+

UM 4.4 n1sydunaila Alternate arrangement of pulses inUszendldsiuiuimaila SHE

ileTinziguaduussi e vimYssasievUIndiafianaduliosinesuuy 7
TR ﬁmamiugﬂﬁ 4.4 gngaunsises (Fourier equation) Faanunsouanaldwaunisd
(.10) Toed £ Wuduiuszivresgunduuswiuliih usssulviiewiymiiauiyagu
(Fundamental output) ansnsauandldsaannisi (4.11) dmdusuaduussiulwililudnuas
filu 7 sy asmudonsuedndduduil 37 aedidh dudulsmstidaersuedndsusui
5" Lavensueind 7" Saidvswaunnnindauansly [9], [27), [36], [40)-[43] Fawsssulnin
lowmnvesensuedindsusiuil 5 wazensuelnd 7" annsauansléfitannisi (4.12) uaz
AN (4.13)



a5

aunsyisessundunssruliihnseduussiuduaea

ar
Vowen = #f[@[cos(nﬁl )+ cos(nd,)+cos(ny) +...+cos(nb, ), )] (4.10)
aunsussiulaihiesimmniiaudyagiu
W
Vout1 = )z [cos(8,) + cos(8,) +cos(6;)] (4.11)
aunsussduliliiewimnensuedindsusui 5"
W
Vout,5 = By [cos(56,) + cos(56,) + cos(56; )] (4.12)
aumsussiulwiieinnensueindsusuil 7"
Yo
Voues = i [cos(76,)+ cos(78,) 4 cos(76;)] (4.13)

NEUNTA (4.11) WBUNUAT N = 1 wasMUAlA m, = (1), /(G V,) Amlaas
I~ Ql' o 4 a 6 o 9 Ql' th [ a ¢ th o Yo
Wulumuaunisy @.14) Tunisinanensuaindsudun 5 wagaisueidnd 7 azAvualian
Voues WOZAY Vo, HAWYINAY 0 uagllownua Vs = 0 wazA V., = 0 adluaunisi
(4.12)  Waz@aUNIsH (4.13) HWaANPAIUITOLANILARIFNNISA (4.15)  wazaunIsy (4.16)
AUAIAU

cos(@,) + cos(@,) + cos(6) > (4.14)
cos(50,) + cos(50,) + cos(5605) = 0 (4.15)
cos(78)) + cos(70,) + cos(76) = 0 (4.16)

aunsf (4.15) wazaunisit (4.16) anunsanszanes cosine neldaunisi (4.17)
uavanunsi (4.18) iedagUlnilvieglusuvesannisindludiva (Polynomial equations)
warl938n15veeiafiu-s1du (Newton Raphson’s method) Tunsufaunisildidudadu
(Non linear polynomial equations) Wiemen 0, 0,uaz Hﬂmﬂﬁ 0<0 <0 <0 <m/4

cos(50) = 16cos () - 20cos (@) + 5cos(0) (4.17)

cos(76) = 64cos (6) - 112cos (6) + 56c0s () + Tcos(6) (4.18)
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4.2.4 wamssnavazMIIATIEAIasualindvasgUnuFy ARl

Tudeilaziunissiasinisviiuwevneasesuiasdaiianadunoimoiuuy 7
sz feweadia SHE wuuwrasanglnmssiifluurmsiiu (Equal DC input voltages) d1wsu
wiata SHE wuusurasielasausuaild (Unequal DC input voltages) az@unsnanen
ﬂ’J’mafﬂLﬁﬂu%mgﬂﬂguﬁmﬁy’]mlﬁaﬂ’j’]LLUULLMﬁﬂdWSIWWiQﬁﬁ‘UUW@L‘Vi’]ﬁu T RRVRRRETIET
quaulldFsuiiunzan (Optimal angle) AaruRniisuressUadudyanaisuuuuwmasng
IWpssruamniuazdawinlndiAgeiuisuuulnasanelnasslsuanls ieanenon1sivauy
LagiinsmuANNTLen

N1591889N15YINITUVDINATLEYUIATLARLALIADULIDILADIUUY 7 S¥AU LagNITM
AN 0, 0, udz 0, luaunsii (4.14) Feaunsal (4.16) ONATINKAEIIABINITINUAIY
TUsunsu Matlab/Simulink Tasanuadildlunisasidariiiu 10 kHz vuaussulinses
WHAaZLURaIINUNIAY 20 V mﬁmmvﬁﬂ'wmmﬂmLﬂysuﬁuaﬁﬂﬂ?{uﬁmmmmﬁﬂw%
LIVINNTBIINATLBVUIAILAALALIADUIBSADIUUY 7 FAU mmsmamlmmaumw (4.19)
mmamimaaammﬁamﬂ@msﬂm 4.5 miﬂ‘m 4.9

Jv2 —|—|/2 -|—|/2—|— —|—|/2

0 4.19
|/1 x100% ( )

%THDvV =

INHAN1ITIAD90E1988BeA WUl 91AN m, = 2.428 A %7HOv iAmdgn Ae

9.33% fsanslugun 4.5 Ingryu 0, = 11.6498°, 0, = 27.0134° uag 05 = 56.1031° A4
wanalusun 4.6 sUpAudya Iusnulnie I nLazAILIIRU RMS  @1dnsauanalaes
a{' P o w d’ o a ¢ 1 a & o < !
JUT 4.7 Uag3ul 4.8 mudeu Wevin1siAsEnAIAURANE UYRIdy I uaE NEDRAN

g1suelindaiUndudusiudn q Feldnsnagedanisiaiiguresguniudyaineuandly
d‘ ! 3 a su o o _rda (Y s A scou o o tha. v
UM 4.9 wud e 3 fiwhiu 0.06% edueilindduduil 57 Jewiiy
th
0.02% 8’153JEJUﬂﬁ’eJUG1U‘1/1 7" Sty 0.01% uazansuedinddusuil 9" dAwviniu 6. 97%
AUEIAU mLmemme m, = 2.428 'mmm BTHDv = 9.33% %mmuﬂaau(ﬂ‘um 3 m
i ! a L2 L i th gj 1 ! ¥ U :Jl § Y i o
Vge wrgnsuelinddudiun 9 dullrfeutiege Al ieliAgunldlumsaiuaunisinanu
~ d' A ° i & v A 1% a °
fanumunzaufiaawaslian %7H0v ange Ayulaswiuimidanmatia SHE  2ggniiun
UFugudnaanils lngwudt eyuiimangauiign (Optimal angle) Ais 6, = 8.7°, 6, = 26.4°
war 05 = 54.1° lagildn %7HDvANER AiB 8.66% wavarunsallsuuiguataniueiingd

aUnAundudune q seriemedia SHE Aun1susuguauldrfyuimungaudagui 4.10
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Modulation Index
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A ! s a cwu o o _th s a v o A th s  a &

INFUN 4.10 wnuesueinddudun 9 esuelinddudui 11 uaveniuedind

v o A th PN . a6 ! Ao v A
JUAUN 15 vaagayuinunzay (Optimal angle) aziimdininyayuiannalaanmaia
SHE Fedanalin %7H0v S3uveIynL s auiiAteendtan %7HDY SI0V0YAYNT
° % a = o a v o o NV a o A d
muanlaannmaila SHE Deudasilensuelinddudusn  «q Felaun ensuelindoudn 3’
s a scou o _th ¢ a c¢ou a4 _th a £ g °o o ci & ° 1%
g15uelinddun 5 wagansuetindduil 7 \Aeuinny dmsuyayunvangautiazgnintuld
ATUANNIITINUTBNATIOTUIATaRaADUISNesWUY 7 szau Jadudiuusznounily

yesnsoudasdiannselindinas lngazdinisunausluussly

4.3 ﬂ’ﬁaaﬂLL‘U‘ULtagﬂﬁiﬁqﬂqu"dB\‘l’J\‘l"\]%’ﬂ@uL’Ja%ma%ﬁ\‘iL%amﬁiaﬁUigUU‘lV\lﬁq
AsnouneSineinaessRuildnamunneunthdidie fusnmevaisvia udly

nuATeilfdonesuegaitafiaaduiedines (Modular multilevel inverter, MMI) 111

THmududuniwemiiouladidnnsotindidsdmiunsuszgndldauiuleainifu Tng

tolfuTuuvensaegariiafianadunefnesidefivuivisasdunesinesvindu 4 [4dl-

[47] lown

Tduvasdnenseanseieswnasdanelun1sinau

lassasisveudazlugailniudasedafiurliingneniseanhuulaznis
LRHIIEY

o nsmuanlidudau aunsaussendldnisauaulasidduulugatesiu
sl uulugaunnle

(%
v

o nviuvedazlugaaunsanIvAuMITulasisliihnssuansay
Halvihnszuaadu

v YV

o nsaaudsiddliiainmsadndediaien ewndwiuaindiaaley

o a

o aunsaldaindinaennuuseaulniligale

Y

1433n509AU AT YU ALd LAz g Weeannnieluleasuenansdan

Y

anaduneswesiiuwmileahiviutinnidu passive filter
® ausnannnswabiineulninnsewaasulunsaineaninga
® Au15nanInITINSAsULUasageiuATulavensewalidln (di/dt)

® unsnaRdyanMsUNILANLDgIlS

Tnelurasuegansiafianadunedinedarunsautoenld 4 Usziam aldun
Single star bridge cells (SSBQ), Single delta bridge cells (SDBC), Double star chopper
cells (DSCC) wag Double star bridge cells (DSBC) 48] @dlusmAdoiiagsjatiunaziniaue
1995UeRaNslaRANAB LIRS MW UY Double star chopper cells (DSCC) [49] fawansly
U7 4.1 Wlesannluudazlugaifiuuuuendniuiag (Half bridge) Iuilsidnnuaindiiliven
nwuuylauind (Ful  bridge)  dawal# DSCC  Hnsgaydoidslulihiidosniiuasd
Uizﬁw%mwﬁqmi%ﬁmﬁauﬁ’u SSBC, SDBC wag DSBC wenanil DSCC franansasiowdiniu
szuulnihlalnensedaldmileufudunesinesuiindu o fidessesumiieniy (Protection
choke) floudausiafuszuuluii
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iu Larm e
Ricad Y )
vV Rarm
0+
&
J—_ -
= io Rarm
]
y Larm
Va2 ©)
M3
M4

JUT 4.11 1asuegarsiiadialadunesinesuilaa 3 se6u uuy DSCC

o

4.3.1 N159BALUULAZNNSTINIUTDINNITUDNASUARLALIADULIDIADS

v
1 o

N1388NLULLATNIIYNNIUYBINRsTHRRd Sl aAlaLIaB IS asAUNTALANS

swazBunsng q lessiolud

4.3.1.1 MFIATIINTIINUYBINITHEYATTARaNAD U NS

29519 SlaRlaadunesinesililunisosnuuuuarisginsvia
fluidunsesmegaritafianaduesinesuvuniaa lunuifelasinisesnuuuuay
Aninsinusegaitafianaduneiinesuun 3 swdu ddldndnidunounti
Fauandlusuil 4.11 [49] Frnussduvessdumatiuamsonldnnaumsd 420 uay
spiuuswLsEwInaaasnsavilianannsi 4.21 Tnedl N fe drwoulugalu 1 uau ves
Jasuegansladlanadunesines

V, = N +1 (4.20)
Vi = 2N +1 (4.21)

Lﬁaiﬁt,ﬁﬂmmd’]a@iamﬁmswﬁawﬂugﬂﬁ 4.11 Fsldunasirousanulnii
nszuansIunuFUAUUTEY uazliAnussiunnasouiidunienihuagidun ol
9sungussiulihveanesvenil (Kirchoff's voltage law) anansawansaun1svesguuy
LLazQﬂmﬂé’ﬁqaumiﬁ (4.22) wazaunsi (4.23) Inefi vV, e ussdufinnasonlvan V..,
Ving, Vims WaE Vig A0 wssdulniiinvasusazluga seduussiulnievinmi 3 sedu laun
Ve, Vo Wa% Ve, 4AZTAILSITUTIRTAISANTY Ve
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%
_ “dc

V=""=V -V, (4.22)
2
d

v :—7C+|/m3 +V 4 (4.23)

waiilovAanunatienth (L) wasAnnusumy (R,.) 11AsIERens
nswdsuutasvesnszudlieungussduliiiveamesveridansouansldfaaunisd
(4.24) wazaunsi (4.25) Taodl i, Ae Anszudluguuu uas i Ae Anszualuguans Weuny
Aaunsfl (4.24) asluaunsdl (4.25) wazdngulmitsannsouandlddsaunisd (4.26)

V ai
_ _dc ;
0= le - |/mZ N Larm e arm/ - l/o (4.24)
2 at
Vdc d/[ ,
g Vm’o’ = lel i Larm P Rarm/[ u Vo (4.25)
2 at
d/'( . d/u .
ZVO — l/m3 P Vm4 = le T |//772 + Larm ; Yt Rarm// = Lafm ot 3 Rarm/u (4'26)

N3UT 4.11 WeRarsanngnssualnivesnesvenil (Kirchoffs  current
law) anusaleuladsaunisn (4.27)

N o camid (4.27)

WuAENN15N (4.27) asluaunisn (4.26) wazdngulnigeanunsouanalan
- = o Saa o =% '

aun1s (4.28) wazanunsaWeuaunsmilulunsdinddwulugalunilwsuinnnd 2 luga
ulUladeaunisn (4.29) Weunue V, = Ry, wazdnaunisluguresnssiaeninmanuise
wanglaRaaunIs (4.30) INANNITN (4.29) WUIMTEAUUSITWDMINNFDEVDIRTUBAENT
fafaadunesinesaiusnainaseaulswiulang 2N+1  S¥aU uAfBwin1sAIVANTEAY
wssiulnihidufuuszqueudazlugalidanviniu ldwuluusedunassinanaamie
N+1 5g6U

d/’O .
=S+ R i) (4.28)

arm o

1 1
Vo = _(Vm3 + l/m4 - le - VmZ)__(La

2 2 at
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1y N 1 di, ,
|/o = _( z Vm/ - z Vmu)__(Larm —t Rarm/ ) (429)
2 m=1 m=1 2 at
1 N N . 1 ai, .
g( z Vm/ - z |//m/):/qo/o +£(Larm;+garm/o) (4-30)
m=1 m=1

4.3.1.2 mssenuuuimienifiuvurensiegasiaiianadunesines

FanierindudiutsznoundsiidrAyreisasuogarifaiiaiia
Sunesines Aanuminhaziinasesrasnvesnseuaewinndsdanansznusenunm
nszualwihvesssuulnihuazidanisviinuresaiadiids uenanididmanovuiaosia
AudsequaznnsauauuswiuifAvlssquesisaslugaliiianuaunadu aunisil (4.31)
Wuannisusesulaiiiidunieaiivesisasuegarifadianadunesines nuiien
usaulaihismiderhasusiunssiuszasnvesnssualiiiuasusuniuiunan wazile
ﬁmiwgﬂuuﬁuamwﬂugﬂﬁ 4.11 mungusanuliihvesnesvenilaruisadeuaunis
wsssulniildwsannisi 4.32)

ai
Vi iamn 7 (4.31)
/ dt
%
INE BT (4.32)
arm 2

INFUNTTNA (4.31) AU IUTERDNVBINTEUALAAIAUNITA (4.33) WAy
WAUANEUNTST (4.32) agbuaunsn (4.33) @a1unsawandlasreaunisy (4.34)

v, dt
i =—"— (4.33)
Larm
=2 (4.30)
Lafm
mMniTsEasnvaInseualniihgegandmivilenh Afinszasnvainseia
5/‘,0@5/(

aunsauanslaneaun1sn @35 laeh iy Dunsruanfdass uway Huaiiaves

2

A a X ) ~ = ] /o,,oeak o .:1
ﬂ’i%LLaVILﬂWUUGLUGI?mu&J’JU’] IR Ige hagAT ——— mmsamlmmnammﬁw (4.36) e
2

aunsh (4.37) audsu



54

/ o/
. _ o, peak peak
/u,peak —ac + + (4.35)
2 2
1 . (% [ - o W Qllalda & o w d'
N1IUIAT 1yc ’ﬂ’]ﬂ‘ﬂaﬂﬂ’ﬁfﬂﬁlﬂmﬂu%@ﬂﬂﬁﬁﬁlﬂﬂ’]ﬂ@‘da\‘iﬂﬂuﬂ’]ﬁﬂlﬁ/\]ﬂ?ﬂiﬁaﬂ
'Ddc = P[oad
2
Vo= l/o,rms
ac’de —
load
2
V V
. __o,ms dc
lge = (4.36)
R[oad
! /o,peak | o ¢ A
AT —— ‘\]’mﬂ’]LL’ix‘iﬂlﬂ;Wﬁ’]L@WV]WVW]F]?@@JIMEW]
2
|/o,rms o /o,rms'q{oad
\ T Vo,peak
/o,peak ¥
R[oao’
fatuAnsELaNAN I anvesR e luunas Ly A9
/o,peak _ Vo,peak
- (4.37)
2 Rload

v '
v a1 Y =

ANN5UANNAYDINTZRaNANTUTUA LR EI U TUL AN T8 U N B N8 U Y

Y eak

2
UszanaAnseanan lranuautenveswInuulafaunsy (4.38)

1A wazaunsn

nszualiiAgasAuaznseualiieying Asludanunsoaziiae

.
s k
=/, +2= (4.38)

j
u,peak
2
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4.3.1.3 mseenuuuiuiuUszgliluunazlugaveneas
= v o =3 ! ! ¥ Y [
n1snszivenvesssiulnihndAvUszedenaseagnisldnuvesdiy
Uszquazsziunssnulnihieninniinounesines Feiduiulssanfianumnzauazyieln
AouLBSNaTamsarinulieg1aliusEdnEnIM N1seeNRUURILAUUIZURINRTUORETS
fafanadunesinesluniers198eeasaingun 4.11 dmualinszualnitluguuuiaiud
I A ¢ S a v & I
waguluguaduled waznszualiiliinainnisaieysezguesdnulssaiinnduay
a P Yo = ° o
anunsaluaunisnluavesnseualniiluguuulafsaunisn (4.39) wasaninsaAuinaIe
NuUsElafaaunisi (4.40) 1aefl Coog Ao ArdaiuUszqlunsazluga ic fie nszualniily
gluudt  Ae nafildlunisaeuszquesiuiuuszy waz dv. Ao AInsnseiilenves
wsssulnliAduAuUssenldlunisesnuwuy

N7 (4.39)
2
/'Cdz‘

Crog = \ ¢ (4.40)

v 6 1

Weamanuduiussenintanseualiinovinniunseualninagdsdlagly

iaaa ¢

#ANNISWNNUYRIMA WA RZ AR NUMasl TN vanaulsowanslafsaunisn (4.41) @9

ANUFURUSsErIansealnidevinntunsenal Wi nazartaziduataanitaz ldduiy

9

ulugaluIas

P

load —

Pdc

|/o,rms/o,rms — l/dcldc

Vo,peak/o,peak =y
= Ve de

o, peak = 4/0'6 (4.41)

nszualnifiinainnismendinuvesiunuusegluguuuasianduauds
Julumuaunsit (4.42) wazanunsamadszglnilaainaunisi (4.43) Tesnan t;, 10y
nanfidaiuUszsumedszglii way t Wunaiduiuuszaameusegliihaunue

;
,peak .
" — 2P in(wt) =0 (4.42)

2
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L f / y’
o = j/cdz‘ = j(/dc — 2P cin( et )it (4.43)
t ¢

1 1

dusulunsaiidusyuulnihanuma A Q. aunsauanslansaunisn (4.44)
FaEnun5amlaaNN1BURLNIAENAISA (4.43) Lazilaunua Q. asluaun1s (4.40) AA?
Auvsgailaezdulumuaunis (4.45)

it —t) o peak
Q =2 L+ 2% (cos(w,t,) — cos(m,t, ) (4.44)
3 20,

iy (BN 2 (3 \oe

y (cos(m,t,) — cos(w,t,))
3 20, (4.45)

av.

