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Energy-sharing

This thesis proposes an energy-sharing strategy for mass rapid transit systems
using the Emergency Self-Traction System (ESTS). The concept aims to reduce the
need to install ESTS on every train while still maintaining the ability to evacuate
passengers to the nearest station during main power supply failures. Under the
proposed strategy, ESTS-equipped trains first use their reserve electrical energy for self-
propulsion to the nearest passenger station and then share the remaining electrical
energy with trains not equipped with ESTS. A mathematical model was developed and
implemented in MATLAB, using the BTS Silom Line as the case study. Two key variables
were investigated: train headway, at 3.45, 6, and 8 minutes, and ESTS installation ratio,
at 25%, 50%, and 75%, resulting in nine test scenarios under a full-network power

outage condition.

The results indicate that the performance of the proposed energy-sharing
strategy is strongly dependent on both train headway and ESTS installation ratio. For
the 3.45-minute headway case, the evacuation success rates were 68.97%, 100%, and
100% for ESTS installation ratios of 25%, 50%, and 75%, respectively. For the 6-minute
headway case, the corresponding success rates were 58.82%, 73.53%, and 85.29%,
while for the 8-minute headway case, they were 36.11%, 63.89%, and 80.56%,
respectively. These findings show that shorter headways and higher ESTS installation

ratios improve the likelihood of successful energy-sharing pair formation and increase



the spatial coverage of emergency assistance. Most system failures were caused by
spatial constraints rather than by an overall shortage of reserve electrical energy. The
proposed ESTS-based energy-sharing strategy therefore demonstrates strong potential
to reduce the number of trains requiring ESTS installation while still supporting

passenger evacuation during power outage events.
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wednglWliszuudsaunsaldnudrunddyuisdulasgisofiocdus sozatdu o wu
1 o e I v ~ [ Y]
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yosszuunuuiuiiulalefindgmludu (Yuan et al, 2012; Xu et al., 2018) uananillu
vnszuuTabiivudsuarudienadinisesnnuuliamisadisesnaseulniiunnwe
dunsutundeusaliiilindouilugsaanddlaearsilndiiandioauian ieanaay
deandlagansuuruiusaliihonvdesinegnarensvaziiadymldu (Tian et al., 2022)
agalsfinnu nsiszuvdundsudenduunldnudsasddediined vareusenis
gNA0EILYU AUNUNITAAAT N15FOUTIFI VUIAKATUINUN ALLTEIFIYTBUINMLINN
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vuszuusalihvudanavuinlilaimanatymiviuusedn Adudndadeddgyfienaassi
Tinsurssuutuedeusiesgniduinlduuasduszuusalnivudararudagiudlidug
Heuwiniaas Fadiungnmsa b uszaulymivgaveininaianisvagiinaniunisal

Irdvegluszuusalwihvudunasunaiessuy
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Y
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USNAd2sUnIsuLazZIIUIeNNg1U94

2.1 uni

[
fa 1 =

NuITeIngdnuslysdnwinagns nsuusdunasanulnilussvusalwiauds

3

'
% =

wayudszuuduinidoudesgnidu wedaszanudululdlunisandiuiussuy
U 2 (Y a Ao & ¥ a o ] o [ o a a o

Juindisudnegnidunindudesientlussuusaliihvudenasy dusunsaiiunuidy
Ang1dnuslaviin1sdsrausvalassunssukaznuITenineite laun n13dassssuy
salwihwudanagunaznisivamdslii ssuutduindsuduemnidulussuusalifivuds
wavy wavnagnsniswsiundanulnirlussuusaliaudaiasy angudeyaniinis

a o Y a s Aaa ' 9] .
FIWTWNUITIMEEInemansuazmalulagNiiinsgu 1w g1udeuadnn IEEE Springer

[ o/ = ) & o w o o v a o a a v
MDPI vJuny L‘WE)LUUWUﬁWUﬁWﬂ@ﬁ’]%iUﬂW?WWU?ﬂi’t’]‘ULLL!’Jﬂ@LL@Bﬂi%U'JUﬂ’]i@WLUUQ’]u'}"\]EJ

[ '
v w1 a o

ednusluunds q W nvisdsvagliiuiwesitwesidelusinfiuilugnissesen

av o a o
NAdNETedlusuIAn

Qﬂldlc; E2

o o o/ ¢

2.2 N195871523USNAUIITUNTIULLAZITUIAYNENY VDS

N1581579USV AT TUNTTULALIWITE NN LI UITe AN TWUST AU 9997
o = & Y7 [ I o I o o
yMnsEnw1eentdu 3 Wds lawn N159188958UUsa TN YudILIaTULaL NS Iana9 v
ssuutuindeudioniaulussuusaliihuudaisyy uasnagnsnisuusdundenulninly
szuusabiivudsnavu notdoluwiaziiialafnassharnaunsaauIaINuUNALITe?
lasunisyausukazAfiunvug IudoyauInIgIuasina1Ifsluiive 2.1 Naa1nNAsAne

aunsnasueavdunluuiazrindalanwialuil

2.2.1  n15anassszuvsa lnWinvudanasunaznistuaniagluia
A15971899NaNTULaENsanide Wi 1vesssuusalndlvudauiavsy

WunszurunisdrdgdmsunisiesitazlszliungAnssuvesszvunieldaninznig
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9Us9 9 neunsAiiunITAeasagltuIEUUASluLAas U AaATEEZIANTINIY
11 Un3denaneviulanmuiwasysulgenseuaunsdtassssuusaliinvudsag Ui

N9NITAUIARUUA AN AuANTWITN15A9 9 IEUsEENS AN AuLuET Lazgaeud

(%
o ¥ U 1

WANAY IINMTATIIUTTImhssunssulunuITeninetemdefnauislagdu awnse

o w

a3Uan e AUINUITUAIN 9 WARIRINITIN 2.1

AN5199 2.1 AdeNefuNsINasssruusa inivudsnasuwaznislanidsluii

U a.A. AMEHITY Usziiiuauideiiaiu
2015 | Kulworawanichpong | Msaauuuiiaesnisindeuiivesszuusalnfinuuds
ma%wm&Jmmuﬁymwmiﬁ’ummﬁﬂmmmﬂwa
maslWilagldiddadu-smdusgreing
2016 | Zhang, Song, and | danasfiNAIUANNITINIUYRIsTUUSA IThudIaTy
Zhang ArfigadmsuiiinUsansamaslindanulniihves
IPUU
2016 | Su, Tang, and Wang | n1sUseiiiunagnsdnsuaanislonasaulnilussuy
SolNTIUERNATUAMBLUUTIRDIAIUANNNTYINNILYEY
sl mungan
2016 Mongkoldee, msa%']ameﬁ’ﬁaaqmsLﬂﬁlauﬁmaﬁﬂw%wmmﬁm
Leeton, and nSaunsiarsandndlnilnlusig
Kulworawanichpong
2018 Arboleya, n391apeTEUUIa LA IATILUUN SELAR ST
Mohamed, and El- | AsouAgunIsihiutasgUnsaldidnnsetindindanay
Sayed gunsalinAundsnulussuy
2018 | Alnuman, Gladwin, | n1sadrsuuudnassszuusaliinvudsnarunalsuu
and Foster
2019 Khodaparastan, | n15a$1eauuusiassssuusalniivudsnasunsyuanse
Dutta, Saleh, and | T¥szuudniundaanudnamidunisyinau
Mohamed
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AN5197 2.1 AdENefuNsIIasssruuTainivudswnasuwaznistanidsluiln (se)

va o [

U A, | AnedadY UsziiuauiItenaiiy

2020 | Kou, Fan, and Song | nMsasnanuudiassszuusalianuiigmaneuuin

2021 | Razmjou nMsnaessruUsalninvudsnasulagly MATLAB:

= ! a
nsaAnwlasINIssruLsalnivudsnasy @aenuse 2

al' [ a v ¢ av A o 1% o
NAITNN 2.1 lﬁ\lllﬂ'ﬁVlUVl']u‘lJiVlﬁu’lﬁimﬂiiNLLa%ﬂ']u’J‘UEJ‘V]Lﬂ?J']GU'E]\Tﬂ‘Uﬂ'Wi

WauwuuTiaesszuusaiihvudanasussudt 2015 audslagiu wuininideusdazvinule

'
a o W o

Unauateyauaznanwuifniiddgydnsuiiludesenniswmuiwuuiiass ssuusalnih

uaatUluATEINY TN UST WU ANTINNIN 9§ VBILUUIIEDY AUAITNNAAFIERNS

vy

Ao & L o < £% = Y a o & a [ Pt
Ny Mﬁﬂﬂ?i%?ﬂ?ﬂ‘ﬂ@ﬂiﬂlﬁ/\lﬁ’] Wunu LW@IMLﬂﬂﬂ’J’]&I%@LQUSLULUEJ‘WW]Q’J EJ"Lﬂﬂﬂ‘t}’]ﬂJ'W%

'
a A = =

fnsasunan1s@nwU3vieiassunssukasnuideminedtes laenad 1mamguy 1annis

(%

WMsALiuniITy SudsaansnlainniTetu q lnegensd

Kulworawanichpong (2015) dna@usisnisamiuiainisluavesiiaslinilu
seuusabniivudnasuratsvuIune3aiafu-slduwuuUsuUse 38n1saenanitiean
Aududeulunisdiassszuusaliihvudanasuvuielng lnsudasaunsaugaiaslnih
vosvurusnliinlfeglusuaunisauganssualniiuny dewalisuiuseunisdiuane
anaani 40% wiewieuiuisnisial uenaind wuudiaesdiwaududisosiunis

WAUWUAINWAUIYBIUUIUSALUUS 8l Yilinsaasigvinasnulnindianunsugway

v '
= =

Uszdndamgetu dudunuantfddydmiunisdiasinisindouiivesvuiusaluiig

Y

WaguwUasegnaanian

Zhang, Song, and Zhang (2016) ULaduaLUUINADIFEUTULNLUTEANT AN
Astanaanulninlussuusalwinvudsulasy mumimuqmmmL%’Jﬂmmzam (speed
. .. . & | a o e v
profile optimization) vaaruiusalniin nsauautiazaunasenitaUsuaunaanulniily
Tun159ULAA UIVIUSA N ILAZN1TTNYIAIUATIN BLIA1VBIANT LA U LUNS DU AU
YNNG WUUINABITINaANNAIUAtulag S unnasuluigoaunauainniIsLusn
(regenerative braking) tioannsauiUdsamasnulnindnmanilsniy nMsiauILuuInass

ledgnisuuasaunsneadinmansiviedlusulAnuasnaaeusuweiunis MATLAB/m-file
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1AENANISNAADULARNIILUUTIaRI N NN uau15aannsendsnulndnTussuusaluliin

yudanaguluugNgsnwuesgINnsEuINIsIuTIRRuIa leegliussdnsamn

Su, Tang, and Wang (2016) 41L@uakuUINRBINITAIUANNITYIII UV
yuusalifiysanniswamaninmaadeuiinaznsdanisndsaulniluiuudiaeadien
dlefumaavinnuiivsnzaufigauessuusolwinvudunavuvatsvuiu feanunsnannisly
wasulinlaglinsgnudenisaiusa nansfnwiuandiiiudinisusuguwuunisdu
indeuiinganannsaannislindsnulinlda 25% laglinsznudensufusa gy
YeuuUaesinonsinnsaniadusie q fidsnadonisldndrenuluiin iy dhmneuause
ANNAINTUVDAAUNIE WATNYANTTUNITT-tUTN PrelkuuTIaedliaTgimIukuums
muaunsivsvIusalihvsnzauldegaiiussansam wiudt uarlndifssananduads

=
AMNVU

Mongkoldee, Leeton, and Kulworawanichpong (2016) dt@uan1swaiul
wuudaeInIsiAaeunvessalii v v naunsaAudng e ss s Asa i
waeult IneUssandldisnma@nnseualni (current injection method) tiadwmseinsivg

vaamaslilussuudandudeu nan1snaaauaietayaszuusaliindea areguuin

Usenalngnanaihuuinassaunsausesiunansenuuadnsena s lnawashsssulnin

::%Lvr:.! =

MAUDIAMUEIAYVDINIT

[ Y]

d‘ < [y 1 v 1 = a a =
UNEN QWQLUu@u@iqUWQEﬁ@UﬂWﬁIWQUqﬂll‘ljﬁ%ﬁ‘l/lﬁﬂ"lw PIY

o

29NKUUITUUADAIAULAZN 195N U9 UMK TaU WuuTIaeslidaiunsadssyndldiu
syuusalihaugdsnasudu q loleslsutoulunazlassaiiannsiives ulasiivedninises
nslalanarsanansenulussvunduvausalaiiwangauiu wandoduiwimeiiuiaula

Ausunisiannaly

Arboleya, Mohamed, and El-Sayed (2018) ULa@UDN1SWAIUILUUINAY
seuusabiihvudanasunssuansiiasounaun1siaseinstavesmadluin n1svinau
a0 1 [ @ [ [ % a
Yosanflgosussinneng q ssuuinnundseunaznistesiulssulniiuainnisiusn
WUUSLAUUBLTTIN TAgUUUT1a99aIna kA NAI9INLUUTIa9 lUNINILATIZAEIUAIY ¢
WENANAU M EAEIU150Us N UNANTTY N UYIssuUTa A Nvudsuasuatelnilaagng
waugaziusEANS AN 18Nz NITIATIZIRNANTENUVDITLUUANAUNS I UL UURAF