&

mod

LWUANLALINISLAALS IUUUGNAIND 2 191 AAINAT Ly 88Y Crog
TumnauRny axldaun1si (4.46) Tunisesnwuuaifmiiulszy wisnisiidnludomsiu
A1 L, NaudaazaInsavnnseanwuule

5N
0 10 =2 2 T2 (4.46)

126012Lam7

4.3.2 N3AUANNIFINGIUYDRTUNETIaRALALIADUIDTINDT

n13mUANN1INULUUlnuaseansekalni (Rectifier mode) lagninun
Usggndltlunismuaumsiavensasuegafifafianadunesinesiiiodioiidslningss
(Active power) tihgszuulnihduandusud 4.12 luniseuaumsvienutuagyiins
MLl iATa A nilagli38nsasdann PWM  iiemuaunnsyinay
Yesaintiids Faldnwaueadodunismuaudunefinesuuuunassneussiuill Tasuts
nsmuaueenidu 2 dw Aifeudasesioru fo msmuauindsliiiigds (Active power)
wagnsmuAufddliiiiniasiou (Reactive power) usdmiunsdlasimusliesdusznauly
uouadouiianduaud iesandesnsinsianzidsluihasadigszuulnin [aa)

MshauressImegafafianadunefinesFuanmnnaiunsualiiiuas
wsssfuluiie 3 wia ldun wia a wia b uazila ¢ nszudlnifinis 3 wa Aasadudeste
nszualilinazgnuUasannseusedanumalignsoudsBeaaananyununiswuacves
Aanin (Clarke transformation) fsamnsit (6.47) andunssualwihileglugunseusneds
aENW\IamngﬂLL"LJaamﬂﬂs’eJU@”N@qamW\Iamgulﬂf;jﬂiaué'wﬁqamLWawqmﬁqmmmLﬂaa
¥93U13A (Park transformation) flsamnnsi (4.48) Taeldrsumadtldainnsviumadengy
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Va
Vdc N
..... il HR H Vb
H T 0 ¢
' Ve HE) Ve
: 9 —i—®
E E E i labe E E E Vabc
! PWM o ! b '
: F 1 P P
: P P AR
: m
' A A ) T
a T N S T
; L ot ' v 5
: do/ap |=--¢ [ opidg Je------ee-ee--- -
"_,_Vdc,ref E E E E
Q=---- : ""'OH"‘ ;
i i ¢ lq,ref E
¥ E E

UM 4.12 M3AIvANNSYINIUABUn e sRuteusaiussuulnin

Yoau53nuUlnin (Phase lock loop, PLL) A1 error YOITINUTFTAR nszualniihase () uas
nszualwiniailou (1)) avgneuaNsesinIuay PI (P controller) Wialdrnszualvifiage
uaznszualifiadioufivuzaunds Anszudlaihiazgnuuasannseusisdageamanyn
ﬁﬂﬂajmauﬁw@qaaqLWamuﬁwammﬁunai‘amnmawaqﬂﬁﬂﬁaammsﬁ (4.49) uaggn
LLUaamﬂﬂiauﬁwaﬂaaaLWamulﬂajﬂsauéﬁaﬁqamLWaﬁaaumiﬁ (4.50) iiieldasedoyano
PWM (Pulse width modulation) muauiginsiuvesaindidsluusiaziva dmiulunsdi
AaIn1sdreaniIzitdalninasaiunsaaluaunsyinnuls arenisiuaainseualii
wadleulvidiandueud (, = 0)
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i ()= U _cos(et)

27
u,()=U_ cos(@t—-)
3
a4
u(t)=U_cos(awt—-—)
3

AshUasaaUlse

u, cos(@) sin(@) || u,,
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& cos(@)  —sin(@) || u,
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(4.47)

(4.48)

(4.49)

(4.50)
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4.3.3 HaN1331909N1591191URTHRRA STARALALIRBUIBINDS

N1591909M5YNNUTEINITUBYASTaAANABUBTINETWUY 3 SEAU fuandly
U7l 4.13 gndassmsvieusnelsunsu PSIM (Power simulation) Faifhlusunsuilély
mMlneiandnvuzvessasiilngians meluisasidiassszneude 1) uasie
wadulnlinszuanseidesynsudufidunuiledauyasliidnuugade fuunasng
nszuadviulszendldunudiusdloandiond 2995 MPPT  uazasasdsridsliiinanuiged
Usgnoumeisasesuindiafanadunedinesiuu 7 seiu vifeuUasnnuigs wazieas
Uindlaleon 2)  duAvussaiivimihiiduddaedlfivases 3)  rsasuegaridadiaia
Sunedimesfidondetuszuuluii uaz 4)  29asmIAUMIINUYBseaga{TadiaLa
dunefnes lumshassnisinuiiuasrhmsinuseiuussiulniiagasdlfnaid 600 v
(Vref = 600 V) ilousswiuiifgasdaunnnit 600 V faiuasazusudsasinisuogiaiues

[

Gl ﬁmaﬂwawu ‘Vl’ﬂ,‘viﬂimmﬂﬁ“LLﬁlﬂ/\lﬁ’l‘lﬂiﬁaL?J’lﬂi“UUl‘l/\lﬁ’lﬂJﬂ’lLWiJmmJu aqwaimﬁmum

o
fal 1

Ao mmmmawuummmu 600 V ‘?NIHVIU?JUU’%@;LiﬂJ‘Vl’N’mLiJ@ﬂ’]LLN@‘LAEJ‘IJWVWIWU@J@&JQW

g3n11 600 V

Y

Ipc
LIS+ 48+ 48]+
::_VCI,A = VCI,B - VCI,C
1} S, 1} 8- 1} 8-
148 7 1451+ 11581+
T Ycza OV TV
cht, 182" L R e N P
1
Ia—_> ~ Va
+
I,— V,
Vbe~ g b V4 b
- N ) I,— V.

+ p—
Vpe Lo
3 118+ 1481+ 1181+
- :_VCS,A T Ve T Ve
s, W18, 1 -
148 *y 10451+ 1181+
T Vc4a TV T Vea,
s, - Yis, - B s, - C4,B

JUT 4.13 19suegarsiiafianadunesinesanumaluy 3 seau
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HATAIVANNTYINNUYBNIRTUERA TTARLNABUIBSNETHUY 3 Sy lulusunsy
PSIM anansauanslifasuil 4.14 a1 error vosussiulwihiRFasdazgnAUANEfAuA
PI e?iqLmﬁwmﬁlﬁ%tﬂuﬁfmzLLaIWﬁw%aéJNaﬂ (lgef) mﬂﬁu’umnizLLﬂiWﬂw%wzgﬂﬁﬂU
ieuuAnssudluiihaseisaldainseuu () Taedn eror waanszualvifiazgnenugude
fhauau Pl Bnads Feanovimitldandumussiulniiads Uy Aussiulaiihadedladas
QﬂLLUaamﬂﬂﬁaUé”maaaaaLWawqﬂﬁﬁU@ﬂsaué’NaaamLWamu WAZNUUAIINNTOUL 19BN
aoulanyulugnsoudnadeanumalasendoruumadiliannsiuiadenguusaussiulyiin
Wevnsadsdauanns PWM AIvANNMIINUYesadndiaslundasina dmsuinelianis
a5 9deyas PWM agldinaila Phase disposition PWM (PDPWM) é’ummﬂugﬂﬁ 4.15 &4
Usgnaudedmuaumasufidmanseiu 2 dyain Ghuuan 1 dygia wagduau 1
dryad) wWisuiisuiudoyeulelonds

Amniimeding  Alilunsdassmsiaurenasiegaisiiafianadunedines
WUU 3 52U anansauanslifinined 4.1 ludesdulfuannisshassnisiauluanigls
Iwa@ﬁﬁmﬂmiua@l,a%’wm 9 oA 0.2, 0.4, 0.6, 0.8 WAy 1.0 MEAITIALIIAU PWM 989
usiaziALAE ST aARsEIsauansleFasUR 4.16 fegud 4.20

M13197 4.1 Amsdiwesen q Nldlun1sdnaesenvsuegaidaiianaduiesines

W93 AMNTILADIAN )
usesulainnTasd 600 V
Asfvlsyanavas 10,000 uF
Nunlugalufazuu 2
Adranulszqlunsiazluga 470 uF
Afmilnhssrinswuuuiugadeusoszuulni 1 mH
AsAszuulaii 50 Hz
AR 5 kHz
AATEIT9N93NI0IANNA 20 mH
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——d a 4‘_} Vmod_a
~—>a bt )Vmodb
f ©c ¢ ﬁ Vmod_c

van—a  aligq i @theta

vbn b atan2|—e N S R e D 9
%

ven c  belly

Modulation index
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TUSUASUABUR MBS AB O, = 8.7° 60, = 26.4° way 6; = 54.1° WU gﬂﬂguﬁmﬁywm
useuliinesinn RMS fid1 43.83 v Falndidssiunanisdrassluund 4 fie 43.71 V uaz
Hevinnsinszvisnsueindvessunaudygy uduandlusud 5.4 wuin a1 %7HDY v
sUpRuiiAintU 8.96% FaflalndlAssrunanissians Ae 8.66% Tudusieluaslunans
nagounsasidalniihvomifoutaseigaemaia SHE Tuannzdnelnanvuinsing

Yoansionlasdidnnsetndmdadaanunsonanslaeadl
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100
90 - THD = 8.96% | -

% of Fundamental
h
(=]

1 3 5 7 9 11 13 15 17 19
Harmonic order

JUN 5.4 A1 %7HDY sUAuLsaiulniihievinmueasiesuIaddadialaduesines

52.1 m'iijixLﬁuﬂiz?mﬁmwmsa'achuﬁﬁe‘lvxlﬁh%wﬁaLqumwﬁga
mimaa‘umif\if]&Jﬁ'}é’ﬂﬂﬁ'}ﬁugjawuiﬂﬂwamﬁaLLUEN%Lﬁﬂmaﬁﬂéﬁwé’qﬁuié’ﬁw

£

Msnedouiitamaslufiiauin 350 W, 500 W waz 1,000 W Fawadilgifussd

o lonfouvasdiannsetindridssremdslulinuuna 350 W Tiduszuulatin
AdaluihBunmuazioviymvenfeudainuigeiianiniu 42851 W way 422.62 W
muay wazUszansnimveaniouUainuigs fe 98.64%

o lonffoudasdidnnsetindidsdeidsluihauia 500 W Ikfuszuulaiin
Adsludunnuaziowinmue ndoutasauigelainiy 63136 W uag 614.88 W
PUEU wagUszAnsnmvemieuasanuiigs e 97.39%

o ilonfouvadidnnsedndmdsdemaalniiuun 1,000 w iuszuulyiin
Adslylihduwmuazieninnvemioutasaudgeiiuvitiy 1,611.29 W wag 1,326.05 W
muay wazUszansnmueamieuUainmias fio 93.96%

nuansmageuitldansonanssUaduLssf Ul Buny nszualniadumny
usssuliitnesinn uaznszualuiiesimmusmiieutasauigs annisdnefdsliiiwes
nifouvasdiinnsedndidaiifidndidasing 9 Iedsgui 5.5 Fs3U7 5.10 wazamisouans
AruduiussznInsiaslndnevinnvesndondasdiannselindirdadulsza@niaimn
wifoudasanuigslisesud 5.11
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usssiuluidrudunnvas HFT

T I T I

Vims = 43.71 V

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

nszualwiduBunnves HFT

B Irms = 9.78 A

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Time (ms)
gﬂ‘ﬁ 5.5 LLﬁﬂﬁUlWWWLLazﬂiSLLﬁlWﬁﬂ@U‘l’!%%mMﬁaLL‘lJa\‘immﬁfgjﬂ
vugnsiawlasBiannsetindmasiemdsluihuwa 350 W iingszuulih

usssulwirdueinnyas HFT

I I

F Vims = 423.98 V i

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
nszualWindueiNnYas HFT

| I I I

L Irms = 1.00 A

L A
¥ i N -

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Time (ms)
U 5.6 usauluihuaznszudliiiioimnuesvsioudasnuigs
vugniawlasdidnnsetindmasiemdslnihwwa 350 W dhdszuuluih
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usssulnirdruBunmvas HFT
100 \ \ T T
80 - .
60 Vrms = 43.82 V
40
20

20
-40
-60
80+ =

_100 | 1 | | | | |

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

nszudlniadtudunmuas HFT
60 T T T T T

20 - |rms = 14.40 A -
v /\/\/—\/\/
=20 - 7

-60 I i \ \ \ \
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (ms)
UM 5.7 wswiulnihuaznszualnidunnvemdeuvasniuiad
vougnsawdasBiannsetindmasiemdslnihuwa 500 W iingszuulih

wseaulniduevinnves HFT

800 T \
600
400
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I I
Vims = 424.91 V,

-200
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-600
-800 \ I I | | | \
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I
|

4+ -

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Time (ms)
U 5.8 usaulihuaznszudliiioimnuesvsioutasnuig
vugneuladidnnsefindmasiemddluiuua 500 W ingssuuluinh
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wseaulnidiudunnves HFT
100 T \ \ T
o Vims = 43.87 V
40
20

-20
-40
-60
-80
-100 | | 1 | | 1 |
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

nszualWindudunnves HFT
60 T T \

s = 34.62 A
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g‘dﬁ 5.9 LmﬁulwﬂwLLasﬂizLLﬁlWﬂwﬁuwwuawﬁaLLUaammﬁqq
vugnsawlasBiannsetindmdsdemadluiuwin 1,000 W dngssuuliih

wsenulniIgIu@WINNYE HFT

800
600
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nszudlwiaftueinnves HFT
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6 |

4+ i ' Irms = 3.13 A
X )
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I
!

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Time (ms)
U 5.10 usssulwihuaznszualnihieimmuesvsioutasauigs
vugniaulasdiannsefindmdsdremddluiuwn 1,000 W dngszuuluin
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JUN 5.11 anuduiusszningmdsiievinnvemlioudadidnnseidndiaan

LY

U
Uszaninmmdoudasaanuige

5.2.2 nsw3suiiisuuszansamvewmdioudatadiudgeszudnunaiianisds
AaelWinuuu SHE nuwmadianisdeniaslnilauuu Square wave

uiinsuiulagmluiesueindinansenusonisvinnuvemieudadinii ag
grsueindvasusasuliinagsinliiAamsgadsidelniinidesannnszualualu (Eddy
current loss) wagn1sgayderindslninBamesta (Hysteresis loss) (ismndu dunszud
gnsueiindagyilindeudasluininnisgadsmadnivaginsluanuaziianisayde
desanamsendnd (Stray flux loss) Wiinanniu slvussansnmlumssusasanelnanves
wifoutaslulihiiinas uananiinavessrdueinddnilmananuseutuiivdioutadlnit
vil#UszAnsamnisianuvendiouvasiidinias inaueuazauuazdwaionts
Fovanmussauiuiveudasiifiily fuiulumiasediddinaia sHE Tunsadeduan
sUpduusstUlwififidrensue dndilunisdesidslifiniuvsionvasnnuigaiieandins
g derdslifinfisioudas

Tudetasdumauieufisulssavsnmeemiiowasauiigessviamadans
dsmaelndiiiuu SHE  Auwmeatianisdesmiadlndlinuu Square  wave é’aagﬂﬂﬁué’@zyw
useulaihuuy Quasi square wave  @sanansauansleidsgudl 5.12 wazdiAussduladi
lWiNY RMS indu 49.12 V iflevhmsilanevisnsueiinduessunaudyanausananslusud
5.13 WU 1 %THDY vesgURRUTAYINTY 28.50% FawanisnageunsaneindslifinAug
szuulwiihvemsioudasdidnnselindidsififaidslaiiivunn 350 W uaz 500 W ein
fdslaihdurmuasioviymvesvsioulasnaigaiaviniu 434.95 W fu 422,68 W uay
64338 W U 61488 W s wdfU waranmnsaduulszansnmmsieuvasannuigald
Winfu 97.18% uay 95.57% snuandiu Tngansnsauansguaduussiuluiindunm nszualudi
Sumn wsaslvlihiewinm uaznszualiineninmvesoulasanuigaldfagud 5.14 fa
Ul 5.17 wazannsarlieuliisudiesidudnsgadeiaalwihliegui 5.18
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6.0

551 | |sHE i

5.0 . Quasi Square

4.5
4.0 -
35+
3.0F 2.82%
25

2.0 1.46%
15+ 1360/0

4.43%

% of Power Loss of HFT

350 W 500 W

Output power of SST
JUT 5.18 MsiUSpuiiisulssavgn nvemdaulasanudasseniranaliansasindslui
WUU SHE Auwaianisasiadlniliwuy Square wave

91n3U7 5.18 Wi vnigivieulasdianusedndiidsdneiidaluiiivuia 350 w
rgszuulaih nmsdsidalniidnesuadulednaiwnemaiia SHE asnannisgayde
ﬁwé’qlw%ﬁwﬂaLLUaQﬂawmﬁqqlﬁ 1.46% \ileleufiuweianisasidslifiuuu Square
wave ﬁwgﬂﬂﬁué’mmm Quasi  square wave LLazmmmammiqigLﬁsﬁﬁé’ﬂw%ﬁ
wifoudasmudgsluvnziimiouladidanseindidsaeidduivunn 500 W idhgdszuy
Ioiiinléde 1.82% ety n1sanenenueiindvesguaduusadulnihililunisdatidoas

a o w P a %
annsaannsgaydeidsliiivdouwUasmnudaele
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53 Naﬂ']51/?']\'1']1.4‘08\‘i’lﬂﬁliﬂaulfl@%mﬂ%ﬂﬁL‘?iauﬁi@ﬁlUiZUU'lWﬁ'l
29suegasiafanaduesinesuuy 3 syiu tagnihunvszandldauduasas
Aounadmesiudousefusyuulniivemifowlasdidnnseiindrinds Fadefsng q vediars
wegaitafianadunefinesannsouandléfunil 4 Alfinsndndandeuntii dwiy
MANN13YIUYeINRTUegasTafilaaduiesinesuuy 3 sEAu au1saesungleds
U 5.19 Maslwihnszuaaduanuigeidsinsenioulamnuigiazgnissiioanssua
laleauvurauindudasainininnszuaadulmndulwinnssuansanaziAvazaundsaul i
Fgasd ndsnulninnszuanssiazaueglufdasdazgnisesuegaritafianadunesines
wuu 3 sedvu wlaslilulniiinssuaaduannud 50 Hz  Wai@euserusyuulngd lunis
AIVANNITINNUYDNNRTHORESHIARLALIABUNRSINATUUY 3 T8au tldYnAIuAN Smart
Line Modules ¥84U38 Siemens 3u SINAMICS S120 drive system Hushuszananaii
madnsnisuegaduresdygia Snnisuegaduresdygnailiisgndsoyaly
sULUUYRs SPI T9iiU FPGA msna Spartan-3 1ed XC35200 71A2739 200,000 Lne way
aanseenuuINsiInealitilulnsaeulnsaesuuuilnegmels Adnsnisuegiatud
dalnifiu FPGA azgniluldasedayaias PWM wazawioliiusduinaLiienuaunTYiney
Andidwonaasuegaritaiianaduieiines lasyannasuisasaeunesinesiladouse
fuszuulnihwsamdeudasdidnsetindmdsansouandldssgud 5.20
N15AIUANNSTYINNLYRINATHENAISTaAALIABUNIRSMaTLUY 3 S¥U JzAIuANln
PBaNIzAINSINAese (Active power) u,azﬂ’m@uLLiqoﬁ’uﬁﬁ%aﬂ“’Lﬁmﬁﬁ 600 V (Vg ef =
600 V) faandluguil 5.21 Feamnsdiwesaing q lusasanansonandlddanisned 5.1 a1
wsaulali AAFAed Auseiuanulavassuulnd uaganszualudinaumlanidneliy
szuulitihazgnasiaduaniynauey Smart Line  Modules A1 error - yaawgssuluiding
ATEIAAZNAIUANMILAIAIUAL Pl e?i’qLmﬁwwﬁiéfwLfluﬂ'wmzLLﬁiﬁ/\Iﬂﬂﬁaé’NSQ(ldﬁ) T

FPGA <J02__| SINAMICS S120 drive system

FM <J0b__| (Siemens Smart Line Modules)
roocaa
<«NC. PLL (6, f, [V]) *eenasd

. . =]
DC-link Line Filter e — Ve
| MMI J_ v : ° ? —
~{: —|< T o Lo
-|-_ ' E 9 o ; E . Ve
¥ | A 1 : : : A : : ]
1 P ' E
Gate Driver P g lebe 1 Vabo
T 3 é ;(Controll;er) E E E

v
S
=

JUN 5.19 N15AIUANNITYINNUINATHERAISTARLALATUIBSINETUUU 3 2y
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Anszualiihaiaezgnihluieuiisududnsualiihaseiinldanszuu () Taean error
voanszudlihazgnaruauiesaiuay Pl Bnass Sernosiwniildasdudussiulnihege
(U9 Amssdulwihadeildtazgnuiasannsouérsdsaeananynislugnseudrsdaaena
ViU wazgnuUasannseudnsdeasaanyulignsoudradeanalagondoaymimails
nnmsviiadonguueanssiuluin WoussfuiiAgasdunnin 600V Mmuauazyuen
é’mf}mwawasﬁhmmﬁmwmﬁqﬁu yilvsanszualinilnatngssuulwdidads
1Py denalviLssduiiatasddahanuiduiiiu 600 v dduditssuuassiiaudien
LS U TIATAAIFNgeNIn 600 V

lunisnegeunisinnueniiewdasdidnnseiindiidaevinnisnegeaunisdig
Aaslntiasslsiuszuulniag 350 W, 500 W wag 1,000 W s19az15unsing 9 2QnULaUD
Tuhdlef 5.3.1 faviadied 5.3.3

M13199 5.1 A1NN51E085619 9 VBIYANAEDUNATHENESARLaLAB NSNS

W3 ANNIIIALADTA 9|

WS ARTR 600 V
méf’uﬁwizﬁ;ﬁﬁ%ﬁaﬁ 10,000 UF
Punlugalunsazuuy 2
Adunulszqlunsiaziuga 470 uF
AT MU ULLAZ AN 4.5 mH
Adnienthsgninauuuivgadessessuulnih 1 mH

A szuulng 50 Hz
AUREIRT 5 kHz
Msgadeinaasnsesanud 16 W
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JUN 5.20 waspouneswesiutousedusyuulnivemilowUasdilinnsedndrids

Expert list |
Param... Parameter text Unit (Modifiable to |Access level |Minimum |Maximum

& | Al B3I x]an x|l =]lAn llan =] xlan =]
244 |p3421 Infeed inductance 0.882 mH |Ready to run 3 0.001 2000
245 Infeed DC link capacitance 1.22 mF  |Operation 3 02 2000
245 Infeed line supply inductance 0.042 mH |Readytorun |3 0.001 1000
247 Smart Mode configuration 1H Ready to run 3
248 Smart Mode Vdc ctrl Kp/Tn, Proportional gain 100.00 % Operation 3 [} 1000
249 Smart Mode times, DC link voltage actual value (r3445) 0.25 ms |Operation 3 o 20
250 Smart Mode voltages display, DC link vottage smoothed 23850 v 3
251 r34450] |Smart Mode currents, DC link current setpoint 0.00 A 3
252 |[@ p3458[0] |Infeed PLL ing time, Encoderless operation line supply frequency time | 23.1 ms | Operation 3 1 1000
253 |p3462 Infeed line fault time: 0.00 8 Ready to run 3 [} 10000
254 r3467(0) |CO:Infeed current alpha/beta, Alpha 0.00 A 3
255 r34568[0] |CO:Infeed voltage alpha/beta, Alpha -81.50 \ 3
256 [r3470 CO: Infeed active current fiter 0.00 Arms, 3
257 [r3471 CO: Infeed reactive current filter 0.00 Arms 3
258 |p3480 Infeed ion depth limit a7.0 % Operation 3 50 110
259 |r3485 Infeed standby controlier output 0.00 v 3
260 | p3490 Infeed delay time OFF1 command 0.0 ms |Readytorun |2 0 1E+06
261 |p3432 Infeed, line supply undervoltage delay time 0 5 Ready torun |3 0 300
262 |p3508 Infeed step-up factor i 2.00 Ready to run |2 16 3
263 |p3510 Infeed DC link votage setpoint 600.00 vV Operation 2 100 1600
264 Cl Infeed DC link voltage ¥ setpoint 0 Ready to run 3
265 |p3513 Bl Voltage-controlied operation inhibit 0 Operation 3
266 |p3514 Infeed y active current steady-state 0.00 Arms|Operation 3 -2000 2000
287 Cl Infeed y active current 0 Ready to run |3
2638 |p3516 Infeed current distribution factor 100.00 % Operation 3 0 100
269|r3517 CO: Infeed active current contreller unlimited setpoint -1.4 Arms| 3
270 Hexl Cl Infeed ore-control nower (scaled) o Readvtorun |2

UM 5.21 MsimuaAImTiivesvesyanIuAy Smart Line Modules
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5.3.1 Wan139i191UYR9TUNATIAALELIADUISNBTUUU 3 FTAU VLT
Maslwi 350 W

HANT5Y1191UYB9993510Q A TaALANABWIBIIADTUUU 3 SEAU TuaN1IzAIAT
(Steady state) wmzdremdalwih 350 W anusauandlddsguil 5,22 nwud nssuauay
usssulninlunsazmaszdumatuiesnindrsianzidslnihadadigssuulain o
wssiulniveswla A wia B uazina C IAndu 222.72 V, 220.97 V uay 220.86 V A1ua iy
wazAnsealninvoana A wa B waziwa C Iy 0.52 A, 0.53 A wag 0.53 A AuaIsu
dethanszualaihiidiedidszvuvesudaginandiaginuiaiisuresguaiu
nazualdih (96THDI) wut FAnuRnitsuesgadunszualiiua A, wia B uagivia C 4
AU 1.93%, 2.01% wag 2.07% sudidu Fadulunumensgiuvean sl dvuald
ApufinLiisurasguafunszualuiidailaiiu 5% lnaArenfueindauniuvosgy
ﬂgungQWWEWMWiﬂLLamléjﬁx‘igﬂﬁ 5.23 5@3‘1J17'i 5.25 AUA1AUY

dmiuguil 5.26 Wunmussiuliiuaznszualwih ffgasd wudn Aussdulaiin
\nBeiATaIATAIAU 600 V Anszualwiinideiipaasdivindy 0.70 A evinsvetenmn
LssFulAARTASA Ui Anisnsiilenvesusefuliingid1Usanm 4 V dauguit 5.27
Junmusadiulndn PWM - geesasuenaisiiafianadunesnesvaugieiaalni 350 w
Tifuszuulni Geguaduussiuluin PwM  Huguedunssiuliiihsgninaaiiamtnen
wilsahvensuegaiiafianadunesinesnoudeudeduszuuliin

——100V/div ||

Phase A

',Vb,‘rms =22097V ‘

— 100V/div |
P Ib,rms = 0.53'A ] Aldiv|]

.

Phase B
[—]
T
|

Phase C

Time (ms)

[

JUN 5.22 usaiunasnssuavemeutadidnvseiindindauzdiemasinii 350 w
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5.3.2 Wan1391i191U4Y8995UaQASaAELIIAd U NABTIUL 3 FTAU VLT
Maslwi 500 W

HAN15Y1191UY89993 510 aaALANABWIBIIADTUUU 3 SEAU TuaN1IEAIAT
(Steady state) wmzdremdalnih 500 W annsauandlddsguil 5.28 nud nszuauay
ussfulninlunsazaszdumatuiesnindreianzidslnihaiadrgssuulain Tng
wssulniveswla A wia B uazina C IAndu 225.62 V, 224.44 V uay 223.75 V A1ua iy
wazAnsehalninvoana A wa B waziwa C fadu 0.74 A, 0.75 A wag 0.74 A anuaisiu
dethainszualiihiidiedidsruuvesudasinandiangsinuiaiisuresguaiu
nszualidih (96THDI) wut FAnuRnisuesgadunszualiiiuia A, wia B uagivia C 4
AMNAU 3.92%, 3.39% Lay 3.60% AIUAIAU 6’?'}@L“fJul‘Ufﬂ'm:mmgmﬁummﬂw%ﬁﬁmu@lﬁ
ApufnLiisurasguafunszualuiidailaiiu 5% lnaArenfuefindauniuvosgy
ﬂﬁuﬁmzyﬁmaWMWEQLLamiéfﬁﬂgﬂﬁ 5.29 5@§1J1'7i 5.31 AUE1AY

dmfuguil 532 Wunmussiulwiuaznssualsliifgasd wudn aussiulaiin
\AeiATaIATAIAY 600 V Anszualwiinedeiipdasdivindy 1.02 A Wevinsverenm
wssfulnindiATasd wudn Anisnseiflonveussfulninddseana 4 V daugud 5.33
Dunmusssiulli PWM - ge9sasuegaisiiafianadunesnesvugieiaalni 500 w
Tifuszuulnin Geguaduussiulyia PwM  Huguadunssiuliiihszninawaiiamten
wiloahwensuegaiiafianadunesinesnoudeudeduszuuliin
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5.3.3  Wan139i191UY899951aQaSaAaLIIad U NABTIUL 3 FTAU VLT
Maslwia 1,000 W

HAN15Y1191UYB9993 5109 ATaALANABWIBTIADTUUU 3 SEAU Tuan1IzAIAT
(Steady state) vmuganamasinidn 1,000 Wmmamamlﬁﬁqgﬂﬁ 5.30 WU NTTLALAY
wsssuliinlunsazmaszduasudesnndrsamzmdslninadadgszuulni Tnee
wswiulniveswla A wia B uazina C IA1du 223.85 V, 222.01 V uay 222.02 V A1U6 10U
wazAnsehalninvoana A wa B waziwa C fandu 1.49 A, 1.50 A wag 1.50 A AnuaIsu
dethainszualiihiidiedidsruuvesudasinandiangsinuiaiisuresguaiu
nszualidih (96THDI) wut FAnuRnisuesgadunszualiiiuia A, wia B uagivia C 4
AWVNAU 4.50%, 5.66% WAz 5.17% ey SelndlAsstuinasgiuvesnisingif
fuslienanufiafouressUnaunszudlihiialiiu 5% lasaensuoindandunes
g‘dﬂ?{ué@mmmmmLLamiéfﬁngUﬁ 5.35 ﬁnguﬁ 5.37 MIUAIAU

dwsusuil 5.38 iWunmussulniiwaznszualiingadaed wudn Auseiuludi
\AefiAtasATAAU 600 V Anszualwiinedeiiptasdivindy 2.21 A devinsverenm
usafulnindiAFasd wudn AnisnsziflonveaussfulaiindArUszana 3 V daugud 5.39
Dunmussaulnih PWM vasasuegasiafanaduiesimesvardreiasli 1,000 w
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5.3.4  mM3Ussliuuseansnnnisineuveslnsuagaslafiaaduiesines
WUU 3 520U
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5.4 n1sUszfiuyseansnmvewmdaudasdiannsaiindniag

druUseznoureamdauvasdidnnsedndnindeildlusuided Ussnaudiensas
LBYUSAAIAALALIADULIDILABSUUY 7 SEAU Mﬁmmmmm?{’gq wazRTHRgATTlaRALa
duesmasiuy 3 seeu lneUsyansnmuemsiaulasdiannselindmaswaranemaalnn
iihgszuulaiiwua 350 W, 500 W uag 1,000 W winfu 74.38%, 70.72% uaz 60.40%
AU Hananslumsnedl 5.2 9151971 5.3 wazen3197 5.4 wazansaLAnIRILEuRuS
szunmddliiienwinniuussdninmeemdeudasdiannsetindmdsvazaiidalnii
fifiasing 9 Whgszuulaiinldfagui 5.41

A19197 5.2 UszanSanveaviieldasdidnnsetindnindswayananiddlnia 350 w

NITVOIMLBUUAY maslniihvessiaulasdidnnsedndings Uszandnn

dudnvselindias | Buwm (W) WM (W) | nsasyide (W) (%)

1. 39935 CHB 469.91 428.51 41.40 91.19%

2. nilauuas HFT 428.51 422.62 5.89 98.64%

3. 1T MM 422.19 349.53 12.66 82.79%
9985 469.91 349,53 120.38 74.38%

A151991 5.3 Uszansnmvesvsionuasdidnnsetindindsvaizanamaalidn 500 W

1995v0InLBuUaq mdalviveadiowlasBiannsedndmds Uszansnm

Sidnvnselindmay | Buwm (W) @iy (W) | msgeyids (W) (%)

1. 23995 CHB 709.15 631.36 77.79 89.03%

2. vilowlad HFT 631.36 614.88 16.48 97.39%

3. 15 MMI 614.17 501.48 112.69 81.65%
ﬁ\i’)\‘]ﬁ]’i 709.15 501.48 207.67 70.72%

A15197 5.4 UszavSnnveavsienlasdiannsatindnidsazsnamiddwia 1,000 W

NATVDINRLDUUAY masiniihvewsioudasdidannsadndrinag Uszansnn

ddnnselindmay | Suwm (W) i (W) | nnsasgde (W) (%)

1. 9995 CHB 1655.47 1411.29 244.18 85.25%

2. wlokUas HFT 1,411.29 1,326.05 85.24 93.96%

3. N7 MMI 1,324.50 999.96 324.54 75.50%
ﬁg\‘i’NQi 1,655.47 999.96 655.51 60.40%




106

100

90 - -
2 80 74.389 |
8 18 % 70.72%

Tt - %

0 T - - L -
g ___________ 60.40%
60 e ]
4
@
® 50~ :
£
G 40 s
[({'=]
& 30
laﬂa,
2 20

10

0 L _aal _ |l | | | _ . . | | |

0 100 200 300 400 500 600 700 800 900 1000

maslinevinnvesndoudadiannsedindings (W)
JUN 5.41 pnuduiusseninmadiiievinnuasyssdnsnmvemilouwUasdiinnsedng
ez deialniinasiig o wWigssuulnin

5.5 unagy

Tuunidunisyiauonanisviisnuve wdeulasdidnnse indideildluauisy
UENaUAIENITINILYBI93SLOFUSAITARALIABULIDSIABSUUL 7 S8AU  N1911191UV8Y
wﬁawaammﬁqq LaZN19N9UYRNRsIDga slafAanaduesmesuuy 3 TEau lag
‘L‘hLauagﬂﬂﬁué’cytymmsﬁwmLLas‘UizLﬁuﬂizﬁw%mwmawﬁat,l,ﬂaqﬁLﬁﬂmaﬁﬂﬁﬁwé’wmz
i@l 350 W, 500 W iag 1,000 W auaau lugiausieliazilunisdaus
fegnailsitunislinuiiuiuuemieuladidnnseindmasiussgndldauiuleansviny
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Nantun1slgauuinvesnsianlasdidannsaindnnas

6.1 UNU

ndeliuseuludesilaidunsidnuiivainraisvemifewlasdidnnsefindrigs
nsUszgndldanunioulasdidnnsetindidsiulaarsnisudaianuiiauladuegaunn Tu
UmmuﬂmammamqﬁamjumﬂﬁwummmmammawaaaLaﬂmauﬂamawﬂiwaﬂﬂﬁu
uiuleansindu Tun nsesivaeuauinUnivesunsleansioad [50]  waznisidiy
s messzuUliluan eI uTeEs [51] duSUn1TRTIdauAINRAUNRTD LA
Twanswadazldinedia Box Plot TunisasadupnuRanisiauresundleansiead diean
narlunsnsvaesuauAnUnivesundleasimadluleaiving ansoudladyminingy
#egaaznansinsa viilimsgandssgldvesdrveslodrsmsuiaranas drunisidiu
whgsnmvesszuulniilugniiznsudsudagldmaiinnisaivaunisvinnusiuiuves
aounedinasaelunioulasdidnnsedindindniieannisuniwesiidelnihaiailoia
Woarvaeinnssumutufuszuulnih seasdenss q vesitaitunisiauis 2 aansa
oS unelesasioluil

6.2 N15AsIdBUANURANUNAVDIUNelYaNIwaa

JunrnuRaun@annnisviauveswratsafiwadidulanlngfivialiines
Toahsrrdugaudeneldamnmsngliduduaunn fadu idelilansrsuanusarhauld
ognafiuszansnmuaglinansuunudufunisasmuuiniian Twanfvifuiesiiszuy
AT UAIURAUNAVDILNIIGAISIUAA STUUNISASIFADUANURARUNAVEILKILYaNSIwaa
anunsaundgmasnanlailuedied wazdasldnsdeunananisavinlasgnsavainuas
50157 Fsluhdeavdunisiinilasdunisnsisdeuauinunivesunsaaseadlaiu
wioudasdidnnsodndriadlasldinaiia Box Plot dudumadedilddudou remeniswamun
53Uy wazfleuutiughgaslouiinateyadisiuiuan

6.2.1 wAlA Box Plot

Box Plot iunszuiunsmeadamaniildisnisniadalunsimuasveuiauy
wazaulnaevestayalagldan Inclusive quartile Faiumiavessn Quartile anunsamle
naun1sh (6.1)

Q=1 (-1 61)

Toe# k A9 asuivesmalng (k = 1, 2, 3)
n Ao UIUYBITRYA
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PNANNITN (6.1) @UNTOMANILRUUBY Q; ey Qs WANENNST (6.2) wag (6.3)
LAZAIUITONIANVDULIAUULALVIULIAEI9UDY Box  Plot basaunisi (6.4) wag (6.5)
AUAINU

Q1=L11(n—1) +1=025(n-1)+1 (6.2)
Q3=i(n—1) +1=075(n-1)+1 (6.3)
Upper bound = Q3 + 1.5 (Q3 - Q1) (6.4)
Lower bound = Q1 - 1.5 (Q3 - Q1) (6.5)

6.2.2 nsuszendldinaila Box Plot Aundauvasdiannsatindmasluleasnisy

msUszgnaldinadia Box Plot Aunioudasdidnnselindriadluleaisvisuanunse
wandldfazul 6.1 TumsnsrasumarufisUnfvesundledrdisadiandunsnmaeuly
3%AU String lastnIzuaveIuAag String ﬁgﬂﬁnmé’a Plant data operation ug1luing
Box Plot ilamuiniiarinseianuznisinuvesleansiwadlundas String Han1s
AT AN TORARINARILSTUU Monitoring vieuansraseulavkiuiuled wieens
Wausosanlnan1svh Application Wemuulnsdniflofie wWeudufewdiafinninuinund
Fuiuunsleansivad ibiAnaaraInwazmslunsuiledymuasdisannisgade
elavesinvedlearinisuliiintesas
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Command Data
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msnsegeunuinUnivesundeaisiwadiomain Box Plot 3amsilawnse
TRERUANTITiALRRUAR (Outlien) vieAnflegusniniioveulnuularyeuvaadliegis
gndasutiug usegslsfinny dedrinvesisnisil o aruuandneszmineteya tnedoyaly
anmzUnafiiunldiaszidesdiauuansieiulaiiiuy 25% Tunneanuin Anszuaann
PV string wavuaildlunsinsieiiitensiaeuauiaunivesunslsdswadluanniznis
auunfagfesinuuanaiuliifiy 25%

6.2.3 N13531894N15NTIERUANMURAUNAVR LN TASAaREALia Box Plot

A15UN1391809N1991191U095E UUMBLUILNTUADNAILADS LALUSANIZNITYINNY
ponlu 6 a@n1ay laun @anzun@ (Normal condition) @n1azlla9as (Open  circuit
condition) @n1znisiianaariuu Line-line (Line-line condition, Fault resistance = 0 Q)
anmenmaianeaniuuu Line-line fianunsavieuls (Line-line condition, Fault resistance
= 20 Q), @n1znsinaenUs (Partial shading  condition) wagannigiuslgaisigas
Fouan1n (Degradation condition) lusuusnasdunissassnisiaudelusunsy Power
simulation (PSIM) iiteLiuteya Tnsas1enguisastesvosundlaaiioada i ¢ ands luud
azanselinsvounsloarsiwadoynsuiudinuay 5 una fa5Ui 6.2 FsarmsfitaeFuosund
Twarsiwaddildlunisdiaesauisauanslddaguil 6.3 dmiunisdtassnisviauves
Twansimadluusazansdlsinaudeudiauduuassious 0-1100 W/m” luyn 4 nadiivi
nsvaaey Sadeuleiildlunissiaeesdlundaznsdlanmisauandlddanisned 6.1 ndsain
tfuasindoyaillduniinszyidae3sns Box Plot Tneld Code program fa1¢lu M-file voq
TUsunsu MATLAB/Simulink dswanissaesdildanunsauandldaastoluil

AN51997 6.1 Haulun1sInanInIsnsIEeUANURAUNRve LN lYaSwad

nIAUANY Raulv
Normal condition N394 °uUNA (Resistance = 0.008 Q)
Open circuit condition Jnaneasdi String 1
Line-line condition AAn1samaasi String 1 (Fault resistance = 0 Q)
Line-line condition AAn158m9957 String 1 (Fault resistance = 20 Q)
Partial shading condition fmuneIAdILasT String 2 Wiy 500 W/m”
Degradation condition LAAINELUNIYe String 1 Widu 0.1 @
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Box Plot Model

Upper Bound

Upper Bound
= Q3+1.5(Q3-Q1)

y Vv

Lower Bound

= Q1-1.5(Q3-Q1) >
Lower Bound

S N -

JUT 6.2 wuudnaeanInavaeuaLinUnfivendlga1siwasaemaila Box Plot

g Solar Module (physical medel) — X
Manufacturer Datasheet g TA)
Number of Cells Ns: 36 g
Maximum Power Pmax: a0 (W) |
Voltage at Pmax: 17,1 A 3]
Current at Pmax: 3.5 | A 2
Open-Circuit Voltage Voc: 2" (v |
Short-Circuit Current Isc: 3.5 (A | L
Temperature Coeff. of Voc: __-ITECT (%o or oK) | a
Temperature Coeff, of Isc: r_D‘OE‘ (%afoC or oK) i ¢
Standard Test Conditions: | H .
Light Intensity 50: | 1000 Wf(m*m) | 0 10 20
Temperature Tref: . 25" {oC) i v
dv/di (slope) at Voc: ’_W (vim) ; .
(it available) | P (W
o] & FARY 450 W .  tatee"
Model Parameters (defined) - T RN T 80
Band Energy Eg: 112 (e¥) |
Ideality Factor A: | 1.2 o
ShuntResistance Rsh: | 1000 (Ohm) ‘ 40
Coeffident Ks: I_‘-__D_ | 20
Mogel P_arame—ters_(calu.llated}; ~ B Nk AW
Calculate Parameters | | %
Series Resistance Rs: Iﬁg (Ohm}) I =
Short Circuit Current Isc0: 38 (A | 0 10 20
Saturation CurrentIs0: | 2.16e-8 (A I v
Temperature Coeffident Ct: r‘fﬁ (AfK) = r
: = - e - WV alOld Maximum Power Point {calculated) — e | CAalate TV Curve |
Operating Conditions - "“ﬁ w) |
Light Intensity 5: 1 1000 W/{m=m) T 1—17[; w Load... | Copy PSIM Parameters |