UUVUINSA (on-board) WaghuURARAITINIS (wayside)
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Alnuman, Gladwin, and Foster (2018) {NL@Uan1SNAIUILUUTIADINATR
nlnidusvszuusalifrvudwnasunszuansmatsvuiu laeldaruainisaves
BONAWLIT MATLAB/SimuUnk1umaa%’wLLUU'&T”]aam’smazLé‘amqqLﬁaﬁﬁaaqwqamiumi
WasuuUashuwmisarmsSonAundsnulnihannisusnuuuiauueisinveudazuuin
vilinsiinmgivsngmsainalwiflugasnailauninseduiadiunindsuulasegn
saduluduasinety uaﬂmﬂf:l,wmi’waaaé’ﬁmeﬁﬁﬁw%mﬁulw%Lﬁumﬂmslﬁ%aﬂﬁu

pasulidiolufivuiusalwinduunsessulaegiansualy

Khodaparastan, Dutta, Saleh, and Mohamed (2019) 41LaUBkUUIIADY
dmsuAneInsisonAunasnulniiannisiusnkuusausuelsAnlussuusaliinvuds
g v = | o o v . . a '
1navunsehansangaandiningeanuuiunauls (reversible substations %38 RSS) WU
FaNAKIS MATLAB/Simulink 91nNaN1SANYINUIINISARGAIaa1HE AN paluutundudie
Usendanaanulnilagegaiis 30% lneusedviantuesgivladevanedsens wu annud

o

Y9I JURUUNMSTULAROU Lavdnuuzidunie Yeyaanuuuiasstiinuetdmug

q

Mulsuglunisiansanysulsasgansammndsnulnihvesssuusaluihvudaayy

Kou, Fan, and Song (2020) dausuuuinassszuusaliihanusigalaeld
wdnIFunuraefa (multi-agent) i odiasgsingAnsunislduagnisudsiiundanu
Tihiidudeuseninmuinsalniiiedeuiluluuadng 9 Tnemdadeadadanionind iy
WU SEIEVNITEVINNVVINTE AEFUNINTesaeds Wudy 3edmadeuseansainnng
wistundssliianmsusnvessalaliyusuvislugsolwindnuuiuiiddaseannusa
NAN1SANBINUTINTYS U TIRAUsaRE INzaNT B nUsEANS AN sy s und ey
il 35% legludasinssgunsnifnfundsnuiafiy Fafunisdunuiiddyluds

[ a o 1Y o @ <
\AsugAanskazImnssudriumsUsEndanasnulnilussuusalianusgs

Razmjou (2021) dnausuuuInaassyuusalninvudsnasunssuansai

1 o d‘ dl o L2 !
YININ15AIU0INTAILINNISIAG BuN vasuIuTa b wasnsinavesiaalu a1
BoNAKIS MATLAB Ing198adayan15miuauuuIusaliiiuazms1aiusnINszuuase vi
THwuud1aeelinsgn1syinuYessEUURaNgILILlaAsUOIY Ulels wavdlused@nsain
Judsglovddmsuimnslunsvagaunagnsusendandsaulni wu Ysumsiaduse

WasugUwuunstuedeu uasfinnsszuuiniunasnu nglidemaassasadadianlddnegs
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Yu, Wang, and Qin (2024) 11@uauuudnassd s un UL uuaIuALnng
wdeufivuausaliih Weinuszansamnisinnsndsnuliinannuvasneliuasndsany
Tl nnsiusnuuusauelsin Ineiiladsaunaseninensusendanasnulnituaiy
nssseraailunisliuints nanisAnwinuinidnmaysannstsisanmsldndselni 1
mnnimsUiumsaiusariesuuuunsiuiedeuiissegiafientis 15-20%

MNN5ATUTHEa TN ssuTiAsadeatunisdiasssruusaliiiauds
wavuuarnslvamaslnih wuiudazmdfoasilasessiugulsznousedninsey
wyAnssunainnisiadoudivesvurusaliiuasnsinavesidaluii I P
Msvieud uiidesnisiaes iy n1siFenAundsnuluiinnnninusnuuuiauiueLsiv
szuuinunasu [Wudu LLU’JﬁfﬂLLazmﬂﬁﬂLﬂéﬁﬁﬁﬂﬁﬁuﬁﬂﬁiyE]EJ'N?JIQﬁ’M%UGiE]EJE]ﬂ%fmi
ﬂ’wmufumﬁ’waawzuusalvxlﬁwudama%wmmmuﬁaugsaﬂﬁa%ﬂumu%ﬁa%wmﬁwuﬁ‘ﬁ

Feswazdunazasungluung 3 seld

222 msUszgndldszuuduiadsudaesgniduluszuusaluivudesnasy
Hagiuszuusnlwivudenasuduindeulnendsauliiiudusuuoy Jam
Idusgnininsaniiviuensdwansenune@auasnsndduveslaeans Jsdndudomn
unsnstestunagdnvianiugnisiauvessruy uided@nwdudldinauenis
Uszgyndldszuutuiadeudalesanidu (Emergency Self-Traction System: ESTS) @ a1y
wuv il s fiuszansami gnianusegndldiussuusaliihvudanavy 91nd19ia

USrdassanssuiignineuninusiefnnelaqiu aunsaasUanseddguesanidesing q 13

Tum151991905 89810 UANNTINUITY WARIAINNSIN 2.2

A5 2.2 ATERgInUNIsUsEENA Mssuuduaaoufilesandulussuusaliiiauds

UIAYY
U a.a. AMEHITY Uszifuauadeiidniu
2012 Yuana, Gua, Liua, | Mseaniuuuarilaszdszuutuindeudilesgnidy
Zhanga, and Lv dwsuszuusalvihvudsnasuluwsides
2014 Wang, Ge, and Li | n1991AT12%1ayA1UALLA BAAMLNEANYBITE UL
Fundousiesnnidudmivssuusaliivudanary




17

M15199 2.2 nudTBRgiunsUszendldssuutuindsudiesnnidulussuusaliiiouds

1avu (M9)
U a.a. AnIZEITY Usziiueuadeiidniu
2017 Nagaura, Oishi, wultumeluladsyuuduina sussuunnesamnsu
Shimada, and Kaneko | szuusaluinaudunasulusuias
2018 | Xu, Sun, Zhou, Jiang, | N150BNLUULKAZANYINITIUTEITEULTULAE DU
Hu, and He fiesndudmsuszuusaininvudanasy
2020 | Mohammadi Pirouz, | M3AIUANSTEUUTULAG BuMILBIR B UM UTEUY
and Hajizadeh salnivudaiavuy
2022 | Gao, Ma, Qiu, Zhu, | nagnsnisdnnisnasaulniiainnisiusnwuuiiau
and Diao WwolsT Wens ussuusalninaud swias UMy
Tuindeusnesruutulndouilosniau
2023 Wang, Hu, Huang, | N15WaIUILUUTIae9d1usuUssid ungngsunig
Zhang, and Fang GETULﬂﬁammma”tvxlﬁﬂuamummignLﬁuimaﬁwﬁaﬁa
AedanTRTEITEUUANAUNG 19
2024 Yang, Huang, and | nisuduidumssiaglaunfinlsunsudsdmsuuuiy
Wang salwihadFussuutuindousiesgniau
2024 | Wang, Huang, Hu, Qin, | n19a519UUU91899uazUs i alan1ugn159159e3
and Zhu gunsalfnifundanuluszuuduinieusniesgnidy
2024 Zhu and Li nsitauInagng AUANTEULTULAG puTEUUSA LY

I3 =~ Y o o o
ﬂ':l"llllﬁ'JQﬂ LN @aﬂﬂqﬁisﬁwaQQWUIWWW%QJ%SUW@QQWU

I nszuLTuLAdeufowmnIaY

1NAN5N 2.2 WAAINITAI5IUSNAUITTUNTTUBALINWIVENLAEIVD I AT

2012 udedagtu nundinuidenyszyndldseuuduinasuiiiesanidulussuusalin

YuduIaruAaIeFULUY Bananiidlaseaine vdnnsvinau waensusegnaldliognsasiden

¥
=

eliilemdaaudiuiadnisasunanisfnuluglveangul nann1s 8nsaniuaide

[

WAYNARNSDEN9E DAL
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Yuana, Gua, Liua, Zhanga, and Lv (2012) U a@uan1siauIseuuduni ey
Aesanidudmiuszuusalihaudunavuendesnldmalulagnisdniiungsausuy
lausassninuunmesuarfiiuUszrslulivedlasiadanasnann1sauresssuy sauds

[ [

nMsneaeuUsEAnSamIun1sTIaeaerenlinag MATLAB lnsssuuilgnesniuuduiiie
suflofudaniszuvinslnndndumamenfuiinussaniamnisidndsnulninennis
LWUINWUUS UL nansinviwansdiiduinsyuufivaund uaunsaasuadisning
Uasafouazanuundeielifunisidusaluaniunisalgniduls dudunsadisesdaimd
ddyTisensgiunnsgumulasasiBuagyseansnmnsiauvesssuusaluinuuds

wayudmsunsiaLazUssendldlueuan

Wang, Ge, and Li (2014) thiauemsiiasgy ESTS Mlduunnesidugunsal
Faffundanudises lnglddanediiunuaunisdansndsnuliliihanuuanesifarsm
Fosfavadundsnulniuazorsnsldnureunne’ Fauvmihiinmshaueendy 3
du i Msdesgidnvadmzvesmsnnuues ESTS mamaimnzaufignainiy
AIUANNISTINWTRLTE ULl waznIsTnaeansyhauaInmeguuusaliiiuy 6
glagans nranITAgUNUIINTEUIUMITITI@UDaInTamUANNNSYUYes ESTS Tu

IS a 14 1 IS a a
nsglanidulaegaiusz@ninm

Nagaura, Oishi, Shimada, and Kaneko (2017) Y@ uakualdun1sWaun
waluladuummoiaBeslessunuggsdmivldnuluszuvsalilihvudanasuy Tnonsld
swilasouaquifsng 9 19y nadenfundanuluiiannisusniuusiauueisin nns
Prelwdrsesdnivavrusalifiiisuudumal Sl Dusu imalule dldTunsfigad
UszdnSansemsuntuldauaisdussuusalninyudanagugusing o lawn auusalui
U JR Kyushu Series BEC819 auusalifingu JR East Series HB-E210 uavvuiusaluiigu

JR East Series HB-E300 uandnfifisfinsnaniednguuuuvesmsviauiviminidussuy

) a a a v o A | v a P
Juindougnidu elddsedlnlunsainssuuiglvndnifinanuauman

Xu, Sun, Zhou, Jiang, Hu, and He (2018) W1L@uan1509nLUUTLUU
Juindouialosniduilduunnesdifeuloosuluunasiniiundundn lnessuuldl
nuszasdieldiuunasiglndrsesdmsussuusalwihvudanasulunsdissuuinglu

[ 1

nanliansaiaule muideidlaeiuisdunsunazvazidsan15eenuuudIAey 11
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sruudulAdiaumlenidu 19sNImuAunsulaardasiuauUasndy ssuuaIngs

[
a Y

Judu galafinnsdnawejlvesiuuinaesssuusalilinvudaavudedld 952 Adn1shnss

da a

SEUUTUNIUINITA IINHANTTTa0InUINTEuLTundouanidunlduunmesaoulonau

annsaduimdeusaliiiivesvihauanmsmsallnduldanriflasansnlnananalaegied

v |

A szuusenaansdnennluntseneni lagaisegauasnd sluaniunisal

and

Usean

a =< A

[~1 Y] v [ al'd o [ o v d'
anLaU szaaLﬂumsﬂsuﬂqﬂmummﬂaamsmmmmmmguazmmmmlﬂw@,Jml,wa

Ussgnaldniussuusaliivudunasudssanay 9 Tuewesliegiamunzay

Mohammadi Pirouz, and Hajizadeh (2020) ﬁ%ﬁuag‘dLLU‘ULLaﬁ%msmmm
szuudsetli (Uninterruptible Power Supply: UPS) Tussuusalninvudasiavsumenisys

[y

annswalulagszuudnAundsnusuulausaserninaunmoIwazdiniulse esnseau

q

o w

Thsyuuduindsuaiunsanavaussnon1svinauluaniizane q la lia1asdu n1ssda
nszualniuazussulninasnssegnisiedeuiiveswuiusalnii nstesiudymainuy
Hauanasn Ul lussuuivanuluannmeinananesiu nsdanisnasuladiainnig

WsNLUUSIWUeLsTin wagnmsinglidrsesnsainssuuinglnmaniindom

Gao, Ma, Qiu, Zhu, and Diao (2022) Anwnagnsn15Inn1snasaulng
= a ° ) | ) 44' v
INANTLUTABUUS UL UBLITNAMTUTTUUT 0 NN 1V UE 108UV UL TULAR BUAI8TTUU

a a

Fuindeudiesanidu Tassjutunismuanszuiumsisiussansnmlunisdanisndssu
Fanan uenanigaiinsiiassilszansnauardadesis q fiflnasonsmdsanulniiiann
MausnkUUS uuasinalduselond Weannnudedunisiiadamndsaulnfinby
fifunazdnasunulasadelunisldau Janevanewoaudainisiundsnuliiiives

SEUUMEAUSUNYBINISINNITNENUBENTIE Ukaz TUSEANT AN

Wang, Hu, Huang, Zhang, and Fang (2023) 1@uan15UTea1UAINE 99U
T msunsiuiedeusoluifiluaniunisalanidu Tnedsiannuaenadosszning
w¥snlwihildsudamnuannsaiigunsalinfundanurhanlieie venanidlunsdne
falgfinsuszyndlidanefiunsiumuuuninia (binary search) iloUszifiuaniuzngdaay

Yo unpasatssulooauruzyIud Nl A1NNan1sNAaeILandli LI uITLUUTIa09N

v
L% =

Wl TUaIL1T0UsE AN UL WA U LA KL UEININITNSRUA TN 0NN taeanzlu

an1aeigunInliniiundsauiianan1ugnisvisa (State of Charge: SOC) agluseAuni N3
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% =

a = A I o w ! v LY [ a a a o
’Jﬁ]EJ‘lmxm’e]L‘UuLL‘L!’W]’]Q?I’W’]QJJG]E]ﬂ’]i‘W@J‘H’WZU‘UQﬂﬂ?iWﬁQﬂ?UlWﬂ?VlﬁJUi%ﬁVlﬁﬂ’]‘WLLﬁ%ZLI‘lJF’N

dwsunissuilenuaniunsalanidulussuusalnihvudaayy

Yane, Huang, and Wang (2024) ¥awenisiaundane3fiudldlunisiia
UsgAvsnmnsvhanuvesszuuiuindeusiesgnidudmiuszuusaliihuudenavudons
Feulusunsuwuulawiiin (Dynamic Programming: DP) Tnadanesfiudiwmunilazinnis
fvupfirnandeuiivessuusalwiludanndflasasilndNanuaruudulfannudlir

wngauiuUsInamduidegegsdndalussuuiniundsuvaeifaumenisalaniduiiy

31NN1SNAGBINUITANaI TN TUam saTelszuuTULAG B UL sgndwinaule
=

ag19flusraANSn LA IUTUNINE WY Falldiurivannansenuainantunisalaniduli

Povaslaog19unn

Wang, Huang, Hu, Qin, and Zhu (2024) #tausn15Uszuraai SOC U994
gunsalininunasnuly ESTS Fadududsdrdgfdedldlunisiiansananumunzaulunis

v [y

o PN (Y z-:l' P [ LY [ [
AIUANNTINUYRsTEULTIdanAdosiund nulnih miindeeglugunsaliniundsanu lag

(%
a v Al

AnsUszanme SOC lusAdoilldinsssgndlddaneIiutadonsauiifign (Optimal
Forgetting Factor: FRLS) saufiun1snsestayavesmaduiuulsureelalagdwmiuiadanis
funugauunil (TFFAEKF) 10111938 lun13iins1ginnsfin e sueduuudnaedisas sy
anafiaindu nanismaaesBusuinisfiausanuisaussinudt SOC Fogausiusiluanmy
wndendivannnane aedirnueainndoulsiiiu 1% wilugaumafinifs -20 °C Fsanansath
FnsUszanmen SoC lulifannnagnsmaduiedeuanidunaznislindsnuvessalwilli
fiusyAnsnmBeuld

Zhu and Li (2028) Yausnisimsnnagnsnisenuauszuuiuindeudmsu
salilanuidigs Werinuszansamlunisannislindsauliihvesssuulitiosignluvasi
szuvaglvdnifnvndadonardndudedindumluihnnssuuiuiedousionnidy
unu nsmseuauiondonisadsuusiasmsadnmansdiniulinsgidoyanisgnde
wdanuliihseninaiszuuiuindewhauluanineing 4 Wethdeyaildludszendlilunis
Avuatoulvnsiauvesssuuduindsusely 9nnanismaaounansliiiuiinagns

°o W =

U U a U ¥ ! a o a = U
mnanmmiaammsqmLaawaNWulWﬁﬂmamwuammy LWIBLUIIUW gUNUISUUATUAN

wuudiy vilvannsaldnasanuliihnsieglussuuiuinfouimiewniduegeiiussansnm
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31NN5EUTIAI TN SUMAE TR UNISUTBE ALY ssULTULIAR 0U

Y o w

suemniduluszuusaliiivudanayy wuihddeyaddgvateysenisianusaranldlu

Huglunsimuiiuuiaesduanddeingrinusl lngesdanufinaaseuaguiausog

1A59E3 19U NalnNTYINY wagkumensUsegnaldssutluusuniivainvaty Joya

Y

[
&Y

wiandluieedaasuanutnlalundnnisesnluussuunanzaudnsuiluinasnawintu

Y

wadaduwuamesuddedAglunistasizidnenin AnuAuAILATYEAERS LazAIY
[ o v d' Y a Y a o aQ v 6
Juldlalunisihssuuduedeuduemni@uludssendldasddusuing a1nn1sd1siaussiadg
A a v vln v o b4 o o o/ 1% [y
sunssumigdesladliiuauimeglunsusunsinuresssuulviaenadesiunsey
wAefdtauelunuddeIneinud FednludesondunsysannisuasUiuugsesdniug

PNNUITEAN 9 WAnUszansnmesan

223  nagnsnisuistundsaulniilussuusalwiivudsnayu

nsudstundanulninfunnfeildsunsfnyinesideuegeenumly
wnansdanandsnuliiluszvusaliirvudanasy 49 TngUszasdii aifia
UszAnsanlunisldndsaulaia apmsldndsnuanszuvinelundn uaziunsld
Usglegianszuuinifundanuliinlszdniamgean Inagluuunsuusdundsanului
serinavuiusaliinidiey 2 dnwag lowa nsiindsulniainnisiusnwuusiauuelsiv
vesyuaunianldvssloviivruiuduiimdasemnniluvinalndidss waznsuvsiiy
ndaulwihanssuudniundenuludaluansng 9 91NM3ETINTIUNTILTI AT R o
ofndetlagiu ansnaglanszdifyresnuidesi q lustuuumseifinsdaiFesdiiy

MAFeilugeuddelng uanasiannsan 2.3

A1319% 2.3 UIneIiunagnsnIswdslundsnulnilussuusaliisudaagu

va o /

= a < a Ao a
U A.6. AUTHITY UFLAUIIUIIYNAUU

2017 | Kume, Kawatsu, and | n1swaw wangwni1stausuiwin W lwniae

o

Shimizu @}ﬂLﬁuﬁamzuuﬁ‘ﬂLﬁuwé'amuuuuﬁmyoazi un

u

2018 | Yang, Yang, Xia, and | nrimuquusiaulWivasgileianihdaaiiifia
Lin AMNMIUINUUUIAULUBLTAN WD UNTANU

YAIVUIWID PR
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M13199 2.3 ddeneatunagnsnisuusdundanuliihlussuusalwihuudanasu ()

U a.d. ARIZEITY Uszfiuauidefiandiu
2018 Sumpavakup, NayNsNIsaNAIINABINITIENS 1ulningsans e
Suwannakijborihan, | sruuinfundsauuuuIsalussuusalifinvuds
Ratniyomchai, and UIAYU
Kulworawanichpong
2019 Gao , Qin, Guo, Lin, | nagnsnisatelounasauliirdmsuszuudniiy
and Yang WFIULUALD3 Ll oanmsldndsauliiinggaly
annillwigoevessyuusalwihaudsnayuy
2019 | Meishner and Sauer | N13ANYINALNNTTYINAUVBITLUUARUNS1UT1INS
dususzuusalnihvudanavu
2020 | Hao, Zhang, Chen, Liu, AsRaRasasulasundsnulniinaasimmadmiu
Xu, and Wang AIUANLazdAnIsNTUsTung sl lussuy
salnivudanavu
2020 | Zhu, Yang, Lin,and | n1smivaNkuunsEateauddmuiantsnasaului
Xin lulassvreszuunniAundauuesszuusalnivuds
UIVUMIENITISEUSIASUAT UV UM
2021 Yooyong, n1suUatundsnulniiannvuiusalii 19 nde
Kulworawanichpong, | wassuluirainnisiusawuusiauiustsinludsuuau
and Ratniyomchai | dufifdussnnulussnalndifes
2022 Cabrane and Lee msm‘uquLLa3%5’@msszwamlﬂﬁwua’amamﬁ
Maustuszuulassglwihaunaién
2024 Chen, Zhao, Wang, | msutstunaginiiundsauladiainnisiusnwuus
Wang, Huang, and Xu | tauwueisfinlussuusalviaudanasu

c{' = awv a d 19 & 1
1NAITIN 2.3 FILFAINITNUNIUITIUNTTULALIIUILENLNIVDIN LAY

2017 aufistagiu wundnisunavesuiAaniswusdundsulnilussuusaluivuds

wavuiUssendldluraedn Inewuluindnnisiaunugiuwasiuinilunisussgndly
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'
va o

u weliiAneudauluilomgidelaany aziinisasunan1sAnwusimissunssy

awv o a %

Laza1ITEMAEITRY Inenanfangud 1ann1s 35n1saniuauiddy saudawaansilaain

v

NNTIBUU ) lneeonall

Kume, Kawatsu, and Shimizu (2017) dausniswaluiseuuiniundssy

(%
(Y 1

LUUGARIDY

Y

flufl (Stationary Energy Storage System: SESS) Mlduunina3aiseulasauly
[y <@ v a a [ [y 1
n1sfnfiungsnuliiianasiusniuuiiauuesinvessuiusaliiiuazdinduunaie
dmsudumdousalriihvuiudu q Tuszuu lneganuvasnisfnlfeonisWauiluunnis
wusagnidunglglisalwihansaiunsludanriinlnananlalagldndanulnihanszuy
Sess Tunsaliinwnliiiindes nanisnaaeuniannanlevesssuusalniuudaiasuany
Inlgvadlaienulng wuinssuvarunsaviaulaegreaiivss@nsamnsluaiunisdsenda

wasulniuaznsdusagnidumenisudsdundanulninanssuulvduuiusalih

Yang, Yang, Xia, and Lin (2018) dnaueisnismivauussiuliihvesguies
ANUNBLADIN T IS ENIN9NSUS N UUT UL UL TINwasuIusa lniln Tneafdedsaniuenng

£

FusansogUnuungnssunistuindeuruiusalilingds e ndsnulwih fiAedunduan
Tl nnelurvauso v oudstilFsuauiusalainduntelussuy dadl Safinmsdesiu
LilsiAnussfuliinAufiovdmansenuseuvasneliivesszuusalwivudaasy nans
Srassuanslififiuiimsmuaudsnanasnsafisdadiunsimdanulaiindusnldln an
msgadendsauliin wazdreiiislenalunsuisiundssnlniseninsuiusaliialy

v 1 a a a
syuulsageliuseansnw

Sumpavakup, Suwannakijborihan, Ratniyomchai, and
Kulworawanichpong (2018) shiauenagnsnsuimisdansndaauliihadanuiudlsannnns
wsnuuUTueLsinvessalihvuuvdslUldlusalsihvuiuduiiegluriaseanuisie
miﬂizqﬂm“lfi'fiswﬁﬂLﬁ‘uwﬁmmquﬁmzwwumuia (On-Board Energy Storage System:
OBESS) 1l 8anA1ud pan1snasaulninlug e fimnudesnisgean (Peak Hours) wa
nsfnwuansliiiuiinagnssenaiaiunsaanaudesnisnasulnigegalifssesay
20-30 Fervanniszvesaniliindesnasiiuaiosnmvesszuusaliivudanasy
uenanfiuuudaeuazdanaifumuaudmivanataanusndsnuliuuuiealnl v

Tanunsadanisnseustundsnulniiserinsuiusa i laeg1efiuseansnn
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Gao, Qin, Guo, Lin, and Yang (2019) ¥ iauanagnsn1sa1elaung a1y
Iylihdmiuszuusnifundsnunuaine’ Weannsldndanulsihanaanilifihgesluszuy
solwihvudanany e TBmstldvhmavssiiutinamdnulnihisolwihusiasauiudos
T¥lunsduindeuanuuudrassnmsindeuiivessaluiin dusumdsauliihvesaanilniii
g2891NN153LATIEYnsnaresmadiniln waznisimuinagnsnisatelounasaulin
dmduszuudnfundsnuiiiansufeudesnimdanuluingegauazar SOC 189
LUALADY 91NN1INTIARUYTEANENMYBINAgVS AL IEUEN U5 T a8 IUUNTEAN YYD
szuvsalslihaudanavuiiilegass nudnagnsmsansleundsnuluihiitausaunsoan
Adalnihgeanvesanidlniirg eelfogduszansainds 30.6% eiisuiuszuuiilid
sruuAnundsunuamed dauandiiuiednenmlunisussgndldszuuinfundau
wummediiiensutstiundanulwiuazusuussussansammslindsnulwilngsiuves

o w

syuusalihaudanavuegdivediney

Meishner and Sauer (2019) WnawenisAnwinalnnisvitauresssuun
WELIUT19M9 (Wayside Energy Recovery Systems: WERS) 1 @1311906 908 991U LW W7
1 a = = 4:! @ 6 @ [
druAuannmsiusnuuusiauuaisinvessaliivuiuniannulilugunsaldinAung e
U wuaAes AaLiuUszeBeenn (supercapacitors) aaauas (flywheel) 1usiu ieuily
I /Ry = Ao w | 3 = a Y = |
Twlidusaliiivuiudu q 1893 IAUSIMIBITURDNE2 A1NNISANYINUIT WERS
ansaannsgadendanuliiluszuulafis 15-30% wazdrantaymusenulnirgaiu
(overvoltage) 8 uLAnINNNISIUIANS UAUVRIsalNH 1M 18vUIU Yenand Feling

WisuieumaluladnsinAundsnuiuudng q Aeluiivesuszdnsnin ognstdau waz

ANUANAINLATHIAENS

Hao, Zhang, Chen, Liu, Xu, and Wang (2020) 11l@ual{uNITIANITNENIU

)=

191 ASLUSALUUS IR UILBLSTINEUNSARATIsasLUasiund seuliiassicnsluaand

ihgosusazusiduszuusalniivudunasy Womuaussduussiuliiiilnadoundug
aonilliligosuazdanisud sundaeuluimaduluduiusalaiiisng 4 anuaany
winzaw nnmMeseinansivaremdanuliindaeistdu-sdy wuinsiadaas
wlasiundanulnihaesfiamalundazanillwihgestislinismvauwazdnnisnisudstu

wasulnd luszuvanusaduldlsegadiuseansan
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Zhu, Yang, Lin, and Xin (2020) dausiuinislusdlunisinnisnisiustiu
wasulninszriessuuiniundanululassiessuusaliihvudanasuy IneUssgnald
wATAN1TITeUaTUANF U UUNa18iIuNY (Multiagent Deep Reinforcement Learning:

MADRL) Liieaiuaunisiniuazienasnuliihndudiglassnessuuinfundanueg

I
v o

wiangay aamsldndanuliinnnundedglindn wazanmnugadoniglussuu dnvied
PrelaTuasuaNudangudoanIun1salinsA U UIaINa8UINETY 3NHANITTIR04
WUINNATANITAIUANAINAITIBUUSERNS ANNTUTINTIAN TN suUsdunasaulni

senInszvuinnundsnululassneszuvsalwihvudsnavsuldegeaiiuszansuauinau

Yooyong, Kulworawanichpong, and Ratniyomchai (2021) 11L@usiiuifn
nsutstundsnuliihannsusnuuuiiauuesiinvessuisa il fmuiusadud
&5 W sanusuandsnulniifdessrsunanaadliingeswaziinnig
Usgndandsnuliirluszvusalavihaudanasy annanisdnassnieteyansal Anw
salwihdfiea aredau nyummumiues Usewelng wansdliiuiuunfanisuusundsu
Tilseninsvuiusalafiafdianeaiuisaanusunandsnulninsuidieanaadlni
gauldde 12.5% §udunmadenduiaulalunisimuissuusalufnoudswrasui @
UszAvis ity