Ambient Temperature Ta: 25 |miaC) I Imax: 3.55 (A)

UM 6.3 Avnsilwesveusdleansiwannldlunisdiaes

Close
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6.2.3.1 @anmguni
Tuan el unslwansiwadnnaniszyinuunansuanddusuin 6.4 e
Plot Wud1 Anseuannansseglumis

YOULIAUUKATVRULURANTIAT 9 TUMEmALlA Box  Plot detiudsanunsoagulain laidany
AnUndla 9 induiuweleaIswnd Seman1sinaesaunsanandlanagui 6.5

-

UM 6.4 29sundleansigadluaniizund

Results of Normal Condition

9.26 ll
2
9.25 I :i
o e e eelUpperBound
¢ o 000 lower Bound
s Upper Bound
< 9.23 L) ..Q........l.'.......l.......‘.
= 0.....l....l..........0..'....'.........l..A
= .......ll.l..'...
g 9.22 = o T ——— - - :v -'-
h TP -?::‘h\:‘- = 153 (I ..II......I.'......
h S ¥ X .0'....'.....‘.... l.......l..
= ......‘.ll..........l..’.......... e0000 0
@) 9.21 ;\ |
Other Normal PV Strings
Lower Bound
9.2
9.19
9.18
036 0.565 0.57 0.575 058
Time (s)

5UN 6.5 nan13dnaesan1izuni



112

6.2.3.2 @n1iUAI9aT

nadiansaseraintulduarsans Wy anglilun aeuuamaign vie
flhdvia Wustu TunsdaedldimualiiAnannznsasianss 1 duansugud 6.6 1o
thanszuaynanisniinseimemaila Box Plot wui Anszualwiihvesanien 2 ansed
3 uarariedl 4 azagluriseuavuLarvaUIRE A sTufemada Box Plot usirivaq
nszudlnlinfianss 1 azeguonvouivanasiidnduguéidesnniinannsnisasiianid
Fatudeazuléd wafa Box  Plot annsavieuldednaiiusgdniam Tasanansonmaty
aruinunAvowunsledrdieadiiintuiianss 1 1Fodsgndes Famanisdassanunsouansld
G‘fﬂgﬂﬁ 6.7

At string 1
+l+=+

JUN 6.6 2asursleansieadan1izdnleas

Results of Open Condition

14

— |

Upper Bound

..obo.oclolc.

12 o ‘o, .
\ .+*" Other Normal PV Sttings

10 /

12

-3
— |/
e e e o0 UpperBound
e e 000 ower Bound

—_ .o' O A .

< s o o N

N . ..

= . / .

(%] . Yy .'

= 6 ..' V4 Lower Bound .

= .° .o

© 4 .'. .'.
) ..." ...--"". Abnormal String .'"--._. '..

l.oo"'.. ' ."...7.:. e
0 il seoads
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2
Time (s)

5UN 6.7 Han15910098071221 UM 2939
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6.2.3.3 an1gn1siinneariuuy Line-line (Fault resistance = 0 Q)

nsiAaneariuuy  Line-line Wunisiaeavififianuguuss Ssduilvgiile
Aavoasiludnwaedl winnosieviuvdeinduaiiedasasludwiiiovossioonidunis
Hosturuidsmefianfndutugunsal lunsassmevhauannzdldtmusliAanoar
flawe 1 fauanduzuil 6.8 nanisiassiildamnsauandlansgud 6.9 nszualvifinansa 1 4
fiA1JuAud9L0g UDNTIVBULIAULLAZYOULUAAS FatuSeanansnasuldn wada Box
Plot ansnsavhauldegnediussaninm neasaduanuinunafiistutuusdeafiwadly
an3e 1 1ilesanmaifarleatiliogregnioaiazusiug,

At string 1 (Fault Resistance = 0 Q)

5UN 6.8 2sasundleaniiwadani1iznisiianeariiuy Line-line (Rf = 0 Q)

Results of Line-Line with Rf=0 ohms Condition

14

— 1
12

XXX XX TN
. s |3

12

o -4
Upper Bound **. *® ¢ UpperBound
10 ‘e, o000 ower Bound
~ .°.‘
= s ~ -
= Other Normal PV Strings I
o .
= 6 P %
= ." .'.
© oy
.o' sesececetaa,, °
,‘.' ......'. ...
2 Py el X
e Abnormal String Lower Bound ea, Noee,,
0 rrrrrrrrr(‘({‘ o000, , 0,
0 0.1 0.2 0.3 0.6 0.7 0.8 0.9 1

Time (s)

UM 6.9 nan1331aesan1IENIsianeaikuy Line-line (Rf = 0 Q)
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6.2.3.4 @n1rn1siianeaniuu Line-line (Fault resistance = 20 Q)

mssasdduanneifunsiinneaiuuy Line-line fiszuudisanunsaineu
16 TnediAn Fault resistance = 20 @ &slunissrasdldivualiAnneasivianss 1 fuandly
SUT 6,10 nmantsdaesieguil 611 nudt dlefieneayituiiansa 1 Anssualvilves
an3afl 1 2ranaduaregusnt VB UIAUULAYYBUIIAENAYES Box Plot drusinsualylii
Yosan3efl 2 an3edl 3 uazanied 4 SenseglureulvauulazyulUna1s MIIATIEITeya
gowmaila Box Plot wansliiifiudn wada Box Plot asnsansiadumnuiawainitiniuiu
Aszualniinfianss 1 16 feudnainszualiivesanss 1 asdalnddesiuainssualndi
YEAR3IBY 9 Amn

At string 1 (Fault Resistance = 20 Q)

e

3UN 6.10 29asuraleasiwadan1iznsiianeaiuy Line-line (Rf = 20 Q)

Results of Line-Line with Rf=20 ohms Condition

12

Other Normal PV Strings Upper Bound 4 :;
10 \ ] 14
."”. O ."-A.'/ eee e JpperBound
AT b e e o0 ower Bound
8 P e
~_ P 4 .-.
« Vs
-’ .C [
= 6 o
-5 .6 . .
= / v\
- 4 .0.
o s Lower Bound /
2 /
o Abnormal String
() recccses e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

UM 6.11 nan1391a09an1IEN1SiANEaNLUY Line-line (Rf = 20 Q)
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6.2.3.5 @anngnsiialnUa

nsaadluanneiiunisiassenuiaunfvesunsleafiadidesann
Usngnisalinds TaefmusliAsannunddufuundeafwadluansedl 2 dawunns
viaurean3al 1 andel 3 uavanded 4 ulumuund feldnvazadeiuusingniseli
Aetuluguil 612 Tunshaesduldimuslimuduuamesandsiifnaniisan s
Wiy 500 Wm” dausanaduuadluansedu g fvhaudndfianiidu 1,100 Wm e
Ansesinanisiaosiiintufuandugui 6.13 nudmnseudlnihansed 1 anded 3 uas
aneft 4 duileheglutiseuinuuiasrouiunans dunseudliiinansed 2 Agnanaudy
uasasasininUnd uazeguonveulaiiaishemaila Box Plot

5UN 6.12 2asuralgasiwadan1ienisiind

Results of Partial Shading Condition

14

— ]
12
12 — |3

RLTTXTEEEEIN 14

..0'. \ .".. eeeeeUpperBound
m ...- UpperBound -... eeeee|ower Bound
—— .o.. ‘@ P ~ .'.'
3 8 .... ,/ ‘\ ...
*E o p 4 Other Normal PV Strings
@ ¢ N 4
= Oy
- Ny oo
= . 7 .'......ncltaoooo ........
© g > = Lower Bound .°'-._.
2 ™~
o :’..-" Abnormal String
0 l....l...“/'..
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
2
Time (s)

5UN 6.13 Han159aeean1IENsinLUs



116

6.2.3.6 ANTLEIYANSAALADNANIN

£
a1 =

dleleanfiwadidonann Aranudumiuesunslsadivadaziiingestu ns
HAouanvosundlsarfiwaderninduifismdunsfuandusud 614 vdoorainiu
innimilunsfld lunssassnisiedluanisdldhmafinsamuiumueynsuves
ansedl 1 WlAwinAy 0.1 @ wasidleliasgiidemada Box Plot aunsauandliiiiuiiia
AruAnUnATuiuLkelYaSigadaniefl 1 Taernszualiifiivesansedl 1 aveguonvauLs

wagdAnInseualninassadu 9 Feaunsouanslanegun 6.15

At string 1

UM 6.14 wasundlgasivadanneisleaisivanidonanin

Results of Degradation Condition

12

o— |

Upper Bound 2

W &, — 3
" \ et o, s |4
e h\@/ 'o. eeeee Jpper Bound
... s « . e o000 |ower Bound

o S Other Normal PV Strings :

LY 4 .o...oo-oO'-..... .
P *ee,

Soe, S
.,
.

Current (A)

2 & Lower Bound \
yd Abnormal String )

(Y "

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

UM 6.15 nan1sdnaesanizirdlaanflgadideuanin
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6.3 nssiuadesnmvasszuulnih luanisznsueud

Tutigtu ndsnunaunuiasndsnumadenlagninldnannszualninegnadud
wnsnane iesanndinunaunusasndsunadendundinufiazen liduuafivee
Aswndon laifdunuidomadunisuannszualiih gy wdnuay wdsnuh uasndsny
WEIDI7IAE) DILINAIUNALNULAZNEIUNIUEDNILLTDANAI8DE19UINUIY WANSIITY
VaLULaTNEIunsdentsdideseslutewesnuldaiianevesunaandsauiilaly
msuannszualiin uasdudlymitddseatiosnmussseuudsinemasluih

anfladdunisldaruiinatnuarsveandioulasdidnnseindfids nioudas
Sidnvseiindidsdagminnuszgndldauiundnunaunuuasndssnyadeniiteaiugu
Aaslninfindnannunasndsunaunusasnadsumadenliianuaiaus e
dpsnmlviuszuvdssnedsini dslufiasiiauesegneilasdumsldanuvomsoudas
didnnseinddmiulszgndldausimiuladriiuieimadosawlifuszuuludialy
anmensrudoudlagnisannisunisestdsiniiesdusiefiianeaniussuulng dwsu
mﬂﬁﬂmﬂumimu@umiﬁwmmawﬁaLqu@Lﬁﬂmaﬁﬂﬁﬁwé’ﬂﬁaﬂﬁmﬁﬂmﬁmuqmmi
¥a1usauiu (Coordinated control) ¥esnoulIoimen 3 i vewseulatdidnnselind
fds Bsldun aeunedinesiligugivemiioutasnnuigs  asunedinesilimAsnives
wﬁauﬂmmmﬁqq waAouBswasTvimtfideusefussuulngi

6.3.1 WALANIIAUANNTTI9IUSIUAU (Coordinated control)

n1suszanaldimaiinnisavaunisinnusiuiuremdewvasdiannsedndring
dmsumsldnubutuleainfuanmnsouanddfosui 616 Tuitasdunsaauaunis
¥hadl Substation fldRndsleandrsalidusuiuinn wiesaleanisuvunndes o 77
nshnnseganszanedlisefuiierhamseuauiigaiien (Solar photovoltaic, SPV) T
hnszuanssindalsiann SPY aggnuvadlidulwiinssuaaduniigesne SPV inverter
LLazdm’]uwﬁaLLUaﬂm’mﬁQQ (High frequency  transformer)  lUfsnouiasines 1
(Converter 1) iflovinnisiesnszualnihanlifinssuaadulidulninnszuansauasiv
avaundanuliATAE (DC link) ndssuiazanluftdeddazgnudadiduliinssuaady
amnufifeneuneines 2 (Converter 2) ilaldeusofusyuudssnemaslylin

AridalniAnanldainled frsudauusiunuainnuduuaeiing (Solar
radiation) wagtayan1e q vesszuulnihasgninuazdsrundegudaiuaun1sineu (Plant
data operation, PDO) u Anszualnin Awssaulniy armaslwdy uagadyaianis
AIUANNITVIIUYBIUAAY Substation WWusiu AR89 Lwéﬂﬁazgﬂﬂizmamauaﬂsﬁa%q
Synaeuaumsvhanlitusiaaauem Pl (P controller) wasnauiefinadiia 3 ¢ léu
AIMIUAN Pl B3 SPV inverter #3MIUAN Pl w83 Converter 1 uazmAuAs Pl ¥89
Converter 2 stafuaanaianisauaunisiausmiu fe Paeliszuvannsaianuls
pe198UsANSN N inANEangEluN1IAIUANNTINATUYBIFIAILAY Pl YaRBULIBsIAES
WAz uaraunsawddaninisuniswesiidslniineselussuuldiduesned Taasdinng
Waueludaudinaly
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PWM : Pulse Width Modulation
PV : Solar photovoltaic

(e
- |
Remote control operation PV e
Command signals D EI :“I"ﬂ‘: Output variables
1 v Treom BEH

=

Input signals

Plant
controller

Intermittent
solar radiations 1

Maximum power point tracking
control signals

SPV panels

W =
o — — »—cj}”{t P E I ﬁ

aid

Current and voltage

abyjoa yuy| >a

SPV inverter

High frequency  converter 1

Transformer

DC link C

onverter 2
A

Grid side converters

[

Substation

Power system

siulgansinsuluszuvasanendslain

JUN 6.16 m3Uszyndliviieutadidnnsefinding

6.3.2 M3AuANNsInUMdeulasdiannsetindrinas

mimuammsﬁﬁmumawﬁaLmaq%Lﬁﬂmaﬁﬂﬁﬁwé’ﬂuﬁﬁmmiaLLUqaam‘f’Ju 2 du
fio MsAUANMTINLYES SPV inverter Fafudiuiliagmesnudgugiivemsiontaseud
gerauansluguil 6,17 wagmImuANNITIaLTes Converter 1 Wag Converter 2 fig)
masnunenivemiieulasnuiigs wie SST Fauandusud 6.18 dmduniseununis
yauveIneuIeimeiie 3 il arlifhaiunu Pl wuuiRsatuduandlusuil 6.19 Wudh
AUANNNTYINY

6.3.2.1 NM3AVANNISVIIUYDL SPV inverter

NNSAIVANNITYIINIUYBY SPV inverter UsenaumemiaAiuaun1siney 2 67
Ffindadunisyi Maximum  power point tracking tieliidalwiindindnann spv 4
Agsan Ineldrnszualiiiuasussiuluiimes SPv 1Wudyaabunm dudnsmiadusi
AruAuUsIFULWAN i Amuauussiuliihuashadlniadiouesssuuliid

ﬁamuqmﬁwé’ﬂﬂﬁﬂqﬂqm (Maximum power point tracking controller) 9
a%ﬁﬂé’fgfgmmuqmﬁwé’qlvxlﬁw%qmuﬁiwué’aqms (Desired active power) M&wInLAY
ﬁ’cyzyﬂzumuQmﬁwé’ﬁﬂﬂw%aﬁgﬂﬁ%ﬂqﬁu%gﬂLU'%EJ‘ULﬁ&JUﬁué’zyﬁgmﬁﬁé’qlw%ﬁi’m%qmﬂ
SPV (Actual active power) 1 error Alfanmsisuliisuazgnaslufishmununseua
(Current set point controller) L‘ﬁlaﬂ%luﬁ'lﬁ’]ﬁﬂwm’]Lmﬁwm%m SPV

ludvesimuauwsssulniviedaiuauiasiiinalow svlddyyin
error AlFnmslTeuiisuesdyaasinuay Pl fyagraussiulniihaseiinldanszuy
Tl wazdygransadulniingrsda Budygraduwn Sedgyruandiaiuay Pl iign
thurldanlu loop  mMImuautiazshmihiaanisunisesdsiuihaiwesszuulniuge
Anmssumuvialug dwsuewinniteonandaiuauiasgniuieudisuuemadlai
ilouadeiiinldannszuulnidnadmils Aeuszdsdayaa error Tufishmuaunszua

(Current set point controller) WuLRAEIiu A1 error MilgannNsUSe U UR Y uRAIUAY
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SPV panels
Control signal from an
additional Pl controller
'
Y Actual
Ref - + m{a
voitage =~ P@C o me @ termioat
Current and & Error :
'
voltage meters Inner :
® Pl con'troller '
' DC current Desired 4 | E
Eand voltage reactive power Ny = ¢====* Aetual reacti
v Actual active . <"':' """ ‘ u;o;f:rc ve
rror
1 power A4 A d
MaX|mU|:n H Current modulation DC/AC ceee
power pOInt‘ s > t . te indices ) ter@--1 SST model
. @ R----- set poin P B Shbiil) converter@-- .
tracking ) P (see Fig. 6.18)
. Desired controller model .
algorithm | active Tl
power I

5U# 6.17 N13AIVANNITYINAUVES SPV inverter

To Pl and current set point controller

SPV model (see Fig. 6.17)
Actual DC of SPV model (see Fig. )

link voltage > Reverse power f)

flow controller| Controlsignal from an :

-

Max lim. Desired DC link : additional PI controller ’E
voltage ¢ : Reference ' + 0 2
J Itage > = 4 ' 2
Power flow| - i i
SRPIOWE o + Voltage and (-E,;o-r)@(- -f--é 5
controller [¢-- <'°'? current controllers [¢-=-------ccq i ®
| 8 Injected current 4
Min lim. : Control si_:;nal from: : : :
an additional PI : \'/ : :
controller ' Demux mmm—
o modulation E ?
W indices : \U4 :
By High frequency AC/DC 71 DC/AC . 2
mode s
(see Fig. 6.17) 1" T transformer ¢----49converter converter @---------------- * N
---- M model model model &

UM 6.18 M15AIUANNITYINUYBY SST

maslniasefiszuudesnis (Desired active power) Audeyaramaslniniinassann SPV
(Actual active power) wagdyganssulniassiialaainssuulai ielvassdyeau
PWM Tun1saiuaunisvine1iues DC/AC converter %38 SPV inverter

6.3.2.2 MIAIUANNISVINNIUYBY SST

miﬂ’m@m’liﬁwmmm SST fiUsvneudae Converter 1 wag Converter 2
wldimunundniiomn 3 § duandusuil 6.18

famruauiaindaduiiniuaunisiuavesdidelaia (Power flow
controller) ﬁ’smuwﬁwﬂuﬁ’m%}wﬁiyjiyﬂm PWM 19111995 AD/DC  converter  #30
Converter 1 lneildyguduny Ao dyaraussiulniiaiaifnléannidaed dyau

o v

AIUANAINGIAIUAN Pl LazFE Il TInUATEIAa198Y

o

o

% 3 % 14 (% [

Aanuauiaendudlintuaunisinadounduvasiiaslnii (Reverse
power flow controller) dyayiadunnvassiamuauiiaslddyaiausaiuliingzimialan
ATAIARALFYYIUAIUANIINIAIUAY Pl 1 BYIINTUTENIANASHUTREMAT doyey1nuenving
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[

ﬁl@f%aﬂiﬁ?ﬁﬁuazgigm%uwmméffgm‘uQmLLiaé’ulw%LLaSﬂ%LLaI‘V\IWW (Voltage and current

9
¥ Y

controllers) Aldfasod dryayrau PWM T3 Converter 2

Y

MIAUANMTIEY AD AamuANLIuLaznTeua  (Voltage and  current

q
a

controllers) dyaaBunmvasimuautiazliandyaiaeminnueaiiniunuiiiasnse

v 9

[y

fmuauNMsnadounduvesiiasiui wenaintuas dygradunniigniunldussunana
Andwyayounile fie dyyrau error - ALAINNITUTEULTBUA YR IUAIUANIINAIATUAN Pl

[

Fye e sanue1999e9sz Ul wasdygranserulniasandalaanszuulni Wed

AIUANINNITUTEINaNaLIS 8 UToaLaawTINTa ed ey PWM Ailglunisauaunisyinenu
¥83 DC/AC converter #58 Converter 2