Cabrane and Lee (2022) dnausnisuszgnaldszuulassinglihvuiaén
Tuszvusalaihudanasy nesudunsaunuuazdanisnisinavesfdluivisluninig
Umndsnulwiiarnssuuiusnuuuiiauueisiniaznsuustundusenatsuuiusa bl
wavandlwihgesnielulasane Weannsianmdanulniianwiasselwndnuasifiy
Usgansamnsidndanuliinnislussuu annwanissiaesaniunisal nelddeulans
viaufivainuans desaudensmuauiagnisulsdundsnulnilussuulasadnglin
wundn nunszuulassigliirvuiadndielissuuanglnlussuusalaiivudsnawsull
adesnmuazeubanguinniu dsaenadosiuuuliunisiaunssuusaliihaudanasy

adelnindeanmssruuIeliiivssansnniasAuauINign

Chen, Zhao, Wang, Wang, Huang, and Xu (2024) ¥1.@uanagnsn1sin
AsnasnulndnuvasstudmsuInnisnaanuliiinlaainnisiusnwuusiauuessanly

VulATuszuudniundsnuluaandlndrgeswsasdiwndalussuusaluiivudswnasuy Toag
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3.1 unmi

[

n15AnwIng el A eatosluuidednendnusdladnisvereanunazaiuie
Teazdunludu o Nlavinn1sAn®121nNN581579US VAR AUNT LA U e AN eI TR
fuszuuduindsuiiewnidudmivisuusaliihvudunasy eadvesrnnuiiasaiy
P & Ao & o a Ay a a e X & | e aa A v )
Wlanugrundndulunsaiuemideinednusi lngluuniaznanfmgulineideiu
NWITINeTNUSRILA 8 e lown sruusalwivudsnarukazssuuaein wadtnnns
WaRUNtUsTUUIa IANvUdIaTY WATANISIASIZYNS Mavaanaalnidnlussuus ol
\ v an = ) A a &£ o '
YudIatunI8Isnsaanszua Jymilwaulazuansgnuniiaduiuszuusalwiivuds
L% d' LY a d‘a = 1 v
WYY sruuTuLAfaumIewnan wuaweifteulesou n1suusdundsulnirlussuy
salihvudanasy uasnansenuwssnuliianwazddalnihgadelulasaiigssuuingl
Feaznanlagagudmsvarnniiomilulszlovddensaniuanideinednudi iieaiy

LY LY

A58V ALY LaLkUla98URWLDNINUAN L D UBNU I UUNT

3.2 szuusalwihvudsnasuazszuudneli
3.2.1 szuusalwirvudeulavu

szuusalifivudmaasy (Mass rapid transit system: MRTS) 1udwyidild
drusuisen salwiluidios (Subway) salWW1519mdn (Heavy rail) lwlns (metro) way
salwiihlé#u (Underground) insaadndresu iesansaliiiveaniiilasedswazdnvae
nsviedlvgfifanuadieadsiu (Wright and Fjellstrom, 2005) As¥ineuiiuguves
iwmalw%mudammju%ﬁgﬂLL‘U‘Uﬁmﬁauﬁ’msuumlmwwﬁguﬁu WANFAAULNEITE UL
Fafsnfufinieseusddurinds (prime mover) Andsaguuruiusaluvaeiissuusaluiivuds

wagusesefndsulnihffuunanaanidnglasuendudiuduniou Fadums i
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Wluszuusalnihvudunavudodianiselngesfilddmsvanussulniifisuannssuy
aedslniussgelidanfmnzaunsudiddduduindeuvuiusaliiiniuszuudeuliin
(feeding system) Snfinis (uas Sunas, 2555) og3lsfmunisldaussuusalnfivuds
waruifeliussunasuszmsdlafieuiussuusaliuuusaiy wu nsviauvessalud
wiazgUnuvaziiaunsanauazannsavnailddfuiludlueiiseniu danuquas

a Y a a a 1 v =~ oA A Y a a
ﬂ'J']gJﬂ"U@Qﬂ'ﬁi‘V]'Uiﬂ'ﬁ‘VlLWFNW@G]@F"I']']&IG]@QﬂWﬁSUENéﬂ@lﬂﬁ'ﬁ llﬂ'mllu’]LGUGOE]GLUﬂ']{L‘VT‘Usﬂ'ﬁ‘V]

v
Y= LY

¢ WineliiAnuafivniteniauazides duasuniseusndanimuindeulindu angifme
sewinmsliudnssaeidumadaameilifeddsiutussuuaudsssnndu 9 wagssuy
AIUANNITAUTAAIEABUTIADT AIUITNBIUILAINALAINLAZANAIIUATUAVDIY LALANT
Y ynIn1599195 nszateanmasylusuiienns q fidunisdwesssuusalniivuds
wagudinnu \udu (Brenna, Foiadelli, and Zaninelli, 2018) vibilutlagtuszuusalnin

wudaavunatedusyuuudsassagnanitadninislduinsasgadniusudsleanslu

LUALIDIANY 9) vlan (Bao, 2018) LLamé’fagUﬁ 3.1

[ Mass rapid transit in one city
[l Mass rapid transit in two or more cities
Mass rapid transit under construction
[B Planned Mass rapid transit

[ No Mass rapid transit

JUN 3.1 szuusalnihvudanasuiliuinissudelagasnilan

Inemilusyuusalnihvudanasuusazseuudnillassadeiugiuieaienas

4

i Usgnaume wuiusaliiin meadesaliih aanllglavans anidnelndes Tsavenuazaue

FouU13950 wazAUGAIUANNITRANTD JallsuasBennasialull
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3.2.1.1 vuausalwii (Train)

UL TNAINIT0TIMUNDBNAINFULUUTEUUAINYIT ARA UL
wurusalii loun ssuvaingauuusInegud (Centralized traction system) Wuguuuuily

Wsadnsluila (Electric locomotive) agneoenilagadmsudsmasduiniiauvuiusalui

Turueglagansdu o alufinsfiadsuawasluiduindou lnun1sindeiisadnsiuii

anunsnegNiunisinuninanvsedundsgaresruiusaliiinled uarszuuaingawuumen

d7u (decentralized traction system) 1JugUuuuidin1sinsiesniupunioresnudulin

[
a Y

Uaneyegnsnuveauuiusa il dmsuesmesiuiniouaraninndludneagluuingsaiy

Y

Mlvvusalniihludiudng 4 linuduegdmuniddadunimianiiougluuuusn Sun
seuuildn salwiliye (Electric Multiple Unit: EMU) kanaaguil 3.2-3.3 Fanaluglagans
vosvuIusabiinssdidnvazaonasiulsean 3-10 daoruiu wazdnlddewmanuuuasu

dmsuuseaseamaiadeuiivesuiusaliilieguuidunidie (Garre and Gabaldon, 2019)

() F8UVAINPILUUTI

e

ud (v) SPUUAINILUULENEIY

SU# 3.2 suausalaiih

(1‘71lmm‘w: https://www.pinterest.com/pin/764626842996904360/ [L‘fJ”lﬁﬁLﬁ'a 16 WewN1AU 2568])

—

(1) SLUUAMNPAUUUTINAUY (¥) SPUUAINILUULENEIY

JUN 3.3 fegsruiusaliin
(fisnnn: https://en.wikipedia.org/wiki/ChS8 Wag https://www.railjournal.com/rolling-

stock/british-battery-electric-multiple-unit-on-test/ [L‘fJ’ﬁﬂLﬁ'a 16 We¥NIAN 2568])
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3.2.1.2 n93esalnia (Track)

‘Vl’lﬁﬂfq]ﬂaE]ﬂLLUU%‘LJ@J’]E?’M%J‘UiE)Q%Jlli}”mﬁlﬂ‘ﬂEN“UU’JuiﬂbLWﬂ’lﬁéﬂuu
ifmﬂ'aufhaLﬂﬁﬂéﬁuauLLazﬁfmu@LmeﬁmawmmalWW‘ialUmuﬁﬁmqﬁéfaqmi R
aunsoduunldnulassasieitnsldautomn 2 suuuu Tiun malssoluihuouldfulse
7174 (Ballast track) Usgnaunae 514 (rail) nuou (Sleeper) 13 Bafamilensns (Fastening)
Aulsenia (Ballast) wardunia (Formation) wazn1ed asalud uwuulalddulsenis
(Ballastless track or Slab track) Usgnounie 514 (rail) uuaunIoliuAsunIa (Sleeper or
Slab) 13 esdanilensns (Fastening) wastsiuiiuasunin (Concrete slab) meﬁ’qgﬂﬁ 3.4
Tngrunenuniavesslussuusalaliihvudeanavuildduilandey 2 vuim Idun 519

fwasina (Meter gauge) MiAI1UNI1 1.000 LUAT KALIINUIATFIWND (Standard gauge)

TAMUNIY 1.435 LWUAS ﬂﬁﬁ%’ﬁﬁﬁﬁﬁﬂiﬂﬁﬁﬁﬂagﬂu@hLmu'aﬁLLEJﬂaammmia]iWiUisz

N 3
K A Se =,

(n) wuulgAulsenig () wuubilgAulsenng

sUR 3.4 medesalai

Y

(‘ﬁmmw: https://www.sathyamonline.com/l-news/railway-track-8578084 uag

https://www.vossloh.com/en-us/vossloh-north-america [ihdadle 16 NEBNIAN 2568])

(M) MMIBNTEAU

(V) MIIUUNUAY

(n) MaA9lanU

JUN 3.5 suniamsasesadssalnih
(Fannm: https://metro.bemplc.co.th/MRT-System-Line?pid=3# https://th.pngtree.com/
freebackground/japanese-train-tracks-running-down-the-street 2464239 .html wag

https://mgronline.com/onlinesection/detail/9610000110403 [L%’ﬂﬁ%‘ﬁla 16 Wewn1AU 2568])
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.:4' 1 o [ I a Ya a X a a LY (% d'
U ¢ BYWIALIU "mesmu NWLARY MIVUNUAY LagIENTEAU LLﬁﬂ\‘Iﬂ\‘iE‘U‘VI 3.5

(AN NUULIUNGLATLEUNISVUEILATATIAS, 2561)

3.2.1.3 aanilgflagans (Station)
an1illavansilueimsnliusnsiunisvudsdmiuszsuusaliii

=

Yudayy Jedlgurrandugaaen wizin waziUasuuiusEninenisiaumaressa i
yonandiddiuinisiasy Taun nsueda AudUsEAUTUS ossarndunisy uagiuem
fefunistmuaguuulassaisvosanidsolwihasdosddnioinisnednuussurian
Lﬁ@IﬁLﬁﬂﬂ’J’]ﬂJﬁ%WJﬂLLﬁ%ﬂ’]iﬁL%ﬁluﬁLmﬂzﬁmuﬁﬂﬁqm %ammamwgﬂmeawmﬁmm
16 3 UKL Ao wuuUI@IRIULNa (Side Platform) ¥uwiamnsanand (Central Platform)

wazYIUBIAITaUNY (Stack Platform) LLamﬁﬁgUﬁ 3.6 (Puttipakorn and Upala, 2018)

(n) AU (1) M59INA19 (P) HoUNU

JUN 3.6 SULUUMTINUNAveanlLlagans

(Fisnnn: Puttipakorn and Upala, 2018])

5UN 3.7 annfidnglilges

(snn1w: https://en.wikipedia.org/wiki/Traction_substation [iinidle 16 wauniau 2568])
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3.2.1.4 @aniianelnges (Substation)

aodaelngesiduwnasnszarendsnulnirnsuunanandanely
Meuenlagn1suuanussiuliinsuinanssuvanedalniusegelvidaivanzaunsuiiag
deluduindouvviusaliitnazinannis o Wussuutoulniin (feeding system) Afidnwey

Jusanuvsenthdudaniefisye uanadsgun 3.7 (Kulworawanichpong, 2015)

¢ 1

3.2.1.5 Iiaaaml,az@uasnauﬂﬁm (Depot and Workshop)

IswenuarAuddentrpsaiuaimsdmsurenuazdenyizasalng
wiazvulegluanmiiaysal uansdsgud 3.8 iewssuanundeudmiuliuinisssuy
soliwudanavuldegruinuszdninmuaziinauvasndevgsgalunsasTu lned
M35 U EN50126/IEC62278 fignianldmunuamuninmsgentizs Benin mnundedio
Aaunsauld Auausalunisgeuungs wazauUasndvadssuu (Reliability
Availability Maintainability and Safety: RAMS) ﬂﬂﬁﬁ@ﬂﬂﬂ?ﬂﬁﬁ’]ﬂ’ﬁﬂ&ﬂﬂ@@ﬂL‘fJu 4 58AU
éuA (1) MsnsvaeuUszdriu (2) mimsaaeumelaiesilofawuasmaiUdsugunsal (3)
nsgeainRnINsy way (4) Magoudigilv) uenaniludunedssronuazauitenti
sadafinmsviauiaseunaulufenisgestismalesalniindnde (National Academy of

Sciences, Engineering, and Medicine, 2012)

JUN 3.8 lssaenuazAuddontlzesn

(Fannm: https://railsystem.net/train-depot-area/ [indadle 17 Ne¥N1AN 2568])

3.2.1.6 @uﬁmuqumﬂaum (Operation Control Center)