6.3.2.3 MAuAY Pl

Fadtldnanannountid daevau P ldlunisadedyaaeiuaunis
yhaureavsioulasBidnnsoindidianunsouandlésesuil 6.19 nelusaniuau Pl ag
Usznausmeminiuny Pl gae 2 61 laln Remote Pl controller uae Local Pl controller %
pdnnsuvesiamual Pl anansnesuie il

feyey1nuduUNuad Remote Pl controller agUsenaumedny1n13AIuAY
fﬁ’ﬂé’ﬂﬂ/\lﬂﬂuawdaéﬁqﬁqLLazé’iyzyﬂmﬂ%qﬁa'qmmﬂquéﬂmqmimugumad%ﬁaﬁwé’ﬂvmw
dusudygruminuauidsliihflflunmsinusieigndananguinasnisaunudy
Juinnsadresdyadianunsonandldina Block A ‘mé’qmmfué’fgiymmﬁwwﬁlé’mﬂ
Block A azgnuiuguied K, ua K fauanslu Block B uazdqyananesimniléain
Block B a8gn3asesienisilinesn1saaduadaa 1ol (Te.d il Remote PI controller
anunsninaulaeesliuszdnsnim

a5 Local Pl controller 3gliantwaizn19v19uuLAeaiu Remote Pl
controller Lwilm'ﬁmﬁﬁLaéﬁuaaé’@mmlﬁmmnmfﬁ’wﬁﬂwmﬁi’mlé’ﬁuagﬂmwﬂﬂé’ 9 1y
deyeyreudunmnvad Local Pl controller fig Ardslniingredanazanidslniiaseditnldann

Y]

Safifnshndanieuasdidnnsefindrdsiifinisvinnusuiuledssudsanmsouansls
fa Block € Ayaasesimmitléiann Block  C aggnusugusies K, uay K dauansly
Block D Gﬁaé’fgzgmmﬁwmﬁlﬁmn Block D %Li‘;lua";wﬁﬂuﬂ136{%’705@@1&4%\‘1&’3@3%&
Pl fldlunsmuaumshauvesreunesinesvemiioutadidnmsetndiga
Lmalmammmamwmmﬂ Remote Pl controller wag Local Pl controller
ud dyanaiensimin 2 da aﬂﬂmmammqmwuﬂmmmmmﬂm (W) wseymnaeanshy
ausauau Pl flessdiaden aunsodvuaaimdnuesiamuay Pl Alideansldauly
fanfu 0 wardmuaaniminvessimuan Pl Afesnsldenlviandu 1 Tnelufidls
famualvianmiinues Remote Pl controller SiAsindu 1 (1 = 1) wagisusliansimin
984 Local Pl controller danviniu 0.25 (14 = 0.25) laglvianuddgyiudiniugu Remote
Pl controller snnnin lesdayaaunisruguidsluihiigndsnaingudnatsnismunuves
i%UUlWﬂ’]ﬁ]zﬁﬁiyiyﬂMﬂ’]'iﬂ’mﬂuﬂ’liﬁ’lﬂ’luﬁﬁ35u 9 Ae oty AIAIUAL Remote Pl
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Proportional controller block D Control signal from an

AP, (l _ T(t)) Proportional controller block B
------ X (T — eeccccccccns
block A Pf (t —\T(t)) : KP,R AP/ (t T(t))‘ ‘: ) Phase lead for delay
P. ([) - . +wv compensator, Tias
f Washout filter 1
[RyRp R —— = =3 —7(1) |eeeccecedP)ecccea -l
Active power > ot:nr:'rg:Efl m >§ -? Integral controller +Q : Up[ R (t - T(t))
flow in a remote Delay + : ' : ot
transmission line Veeeee _ - 1 emote
Rreefren’;t"ecceopnl::j’;f : > KI,R 2 (_[APf (t T(t)) d (t)) T ' control signal
'
'
§+
Local PI controller Nt Uy (-2t ))
:
1

additional PI controller

block © Py Ky X AP (£)@------cccncnrony 10 SST or SPV
AU AP (1)+ ~ (see Figs. 6.17 and

'
.
Washout filter N n ' + 6.18)

............ oflocal Pl |===eees cecceea Y
Active power flow in controller A -? Integral controller + A
]
H L}
'

a nearby line + UPI L (t)

'
Referencepower §  Se=eo= MK, , % (IAP/ (t) d(t)) P P Local control signal

of local controller §
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NANNITN (6.6) Wagaun1si (6.7) @1unsaldouanniIsIAUTTAIANITUNIIYBY
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294 Remote Pl controller uag #, Ao @hﬁ’mﬁﬂ%aﬂ Local PI' controller %ﬂuﬁiﬂﬁ
Sueliien n,=3 waz n,=1 Wneliarud dayfu Remote PI controller 1nn31 Lilosann
Remote PI controller {un1smuaumsindaiaalniivesszuuluansnsundeus

F(l‘,r):m/TAEPf +772/TAEUP/ (6.8)
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< A [y o d‘ Y 1 o w = o a o a
Wunvensulunisinasuieadunisunisuesmaslnii Gsusznavaie tasesnndalni
119U 10 1ATBY wazdasIuu 39 Ud lnslunisinasslavitnsinasndontasdiannseling
Masnyinauswiuleasinudiuau 2 yn 1da 24 wazdain 18 lasleansuisuiis 2 ¥ail
a U I 6 6 1 [ % v Y [ r-ﬁl’ =
AnannsTniureslraisnvuingoskazaualg il imefudadivuin 200 MW Laz
250 MW suaau TnaavesszuulWindiadamasluinase 6.097 Gw didasasluiatou
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Muitil 20 Wunsdrassaaunisalnisiinrleasinuy 3 wa Ava 14 uazszuy
Iwihansnsaindesneariliamnsonduuniteldludunii 20,12 nanisdrasanuin g
PIUANNIYIITUI SST Uag SPV  avanansamuaunsuntsvosdalainiietulfidy
98197 wavannisunIvaitasliiasaussuvausaigiatosanlaegnesaniiniely
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pganianirty maslwihessszuudilddnisauquasinuazundaesliausadig
wadesnnld wiszuuiiinsmunudissedidlnegnmis WeindesrearidiAntuudissuuay
anunsaningadiosnmle udfddlwihiiunisasiinngs Ae 450 MW way 190 MW



124

M15197 6.2 ANNNTITRRSTANTANTDIFIAIUAY P

Parameters of additional PI | Control of Control of Proposed coordinated
controllers SPV SST control of SPV and SST
Kop 20.36809 3.17470 15.80898
g Kz 22.64480 22.8344 2.43851
qé Tiess 0.42558 0.49002 0.46770
5 Kos 6.96245 23.9376 3.94032
K, 13.67204 24.1222 24.26482
_ Kop 23.92917 17.3707 18.78168
| & Kiq 12.13439 7.92748 6.37737
j% Gé Tieso 0.42458 0.45408 0.51751
g g Ko, 20.00701 23.7555 12.64893
A
K, 3.54715 0.86115 17.47692
- [k 10.54403 10.9686 22.27258
g i 22.89339 9.53896 23.98229
% o 0.51913 0.47059 0.49206
S
- Ko, 19.80518 19.1379 13.68039
(V]
e 23.98731 19.8800 3.46561
Kpp 16.39352 4.67181 3.73235
g Kip 0.89279 12.2441 6.437706
Gé Ly 0.47000 0.48390 0.44755
§ Ko, 21.22823 11.1396 21.01793
K, 23.30983 16.1578 6.35705
_ Kpq 16.96838 17.7341 20.35712
|8 Kiq 18.94350 18.8671 6.08812
é Gé Tiese 0.46727 0.45450 0.50368
2| & Kot 1857831 |  6.90062 2323159
wn
K, 9.80567 16.9925 8.74959
N Kop 16.38695 16.3774 4.91488
g Kip 4.27966 4.06529 6.27709
% Tiess 0.43710 0.45744 0.49595
E Ko, 17.65115 2.9749 15.40112
A
K, 0.79582 12.4591 11.83222
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Active power flow in a transmission line

between buses 2 and 19 (MW)
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Condition 3

|

\
|
The first swing of first disturbance
_ of both compared controllers is
higher than that of the proposed
coordinated SPV and SST.

completely

= The
. ! a

and SST can suppress the swing

reach a new steady state point.

\ \ The first swing of third disturbance \
| I of both compared controllers is !
I : higher than that of the proposed
At tis 20 s, a 3 phase fault| | coordinated SPV and SST. o
occurs at bus 14 for 50ms, ! |
this fault is cleared naturally. Without controller, |
| system is unstable at t |

is approximately 30s. :

’

and eventually

By using only SPV,
. Thereiscontinuously  _

swing after second |
disturbance.

By using only SPV, I
re is continuously swing = *l
fter first disturbance. I

At t is 1s, breaker at the transmission
line between buses 21 and 36 is tripped.

Without controller
Control of SPV

| Control of SST
i Coordinated control of SPV and SST
[

At t is 40s, a 3 phase fault at a transmission
occurs at a transmission line between
buses 35 and 36, this fault is cleared by
tripping the breaker at this line.

The proposed coordinated SPV
and SST can suppress the swing
completely and eventually
reach a new steady state point. - —

Both compared controllers cannot

suppress the swing and system
becomes unstable at t is 42s.

10

30
Time (s)

5UN 6.22 HANT@OINANTIENITVINUAT 9]
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7.2 YoLAUDUUZUAZLUINIINITHAILY

a

miAdeigadunsinvnidosiuintunsssyndldauniouvadidnnsoind
Mdstuleansinsy faiidounnsesiidoudlusasiamiieliniowlasdidnnsedindringdad
UszAnSnmn19iegean JeteiausiusiazuuInansiamig mmsaaqﬂlﬁﬁ’aﬁ

1) nifouvasBidnnseiindmdsdalivssansninmevhanudis dadufsansaauaunis
Faureseindmasliinuluutensainds (Soft switching) oL UszaNEA 81993
Tifiengstu

2) MstfiunseeniuunsAIvANNsELAlnaIuTe NsIagasTaRlanaunefines
Tlamnzauiioannsnsziflenvessifiuuszgluudagluga

3) nfleddunisusuamnnesuiawmeslisunieuladidnvseindiduiiosessu
nsviheuvesszuuliih Tnsannsavsuanmaesunamesliiiy Lagsing  Tunsdiiin
anrussnuladniy wazarunsavsuannesunamestiilu Leading  Tuaniiy
wsasulitihen dWevawesdslniiiatounasiiusesuusadiuliih

4)  AITEBNLUUNITYINNUINIsABUNESnaSYaItiaulasBidnnselindriadndu
WUU Active filter iieangnsuefindluszuulniiuazanvuinvesiansainud

5) dinilardunsudledamiddluinlvadoundulitunioutasdidnnsedndrngs
dewddaymmdalnilnadoulussuulnii Wesainnisfiuvgssenszualnfiindsany
nanuLazndsnumadendilifinnsdanisunniduly newmgdamiddlndiilnadauain
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6) PsUTEUTiEUALLDMss UL wazaudedeld (Reliability) Tunnslde
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Abstract—This paper presents a suitable power transformer
for solar farm applications. Losses and economic value of the
proposed transformer are compared to those of the standard
transformer, for the application to a 1 MW solar farm, to help
the solar farm owners select the best solution for their business.
In this paper, a power electronics transformer called a Solid
State Transformer (SST) is also proposed for the application to
the solar farm because of its light weight, small size and varieties
of functions. There are no core losses during no operation period
which is about 15-16 hours a day.

Keywords—solar  farm;  transformer; electronic
transformer; solid state transformer

power

L INTRODUCTION

Nowadays, solar energy is one of the most attractive
renewable energy sources for electricity generation as it is
environmental friendly as well as worth investment comparing
to other renewable energy sources. However, one of the
drawbacks of solar energy is the electricity generation period
which is available only the day. Therefore, the energy storage
devices such as battery system should be applied to store the
electrical energy generated [1-2]. The losses in the solar farm
system can be classified into two types, losses in the
conductors and loss in the equipment. The losses in the
conductor are the copper loss in the cables connecting between
equipment in the solar farm. They appear during electricity
generation to the grid due to current flowing in the conductor.
The losses in the equipment are mainly from the inverter and
the transformer which are the major loss in the solar farm.
During the generation period, such losses are unavoidable.
However, during the off-period which is account for 15-16
hours a day, there are no electricity generated, but the inverter
and the transformer are still energized causing losses in both
inverter and transformer. However, the inverter can be turned
off but the transformer can still be energized, so the losses in
the transformer are still existed. Therefore, there are copper
loss in the primary winding (high voltage side) of the
transformer and the core loss [3]. Considering the conventional
transformer, in the market, there are several brands of the
transformers having different prices depending of the quality of
the conductor and the core [4].

As previously discussed, the solid state transformer (SST)
is proposed for the application in this area as its advantages
which will be discussed in the following sections of this paper.
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This paper mainly focuses on the factor which can be used for
selection of the suitable transformer for solar farm application
to meet the economical value. The application and the topology
of SST are also presented as an alternative choice for the
investors. The content of this paper is arranged as follows:
losses in the solar farm, the conventional transformers, most
optimal transformer for the solar farm, solid state transformer
technology and finally conclusion.

II.  LOSSES IN THE SOLAR FARM

This section describes the losses in the solar farm which are
the most important factor for this business. In the case of a
MW scale solar farm, there are many components and
structures as shown in Fig. 1.

Distribution Lines, 3 Phase, 22kV, 50 Hz

Ml Meter (kWh)

Monitoring and
Display System

Fig. 1. Structures of solar farm.

As can be seen in the figure, one solar farm may consist of
the PV modules, solar inverter, power transformer, power
meter, main distribution board (MDB) and monitoring and
display system. The electricity generation process begins on
the conversion from the light energy to the electrical energy in
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the form of DC electricity by the PV modules. The electricity
generated from the PV is then converted to the AC electricity
by the solar inverter which is connected to the grid via the
power transformer. The voltage level of the inverter is stepped
up from the low voltage level to the distribution voltage level.
During this generation process, the power flow from PV
module to the grid and the losses in the system can be
calculated and shown in Table I [5-6].

TABLE L. LosSINA 1 MW SOLAR FARM SYSTEM
Energy Conversion Energy Loss | Energy Loss | Energy Output

Step (%) (KWh/kWp) (kWh/kWp)
Conversion to DC in ) } 1.000
the modules ’
Other DC losses 3 30 970
lnvenerg (DC to AC 4 388 9312
Conversion)
AC cabling losses 1 9.3 921.9
Transformer 3 27.7 894.2

Total - 105.8 894.2

The data shown in the table is the losses during the
electricity generation period which is normally during the day.
However, during the off-period (night time), which is
approximately 15 — 16 hours, some losses still existed although
there is no electricity generation. Such losses are mainly from
the inverter and the transformer as both devices are always
connected to the grid. The solution for this problem is to turn-
off the inverter which can only stop the loss from the inverter
but not those from the transformer which are primary winding
copper loss and core loss, due to continuous excitation at the
high voltage side. Therefore, the comparison of the losses in
the transformer in the market is required to meet the best
solution for the investor to find the suitable transformer for
their business. The comparison is performed on the
conventional transformer and the details are discussed in the
next section.

III. THE CONVENTIONAL TRANSFORMERS

From the survey of the 1250 kVA, 400/22 kV, 2 winding
conventional transformers which are used for the 1 MW solar
farm, there are 5 types of transformers manufactured from
different material qualities. The material used affects the values
of the losses, performance and the manufacturing cost. The
details are shown in Table II [7].

TABLE II. QUALIFICATION OF CONVENTIONAL TRANSFORMERS
Type of Qualification of Conventional Transformers
Transformers No-load Full load Full load Price
loss (W) loss (W) loss (%) (THB)
98.5 % 1,800 20,100 1.6 700,000
99 % 1,800 12,500 1.0 900,000
99.2 % 1,250 10,550 0.844 1,150,000
99.2 % Type A 1,000 10,600 0.848 1,250,000
99.2 % Type B 950 10,450 0.836 1,350,000
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As shown in Table II, the higher the loss generated the
transformer generated, the higher price the price the investor
has to pay. However, the price of the transformer cannot be
used to justify that the cheapest is the most suitable transformer
for the solar farm. For the long term operation, the transformer
losses have the major effect on the profit of the investor, so the
analysis on the loss at different load and the optimization are
required. Fig. 2 to Fig. 6 show prediction of total losses in
different transformer from 0 % load to 100 % load by using
curve fitting from Matlab/Simulink program. At no load (0%
load), only core losses are significant and the primary copper
losses can be neglected.
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Fig. 2. Losses of 98.5 % transformer varied from 0 to 100 percent load.
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Fig. 4. Losses of 99.2 % transformer varied from 0 to 100 percent load.
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Fig. 5. Losses of 99.2 % Type A transformer varied from 0 to 100 percent
load.
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Fig. 6. Losses of 99.2 % Type B transformer varied from 0 to 100 percent
load.

From the test results, the losses of transformer and the
profit when the solar farm operate can be calculated and
compared with standard type transformer to find which one is
the most suitable transformer for use in the solar farm for the
highest benefit. The best transformer that makes the most
benefit is shown in next section.

IV. THE MOST OPTIMAL TRANSFORMER FOR SOLAR FARM

The output powers of different stages of the electricity
generation are analyzed in this section. The example solar
farm output is connected to the PEA distribution system.
Considering the power output of the solar inverter as shown in
Fig. 7 and Fig. 8 respectively, the green area is the output
power generated during operation period while the red is the
inverter power loss during the off-period. Fig. 8 focuses on the
losses during the off-period and can be found that average
energy loss is 32 kW or approximately 480 units per day.
Calculated cost in THB, the owner has to pay 2,716.8 THB
per day or 991,632 THB per year. However, the inverter loss
can be by turn-off the inverter. Once the inverter converts the
power from DC to AC, the power is transferred to the grid via
the transformer. During the operating period there are two
types of losses in the transformer, copper losses in the primary
and secondary windings and the core loss. The copper and
core losses are depended on quality of the wire and the
material of the core respectively. The better the quality the
material has the higher the production cost increases;
consequently, higher cost of a power transformer.
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Fig. 7. Inverter output power and inverter loss of the 1 MW solar farm.

(MW)

005 e

0.04

0.03
¢ |

-0.01

-0.02

-0.03

Per Unit Power

0047l Averageloss of Inverter=32kW |
-0.05 ;

0.00 4.00 8.00
Time of Day

Fig. 8. Power generation and power losses in a day of the 1 MW solar farm.

Let analyze the loss of a power transformer used in a
solar farm, the 1 MW solar farm is used as the scenario
assumption with 1,250 MVA power transformer. The feed-in
tariff in Thailand is 5.66 THB/kWh. Assuming that PV
modules will degrade 1 % a year and the PV farm life time is
25 years. Net present value (NPV) 2.2 % is used to perform
financial calculation. The average power generation of solar
inverter in every 30 minutes is shown in Fig. 9. Form Fig. 9,
the losses of a transformer can be calculated from equation (1)
to equation (5) into financial benefits as shown in Fig. 10 and
Fig. 11. The benefits comparison among a power transformer
types are also performed.

Energy off-period — (P Core Loss X toff»period) /1000 (1)

Energy operation = [2 (P(% 10ad) X Tyyerage )]/ 1000 (2)

Energy Loss all Day = Energy ofr.period T EN€rgy operation ~ (3)

Estimate Cost = (Energy Loss all Day) x (5.66) x (365) (4)

CEt
NPV= ¥, T (5)



Which

Estimate Cost is Cost of energy per year.

NPV is Net present value.

ECt is Cost of energy in each year.

i is inflation rate.

t is a preportion to time range 1 to 25 years.
W)

Per Unit Power

0
7.00 800 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
Time of Day

Fig. 9. Average electricity production from 1MW solar farm in every 30
minutes.
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Fig. 10. Financial benefits comparison of each type power transformer
refering a standard type transformer (98.5 %).
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Fig. 11. Net financial benefits comparison of each type power transformer
refering a standard type transformer (98.5 %).
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As shown in Fig. 10, the high efficiency transformers are
more profitable compared with standard type transformers.
However the transformer is equally effective. The
transformers which have low core losses will have minimum
all day losses and will earn more financial benefits. It should
be noted that a solar farm normally operates at full load about
five hours a day; where as, a solar farm operates in under rated
power about three hours a day. In addition, about 12 hours a
day, a solar farm operates in idel power mode. Normally, the
efficiency of a power transformer provided by a vender is
factory validated at full load condition. Therefore, low core
losses transformers offers more financial benefit than a
standard transformer (n = 98.5 %) as illustrated in fig. 11. As
can be seen, the net financial benefits of 99.2 % (Type A)
power transformer when the investment is deducted have
highest return rate of investment compared to others. Clearly,
the 99.2 % (Type B) power transformer has the best financial
benefit as shown in Fig. 10, but the 99.2 % (type B)
tranformer does not have the best in the net financial benefits
because of the investment cost as shown in Fig. 10.

The various types of transformer can be calculated the cost
of energy loss in off-period as shown in figue 12. Thereupon,
it would be better if a power transformer used in a solar farm
application will not have no load lossed. Recently, with the
new power electronics devices, the solid state transformer
concept can make it possible and will be discussed in the next
section.
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400,000 - ]
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98.5 % 99 % 99.2% 992 % Type A 99.2 % Type B

Fig. 12. The cost of energy loss in off-period in different kind of transformers.

V.  SoLID STATE TRANSFORMER TECHNOLOGY

The Solid State Transformer (SST) consists of power
electronics converters and the high frequency transformer
(HFT). The advantage of this transformer is that it has variety
of functions to increase the flexibility of grid system. The
reason is that the output power of the transformer is
controllable by controlling the power electronics converters.
Several converter topologies are integrated to the SST as
shown in Fig. 13. The main idea is to connect the AC-AC
converters to both primary and secondary sides of the
transformer. There are two methods to construct the AC-AC
converter. The first method is by using the matrix converter
while the second is by using back-to-back converters [8].



Considering Fig. 13d, both sides of the SST are connected
to the Back to Back Converters. Therefore, in application to
the solar farm system, the DC-AC Converter at low voltage
side can be replaced by the PV module [9-10] as shown in Fig.
14.
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Fig. 13. Structure of SST include converter and HFT.
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Fig. 14. Adaption of SST with solar farm.

From the structure of the solar farm, shown in Fig. 15 the
solar inverters are connected to the PEA distribution system
via the low frequency transformer, if the modified SST is
installed in the solar farm system, the modified SST can
replace the bulky low frequency transformer and the solar
inverter.

The advantages of using the SST in the solar farm are the
reduction in size of the element by its high operating
frequency and the combination of transformer and inverter in
to one element. Additionally, the SST does not have core loss
during the off-period of solar farm as the transformer is
excited only when the inverter is operating, so during such
period, the inverter is turned off and the core loss is also
disappeared.
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The SST can also increase the profit for the owners as for
example, during over voltage condition, the conventional
system will be disconnected from the system. However, if the
SST is used, the SST can control the power output and the
power can still be generated to the system.

Low Frequency
Transformer Inverters

Distribution Line
AC, 3 Phases, 22 kV, 50 Hz

PV Modules

Distribution Line

AC,3 Phases, 22 kV, 50 HZ  om v o s s i s s i o s i o o i o PV Modules

Fig. 15. Adaption of the SST with solar farm that work as transformer and
inverter combined.
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Fig. 16. Adaption of SST with solar farm with PEA distribution system.

For the application to the PEA distribution system, the
voltage level is 22 kV which is too high for using only one
module of the SST. The multilevel technique is proposed as
shown in Fig. 16. There are several cells of SST at the primary
side (high voltage side) connected in series to reduce the
voltage drop in each cell and in secondary side (low voltage
side) each cell combine in parallel to reduce current flow from
PV Modules. The disadvantage of multilevel technique is the
increase in the number of switches causing higher switching
loss and cost. Therefore, design of the SST should consider
about optimal switching losses and the number of switches
that lead to the higher cost [11].



Other disadvantages of the SST in the distribution system
are the manufacturing cost, reliability and efficiency because
the technology of the SST is still not mature and the lack of
study and development. Comparison of the SST and the LFT
is depicted in Fig. 17[8]. However, the SST technology is
interesting if application to the solar farm. The combination of
the transformer and the converters into one element leads to
the smaller size of the components and have varieties of
function.

Functional Performance
100 ;4
80
/

60

Low Cost
(kW/$)

> Power Density

Reliability

Efficiency

Fig. 17. Comparison of SST with LFT in distribution systems.

The compare a cost, a SST will compared with a cost of a
power transformer and a PV inverter in solar farm application.
Let consider 1 MW solar farm, the cost of a SST would be
about 8 THB/VA which is approvinally 8 MTHB. The cost of
a standard power transformer is about 1 MTHB. In addition,
the cost of a PV inverter is roughtly 5 MTHB. So,the SST
would be hiher cost about 2 MTHB. However, the function of
SST can offer a lot more benefit such as: low no load losses,
ancillary service and grid-supporting operation. This benefits
will have a key contibution both solar farm owner and utility
grid.

VI. CONCLUSION

Suitable power transformer can be reduced power losses
and increased profit from selling electricity to distribution
system. The high efficiency and low core loss transformer,
there are lower losses and make more benefit comparing to
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standard transformer. The most suitable type transformer is
99.2 % (Type A) which cost 1.25 MTHB because it makes
more net profit comparing to the other transformers. The profit
of 99.2 % (Type A) transformer is about 869,449 THB as
shown in Fig. 11. Since a high efficiency transformer has a
low no load losses, this will provide a high financial benefits
in solar farm business. Although using the low core loss
transformer, it still has core loss in off-period. SST can help
prevent these losses by turn-off a gate drive in off-period of
solar farm. SST is smaller size, varieties of function and
available to control output power. So, SST is an interesting
device the solar farm instead of a power transformer and a PV
inverter that apply in nowadays.
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Abstract — The aim of this paper is to present the solid state
transformer integrated with PV farm applications in the
distribution system of PEA grid. A Modular Multilevel Inverter
(MMI) circuit, which can be connected to a 22 kV| ;, transmission
system is also presented in this paper. The MMI has the
capability of current limit if the short circuit fault occurs. The
topology of the proposed MMI is the three-level three-phase
inverter with the reduced voltage for laboratory use. The
proposed idea focusing only on the MMI is validated by
simulation and substantiate by the experiment.

L INTRODUCTION

Nowadays, renewable energy is known as a source of
electrical energy generation in worldwide, especially for solar
energy. The solar energy system is not complicated and it is
worthiness. The limitation of solar cell is solar panel producing
energy only when there was a sunlight radiation, so an energy
storage system is required to store the energy for use at the
night time. The energy storage system used worldwide is
battery [1]. Generally, the electricity generated from the solar
cells requires the PV inverter for maximizing the power
captured and transfer the power to the grid via the distribution
transformer as shown in Fig. 1a. Normally, the electrical losses
come from the inverter and the distribution transformer during
the day time which is approximately 8 hours. However, during
the night time, there are only the losses from the transformer
which is mainly the core losses, as the inverter is not operating
during this period. Therefore, the low core loss should be
selected for this application, but the core losses still occur [2].

The proposed solution is to apply a solid state transformer
(SST) to this system. The SST is the integration of the PV
inverter and the distribution transformer in one circuit as
shown in Fig. 1b [2-3]. One of the main advantages of the SST
is the small size because it is operating at high frequency, so
the core of the transformer integrated in the SST circuit is
made from the ferrite [4]. It results in reduction in the install
area in the solar farm.
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AC, 3 Phases, 22 kV, 50 Hz

PV Modules

Inverters

Tyt

Distribution Line
AC, 3 Phases, 22 kV, 50 Hz

=

PV Modules
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I Solid State Transformer I

A Bl

(b)
Fig. 1. Adaption of the SST with PV farm that work as transformer
and inverter combined.
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This paper presents the MMI circuit which is the high
voltage side of the SST. It is connected between the DC link
and the grid. The paper is arranged into 4 sections, the
application of the SST, the theory of the MMI, the simulation
and experimental results and finally conclusion.

II. APPLICATION OF THE SST IN THE SOLAR FARM

An application of the SST in solar farms is introduced as
shown in Fig. 2. In one farm, there are many strings of the
solar panels having the voltage between 400-800 V [5]. The
SST can be separated into low voltage side, which is
connected to each string of the solar panels, and the high
voltage side, which is connected to the grid [6-7]. As shown in
Fig. 2, each string is connected to the high frequency full-
bridge DC-DC converter. The power is transferred to the fast
recovery full bridge diode rectifier via the high frequency
transformer (HFT) [8]. To increase the DC-link voltage level,
the outputs of each rectifier are cascaded as shown in Fig. 2.

Considering the high voltage side, the MMI is connected
between the DC-link and the grid, so its fundamental
frequency is defined by the grid which is generally 50 Hz for
the PEA distribution system [9]. The output voltage level of
the MMI for this case is 22 kV. The MMI circuit consists of
the buffer inductor which can limit the AC current under short
circuit condition. On the other hand, the buffer inductor is used
as the passive filter under normal operating condition [10].

Phasg A

Phase B
—

Phase C

iy

Fig. 2. An application of the solid state transformer in solar farms.



III. MODULAR MULTILEVEL INVERTER

Generally, the modular multilevel inverter (MMI) can be
categorized into 4 topologies as follows,
1) Single Star Bridge Cells (SSBC),
2) Single Delta Bridge Cells (SDBC),
3) Double Star Chopper Cells (DSCC),
4) Double Star Bridge Cells (DSBC).

In this research the DSCC MMI is selected as the grid
connected inverter at the high voltage side as shown in Fig. 2.
The DSCC consists of several single cells connected in series
in each phase leg. Each cell is in the form of half bridge as
shown in the magnified view in Fig. 2. Due to reduction in the
power switches in each cell, the total losses of the DSCC is
lower than those of other topologies. Moreover, the DSCC can
be connected directly to the grid without the bulky inductor
connected in series [10-11] because there is an inductor with
center tap installed between the upper and lower parts of each
phase leg as shown in Fig. 3. The equation for the induction of
each part of the phase leg can be derived as follows [12],

4Lab: Lac: Lbc- (1)

Fig. 3. The buffer inductor circuit.

The three-level three-phase MMI is selected for this
research. The circuit diagram of the MMI is shown in Fig. 4
and its parameters are presented in Table I. In this research, the
dc-ink voltage level is reduced to 300 V for application in the
laboratory.
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Fig. 4. The three-level three-phase MMI circuit design.
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TABLE 1
SIMULATION AND EXPERIMENT PARAMETERS

DC-ink Voltage (Vpc) 300 V
DC-link capacitor 2200 pF
No. of cell in each arm 2
Capacitor in each cell 470 pF
Coupled inductor (1) 4 mH
Carrier frequency (f;) 5kHz
Power frequency 50 Hz
C Filter 60 puF
L Filter 0.5 mH

The pulse width modulation (PWM) technique for driving
the MMI under the open loop operation is the Phase
Disposition Pulse Width Modulation (PDPWM). Hence, two
carrier signals are required for this topology. The upper portion
and the lower carrier signals of the zero reference line are
compared with the fundamental 50 Hz sinusoid waveform as
shown in Fig. 5 [13]. The advantage of this technique is that
the output voltage and output current will generate low
harmonic distortion [14].

0.012 0.016 0.02

Time (s)

Fig. 5. The basic control technique by using PDPWM.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this paper, Power Simulation Program (PSIM) is used to
simulate the MMI scenario. The PWM switching topology for
the three-level three-phase inverter MMI circuit for simulation
with PSIM is shown in Fig. 6.

The sinusoid waveform multiplied with the adjustable gain
is created to simulate the adjustable amplitude modulating
signals. The modulating signals are sent to the PWM block set
for driving the gate of the power switches. The operating
conditions for each cell and phase are shown in Table II.

TABLE II
MMI SWITCHING STATE.
Viead Cl c2 c3 c4
Vae 0 0 1 1
2
0 1 0 0 1
Vae 1 1 0 0
2




According to the logical status, the logic “1” means “turn
on state for switching device 1 (S;) ”. Whereas, the logic “0”
means “turn on state for switching device 2 (S,)” [15].
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Fig. 6. The PWM switching topology by the PSIM program.
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Fig. 7. The experimental hardware.

The simulation systems is then implemented on the test rig
as shownn in Fig. 7. The experimental system consists of the
dc power supply for converter dc link, power circuit, gate
driver, LC filter and the controller module. The Texas
Instrument TMS320F28335 is used as a main CPU with the C-
code generated by the PSIM to compile with the Code
Composer Studio (CCS).
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The simulation results under stand alone condition are shown
in Fig. 8. Fig. 8(a) shows the line to line voltage of 3-phase
with the modulation index equal to 0.85 and Fig. 8(b) shows
the output voltage after the LC filter. The experimental results
under the same operating condition are shown in Fig. 9. The
converter voltage waveforms are shown in Fig. 9a and the
output voltage waveforms of the LC filter are shown in Fig.9b.

The experiment under load condition was also performed
and the results are shown in Fig. 10. The results shown in Fig.
10a are the DC-link voltage and current waveforms which is
the input of the MMI. The input power can be calculated using
(2) and it is equal to 177.3 W. The results shown in Fig. 10b
are the load voltage and current waveforms having power
151.9 W. It can be calculated using (3) and the efficiency can
be calculated using (4). The efficiency of the experimental
system is equal to 85.7 %.

P, = Vpe x Ine 2)
Pout = \/g Vline Ilinc-: cos0 (3)
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Fig. 8. The MMI simulation results.
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Fig. 9. The results from experimental hardware under no load test.
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Fig. 10. Results under load test condition. (a) The dc input voltage and
current. (b) The three phase output voltage and output current phase A.

The system harmonic distortion is analyzed by using the
voltage and current waveforms as shown in Fig. 11. The
%THDy, is equal to 1.53 % and the %THD; is equal to 3.71 %.
Both values are less than 5 % which is the power quality
standard of the PEA.
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Fig. 11. The harmonic distortion of voltage and current waveform.

V. CONCLUSION

This paper proposes the application of the MMI for the
high voltage side of the used in the PV farm. In this paper, the
DSCC MMI is selected. The reduced operating voltage MMI is
considered for implementation in the laboratory. In this
research, PSIM program is applied to simulate the proposed
converter. The simulation result validate the operation of the
converter with open loop control under stand alone mode. The
experimental results also substantiate the effectiveness of the
converter. In the near future, the closed loop operation of MMI
will be developed by many kind of algorithms and the
converter level will be increased from three-level to five-level
to handle the PEA distribution system at 22 kV.
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The Design of the PI controller with SmartCtrl for the
Solid State Transformer in the Solar Farm
Application
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Abstract— This paper presents design and control a suitable
power electronics transformer (Solid State Transformer, SST)
that is suitable for applying to be application in solar farm in
Thailand by using Power Simulation Version 9.1 (PSIM 9.1).
SmartCtrl is a toolbox of the PSIM 9.1 program that is used to
design PI controllers and find the optimal gain automatically.
The advantages of designing a controller with SmartCtrl are used
to interface or work with other applications, simplified to use and
not complicated, simulation results are easy to understand and
analyze, and the controller from the design is stable. The PI
controller from the design from the SmartCtrl to for using with
Solid State Transformer in solar farm applications work satisfied
and very well as confirmed by the simulation results.

Keywords—solar farm; power electronic transformer; solid
state transformer; solar inverter; high frequency transformer

I. INTRODUCTION

Nowadays, renewable energy and alternative energy are
used in power generation, including: hydro energy, wind
energy, solar energy, biomass, biogas and geothermal energy.
Solar energy is the most attractive source of electricity, because
the energy source is easy to find, free of cost and the process of
producing electricity with solar energy is simple and
uncomplicated . Considering the cost of generating electricity
with solar panels, it is quite expensive. To exceed the profit of
investment and high returns, a large solar power generation
system or a solar farm is chosen. From the survey and analysis
of a suitable power transformer for using in solar farms, it
should have a low core loss [1]. It can reduce the power loss
from the core loss during the night time or during periods of
the system that does not generate the electricity. Therefore, the
owner of the solar farm have more profit compared to the
system using the high core loss power transformer. From the
problem of power loss of the power transformer during the
night time, Power electronics transformer or Solid State
Transformer (SST) is very interesting for application in the
solar farm system. The structure of the SST is as same as the
transformer combining with the inverter, in the other words,
the SST can integrate low frequency power transformers and
the inverters with one device which the SST structure as shown
in Fig. 1. From the SST structure with the inverter inside, the
current cannot flow into the transformer if turn off power
switch by turning off gate drive. Because of this, there is not
core loss of the transformer at night time which is a high cost
loss. In addition, the SST is small size, light weight, uses less
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installation space compared to systems that use the low
frequency power transformer with the solar inverter, and has
varieties of function to support smart grid systems in the future.

Therefore, this paper focuses on the suitable SST circuit for
solar farm applications in Thailand and uses SmartCtrl toolbox
in the PSIM 9.1 to design the PI controller, which stability and
the performance of the system can be validated by the
simulation results that will be presented in the next section.
High-Frequency

Transformer

3 Phase, 22 kV

e IRE

Solid State Transformer

Fig. 1. Structure of the SST applied to the distribution system in Thailand.

II. EXAMPLE STRUCTURE OF SOLAR FARM AND SUITABLE
SST FOR SOLAR FARM APPLICATION IN THAILAND

From the survey structure of a I MW solar farm and the
general structure of solar farm in Thailand, that consists of PV
modules those are connected in parallel and serial before
connecting to the solar inverter then connect to the Main
Distribution Board (MDB). Afterward, the power is transferred
to the distribution system by the power transformer as shown in
Fig. 2.In addition, most of solar farms do not use only one
large inverter. Because if there is any damage to the solar
inverter, the system will not be able to operate. So most of solar
farms will use many of medium-sized solar inverters to
increase stability and reliability of the system.

Therefore, the structure of the SST that is suitable for using
with a large solar farm can be shown in Fig. 3. In the low
voltage side which connected to the string of the PV module, it
is a 3-phase inverter circuit which converts DC to AC and
connects to the high frequency transformer. In the high voltage
side uses a Modular Multilevel Inverter (MMI), DC electricity
is converted to AC electricity at 50 Hz before connecting to the
distribution system. The advantage of the MMI circuit is a half
bridge circuit, so that the power switch is reduced in each cell.
Moreover, there is an inductor to limit the current in a short



circuit condition and a passive filter to the system at normal

operating condition operate as [2-3].
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Fig. 2. The general structure of the I MW solar farm.
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Fig. 3. The suitable SST circuit for solar farms application.
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III. CONTROL SYSTEM DESIGN AT THE LOW VOLTAGE SIDE
OF SST

This paper focuses on the 3-phase solar inverter between
PV string and high frequency transformer (HFT) which is the
one part of SST as shown in Fig. 3. In this section, the PSIM
SmartCtrl toolbox is used to design the PI controller as shown
in Fig. 4 and the part of HFT to the distribution system are
replaced by 3-phase grid for simulation[3].

There are many different methods to control the system in
Fig. 4. The axis decoupling control is used in this case which is
the feedforward control can be shown in Fig. 5. However, the
axis decoupling method is very complex and requires a large
amount of computations. Therefore, a simplified control and
application to microcontrollers (Micro PICs, PICs, DSPs or
Small FPGAs), direct PI control (without feedforward parts for
axis decoupling) is used as shown in Fig. 6. The transfer
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function in Fig. 6 is the relationship between 1 d, 1 ¢ and I:,,
1 ; which can be rewritten from equations (1) - (6) [4]. In order

to design the PI compensator using two identical PI controller,
the plant can be either the mutual transfer function or the self
transfer function. This has the advantage of higher bandwidth
and better than stability than use the self transfer function only.

s . 1
la=(dV,+1,Lew 1
a=(dsVg+1q )Ls+r (D
Iy =Yg ~lalo) — 2)
Whereas,
. AV dVslo  Ti(Le) 3)
(Ls+7) (Ls+7)> (Ls+7r)
] 2 g d V.L
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. d,v.(L. d V.Lo
I = dG( S+}") 9 G (6)

C(Ls+r)?+ (Lo (Ls+r)? +(Lo)
Given, T4 and 1 ¢ are the d-q current control loop, ]:, and I;

are the d-q current reference, d 4 18 comparable signal between

I ; , and 14 ,c? ; 1s comparable signal between I; and 7 q,Vgis

output voltage of the inverter, @ is frequency of the system and
R, L is Low pass filter
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Fig. 5. The axis decoupling control of feedforward control
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IV. PICONTROLLER DESIGN BY SMARTCTRL

PI control is easy method to control, mostly used for
varieties applications and can maintain the stability of the
system as well. The parameters use to design the PI controller
of the 3-phase inverter system between the PV string and the
HFT of the SST can be expressed as (7)-(10).

o vred ¢
n
n avg

1 e —

0 0

7 U - c_avg .
(ACSweep Contor]7 | plACSouree
- 1d_m - i vmoc :a

Tamp Ib_mpic
P

e

Fig. 7. Model of 3-phase inverter in dq axis by means of the PSIM AC
Analysis.
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Fig. 8. The frequency response of the model
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Fig. 10. Design Kp and K| gain by SmartCtrl
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20S is percent overshoot
¢ is damping ratio

Whereas,

gy 18 bandwidth which can be approximately

cross frequency
PM is phase margin

The PSIM SmartCtrl toolbox used to design the PI
controller of this 3-phase inverter and the plant can be shown
in Fig. 7. This 3-phase inverter is a feedback current control
and sets the basic parameters: input voltage is equal to 800 V,
output voltage (line to line) is equal to 380 V and power
frequency is equal to 1 kHz which the frequency response of
the model as shown in Fig. 8. From the frequency response of
the plant in Fig. 8, the PI controller gain can be designed by
filling the cross frequency and phase margin as shown in Fig.
9. In designing the system, overshoot percentage (%60S) is
equal to 10 %, setting time (7s) is equal to 4 ms. From
equation (8) and (9) can be calculated damping ratio (<)

equal to 0.6 and cross frequency equal to1.913 kHz. For PI
controller design, the coordinate of the cross frequency and
phase margin (Red Point) must be in the white area, where the
system 1is stable. When filling the cross frequency and phase
margin values, SmartCtrl will be calculated the Kp and K gain
as shown in Fig. 10. For design, the phase margin generally
sets in the range of 30 to 60 degrees to prevent system
instability.
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Fig. 9. Design PI Controller gain by entering cross frequency and phase
margin in SmartCtrl toolbox of PSIM.
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V. PICONTROLLER PERFORMANCE

Fig. 11 is the feedback current control inverter circuit of the
SmartCtrl toolbox used to test the Gain value from design.
Simulation parameters are shown in Table . In this simulation ,
Kp is equal to 48.57 x 107, K, is equal to 164.16 x 10 and
phase margin of PI controller is equal to 55 degree. Which the
performance of the system can be confirmed by the simulation
results in Fig. 12. The output power of the inverter will be
change to the reference output power regulated by the PI
Controller.