AudaluAuNTAuTallanuinsegiunlafelfulsenuazaud

Y

HauUn3esn vnmhindnlunisauaunsiusalinsemumsaIalazguanuUasndiy
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spyensiAusalEUsEAVEAWEsan uanafaguil 3.9 dslutlagtusaliiivansaneldiinng
muaumshnuneliszuunuausasalusli (Automatic Train Control: ATC) finsu3em
rasamaluladszuusalifhvudanaruinundum Tasalussuu ATC fosdusznauden
favan 3 szuu 19w (1) svuuauaunIsiusadelui@ (Automatic Train Operation: ATO)
yhuthiimuauuazqualugnnisiausig o vessuausalii wu nsduiedeusaldih
mMsAuANANLEvessaliiin nsideeefianidileeas nsavaouaniuraTiaIuves
gUnsalsing q fidasdsuusaluin [udu (2) ssuudostusdnluli@ (Automatic Train
Protection: ATP) vintinfi fasfuduainuvasndes1s q way (3) szuuiidunisiuse
§nlusl@ (Automatic Train Supervision: ATS) ¥iuti 1 As8AIUANNTTI v e5a LW T5
aonndesiumIMaAusafignivuaelisensdsdeyaris q ludsgudauaunaiuse

! < ! a o ' = -
Wy ANIsvessaliiudazvuIl Ansusuriinisindeunivessaluii asinisaivay

¥
v v a =

AMsLAUsaluIMERTEUUNISIAUSaNaN Tt Tauind u tJudu agelsAnusieaziden

9

Yangaglunisvinauaziianuwsnasduniuniseantuulussuusalndrvudaunasuwsias

SEUU (UAS JUNAT, 2555)

SUN 3.9 ANEAIUANNTTHUTD

U U

(fiannm: https://www.bts.co.th/library/system-security.html [idadle 17 NUAIAL 2568])

felassasnsiugiuresssuusalaihwudunasudeiiuansdred siliiing
Avuaguuuunsisessaliinliianauniiedssenisiiumalssana 32-80 Alaunsse
Falusuarannsovhnniageanldoyd 72-130 Alawnssedalus sunsiidavesannd
Hlavansusiazaniilegvireiuissann 1-3 Alawns widmiuszuuiualioinnduaiuse

#TINTIIIBsan i lagaTauAmINEaNsg o Wy aanilllaga1sneed
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'
1

vinalanansdiaslugniiauiaiey ﬂ’J’]ﬂJﬁzﬂ’JﬂﬁU’]EJ‘UEN@:& oanslusn1sseuU Lusu
(stinde navsMtaney, 2560) ﬁﬂﬁﬂﬁmaammsmmiiwﬁw'm:uﬁlﬁﬁmsﬁqﬁm‘iﬁlﬁﬂwm8
Uszna lddnazilu ansgewsni danqu {ﬁﬂu 3u wazdu 9 wdrszuusalihuudaavy
anunsafagarldsnsuiduyanasiuaunnlitunlduinsssuusudsanstsasldunnty
ilesanszuusalwihvudanavuanmsahanandldgdutalusiiseiuaziianuiluns

Tusmsiieanasenufeinsverldusnig (Bao, 2018)

Bangkok Mass Transit

WHUNTG o e wrodneg s ain wadie
L INE =O= i =Om Sl ot ine O TN @.«.,.-.... ® =
BT O Tl wOm Dot = P pihbs (@) s
ey B o i e Trwn Statien
=Om SN2 | oDe 58 =Os Sl =Om Sfiime @) fem ") =
(mrncdubeninn ) - -

wwdine vk dwse.
O S5, JORE Om SR O~ & gt

JUT 3.10 wunsszuusaliihaudanasuluwnnsummamuasiasUsuuna

(finnm: https://www.thailandplus.tv/archives/468882 [iindaile 17 NEWNIAY 2568])

Tudsznalneiaalafinisurszuusa i rvud swlavuuntiusnnsluwem

a ﬂgJJ 1) o = £ Y a
ﬂiqﬂLVIWNVHUﬂiLLaSﬂﬁum‘HaG}QLLG]‘U“V\!‘VIﬁﬂﬂi'VU 2542 Lazdn15v818LdUNINNITIAUI NS
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=Y

Aele TAsInIsURULIUN N5YUEIaTUITEUUTI AN JIMNATIUAS LAY I UTIRBLL B "
bilulagduiiidunianmsliusnisssuusalnihvudaiaousuiadu 12 @i wanadagy
#1 3.10 innuulguiguagununITIUdagases, 2553) uendnidlnsAnuidenas

[ d'

munngnumalulagang o ldwnelunsenseAun1inureIsEUULaINeIANTANY 9

(%
Y o

MNATTUALIONTUBE 9D

3.2.2  szuudwldmiuszuusalwihvudeuiavu
n1saneldmsussuusaluinvudsuiavy (Mass rapid transit system
electrification) gnuuseanlailiu 2 Uszuan leun seuudnglinssuaady (AC electrification

system) wazszuuanlinszuanss (DC electrification system) woiagsUuuUiAINa1N15

Y Y Y
=

Tumsnanuazansussiuliiniiunnsisiueenly (White, 2011; Siemens, 2020) sisiidueg

1Y

fupaaudRnisviheu demuuadiiumimss wazszezidunisiwessalii lagazaiunse

ajudnvagnsinnuvesssuudtelusasiuulanssieluil

3.2.2.1 szuudelnnszuanss

szuvglnnssuansuivaiedieanniinelngosnsundsmulnd
nszhaanuIINTEUUaEdslihussasneuen AeunazyinsusuanAwsanulninlvsend

wanzaukaziUasliedlusuvasndsnuliinssuanseitenioulatuuuiioanseua

=

(Rectifier transformer) ualdsluduindsuaviusalinazlvanan o aglussuusalnil
Yudsuravun1uszuudaulni 9 danwuzidusiai aru (Third rail) Tunsaif szuuly
wseru N laiiAn 750 Thad wIsalgdtemlledsuee (Overhead line) Tunsalnlawsanulin

4971 750 W3ad wanadasun 3.11 seuudnglnussiavidvioulugiuessaulndihndianligs

(%
Y] Y

wntin Jsesdinasfindganszarelnimseandiglgesliissernann 2.5-5 Alawwns

wlldusgiuiuiwvuiusalwihmaunluusnisedlussuy dmsunisteundsaulnian
szuvdnglhinszuansadiguuiusaliihdesendegunsalunseualviia (Collector shoes) 1
dududanusneanay wWelvndsnulwiiainsisianlualuaelinuluandng 9 vuavau

sl uaENduIATUINRTNTININ kansfsgun 3.12 tnsgunsalsunseualiindnigldau

TutagUuiinawuunsunasnuliiiaina1uuu (top contact) wuuitSungeaulniiann

'
a

AU (side contact) wagkuuNTuNInulniand1ua1e (bottom contact) wanedssy

(%
(%

3.13 Fawsazuuuivislenuazderduuansiuesnlviusgivaninwinden kum1an1siiu
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Uszandld uazdorinuasng o Mneates egrslsinugunsalfunszualniihnlasuanudey
Tuunigalutagdu Ae wuufl Sunadsnulniiaindiuans iesaindlonanas
wlanUasuazidluunsnsgninesefiauivgunsalsunssualnihawdumgiliiaainu

UATDTIUDINIUUBY 9 (UAT JUNAT, 2555)

BRACKET TUBE

=

\ REGISTER ARM |

(n) 57197@N (‘U) mamamuamm

5U7 3.11 seuutlouliiuuu Third rail wag Overhead line

Y

(finnw: https://asia.chemtronics.comn/maintenance-of-electrical-and-electronic-systems-in-trains

waz https:/indiarailinfo.com/fag/post/1849 [Wiiaiile 18 wqwnAs 2568))

BTS POWER SUPPLY OVERVIEW ==

JUN 3.12 szuudglinssuanss

(Fnam: https://www.facebook.com/ERailsRoom/ [ihdadle 18 WauAIAU 2568])

n1sdednendsulniinlgseiauazgninanldiussvusaldn
wudunasurusidsyaunssulnitlunisinueglugag 600 uaz 750 1aad Wiy
wadmsuszuusaliihvudsaruanuigandssavussiulninldlunisiemuinduun

Ju 1,500 w30 3,000 Taad gUkvunsdsttendanulniiazgnaniiunisiiuanediewmile
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Asweunu Wewinnisldussiulnifidgeiueradanudssiiaziianisiantiuves
nsswalninansenauludisnals saduinlrmiulainseninedindusnalslisseznaiunn
wonazdesnunisnszlanduassnszualiitazandgynis osnismanaulnididneae

1 <@ 1 ! [ 1 ~ v A ' <) aa v A
aglsfinnu Msdsendauliiriusauddeinduguwuunidnisldanuun faalu

sruusabniihvudwaavusuunseeanssludagdu Inesisiauiigniunldiagdesdiniig

Junslasnne N1stoausanaulussuusaliinvudsuiasuniluFaininmnesn aiuniy

[V 7]
(Y

wWunedswessaluiinlaelaunsaldudnslussueyn 9 5 wns wililoaannshnnsiaed
anwazaglunuinlawdwazldiauiuiussiay Jeenadesionsiay dnd uasdavesas

Whanluuinusisiiaued Weliinanuvasadegeaanisinssfiauanldanuiadendums

[ '
(- = v a

FldRuLaENIRnNTEAUWINLY kagaITNAEMUNsalns oA Uss e anuliindafign

wirlazduldla (Fegns dunzaud, 2560)

JUN 3.13 JUnuunshnasgunsadsunseualni
(ﬁmm‘W: https://ashkanhh.mit.edu/research-projects/current-collecting-shoegear-system-and-

third-rail-interactions [\i1fiaiile 18 wown1em 2568])

NTayat1eiu nsdsnenasuliisieseiauasgninldiu
szuusaliihvudunasuanusiindseauwssiulniiilunisyihaueglugie 600 wag 750

Tad Wil usdmsuszuusalnivudunasuanusigaidssauusaaulaialdlunis

yieuindunndy 1,500 #3e 3,000 Taad susuunsasdiendsulnisgnanliunisuiu
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a

apiewiefsvsuny esnnsliussuliinfifegduenafinnudssdianianision
Prumaenszudlniiansedianludmeds dduioliudlainseninstaifune of
szagiinafi unnned azdestunisnselnaduvesnszualufwazand nng sanism
auniliihdnse egnalsiau msdsdendssnlairiussfiawdieinduguuuuiing

Tgunigalussuusaliinvudunasunuunszuansdlutagiu Inesenaungniunlad

Y

Y Y Y] v .:4' ] Y = o a o
LADIUANNUAIUABANE ﬂ']51%QWU3WQV]?173JGLU§3UU3@1Wﬁqsﬂuaﬂi~l'§asﬁuwj‘lﬂGNlIﬂ@]@@]\ﬁ']ﬂ

enunnandumlsvessaiilaedigunsalivganduszegnn o 5 wes uililesarnnisinasa

= IS i« dy = ! ¥ 1l 4 a = = ! Qj' v 6 a
PPREAN ﬂwmzaqsl,uwwimLLmLLaﬂmmmuﬂquwmu PIDNAYINDNNINAU G LS EIVDI

sudunluvinasfiawed ieliiinaudase segsganisunssiiauanldnuiwenduy

'
a

MAlARLLAaENIENTEAUYINTY LagmTvengUnsalnsomimdsssiaulidedniian

q

wirazdulule (Feens dunizaus, 2560)

M19197 3.1 usaiunnsgINdmsussuudglivessaliiniuuinsgiu EN 50163:200

Electrification Lowest Lowest Nominal Highest Highest
system permanen non- voltage permanen non-
t voltage | permanen U, (V) t voltage | permanen
Unint (V) t voltage Unaxt (V) t voltage
Uninz (V) Unaxz (V)
400 400 600° 720 800
D.C. 500° 500 750 900° 1,000
(mean values) 1,000 1,000 1,500 1,800¢ 1,950
2,000 2,000 3,000 3,600 3,900°
AC. 11,000 12,000 15,000 17,250 18,000
(r.m.s. values) 17,500¢ 19,000¢ 25,000 27,500¢ 29,000
Special national conditions for France, see Annex B.
a. Future D.C. traction system for tramways and local railways should conform
with a system nominal voltage of 750V.
b. Special national conditions for Belgium, see Annex B.
C. Special national conditions for United Kingdom, see Annex B.




40

Tagduussiulwihunsgiunignihinldnuiussuudnalinssuanss
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Tuszuusalwivudunarullviaonue 4 szaunuuInggIu EN50163/IEC60850 laun 600 750
1,500 waz 3,000 17af LaAIRINIS197 3.1 §991nR15196 9N 198 N15AAUATITEHU
uwsanuliiviauuniusazseauvesssuunsielinseuansaneallA1eg Tuyaa U 09
Upinz Wz Tt muaiianfindu 9 loun nsdifiszfunseiulninvhauiliiegssning Una B
Unarz 37810050037 0530 Wl anan 318 LAy 5 widl nsdifiszduussdulniinvhaugian
DYIENIN Uiy 89 Ui avaninsoasansulidlaiAn 2 uidt nsdifiannddnslvnsenanss
auenssuliihiidanvidusssulnivus 1 $nanvewoulasmuuidesnseuaiiien
T0AISAY Uperr waZNTET 5z UUSO N 10U S8 u5 N5y uwuus onAund sarulndi

Faunduannni15iusn ke Ul vauluvizdus19sTANAY Upe 9539048 (British

Standards Institution, 2004)
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Ansrzrinmsinanudunulunisldnussuuiteliusazuszian wu salwid7eanis
Fonldszuuinglrinszuanss osnssvuignesnuuuliannsnsesunafusanioutu
1639 40 vurused lusnafianis n3eszeri1aseninauuIuse (headway) 90 3undt n
donldssuuinglinseuansaztigliinmsanduyuang q 1 luvazsaliliiaanusgenns
Gonldszuudnglwnszuaady esnszuusolifhvudunaruiidnuaznslruinisuuuie
mslna FevilvdvuusoliihMsuudunafeaduiianumnuiuih ssesvinssgninaui
salwihegi 5-10 unil wazddauanniddngligesiideslitosndnguiu iy (sinde

naTfiane, 2560)

RED LINE POWER SUPPLY OVERVIEW ==

SUN 3.14 szuudgliinssuaady

(fAnnn: https://www.facebook.com/ERailsRoom/ [ihdadle 19 NEBNIAN 2568])

SU# 3.15 uwulnngl

(ﬁmmw: https://www.flickr.com/photos/aucklandtransport/12940899704/in/photostream/

[idadle 19 wqwnnau 2568])
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3.23  syuusaiWihvudeuiavululszmalneg

nsrudnaruIrUUT Ul TEwAlneaansauusls 2 Ussan laun szuu
salvimalna uagszuusalaiuudanasy Tasszuusalimalnadussuudiegnneldni
Sufieseuvesmssoliuisssnalne Sedaguuilsvszmeiilaliinsiaussmanuiia
4,306 km 19519397103 190wn 1 wns LLazﬁgﬂLLUUmﬂsﬁia%’ﬂiﬁm%’usﬂ’uLﬂﬁaumuau
solwihogiiavun 3 Uszi Wi (1) sodnsiimaluith (diesel electric locomotives) fusa
Jnsilfidossudfiwalunsudandsnuliihfietuindeusemesiiivosuiusal (2) so
Snsfwalensedna (diesel hydraulic locomotives) L usadnsiildszuulensedalunis
Fuirdouvuiusolil uaz (3) safwasns (diesel multiple units) WWuszuuiildindesaudie
Tuipd ouvurusalylsnenuies druszuusaliivudanavuduszuuiieg aeldning
Sudaveuved 3 Wy laun nssalvwisUszmealng (svn.) nassalwiaudsuasulm
Uszinalng (59l1) uazd1inn1595195UAZIUAS NTUNNUMIUAT (A94.) WA NUIBaTUT
Aertestuszuusalniinaudunarudifies 2 niteonu fe nssalufvudarasunms
Uszielne uazngavmaviuas lngszuusaliihvudenasuildanuludeqduiiegvatans

[y

(Fogns duntzaud, 2560) sl
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3.2.3.1 n1ssatnnvudautavumisUsemdlng

nssaluwrvud sravun sUssinalney (Mass Rapid Transit
Authority of Thailand: MRTA) Fenlageodn "swa." ilumienuigiamiafideiansensig
Ay Adalinnsuinmssalvlihvudanavdluennsammewesyumma uazdmin
3u 9 lnenssalihvudunasuwissemdlnglddaliusnsuudssesalnilgfvanewsn
vosUszwalnedlddedn "saluiumiuas (Metropolitan Rapid Transit: MRT)" Geuvalgiu

N GARGALRGIN

1) salofrumuas aendusviena n5e aeduku 1Wulasenis
FEUURUUYUAIaTUST Ju Fwiud Tugans wing (Siemens Modular Metro) Alyu3nng

g U a0 IS o =) 5 al
AWATDIUNTINIZ-NNTNUNG 18 4 mamu{ﬂmami 38 @011l SYaEVIInLn 47 Alaluns
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solfnluszuuiiazindoutiineninusigedn 80 Alawnssedalus vunadmiidnyasdu
MIRENTEAULAENIIARUNRARITIATFINIIANTI 1.435 was Iagvuiusaluilnly

[
Y

fywalveyavun 19 WU YUIUa 3 Glagans wazaunsngilanealslagg 320 AusavUIl
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2) salwihuviuas a1eaasdysssu vie aediae Wulasamsssuy
WUUTUAINIaYILETT JU LaSA Faiitn (-TREC Sustina) liusnisaawsannfinaeulsli-ag

Tu swannllglagans 16 anll sseevnanavan 23.6 Alawns nesalniilussuuiiazindioun
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feANEIgean 80 Alawnsdedalus vunalmiidnwazilunienszdulagnaiddnu
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(Y

NRAAAITNUINTFIVVUINNTI 1.435 wng Tasvurusabniildazduunlug v 21

YUIU VUIUAY 3 GIAYENT karaIunIngRlaeansiane 320 AuEIUIY

3) salniirumuas aedndes LUUlATINITIZULKUY S10AE7 U
daanay dulwiIe Tululsa 300 (Innovia Monorail 300) MlAuINsAsLAdTAUEI1AT

wunys-uys Janddlaeans 23 aandl sseemnaiavan 28.7 Alawns salifinlussuuilag

9

' o
v aa v

44' a v < a O A aAa o = a
\AFRUNMIEANNSIEIER 80 Alalunsratilug vunIsnddnvasidunalenseauninng
187 Tasvurusaluid1alddunuui1eesonsie (straddle-beam monorail) ¥19mua 30

YU YUY 4 Glagans anunsadlaganslene 356 AusavuIl

4) sablilumuns anedyusy 1Wulasinsseuuwuy $190e7 Ju 98

a A

anay auluIe Tulusa 300 (Innovia Monorail 300) AU NNSHIAEINTwASI8-TuUS I
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anflflaeans 32 annll sregnanavun 34.5 Alawns salivilusyuuilasinfiouninag
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sobwiumuAs @edwdes HuLea
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fadu sruutslnfigmiraldnulududTsiodmsulanisUssinnuasssuromdsay
T 7isuananmsiafuasranslrdaiunsaufussuusalifinvudanasuusas syuy
Ima%umaumiﬁﬂmmaqizwﬁh81‘1/\11‘1433UU301W‘1NWua'qma%ugﬂLLUUﬁlﬁﬂismwﬁﬂﬁﬂﬁ
valivanidnelndesanun 3 dau Tdun Buduaniiliiiiuieng (Buck substation:
BSS) azvhmsUsunseuliihnssuaaduuun 69 Alalas fsumnannislniiunsmaaslis
YyuInanasnde 20kv saevsauladliiln udrdaelusiaadlnfiaduind ou (Traction

substation: TSS) Nivslawlasssuudusmasy (traction transformer) YMULRUSUAATEAU
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wsssulinszuaadudnasaanouin 24 Alaliad WWu 585 1aad wazllaunsalieansua
(rectifier) wUaswssaulninszuaaduanin 585 1had tWunsasuluiinszianssvuin 750
Thad tiedendsnulwinlalidusaluiluwsazvuiuniuseiany Saussusiananudu
3 a < 3 ~ ¥ = [y

Tunuazsadutiauluvagivuiusalnihgnunumelnanvesssuu uagluvusiagiu
a1 luilusnns (Service Substation: SSS) azSundsuluiuIsd@IuNEIUNTUSUARSE AU
wseaulananaan Tl neuvinn1susuanseaussaulind nuilsduaulaw sanulnin
Ainmue wndnhluieglvivaniilasans ssuvenalfdygin waglrandulussuy e

szuuelnnszuansavessaliiiumuas anedultiu uaniagun 3.16
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(WRnm: Fegns funizaud, 2560)

3.2.3.2 #11INN13231TUASVUES AFUNNAIUAT
d10NN1595195UAYIUAS NTUNNUNIUAT (Bangkok Metropolitan

Administration: BMA) i3enlaggain "ada." Suiavauguasaluiadunssiiesi 6 seunse

A A

FUINIIB W3eNisaneg1aniswlude saluirdviea (BTS Skytrain) Wuszuusaluily

YUANIATULITITNIwsa T uuenTeAuLILsnvealsemelng Walrusnistunud
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NTUNNUMIUAT FINTRAYNTUTING bagdaniaunus it Aaus Jufl 5 Sunnay w.A.2542 lag

UTYY T2UVBUAIIAYUNTUNN 170 (Un1vu) (Bangkok Mass Transit System Public

(%
Y

Company Limited: BTSC) Jagusalwihhifieadidumsiilvivinisegiianun 2 idumne 53y
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1) salwihdvivea a1wauuin (@eddeigen) vsesalniafunse
Aesh ae 1 dulpssnsssuurudunarinds Ju fuud lugas wins (Siemens Modular
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ang 2 1 JulAsanisszuurudaiarus U dwud lugais wins (Siemens Modular Metro)
Fuuud Tudunran (Siemens Bozankaya) §18u813 2199w (CNR Changchun Railway
Vehicles) uaz@9190715% a19%u (CRRC Changchun Railway Vehicles) filusnssusiantd
auufudi-ui Saonddlagats 14 aondl szesmeionan 14.67 Alawns soluih
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Nndoyavesaliiitieans 2 aneuazsalnfinansdnesaziulai
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substation: BSS) @nnf l W19 uLAd au (Traction substation: TSS) kazaaii bW 1usn1s
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dudrunduiusaludy waviniswlasanlwidinszwansadulwidinssuaadu 3 wa 400
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Inihdmsutunfouvuinsaliively dslagtuludsemealngladnisldnumalulagssuy

a

solwihvudenasunssiansaiaan 2 sULUU Ao uwuuBund uasuuu@iduens wansdegy
3.18 1ng3Ukuun1TveIuresy saesssuugnaonuuunlvinsviaudlivangauuas
AsUAGUANLFEINITIUgIU WU suusaliindanumsny warauasalun1suTy
flagansunnnin 50,000 Ausiadlussefiens nsauauszuuldnoufiunosdsnisionun
sruvaalRdygingnesnuuulilianuvasndegeanansaviulaudssuudiuingluseuy
sabuirvudsiasuynulades ssuudfuRnisiausadnisAIuaAumIe 9 5895UAY

Uaoaseluynau 1usiu

BOT 697 BOT 698
69 kV.S/S 69kV,S/S

MEA 2x3x800 sq.mm,

' Sliom Line Extenslon

PO LI -
r -}{1 =1 £ =
e 811 I Il | Al
| akde !l | Il ) | |
| | || 1l | |
15884 | I 1588 | I i
| -l | 1| 11 |
| | 1 [ I | | | |
| 14 11 11 | |
| (N 1| 1| | |
| 1 [ || | |
I:j.iﬁxll llki'll | xl

PR A
| | | \e |
|« ahom |4t ahem |« [ RO T o oo
e
FRERIERIE IR alE s
R o O . o o o [
N e e Ca
LED) (B3 (B (B3 (B3 B3] L
THONBURI  WONGWIAN YA| NVTR IA'CNM:( WUTTOART  BANOWA

JUN 3.17 segneszuudielnnssuansevessalnin s anedlendy diuseveny

(Wnnnw: Foens dunlzaud, 2560)



av

1) kg (Siemens model): suausaliinlinnadazfuuuy 4
§ fivisdu 35 wuru Feszneudae denluidszuutuindeu (motor cars) fiduntuagie
vosuausalwih uazgsalifiuuulifssuutuiedou (trailer cars) 2 fognsinarsvesvuiu
salifauaia dwiolud (1) daalufiuuy A-Car Ssvuuiuindouuazsesaudy (driving
cab) wae (2) gsaliiuuy C-Car Liflsvuutuindounagosaudu uilluvasdnglnih dwsy
spUUU§URIMALALSTUULAIATNY SruuduLad ouvessalwiildsunsadulwiinnszuansa
yu1n 750 1adt 9ns1efiausuganUasnszualiinaduszuuduing ou (il og1olniin
nszuaadulviugaueinoiduind ouiiAndeguuinatdevessn A-car visaead Turiues
Fenffugsalaii C-car fieanag nsnandlésuussduliifinszuanssuunn 750 Taad 1nsed
a1 waadulwihnszuaady 3 wa 400 Taad wazlvifiinszuanss 110 lad wleltluszuy
Ufuenie uardauszgliuunmned muddu suausalidi 4 ¢ deueneaenieruiy

a

86.6 A3 waning 3.12 wes sessudlagansliasandiuan 1,490 au @dlagansiadunni

' 2
Y o Ly

Wawagdu) Miminussnn (load condition) 8 AUABATINUNT I1WIUNTELAga1T 42 Nt
8

sog way 168 Mty dUserlagansideutnidasuuensise (sliding door) AUANNIS
numeszuumvannutemaiiii Ianuniuliedagn 1.4 wWas 919U 16 Uudeny

fsavieewmdntasnaliy ANFaszUUUTUINIA WBUNTNANST TR ULAS

I Siemens model

JUN 3.18 walulagszuusalnihaudunasuludsenalne
(fisnnm: https://www.oknation.net/post/detail/634ed1a050f96 1ab20f3f885

[idadle 19 wqunnaw 2568])

2) WUUELau1s (CNR model): vuausalninlunailiduvuiulvigy

angnazidunuy 4 ¢ vedu 12 vuau Usznausiedsalniilidszuudund ouliiosdu

Y

136N TC-Car %38 Trailer Car SMUIUABIROLNAUNTILALAUNEIVUIY wazgsalrifiwuy
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9 A

fiszuutuindounnlifiviestuisenin M-Car 38 Motor Car I1UIUADINDLATINANVUIY §]
solwih TC-car urazgfindaszuuinedslid vidofi3ondn ACM wuin 140 Alalraduond
3 wla 400 Thast ACM udasuseduliiinszuansauun 750 Tad 9nsaftansiluidy 3 e
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wilefsuy szuusalninvudanaruiansiedeulinaonina soev1IsEMIaUILS DD
uUINUSTINaL 120 W9 Lﬁ'aﬁia‘iaa&ﬂuizwlw%mawsumumaﬁumuﬁqﬁwé’qivxlﬁ']Lﬁmﬂﬁ’m
i D159A71L57 UNUUIUBNITEUSN UIuUILpAsuiisagruies danalinauaudfves
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n9iad oufivesszuusolninvudsaavudui ugiud faruddydmiuiily
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wasuliih nseenuuusruLTuRGaUieRndY 1Dk ieterdunisiansanninsay
YOI ANTIUNMITIUYRUILsallinAtuirdeuimetawmesuiinszuanss uawasluih
Falasda visenawesliiwnieni ialtuediuidmunenmdiasanindunaluladuuy
lauaziisvasidunegals Amlunsiasdsensanvaeaudinisviuvessaliinlugy
YD4IIRAAN (tractive force: TE) MAnanussinvasamaiinidsidsduindouriuies
naludsds unninsidnwarantRdulaussdauarainuiiseu (torque speed curve)
voauamas i ldnulaense uaneisgui 3.19() lneuniusigaainazgniiuiuansly
sULUUT U sUSURmegnsmave sl Aum i ludwinnsiniounvesuiu
salniiSeusesudd Anledsanusaihuuansdunsvanuduiussenitusgeaindig
a o A v v I dll A a o ! 1a =
fadiu (N) AuUsiunssiuanusmsedeuiidaduressaliitlunig wasdedud (m/s)
vsenlalunsAadalue (km/h) wanedasuin 3.19(n) Inglddesrmilafeguuuuvadtamasii
v dl' a s s ! ' 1< a A [ =Y [
Juindeu dunesines warszuudglidnduvilanssuan savsenseuaady e ndady
aenangnindniludiuniwesiiusugmuildimuadnuaraaauUirewsanainuds