TABLE 1. PARAMETERS FOR SIMULATION MODEL
DC-link Voltage 800 V
Output Voltage (Line to Line) 380 V
Output Power of Inverter 250 kW
Carrier Frequency 20 kHz
Power Frequency 1 kHz
R Filter 0.1 Q
L Filter 1 mH
Kp 48.57x 10°
K 164.16 x 10°
. Zj} S N
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Fig. 11. The simulation model of SmartCtrl used to test the PI controller gain.
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Fig. 12. The simulation results of the system using the Kp and K; gain from
design with SmartCtrl.

VI. CONCLUSION

This paper proposed the PI controller design of the 3-phase
inverter between the PV string and the HFT of SST with the
SmartCtrl toolbox of the PSIM. The program automatically
calculated the Kp and K; gain values. Just fill the cross
frequency and the phase margin in the stability zone. The
simulation results show that the gain gained from the design
can control the system to maintain stability and control of the
system as well.

154

p_dq P_ref

e Step up P_ref

250K

200K

150K

100K

600
480
240
120

-120
-240
-360
-480
-600

0.29 0.295 0.3 0.305 0.31
Time (s)

Fig. 13. An enlarged image of Fig.12 in the range of increase output power
referenced from 150 kW to 250 kW.
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Fig. 14. An enlarged image of Fig.12 in the range of decrease output power
referenced from 250 kW to 100 kW.
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Abstract—This proposed paper presents the use of selective
harmonic elimination (SHE) technology to control the cascaded
H-Bridge Multi-level Inverter (CHBMI) for power transferring
over the high frequency transformer (HFT), which is a part of
the SST for applying to a solar farm. Apparently, the converter is
using the seven-level CHBMI and the SHE technique to get rid of
the 5™ harmonic and 7™ harmonic to find a set of angles 0;, 0,
and 0; with the lowest 3™ harmonic. The calculated angles are
used in each modules. Obviously, the simulation has shown that,
at m, = 2.43, 0, = 11.6782°, 0, = 26.8870° and 0; = 56.0271°. The
total harmonic distortion (% THDv) will be lowest at 9.35%.
According to the experimentation, the SHE technique with low
%THDv can reduce the power loss at HFT compared to the
square wave transmission technique which the %THDyv is high.

Keywords—solid state transformer, solar farm, cascaded H-
bridge multi-level inverter, selective harmonic elimination method

1. INTRODUCTION

Solid state transformer or smart transformer or electronic
transformer is built from the power electronic components with
high switching frequency. The SST structure consists of 2-side
converter, the primary side and the secondary side are
connected via the high frequency transformer (HFT).
According to the high switching frequency, the size becomes
smaller and weight is less than conventional low frequency
transformer which is normally used [1]. The SST has been
applied in many fields such as solar farm, wind farm, energy
storage, traction system, EV charger, harmonic filtering and
FACTs device. This article discusses how SST can be applied
to a solar farm. The advantages of SST compared to
conventional solar inverter and low frequency transformer are
SST, which can solve the problem of losses [2].Power due to
the core loss of the transformer during the night. It can
combine the operation of a solar inverter with a low frequency

transformer into a single device.

XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE

Teeraphon Phophongviwat
Dept. of Electrical Engineering,
Faculty of Engineering,
King Mongkut's Institute of

Worapong Pairindra
Dept. of Engineering Education,
Faculty of Industrial Education
and Technology, King Mongkut's

Technology Ladkrabang, Institute of Technology
Bangkok, Thailand, 10520 Ladkrabang, Bangkok, Thailand,
teeraphon.ph@kmitl.ac.th 10520, worapong.pa@kmitl.ac.th

For the application of SST to a solar farm in Thailand can
be shown in Fig. 1. The principle the SST operation starts with
the inverter, the primary side of the HFT converts the direct
current from the PV string to AC at high switching frequencies.
Afterward, the power transmitted through the HFT and the
HFT secondary converter is converted into a high-frequency
with alternating current to a low-frequency alternating current
at 50 Hz to connect it to the grid. The system will
automatically work and send data to the plant data operation to
process and display or can be run directly from the system
administrator.

In this paper, we will present the primary inverter system of
HFT as a part of the SST, as highlighted in Fig. 1. The 7-
cascaded H-Bridge Multi-level Inverter (CHB seven- level
inverter) is operated as the primary input side of the HFT. The
advantages of the CHB seven-level inverter are independent
DC source, similar to the PV string, which makes it ideal for
solar farm applications, high power conversion efficiency [3],
Power loss of switching devices is not too high and with lower
harmonics compared to square wave or five-level converter
transmission, the loss of power at HFT decreases.

There are many techniques used to control the operation of
the CHB seven-level inverter, but there is one method that is
popular in the use. The Selective Harmonic Elimination (SHE)
technique is introduced due to the simplicity, uncomplicated
and low harmonic voltage waveform [4]. Therefore, in this
article, the CHB seven-level inverter control with SHE method
is proposed to reduce the harmonics of the voltage waveform
and reduce the power loss of the HFT generated from the
ferrite core. According to the simulated results, the harmonic of
the CHB seven-level inverter controlled by the SHE method is
low. The reduction of the HFT power loss due to harmonic
distortion can be confirmed due to the harmonics compared to
square wave transmission. The experimental results in this
section can be illustrated as follows.
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Fig. 1 The application of SST to a solar farm in Thailand.

II. SELECTIVE HARMONICS ELIMINATION

The selective harmonic elimination method (SHE) is a
simple, easy-to-use control technique that lowers THD and
reduces the switching losses of power switching devices. SHE
also has the advantage of being able to directly control the
output voltage harmonics and eliminate the lower harmonic
order. Therefore, the SHE technique has been applied in this
research to reduce the power loss and heat loss. HFT [4].

Fig. 2 is the CHB seven-level inverter output voltage
waveform. When analyzing the waveform using the Fourier
equation, it can be expressed as (1) where L is the level of the
waveform and the fundamental output voltage can be
expressed as (2)

For a seven-level waveform, it is found that the 3™
harmonic is lower, so it is better to remove the harmonics at
5™ harmonic and 7™ harmonic, as shown in [5], [6]. The
output voltage of 5™ harmonic and 7" harmonic can be
expressed as (3) and (4).

0Odd value
4Vd
Vout,n = Tﬂ_c [cos(n,) + cos(nb,) + cos(nby) +... ()

+ cos(nc9(L71)/2 )]

Fundamental output equation

v

4V e
out,) = hm [cos(6,) + cos(8, ) + cos(6y)] 2)

V3”
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TT+0; T+0, T+03  27-03 271-0,27T-0
i TG SR P

0
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0; 6, 03 7-03 -0, -0

Fig. 2 The CHB seven-level inverter output voltage waveform.

5™ harmonic output equation

4y
v e [e03(50,) + cos(50, ) + cos(56;)] 3)

out,s =

7™ harmonic output equation

4Vd
V Tﬂc [cos(78,) + cos(78,) + cos(76;)] @)

out,7 =
From the equation (2), when the value of n =1 is set to (5),
m, = (7Vou 1)/(4V4). In order to eliminate harmonic 5 and
harmonic 7 by using V,,, s = 0 and V,,, ; = 0, which can be
expressed as (6) and (7).

cos(8,) + cos(8,) + cos(b5) = m, %)



cos(56;) + cos(560;) + cos(565) = 0 (6)
cos(76;) + cos(76,) + cos(76;) = 0 7

Equation (6) and Equation (7), cosine can be extracted by
using (8) and (9) to form polynomial equations and use
Newton Raphson's method to solve equations for nonlinear
polynomial equations [7], [8]. From the equation, values of ,,
6,, and 6;, where 0<6; <6, <6; <m/4 for angles 6,, 6,, and 0;
can be generated as well, which gives the lowest value of
%THDv which will be discussed in next section.

c0s(50) = 16¢c0s°(0) - 20cos*() + 5cos(0) (®)
c0s(70) = 64cos’(0) - 112cos’(0) + 56c0s>(0) 9)
+ 7cos(0)

ITII. SIMULATION RESULTS

MATLAB/Simulink simulation results can be expressed as
Fig. 3 to Fig. 6 using a fundamental frequency of 10 kHz and
the voltage in each DC source is equal to 20 volts. The m, =
2.43, %THDyv is lowest at 9.35% as shown in Fig. 3 and the
angles are 0, = 11.6782 °, 0, = 26.8870 ° and 0; = 56.0271 ° as
shown in Fig. 4. This set of angles will generate the lowest 3™
harmonic at 0.02% (5" harmonic = 0%, 7™ harmonic = 0.02%,
9™ harmonic = 7.07%) as shown in Fig. 5 and the output
voltage Vs = 43.75 V as illustrated in Figure 6, respectively.
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Fig. 3 The SHE %THDv vs modulation index.
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Fig. 4 The switching angles vs modulation index.
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Fig. 6 The CHB seven-level inverter output voltage vs modulation index.

IV. EXPERIMENTAL RESULTS

This section will be discussing the performance of the
seven-level inverters CHB and HFT as a component of the
SST, using the SHE technique for controlling the operation as
previously shown. Experimental hardware used for testing can
be seen in Fig. 7. The FPGA generates a control signal for the
system to supply power to the resistive load. Test results can be
displayed in Table I. and Fig. 8. Fig. 10.

A
Controller + Gate Drivers N
» T CHB Inverter

Fig. 7 Experimental hardware used for testing.
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TABLE 1. % LOSS IN EACH CASE
Pui (W) Pyec (W) Loss (W) % Loss
SHE method 230 225 5 2.17
Square wave 354 338 16 4.52

The data in Table 1. shows that the SHE method has a
%Loss at HFT of 2.17%, which is less than square wave
power transmission, which results in a loss of power of 4.52%.
Hence, the low harmonic waveform with SHE technique can
reduce the power loss at HFT.

V. CONCLUSION

This proposed paper presents the use of SHE techniques to
control the CHB seven-level inverter for high frequency power
transmission through HFT as part of the SST for application to
solar farms. The results show that the SHE method with a low
%THDv will have low % Loss at the HFT of 2.17%. The
square wave transmission technique has a % Loss at the HFT
of 4.52%, therefore, the SHE technique can reduce the power
loss at HFT as well. The power loss can be reduced by up to
100% compared to the technique of square wave transmission
with a relatively high %THDwv.
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Abstract— This proposed paper introduces the fault detection
method for solar cell with Box Plot technique on the Solid State
Transformer (SST) for the solar farm application. The Box Plot
technique with inclusive quartile value is functioned for finding
the upper and lower limit for data analysis. Normally, the fault
detections of solar panels are found by using the PV string
current from the SST to calculate the upper and lower limit of
the Box Plot. If one of the string currents is in the specific outer
boundary, therefore, the solar panels are in non-operational
condition mode. Generally, the fault detection testing for the
solar panels can be categorized in 5 cases: normal condition,
open circuit condition, line-line condition, partial shading
condition and degradation condition. Finally, based on the
simulation result and the actual results, the Box Plot is able to
monitor the performance of the PV string according to various
conditions as efficiently as possible and accurate.

Keywords—solid state transformer, solar farm, box plot method

I. INTRODUCTION

Power electronic transformers or solid-state transformers
become the main power supply devices in the near future. In
general, solid-state transformers have a structure of 2
converters and use a high frequency transformer (HFT) to
transmit power through the ferromagnetic core with high
switching frequency. Therefore, the size and weight of solid-
state transformers will be greatly reduced compared to
traditional transformers [1]. There are many applications that
use solid-state transformers such as solar farms, wind farms,
energy storage systems, harmonic filtering, EV chargers and
FACTs devices. This article deals with SST in application of
solar farms by using the advantages of SST over the traditional
transformers. In addition, SST can solve the problem of night
loss in conventional transformers and can also integrate the
functions of the solar inverter and low frequency transformers
into a single device as well [2].

To make solar farms work effectively and get the most
return on investment. Monitoring of solar panels is important
[3]- [5]. Therefore, function will be added to monitor the
abnormalities of the solar cell to SST by using the Box Plot
technique to detect the abnormalities of each PV string and
display the results in real time as shown in Fig. 1. The
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advantages of Box Plot technique are that it is not complicated.
Easy to develop a system and high accuracy when the volume
of data is large. [6]. The problem of solar panel degradation is a
problem that causes the owner of the solar farm to lose a lot of
sales revenue.

The monitoring system of solar panel can solve this
problem very well. And the repair can be done quickly and
easily. Therefore, this paper presents the detection of solar cell
abnormalities using the Box Plot technique using the PV string
of SST. From simulation and experimental results show that,
the system can work effectively. The PV string operating
condition can be accurately and precisely monitored.

II. Box PLOT MODEL

Box Plot is a mathematical process that uses the
statistical principle to determine the upper boundary and the
lower boundary of the data by using the inclusive quartile. The
quartile position can be derived from (1).

k
Qk:Z(n-l)ﬂ (1)

When k is the order of the quartile (k =1, 2, 3).
n is amount of data.
Equation (1) determines the position of Q; and Q; from (2)
and (3) and find the upper and lower limits of Box Plot as (4)
and (5) as follows [6];

Ql—i(n-l) +1=025(-1)+1 )
3

Q3=Z(n-1) +1=0.75(n-1) + 1 3)

Upper bound = Q; + 1.5 (Q3- Q) “4)

Lower bound = Q; - 1.5 (Q3- Q) 5)

This method can detect outlier beyond the upper and lower
limits accurately. However, the limitation of this method is
that the number of stings analyzed must be no more than 25%
of the total sting.
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Fig. 1 Application of Box Plot Technique with SST to monitor the current fault in each string of PV.

III. SIMULATION RESULTS

The computer simulation test status can be dived into 5
conditions such as normal condition, open circuit condition,
line-line condition (fault resistance = 0 € and 20 Q), partial
shading condition and degradation condition [6]. Initially, the
Power Simulation (PSIM) is used for simulating the collected
data. After that, the data is analyzed by Box Plot. The code
generated in M-File of MATLAB & Simulink.

In simulation process with PSIM program, 4 sub strings of
solar cell are created in each string. There are 5 serial solar
panels connected. The parameters of the panel can be
simulated as shown in Fig. 2.
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For simulations of solar cells, each string varies from 0 to
1100 W/m? in every case tested. The simulation conditions in
each case can be shown in Table I, and simulation results can
be displayed as Fig. 3 to Fig. 8.

TABLE I.

SIMULATION CONDITIONS IN EACH CASE

Case

Condition

Normal condition

Open circuit condition

Open circuit at String 1

Line-line condition

Short circuit at string 1 (Fault Resistance

=0Qand 20 Q)

Partial shading conditi

on

Light intensity at string 1 = 500 W/m?

Degradation condition

Resistance at string 1 = 0.1 Q

9.26

9.25

924

923

Results of Normal Condition

Upper Bound

— 1
12
—
"
----- Upper Bound
----- Lower Bound

w2

9.21

Current (A)

919

9.18

Lower Bound

057
Time (s)

0.575

Other Normal PV Strings

Fig. 3 Simulation results of normal circuit condition.
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Results of Degradation Condition
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Fig. 8 Simulation results of degradation condition.

IV. EXPERIMENTAL RESULTS

This topic will be testing the operation of the Box Plot,
the current value in each PV string of SST is computed with
MATLAB program and recorded in the text file in real time.
After that, the resulting text file is then converted to PHP and
JAVA scripts for displaying through the Web site which
created with Visual Studio Code, and then stored in the server.
The tested results can be illustrated from Fig. 9 to Fig. 13.
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V. CONCLUSION

This paper presented the use of Box Plot with SST to detect
abnormalities in solar panel operation in solar farms. The
simulation results and test results showed that the Box Plot is
able to monitor the condition of the PV string operation
according to various conditions efficiently and accurately
including normal condition, open circuit condition, line-line
condition, partial shading condition and degradation condition.
In addition, knowing the real-time operating system
information made it easier to check for any malfunction and
reduced time for checking. It can be repaired in a timely
manner and reduced the loss of revenue that will occur with the
owner of the solar farm.
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| Transient Stability Improvement Using Coordinated Control
of Solar PVs and Solid State Transformers

| Panya Khemmook, Surin Khomfoi

Abstract — An optimization coordinated controller applied for solar farm together with a solid
state transformer in order to improve transient stability is presented in this paper. Transient
stability issues in a modern electrical power grid represent one of the challenge topics for an
electrical engineer because uncertain renewable energy resources (RES) are increased because of
a demand for green energy requirement. This increased RES can adversely disturb a terminal
voltage; consequently, a damage to electrical equipment can happen. In order to solve a transient
response issue, il is possible to use a solid state transformer (SST) or intelligent transformer, used
to interface between RES and a power grid. SST consists of a set of converters which can be
modulated via the converters to maintain the desired voltage levels: thus, this solution can reduce
transient response and power fluctuation concurrently. For this reason, this paper presents a
controller design for a solar photovoliaic (SPV), connected to a power grid via SST in order to
enhance the quality of power injections from RES to improve transient stability of the electrical
system. The optimization of a controller model is proposed by modifying a PI controller from a
commercial one. The proposed controller is validated with the standard IEEE 39 buses. The
validation scenario of both an uncertainty due to time delay accounting for a range of 425ms-
325ms and various solar radiation patterns are also taken into account for the evaluation of a
proposed controller performance. Simulation results demonstrate that power fluctuation due to
uncertain RES can be mitigated by using the proposed controller. Moreover, in case of large
disturbances such as a circuit breaker tripping to open a power line due to a fault, the proposed
coordinated control of SPV and SST can satisfactorily perform to suppress severe voltage swings
within an electrical device rated voltage limit to protect catastrophe damage. The results suggest
that the proposed controllers can be alternative solutions in order to solve a transient stability
issue due to uncertain increased RES in a modern power grid Copyright © 2018 Praise Worthy
Prize S.r.l. - All rights reserved.

Keywords: Solid State Transformer, Solar Photovoltaic, Converter Control, Transient Simulation
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1 B Introduction

In modern power grids, solar photovoltaic (SPV) is
widely used in order to supply extra load demands in
regions that cannot be easily supplied with electricity
from main grids [1], [2]. There are several advantages of
SPV compared to other renewable energy and alternative
sources [1]-[22]. The major advantages of SPV are the
low installation cost and the easy power harvesting.
However, incorporation of SPVs, supplying their
maximum power, into a grid without proper management
may cause significant degradation of the voltage at the
transmission-line buses [3]-[5]. Moreover, intermittent
power injections from SPVs coupled with large

https://doi.org/10.15866/iree.v13i6.15869
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disturbances in the power grid, such as faulty or open
line circuit, may cause a large transient response [6], [7].
On top of that, unlike directly connecting an SPV to the
electrical power system of a house, transformers are
needed to connect groups of SPVs to the main grid which
incur additional investment cost. The transformers that
are utilized in order to transfer power between SPVs and
main grids should operate with a low core loss [8] in
order to reduce power loss effectively during the periods
that the SPVs are unable to generate electricity to supply
the main grid so that the owners of the SPVs will gain
more profit. Among low-core-loss transformers, solid
state transformer (SST) is very popular. One of its main
advantages is its small size due to its ferrite core that is
tightly integrated into the SST circuit and it operates at
high frequency [9]. Additionally, it is very energy
efficient, meaning that it can deliver much more power
through similar-sized wires at a faster rate than the ones
that transformers of other types can deliver. An example
of utilization of SPVs in a power system is a hybrid
power system in Myanmar that consists of diesel
generators, SPVs, and an energy storage system [10].
This hybrid system not only reduces the installation
cost significantly but also provides high reliability. An
analysis of the stability of a power system connected to
an increasing number of SPVs has also been investigated.
Specifically, this study has analyzed how large-scale
PV power plants impacted a transmission grid for
different penetration levels [11]. The analysis results
demonstrate that the stability of system frequency and
oscillatory stability have been enhanced by using SPVs
that have been equipped with a synchronous power
controller. [12] reports the simulation results of voltage
stabilization of a DC microgrid under the control of an
SPV inverter that show that, fluctuation of the voltage
level at the DC buses could be kept under good control
by properly applying a modulation scheme to the control
signal of the SPV inverter. [13] reports an investigation
of coordinated load control by an SPV and a frequency
controller that has demonstrated the flexibility of such
coordinated control in regulating the frequency of island
microgrids. [6] has demonstrated that an SPV inverter
could manipulate reactive power in order to manage the
power in a transmission line and act as a Static Var
Compensator or STATCOM to regulate the voltage in
the transmission line. By properly controlling the SPV
inverter, the power transmission limit could be extended,
which would otherwise require additional and expensive
series/shunt capacitors or other flexible ac transmission
system controllers. For applications of SST in a power
system, several papers report the utilization of SST in
order to concurrently control power injection from
generators and to improve system stability [15], [17]. In
[14], SST has been employed in order to link a DC-
microgrid consisting of SPVs and an energy storage
system to a main grid and to connect an AC-microgrid
consisting of SPVs, a wind farm, and an energy storage
system to a main grid. The results have demonstrated that
SST could be utilized to regulate the terminal voltage of

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved
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the interested bus and could thus provide a high power-
conversion efficiency between the interconnected
subsystems. In [15], smart modular cascaded SSTs,
which have been interfaced to a distributed SPV power
generation system, has been controlled to improve the
quality of maximum power point tracking of the SPVs.

In [16], a comprehensive state-space dynamic model
of SST has been identified and the physical and
controlling properties of SST have been analyzed. The
results demonstrate that SST may well be a vital
technology that can truly enable integration of renewable
energy such as wind and solar into main power grids
[16], [17]. Despite many studies on SPV and SST, a
coordinated control of a group of SPVs and SSTs in a
large system in order to enhance the transient stability of
the system has not been well researched. Actually, the
power electronics converter in SPV and SST can control
active and reactive powers of a system with a quick
response time and so it can be used to improve the
system’s transient stability. In this paper, a new approach
to coordinated control of several substations is proposed.

A simulation of the operational parameters of a power
system consisting of several substations has been carried
out, where each substation has been consisted of a group
of SPVs connected to a main grid via an SST. In order to
reduce the transient responses of the intermittent power
outputs from the group of SPVs in each substation, an
SST has been used to connect them to the main grid. The
inverter of a group of SPVs and the power electronics
converters of the SST could suppress power swings when
the system was subjected to disturbances. The measures
of system’s outputs such as the active power flow in
major transmission lines have been used as input signals
for the PI controllers. The output signals from the PI
controllers could be used to adjust the modulation indices
of the power electronic converters of the SST as well as
the inverter of the SPVs. The impact of input signal time
delay on the outputs of PI controllers has also been
considered.

The simulation results show that the swings caused by
disturbances could be successfully suppressed by using a
coordinated control by SPV and SST. The IEEE 39 bus
system has been the system that has been used in the
simulation since it is a standard benchmark system that
could guarantee the high performance of the proposed
approach. Contributions from this paper are described as
follows:

i. The results of this simulation demonstrate that the
proposed coordinated control approach by SST and
SPV can effectively suppress transient response
caused by disturbances.

ii. This proposed approach is a promising option for
reducing transient response in power grids with
penetration from renewable energy sources.

iii. The design of this proposed approach has
successfully taken into account the uncertainty of
input signal into PI controller due to time delay, i.e.,
time delay compensators have been used as a
countermeasure for such uncertainty.

International Review of Electrical Engineering, Vol. 13, N. 6
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II. Overview of Coordinated

Control Strategy

In this section, an overview of the coordinated control
strategy of SPV and SST is described as shown in Fig. 1.

First, SPV panels receive intermittent solar radiation
from the sun and convert energy from solar radiation into
DC current. Second, DC current is sent to the inverter to
convert DC to AC current. The inverter is also utilized to
control maximum power point tracking of power
obtained from SPV to regulate direction of power flow
which is injected to the main power grid. In this work,
SPV inverter is directly connected to a high frequency
transformer. Then, the SPV power transferred from high
frequency transformer is sent to grid side converters. The
power converters at a grid-side converter can also be
used to control power quality from SPV before supplying
to the main power grid. DC link between a grid-side
converter is applied to regulate the voltage of the
connected bus to be reached the desired level. An active
power signal in transmission line will be disturbed if a
fault occurs in a main power grid; for instance, open
circuit of a circuit breaker action after a fault. This
disturbance signal can be used to monitor information by
sending a feedback the disturbance signal to a controller;
therefore, a controller can suppress a transient effect in a
main power grid. It is assumed that data obtained from
the transmission line is measured and the acquired data is
probed at a different point from SST and SPV substation.

Practically, SPV and SST are installed in different
places with plant data operation (PDO) and there may be
long distance between SST, SPV and PDO. It should be
noted that the feedback signal should be managed before
sending to a PDO due to long distance considerations. In
this case, input and output signals of the controller are
affected by time delay accounting for approximately

Plant data operation
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425ms to 525ms. In this scenario, the effect of time delay
may degrade the performance of the controller.

Therefore, uncertainty due to the variation of time
delay is utilized in the design process so that the
designed controller will be able to resist the impact of
time delay. After the design process, simulation studies
in section V are evaluated in each possibility of SST and
SPV controllers such as control only SST and SPV,
control both SST and SVP. Both control scenarios are
clearly explained in section V.

III. SPV, SST and PI Controller Models

In this section, models and control strategies of SPV,
SST and PI controller are described as demonstrated in
Figs. 2, 3 and 4 respectively.

LI 1. Solar Photovoltaic (SPV) Model

The SPV model and the control strategy consist of two
main controllers. The first one is to maximize power
output from PV using maximum power point tracking
algorithm; whereas, another one is voltage controller
which is used to control reactive power and voltage at a
terminal bus. Inputs of maximum power point tracking
controller are current and voltage signals of SPV system.

The maximum power point tracking controller
generates the output signal as a desired or reference
active power. After that, the desired active power (Watt)
is subtracted by the actual active power output of SPV.

The error signal is then sent to a current controller as a
current set point to properly adjust the active power
output of SPV.

PWM : Pulse Width Modulation

Remote control operation

Command signals

PV : Solar photovoltaic

Output variables

I Input signals
Y o
) Plant (=)
Intermittent S | = 3 =
solar radiations S| Maximum power point tracking ~ Controller 2
= control signals S
S PEERCESSE Es > =
b3 H o
SPV panels g s oltage controf ®
é E Control signals from additional P controllers signals
POSS223222200085 "
= Crwm ]
M, i Controlled
powers
5 3 E.% g8 | injection
=04 o —t |
AC DC
/oc /AC
=
SPV inverter High frequency  converter 1 DC link Converter 2 Substation
"

K

Transformer K

A

Grid side converters Power system

Fig. 1. Control strategy of SST and Solar SPV
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At the same time, the actual terminal voltage is used
as an input signal of the voltage controller or a reactive
power (Var) controller. Moreover, without degradation
of active power, the control signal from an additional PI
controller using active power flow in a transmission line
as an input signal is added to this loop to suppress the
transient swings when the system is subjected to large
disturbances. In this control loop, actual terminal voltage
and an additional signal from the PI controller are
subtracted by the reference voltage, the error is then sent
to the inner PI controller.

Then, the output signal of the inner PI controller as
desired reactive power is subtracted by the actual
reactive power of SPV and it is sent to the current
controller as a current set point; so, the reactive power of
SPV inverter can be controlled. An inverter of SPV is
connected to the main power grid via SST. The structure
of an additional proposed PI controller is described in the
next section.

112, Static Solid State Transformer (SST) Model

SST control strategy model consists of three main
controllers: reverse power flow controller, a power flow
controller and a voltage and a current controller as shown
in Fig. 3. An actual DC link and terminal voltages are
used as input signals for the reverse controller; whereas,
the difference between the actual and the desired DC link
voltages is used as an input signal for the power flow
controller. The power flow controller then sends a
control signal to adjust modulation indices, i.e.
magnitude and phase modulations, in AC to DC
converter so that power output direction from SPV,
which is transferred to main grids, can be controlled. In
addition, the error among the reference voltage signal,
actual terminal voltage and control signal from an
additional PI controller is utilized as an input of the
voltage and current controllers. Then, the output signal
from voltage and current controllers is used to adjust
modulation indices of DC to AC converter, which is
connected to main power grid as depicted in Fig. 3.

II1.3.  Developed PI controller Model

Developed PI controller model for SPV and SST is
depicted in Fig. 4. P, and P, are power flow signals
probed from PDO and power flow signals from local
buses, respectively.

Also, the parameter ¢ is the time, 7 is the time delay
and A is a small deviation. Kz and Kp are proportional
gains of remote and local PI controller, respectively. Kir
and K, are integral gains of remote and local PI
controller, respectively. 7},., is leading time for delay
compensator. Up;r and Up;, are remote and local control
signals, respectively.

Up; is a control signal from an additional PI controller
used as input signal of SST or SPV. W, and W, are
constant weights of Up;z and Upyy, respectively. In this
work, an additional PI controller consists of two main
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controllers: remote and local PI ones which are
simultaneously used to suppress the transient swing of
the system when it is subjected to large disturbance. The
input signal Py is used in remote PI controller which
contains sufficient swing information. It should be noted
that only the input signal P, of the remote PI controller is
affected by time delay as shown in Fig. 3 (block A). Kpr
and K;p (block B) are utilized to weight proportional and
integral controllers in order to properly adjust control
signal Up;r. Moreover, leading compensator block is
used to compensate phase lag of Pstime delay.

However, in some cases, the input signal Pycan be lost
of communication in a large system. As a result, the local
PI controller using local input signal is necessary. The
input signal of local PI controller is P, as shown in Fig. 4
which is able to be directly measured from local
measurements. For this reason, the impact of time delay
can be avoided.

The error between the reference signal and P, is used
as input of the local PI controller (block C). Kp;and K,
(block D) are utilized to weight proportional and integral
controllers for adjusting control  signal Upyy.-
Accordingly, the sum of Up;z and U p;; using W, and W,
is used as the control signal of an additional PI controller
Up;- Because the remote PI controller will provide more
sensitive control effect than the local PI controller due to
higher transient swing information of input signal, ;=1
and J#,=0.25 are set as the weight of the proposed
controller.

It should be noted that these weights are chosen form
optimization technique as studied in [18]. #,=1 can also
be set when failure of P, occurs because there is no
control effect from remote PI controller (Upr=0). The
structure of additional PI controllers of SPV and SST is
also the same. Totally, in each SPV and SST substation,
three additional local PI controllers and three additional
remote PI controllers are used.

IV. Design of the Proposed
Coordinated Controller

The design additional controller as explained in II1.3
is used for the proposed objective function in (3) for
transient stability enhancement. Integral time absolute
error method (J/TAE) is applied in order to calculate
optimal parameters of additional PI controllers.
parameters Kpr, Kp s, Tieas, Kiz and K;; can be acquired
by using ITAE searching technique. All remote power
flows, containing ample information about the system
swing, can be used as representative signals in /7AE.

Accordingly, an input signal P; of remote PI
controllers for tuning optimal parameters is used. The
ITAE applying Py can be written by minimizing function

in (1):
L

ITAE, = j((1/—td)xlAPf(t—r(t)),)dt (1)

1=t
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ITAEp; is ITAE of the power disturbance (P)) affecting
by the time delay. #; is a time in which the power
disturbance occurs; whereas, # is the final time at which
power disturbance disappear. It can be clearly seen that if
ITAEp; is minimized, the error of input signals of remote
PI controllers can be suppressed. Additionally, the less
control effort is another important factor in the design
process of PI controller for transient stability
improvement. Less control effort means that such
controllers can reduce energy in order to suppress swing
but still provide high performance. Thus, /TAE is also
applied to reduce the controller effort by minimizing the
output Up; of the function in (2):

aPl[

Y (¢ -t)x|up,a-c@)ar | @

i=1 1=t

ITAE,,

Up;; 1s Up; corresponding to i" additional PI controller
and nPI is a total number of additional PI controllers.

In order to optimize transient power swings of the
system, the error of input signals and control effort of the
PI controller, the objective function can be formulated by

(3):

F(1,7) =0 TAE, +1,ITAE;,

where F(z,7) is the objective function depending on the
time domain and time delay, #;=3 and 7,=1, #, and #, are
the factor of first and second terms, respectively. In this
work, particle swam optimization (PSO) algorithm is
applied to tune the control parameters [23]-[26].

V.

The simulation results have been carried out by
MATLAB & Simulink together with Power System
Toolbox, Control System Toolbox and Symbolic
Toolbox. A modified New England system which is used
in the simulation study by applying the proposed
coordinated SPV and SST for improving transient
stability is depicted in Fig. 5. In this system, there are ten
synchronous generators (G1-G10), 39 buses, and 18
constant impedance loads accounting for approximately
6.097 GW and 1.401 GVAr. Each synchronous generator
is equipped with an IEEE type-1 automatic voltage
regulator and a simple turbine governor excluding G2. It
is considered as an aggregation model of a large number
of generators. In each substation, it consists of a group of
SPV and SST. Moreover, it is assumed that substations 1
and 2 are located at buses 24 and 18 to supply inflated
load demand, respectively. Total capacities of SPV1 and
SPV2 are 200 MW and 250MW. It should be mentioned
that SPV1 and SPV2 are modeled by using an integrated
model of SPV. It is also assumed that solar radiation in
each substation is different characteristic of power
generation. For input signal of remote PI controllers,
active power flow in a remote transmission line between

Simulation Study and Outcomes
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bus 2 and bus 19, which contain ample swing
information in this system, is used as input signal of
remote PI controllers of both substations while active
power flow in nearby transmission lines between bus 23,
24, 15 and 18 are used as input signals of local PI
controllers of substation 1 and substation 2. The
proposed coordinated control of SPV and SST is
compared with an individual controller known as
“Control of SPV” which is only control SPV and
“Control of SST” which is only control SST. Both of
them are optimized by using the same objective function
as the proposed coordinated control of SPV and SST.

-

HFT: high frequency transformer Substation 1 g™ "
quency “Rosevr

G8 P and Q:: Active and reactive powers of load, respectively

G9

65%increasein APy
P, and 1.5% in Q;

Fig. 5. Validation 39 bus standard system with two
substations of SPV and SST

During optimization using PSO, population and
iteration are set at 100 and 500, respectively. Also,
learning factors ¢; and ¢, are set at 0.5 and 0.7,
respectively. Ranges of parameters are set at 0.1 <
(KP,R:KI,R,KP,LsKI,L) <25 and 0.425 < (Tlead) <0.525. As a
result, the optimal parameters of the proposed and
compared PI controllers are given in Table I. It should be
noted that all the parameters of additional PI controllers
are simultaneously tuned and the compatible control
effects can be achieved. In order to observe system
response after occurring of large disturbances, delay in
the input and output signals of additional PI controllers,
the intermittent solar radiations and transient simulation
under several disturbances are given in Figs. 6(a), 6(b)
and 6(c). In Fig. 6(a), the delay of input-output signal
additional PI controllers is assumed to be inconstant
according to time domain with two mean values which
are 450ms between 0s to 32s and 475ms between 33s to
60s. In Fig. 6(b), it is assumed that solar radiation at
substation 2 is less than the one of substation 1 by 150
W/m® and the fluctuation is about +50 W/m>. In Fig.
6(c), all power outputs of synchronous generators are
increased by 5% and all power consumption of loads are
increased by 7% of the validation 39 bus standard system
as illustrated in Fig. 5. The proposed controller is
validated by using the Fig. 5 configuration in three
conditions.

International Review of Elecirical Engineering, Vol. 13, N. 6




P. Khemmook, S. Khomfoi
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Figs. 6. Transient response during disturbances

As it can be seen, for condition 1, the transmission
line between buses 21 and 36 is out of service at t=1s by
opening the circuit breaker at this power line. The
transient power swing of both compared controllers is
very severe during the first 8s; more specially, the first
and the second consecutive peaks. After that, the
transient response of the control of SPV continuously
fluctuates with small oscillation. On the other hand, the
proposed coordinated control of SPV and SST is able to
significantly reduce such peaks effectively. Additionally,
the proposed coordinated control of SPV and SST also
provides superior response in this case.

For condition 2, at t=20s, it is assumed that a three-
phase fault occurs at bus 14 and is naturally cleared at
t=20.12s. It can be obviously observed that the proposed
coordinated control of SPV and SST is able to effectively
eliminate the first swing and subsequently suppress the
transient response during this duration. As a result, the
system quickly becomes stable in approximately 10s
after the control process takes action.

On the other hand, without a controller, the validated
system is completely unstable. Additionally, both of the
compared controllers cannot eliminate the fault, as a
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result, the system continuously contains transient swing.
During the period of t=20s to t=30s, minimum and
maximum swing amplitudes of the transient power swing
in this transmission line are approximately 195SMW and
450MW, respectively. These transient power swing can
cause a damage of electrical equipment connected to
these buses.

At t=40s, for condition 3, it is assumed that a three-
phase fault transpires at a transmission between bus 35
and bus 36, the fault is permanent and is cleared by
tripping the breaker at this related line at t=40.15s.
Clearly, the transient response of both compared
controllers is unstable. The transient power swings are
very severe and thus blackout consequently occurs in the
system.

In contrast to the compared controller, the proposed
coordinated control of SPV and SST can gradually
suppress the swing: the validated system then becomes
stable in approximately 15s after the control process
taking action. This transient simulation results apparently
validate the high performance of the proposed
coordinated control of SPV and SST over several
conditions of power disturbances.
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TABLEI
OPTIMAL PARAMETERS OF THE PROPOSED
COORDINATED SPV AND SST
Proposed
Parameters of additional ~ Control of Control c(cxz;(:;x:l:’cfd
PI controllers SPV of SST SPV and
SST
Kpr 20.36809 3.17470 15.80898
= E Kir 22.64480 22.8344 2.43851
& g Tlead 0.42558 0.49002 0.46770
8 KpyL 6.96245 23.9376 3.94032
KL 13.67204 24.1222 24.26482
= e, Kpr 23.92917 17.3707 18.78168
5 o § Kir 12.13439 7.92748 6.37737
g 2 § Tlead 0.42458 0.45408 0.51751
2 g Kpys 20.00701 23.7555 12.64893
Z ¥ Kir 3.54715 0.86115 17.47692
- Kpr 10.54403 10.9686 2227258
o E Kir 22.89339 9.53896 23.98229
2R Ttead 0.51913 0.47059 0.49206
g KpyL 19.80518 19.1379 13.68039
g KL 23.98731 19.8800 3.46561
Kpr 16.39352 4.67181 3.73235
- Kir 0.89279 12.2441 6.437706
B 8 Ttead 0.47000 0.48390 0.44755
£ Kpy 21.22823 11.1396 21.01793
KL 23.34983 16.1578 6.35705
= _ Kpr 16.96838 17.7341 20.35712
5 - Kir 18.94350 18.8671 6.08812
E iz Ttead 0.46727 0.45450 0.50368
9 =l Kpy 18.57831 6.90062 23.23159
Z ° KiL 9.80567 16.9925 8.74959
- Kpr 16.38695 16.3774 4.91488
= B Kir 4.27966 4.06529 6.27709
@25 Thead 0.43710 0.45744 0.49595
g Kps 17.65115 2.9749 1540112
° K. 0.79582 12.4591 11.83222
VI. Conclusion

This paper has been proposed a new coordinated

control of several substations consisting of groups of
SPV and SSTs in order to mitigate transient response
when the system is subjected to have power disturbances.

Th

15

iil.

e finding results can be described as follows:

In this work, the objective function of the coordinated
control of groups of SPVs and SST focuses on the
reduction of the swings of power transient response.
The error of input signals and control effort of PI
controller have also been discussed. Moreover, severe
patterns of solar radiation and time delay have also
been taken into account in the design process. As a
result, the proposed coordinated controller can work
well against such uncertainties.

. The coordinated control of a group of SPV and SST

is represented to improve transient stability. It has
been discovered that the coordinated control of such
devices can provide better control performance
comparing to either individual control of SPV or
SST.

Although PI controller in this work is fixed structure
controller, it can be effectively used to damp out the
swing. Moreover, it is practical in a real system. On
the other hand, the adaptive controller will be
considered in the system with high penetration of

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved

493

173

uncertain renewable energy sources.

. Moreover, application of coordinated control of SPV

and SST can be applied to solve the reverse power
flow problems.

In the future work, coordinated control of a group of
SPV and a wind farm connected to main power grid
via SST will be analyzed for transient stability
enhancement.
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