(stindE NaITITYNY, 2560)

Constant force 1

g Constant power Overall torque
é : Reduced power E characteristic
= ! (field weakening) 2
o 1 | o
- ’ -
E | ' =
= ! g

1 I

1 I

Vehicle speed (km/h) Motor speed (rpm)
(n) ﬂi?Wﬂ??NﬁNﬁUéﬁ%%'ﬁ’NLlﬁﬂ@lﬂ?ﬂﬂ () LﬁUIﬁQLLﬁﬂﬁﬂLLaﬁﬂ'J"IQJL%’Ji@‘U

U7 3.19 dnuagandivesusigaainvesvuIusaliih

MUTeUNIINUTRATIAINUINTIZIVVOIENAMNTALNTENIN9UTEINA (International
Union of Railways: UIC) azdifauusminusagiu (base speed: v,) LUUAMMSI@AvIN8 7L
AAANALANNTOALATEUEN1TYINY o vausdulild neuiusaneainflasiaA1usuiudeu

AINAE TR NT W WeausadAnAY v 1157119 URBUIINY U IRAAINAIT
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(constant force region) \Uug29f183911AT (constant power region) LaEUINAIILT AL
o N 1 o w & o w a1 v
V2 NMFNNNIUYDITLUVALLUR UINNTINNAUAIN LT UNENIULA1aAUB8aY (reduced

power) LLﬂmﬁ'ﬂg‘dﬁl 3.19(n)
TE-R=M o (3.1)

Tnelunsindeuiivessaliiiindundiusnidlouaimeslnfinlésundsaliifinun
woflazaialsignaInientuzLssiuMIiAdeufivesalifilagsiu (Overall resistance: R)
Fraunsil 3.1 nduussdnsfimdovsgrldiduussdsdmiuiss (o) anasalwsalud
iwdoufisoly Tunisinnsanussdnsludutaglivdnnisdunmananvessalwdi (train
vehicle dynamic) Faudugensaiaununningdassdmiunsindouiivessalninng
WaUsEandwa (effective vehicle mass: Mep) Uu'ﬁﬁﬁwmzﬁm%mﬁmm (6) ULV AN

nNISARBUTITe AR LanswiaguRl 3.20 (Chymera and Goodman, 2012)

Farag

Motor

Train wheel

JUN 3.20 ununwingdassuansnisiadeuiivessalui

1NFUN 3.20 WorN15HINLAITIEAZIBEALTIR USSR B UTIva s b ianuaT
a dy dy ) 14 1 a 4 . .
AT aunsanenuselioanidu 3 Ussan laun wsadeaniudruniu (frictional force or
rolling resistance: Frz) U39A1UNIUDINA (aerodynamic drag force: Fuug) azusam1uniu

111874 (gravitational or gradient force: Fera) Faaun1sf 3.2
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R=Fy+F, +F

drag grad

(3.2)

Fre \unssdnuiliAnannusadonmufidifey 3 Usean fe wsadoaniuainuuss
(bearing torque) L34LA8ANIUANNLHNDING (gear teeth friction) LagLIUFIANIUINNTEUY
15N (brake pad) 8g19l5Anuusid1un1sad ouil Ussiani anunsamuineinaunis
wesg ey Faunsd 3.3 lnpaumsidiendudsyans £ fuusdsumudnuaznisly
udefuned swossaluiln 1wy demdniusieiif1Ussana 0.001 doenafuluayuil

AT 0.006-0.01 1Judu Tuvaeiduusedns £ ansnsoaviiald aaiudl £ Jadusuds

PANIUNITAINUAAT Frz

FRR :fRRWaxlc _(ﬁ) +fV) axle (33)

108 fre fo WaE f; AD ANEUUTEENDVRIUTAEDANIY

W A8 ANUMUNIEAYRILNUTURADY (axle load)

Frag VJULs s mARUsHunulassasediuntvessaluin iesaniiufidnamtives
salinudiuidessunsssueinmavaeAsalniledoun nsAuinwsiuiliaunsamla

MNAUNSN 3.4

F gl £..C ANV (3.4)

drag = 2

108 pur AD AIATTURUILUUUBIDINA
Cs A9 AFUUTEANIUSIAUBINA
= 1 @ o @ 6 = [ <
Vair A8 ANANUSIFUINSYRINS INaBR1NATIBUAUANILS VO UUINTA LT

Ar A9 AAUNAUNENUDI0dns i NanglrRsaniuien1anisivaveseinia

& v A Aa a A A a a
Fraa WULSIAUASIAR BUNTLARNEN A NNIAUR T IR a U Uus 193 slulug
By 0 AUy wseiunisiedeud ludiutiaunsodwaludnwusiaSunion1unis

\ndeuiivessalwiih MedTuegiuiiansnsiedeuiivessoliiniiduiunioaudu Tagvialy



52

AuindaNuduntdesnnuazildsuiUategussasiluliargn NNTaLsIultuee

Faauuilisalvindugaina (mass point) iednaunisieglusuegneing daaun1sn 3.5

F

grad

=+M,, gsiné (3.5)

venaniuneisaliinadoufivumisldwessnsd weliiAausduiudusn
UszLnnmils Ao ussgaudnans Tnesvnamsludutassulufanasadwazanaludoud
wlasnanluwudanudesvesdasiadefildeutuinaivewames i vessalwinS e
(Société National des Chemins de fer Francais: SNCF) 1ﬁﬁ’11/i‘u®1‘1}fm\1ﬁﬂuﬂizl,mmjjﬁﬁ”l
WU 800/ Warvualy + Ao Safvesmnslasluniae wes (m) wasusedudinuiedu i
#u (N) waznnanisselrlwesiu (Deutsche Bahn: DB) fwualiussdudssuaniilen winfu

650/(- - 30) Tunsdifl =300 wns wagdlan Wity 650/ — 55) lunsaidi r < 300 wns

[

wagdnautRanudidyd fnasen1sAuinnisad oulvessaliiin de wiaves
solwihuazanaussnn dmsumsiunnluduiiielllfAnnududeuruiuly agfinsld
faUsznauLlauszdnsna (effective mass coefficient: Ae) Lmumammmﬂémﬁ’ﬂmmﬂ
Lawn 138209 laeas (passenger mass: Mps,) 13av8sdUAT (freight mass: My,) Wazd1a
amﬂamﬂimmuﬁmmLﬁamaamimgu (rotational inertia equivalent mass: M., PR

[y

gnTauiuNIaTaT (tare mass: M) (Yoens d1ndzAUd, 2560) Avaunissialudl

M, =M, (1+2,) (3.6)
M DS + M 7 + Ml‘()[
A’ej’f' __pg Mfgt (3'7)

tare

TAUANNIATIFIUVOY Loy dMSUTOLNVUAIEUATIAIUSZNIL 0.03 - 0.04 sl vuds

[
a1

sravuila1Uszunn 0.08 - 0.12 wagiisadnsindndArUszaia 0.15 - 0.3 usnaINUA
ALTavesTalui lunisusnsuszianmg o azdanuuanaedu elde19delunis
N suNa A NaennaIiun1TYNuse awnsaasuAmswasgiudmiully

sruusabiinudsIasy AInns199 3.2 (51T nanslianed, 2560)
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M19199 3.2 A1psanesgudmsuldiusaliin

Uszansaluiln AMUL39 (M/s52)
salwihussnnduAmiln (Freight train) 0.02-0.2
solniinlneans (Passenger train) 0.3-0.4
salwiaiuszezlna (Express long-distance train) 0.4-0.7
salwihvuiiios (Suburban train) 0.8-1.2
salwinuudsnavulags1aun (Metro and light rail train) | 1.0-3.0

ogslsfimundlelinisiunninedeuiivossalifiiannsaviilddstu medudn
szuvsalslihvudanasudoussyausadonnuiunsindouil Frux wasussinuniueina
Fureg Tuguvosaunsfidaaes (3ondn aumaindd (Davis equation) fsaumsdl 3.8 aunisil
IannsUszanaandulds (curve fitting) deyannasuvesszuusaluivudanasuiiie
aazanlunsiwan nssalludsamanie q ilanldvinsiamauniswiddmsuld

° Y X g v Y] Y a ] ]
ﬂ']u’JmLLﬁ\?W’]UﬂqﬁLﬂﬁaumﬁhﬂLV]lI']8allﬂUﬂ']{[fWU3ﬂ75331_]UiﬂiWﬂqmuaﬂﬂJ’Jﬁﬁiﬂ,uusgL‘Vlﬂuu

s
a a

9 Weduusydns ¢ [uaAuaninanudumIuiiinnlnannaiunuwal Asdeaniu

YDIMUTY hazUIIFIUNTTYY dUUsZaNS b LA wanmamudumuniiaduegiuaing

<)

\@8ANIUNVEUABLAZAITLAIUDILNUNAIVDITO LN warduUssdnd ¢ DuAuanINaras

v I

b aa é’ [ s a Y v
mmmumuwummuaamJaﬂwmgmﬂmwamamiﬁuaﬁal‘vﬂﬁﬂ ﬁqﬂqiﬂWﬁ]’lﬁmql@ﬂﬂﬁﬂ

U Y

3.21 (Fogns dunizaud, 2560)

aflusuaairansidida cifluAuaasravonsaduf
-— 2 ..
nAvuegiudnyusInf

TIEIﬁWWI;'UfN‘JDVthm

nTraanaiunumal A
IFeanIuue a5 nazuse
Mumsmyu

4o a

E P = o o
biiluAmaaransamuiiAaiimvuegiunudvaniu
fvevdeuazmsunisvesunumarvedsa luih

JUN 3.21 dUUTEaANEUIIIIUNISIARBUNTUTEUUTUAIIATUMINENNTIAIE

dmsunisusulsemnnuinaziunilsnisiedeuinvessaliiraunsasudunisle

NNSAIA v (U vy AB ASsa L NouLaznaINISUSUUTY 41 Ao duniandifiansan
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NSLAADUNVOITAINHN (time step) WAy s; AU s+ AB ALKLINISIAG DUATRITalWHNDY

LAEMaIN1SUTUUTE faunisi 3.9 wae 3.10 AudIAU

Vi, =V, +alt (3.9)

Si =5, +\/I,At+%aAt2 (3.10)

o w

mdalihilddumdeusaluil (train power consumption: P,) Tanunsaviaule
agUsznoulunie 2 diu laun Adsliingaann (tractive power: P.) wagndelniniasy
(auxiliary power: Pu) f3aun1sii 3.11 lnerdslalfinananasiiandusgfuan TE v way
UsgAnsnmnsulaandsnulndndunavessawmesinii () Faaun1si 3.12 wazrdaldi
sudmsuTngliiulnandis @ vusalilil W ssuuwasaing szuuedesUTuennia suy
dyaa Wudy venaniddiaunsamuand sl ilddund ousaladla (train
energy consumption: Ey) fIaun sl 3.13 410 Epi (U Episs fio naaeulniineusaznds

M5UTUUSe (Zhang, Wu, and Liu, 2017)

b =0+l (3.11)
IE v L 5ETE 2 0
e : : . (3.12)
nTE xv ; if TE < 0 with regenerative brake
0 ; if TE < 0 without regenerative brake
Etr,Hl = Etr,i +ErAt (313)

[

NF991NNIITUINTAR BUT N UFIUVRITZUUIO TN vUdIIagUATaunIS6aNg 9 7
NANINIT19A Y LEUNT0E5 198N v N T REULAIANFUNUS 5811 19AIL5 21181009
saluiln (train's speed-time curve) n3aidulasesrenuiirvessalnin (speed profile) 7

WwdauTnNTIIesEnIvandilaeans 2 anndl wansiagun 3.22 ldulasiluansduunnis
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veuvessalwiiionun ¢ Tuus 16un Tnunseminuga (accelerating mode) Tnunnas
\Ad ouTi AeT (cruising or constant-speed mode) TnuAN1SWa UA8AI1ULE B8 (coasting
mode) uarlnuan1siusn (braking mode) as;m”l,'iﬁmu'gﬂLLUUmim?{auﬁmaqmlw%aww
fnsadulvuallinuinguszasdnisldanudifeanis iwu mndeansuszndandsauliii
oazosmuaulvsaluiinedouifelvuansldusades auausoliiliedeufise
Truamsinwenufiieugaandunannuiledomsinalunsindeuildesign

Wuduy

service

Cruising
Accelerating

Coasting

mode

mode mode

Speed (kph)

Braking

mode

Time (s)

U7 3.22 dulasssneanusavessalih

Current speed

Speed (kph)

Current position Station position
[

T = . 5 1
o= Critical braking distance ——, %
: g ! Distance (m)

JUN 3.23 s883nganIsiusn

1N3UN 3.22 UnAsaluinazisuiedsuiieanainaandylaeansdunieniglnunis

< = o ! dl' A & 1 v =] < -
AL57 Fedlausslunisiadeudiiduniuan (a>0) 7\]1«1?’]331/]Q’iﬂiWﬂ?Mﬂ’JﬁuLﬁ’JW}'}ﬂU
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Cs

A5V (service speed: Vi) ST USUARAIS SR AWINAUALE (a = 0)
¥ [ v < A o v < v = S A A =
waziidluuanissneseauanuiuiesnwssiuanusliaeg mndudesaluiiafioun

lufshundaswihauvesuanisidusaiesoanuuuld saluihagdausanainves

o A

vamasiniesnuazUasslvsalviedounaelumudunainusalianduau (@ < 0) 9gls

oAl

Anumnsalniliedeuniawiufonsazinliausdianduuinld wazgavinesaluiiag
a & S A A Y o = i a
Wasululnuanisiwsnluraeiindeunundesseenaevinnisiusn 13endi seesingans

\Usn (Critical braking distance: CBD) uananaguil 3.23 Liteiinaenfianilglagansuaienia

[y

fenussTiiuau (o < 0) Asaunisi 3.14 ([Fogns dunizaud, 2560)

q

2

CBD =—-05x" (3.14)
o

3.4  wAdAN15IATIZINIS Iavasniad it lussuusalninvudesutavuale

ad =
AN1IRANITLLE
M5ATIERNsIavesinddlnin (Power Flow Analysis) LUUASEUIUANTAILIMUAT

el o 9a6ine 9 nelulasangsyuuingl wu usadulnin nszualiil Adalwdh nns

a 1Y

Tindsauluingn nmsgapdendaulniilussuu 1dudu iWeavayunsiansanuas
Nauslassdrevuelngfidaududeugegaivszaniam Tnsanizegadsluszuy
solwihaudwnasuiidnusgneudeuwndsinsliuasinanegvarsgananieszuy wagsdl
dnwazvadlvandidanuliifudadu (usuuuunsiedouiivesuiusaliinginasly

£
5

wasulinuansineiu) egelsinu naansilaannisinssiastuegivdoyadamain

a a N ° a 1Y . .
nsimdufvesvIusa i wagwadansA NN muzaNfiusTUU (Triwijaya, Pradipta,

and Wati, 2023)

msUsmissanssuluund 2 uansiiiuiunaiindinangninluldlunisimsed
szuusalni1vud surasus swuuszuulnianszuanss (Direct current: DO) wagluiin
NIEUWaEaa U (Alternating current: AC) 88 19UNI VA8 LU I51n1d-lwlaa (Gauss—Seidel

Method) 357Au-319dU (Newton-Raphson Method) 35WafawiUa (Fast Decoupled

Method) 35v§Unaanas-taunu (Backward/Forward Sweep Method) 15n152AN 3L
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[

(Current Injection Method) \usu Tnsusazmeadiafaziidon od1in waznsululdaud
wananenueenly (Triwijaya, Pradipta, and Wati, 2023; Kile, Uhlen, Warland, and Kjglle,

2014) LANIFIANTIN 3.3

A15199 3.3 NsSeuiisumalanisIesizinisiravaaniaalnili

wAlA Jaf Jaide WNNZAUSZUY
Wa- | - e - AAULIDTATN - AC

lowa | - Tdwiheaudntss - llwangiussuvaunalvgl | - DC (szuuién)
Wiwu- | - wiudg - padldunSndanladeow | - AC

W& | - Aeunesas - TguiagAudNn - DC (Inannsil)
Raduaes | - asuiasatsamanly |- Wivarzfuszuufidudou |- AC (szuuen-

Nad- S¥UU radial - fpsdnasulun nunglain)

Wunth | - wingnuluan gy -DC

W0/ | - AeuneIaSN - lgiusguu DC ladla AC (szuulng)
afrvda | - Tondieanudntoy ~ paugduge

~ mnefuszuuiitudeu
Bsde |- unaunasle s e | - Livaedulnanmdesd | - AC (nsdifeiv)
nszud | - wnznuluannssid -DC

Wounnaliansinszinisinavasmasiniinlaagulilunised 3.3 sudisumn

eunzanlunsuszandldivlassineszuusalniudanasy wuin3Snsdanszuaidu

weallanmangaufgalunisaiavesmaiin ilesannmaiadgnAnauduindmsu

' ¥
a v A

a 3 = I v A & o
Awnseissuuiidanwazidusuulniinssuanss lnendnnisvesmaiadonfeiugiung

<9

NIEWATDNABSYANN (Kirchhoff's Current Law: KCL) Tunsiinuanseualwid1fdnazesn

v 6 1

WAL lUANSUAYDITEUU haIASINAUNISHANIANUFUNUSTErIanTEwa A AuwsInu i

lusUnuuvsnunindueninuaudununisidanuduiusseninemalniuasusedului

ada (% a

Wil audsn15M U Wy 35nd-lowea A58 u-519du I5vhafaWida wudu Fa1u150

v I o U aa

Tasiziszuuliegiuiug san57 warguindameulddinaninisdu (Triwijaya, Pradipta,

Y

and Wati, 2023)
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nszuIuNstunIsAunsinavesmadlnirasihauaudfinisvinnuuaslasaiig

¥

NUF1UVDLATIV8TUUTA AN UdIIavERUnRINUSENa UMY BUILsa HIMa1eauIUn

o«

Fddiusnsaneluszuy andlafrgoswuuisanssanszuawuulaleniinisdesiy
nszualiiionvagivadeunduganillfingos vum 600-750 Taad insenszaneegnu
dumadmn q 1-3 Alawes Tefnhildleunseudlviusaluin sesiduduniandy
a3zl wazatuAUTEINTIIaURY uanadsgURl 3.24 TnnisUszanananisyiey
yasszuUso ifhuudunavudeisnsinnsua ssfoshnsulatesdussnautamanely
lasstelviegluguvenuuinassmg (z-model) (Kulworawanichpong, 2015; Mongkoldee,
Leeton, and Kulworawanichpong, 2016) W o UL T UNISH AT NIRRT NATN S
adnananslilenadlndidsstuanuiduaianiian uansfsguil 3.25 Fedsznaudae

a a v a Y &
NYaLdenNAoINNTUNRIRD U

115kV, ¢
Power grid

———

115kV, ¢
Power grid \AIN

_——p

Tss

750Vpe
3rd_rail
conductor

Up track

Down track

Transmission
buss _———

Train |
Down track |

JUT 3.25 wuudnassszuuineglinseuwansavesseuusaliihvudanau
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druanidligon: Tanvuriduunasaienszuaussdu (Norton's equivalent
source) Tuluudnaosll TaldnwUEA1TINAUTNIZUASA9TT (Iss) WAZAIUAIUNIU (Rss)
vosanillwiihdesniinsiendedusieiii (O) rulalenlugauai uags1als (R) niay

FUMUADEUAY (Rsp) ANUTaRgbuaIUaaTanglw

dauagdalwii: annsadalrieglusUvesuvudassmedivszneuse s1eith 1
39 uazauIusEI Uiy Tngluuuusiassiazansmudiuniusiedanh (Conductor
rail resistance: Reod) WAZAIINAIUNIUIII S (Running rail resistance: Ryau) AEUNI9I
yos50l waziiioliinedon1sAuIneza9fas193af Uiy (Rail-to-earth conductance:

Gre) M13059 31U WALV UNIEDIAIUYDITII

dausabnil: gnuvudlgurasitenseualiinnaseuseninesedanag 3y

aaqa a d' o o o %
IS n1s3nnszuaniunAuINsivaveInIael Wi

nszuluNIslunIsiatsana i danie o aneluveslassisazisuduainnis
AnuaussiulnivesudasUalvdawhduauduasasniaun1sinseilun Landaaunisn

3.15 luraueiunIndanud (Gl 929nasduannnIsAIuTIunIndAtnIuingey

SENINAUE p AU ¢ %38 g NU s WA lun3nga1ANEIaa1dlninges wunsngamainnu

Y

& 1 o

o o o a a a o a Y d' P (C,C)
YDITWHIUNNUIT NN LALLUNINYATAINUUIUDITININUAU LAAIASANNTIIN 3.16 LD qu
[~ 1 o L% o % L% o (C’R) (R’C) 1< 1 o L% o % l:l
LWUAIANUUIVDITINAIUINUINAIUN qu LLa Y qu LWUAIAINNUIVDITINAIUINUI9

wag G " JuA1 Ui vees1919iUs1934 (Kulworawanichpong, 2015)

[7]=[G]["] (3.15)
[T c.o (C.R) (C.C) (C.R) (C.C) (C.R) ]
- (C)_ Gl,l Gl,l Gl,2 Gl,2 GI,N G],N — (C)_
I (RC)  ((R.R) (RC)  ((R.R) (RO ~®R) |||V
1 Gl,l Gl,l GI,Z G1,2 GI,N GI,N 1(
R R
A (€0 ACR) no
© Gz,l Gz,l .. . : (€)
I (R,C) (R.R) . : v,
®) G2,1 G2,1 (®) (3 16)
LY |= V, .
(C,0) (C,R) 2
: (R.C) (R.R) :
[(C) GN—I,N GN—],N V(C)
N N
(C,C) (C,R) (C,C) (C,R) (C,0) (C,R)
[;/R) GN,I GN,I GN,N—I GN,N—] GN,N GN,N V,\(,R)
- - (R,C) (R,R) (R,C) (R,R) (R,C) (R,R) - -
| GN,I GN,] GN,N—] GN,N—] GN,N GN,N |
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dvsuvdndnseualnii (1 Tuaunis?t 3.15 awnsanildainnisinssualndinaes
aonilihgosuaznszualniiivessalni (7,) méansiuiu lnefinssudliihvessaldi
Junanmsszninaindsli (p,) dunsssulndiy (7,) Asalaldlunisindeudinudadings
finrsan n3zuIuMIIANg 9 $1edu ashlugmsudaunaiemauvindusadulviueads
V] §sazgasudunisludnuuezien q egvatgsevauniiAiniaad ouvesnaanen
wsar w1 lunsasVaazdadaendae7 aavunald (Mongkoldee, Leeton, and

Kulworawanichpong, 2016)

o/ = 1

uonanil maiandaulwihgydedutigmudniidngnnaniseslumsfinnsan
mMavhauwesszuugliivesszuusalwihaudsnarsunnszuy Tnsavniiduaienisiin
msagydedimeiuvatelady wu Ysedvianlunisvihuvesewes anusuniuvesany
ds nsunsnaeamsusindnliin Hudu fafunsduaaluduresnisaapdendsnulii
Hudsialaildlumssiaosssuusalifivudsnasy egrlsinulufiildiFenl 35
Amsgadsainsasuvesndsnuliidianidselnduind ouausendeanuluiaily
Fuindouvuiusaliin uansdaaunisd 3.17 dmsuamasulihgyideainsaduinla
nnermdsiiiggdsguivtanar Mltlumsfiansan udrnhuuinasaniuandsay
Iihgaydediduintouni e dsyifiuuszansamwnslindanulwihseninsandidaoon

naadnelnazAnlsasalunIstuedauuInsa i wanefaaunisy 3.18

Nsub Ntrain

Eoss (Z + 1) = Z BS’S,k (Z) a2 Z Br,k (Z) (317)
k=1 k=1
E/oss (Z + 1) = Eloss (Z) + P[oss (l + 1) X At (3]—8)

3.5  Ugmliaunaznansznulifaduiussuusalwilivudeulasu

Yagtulunanauszimalanfidnsinislalniamutueg oo Fadudyyid

©

vaveaniusasUszmastsiuanlianuaulafissiauimealuladuasgiuasegiafiandus

' [
a =

nsenseauauduegvesuyvev Al gdtu ludnasldu nsfnwr nisunnd ns

ALUNAYN NISVUAFUAUAZUSNNT 9RAMNTIUMINGS wazdu 9 suludansuImsuassnw
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ANUsTUASYRIUTTIATULES (Nowakowski, Olczykowski, and Wojciechowski, 2017) 3l

a Vo1 A v = o I a « a a d‘ ' J a
E]’]"D‘U{]Lﬁﬁlﬂ’l?ﬂﬂﬂi?\lﬁ’]LﬂJWiJ’WiJUWU’W]ﬁ’]ﬂQJ}LLaSﬂa']EJLUUﬂQWWiQ@WﬁWﬁV]ﬁ@M@ﬂ’ﬁ@WLu‘u

q

o

FinUsgiriuvesuyed egelstmudmsunislindsnudusdefniuiedegiudeandayiu

Tymmisdadesnegeniuiu Inedymilavdmansenusegninuazgldlilunaiy o 16

A 1

Wil AeNfimesTdnfieauzyiuauilugnmsdedeya nsetnedumesiiinneluesding
auldauisaousiold WnAnuianseriuiuuatsirugide asiaslivihawihlvibe
gURwmgeviesauy drugnialuiiuindionnadidn udu Matinanszvuiinaniuiaziaiig

9 Y Y

a

JULSWINTS oW e U uedY TuvauLYATBIanIUNITalN1TTAT R sar ssezIa T i ad gy

(Chovancikova and Hoterova, 2021) 3911018 9UNLS SULATAITHAILUININTAISTUL 8 RTU
- o v = & e a v v ~ %
nsAnudmnistatedussuusalnvi Iadunsal@nuNagiouniuyimieNe1aazfes

wdgiluowian uanwasun 3.26 lagluduiidalainisnanianivg nansenu ununisiuile

'
¥

1n1519359 wagnsdlAnwivesanunisallndulussuusaliirvudenavuludagdu

=)

fasaluil

sU#t 3.26 Jymlnisuluszuusaliiivudenay

(fisnnm: https://www.pptvhd36.com/news/UselAusow/70276 uay

https://www.khaosod.co.th/breaking-news/news_7626345 [iindiaiile 21 nguanau 2568)

351  awmnveslymlnduluszuusaluiivudenasy
Jaymivdulusguusalihvudanavuauisainduldanvatgaing ns

Uadunelulaznisusnszuu duiniinugugoulunssulionastasiunisifnvesdym ul
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I
Y

Duanvedn o wifdruaunsaanaimaunaisiumiuduvaivun g idmanssnusemna

syuuld (Chovancikova and Dvofak, 2019; Fabella and Szymczak, 2021) Tnanua iy

NEG
lgdamindursliognateusens dwisludl

3.5.1.1 ANuANalvesszuUIglnuan

szuusabiivudsavuianlassneszuuaglnanwrasane

nanneuen Weoialymazdmansenudeseuusalwihvudunasunamunlaenss Geuni

wadninnragamaeig 9 laun auianseslulaseigszuuanelindn anulilauga

seninsguasdnazaumuvesnsinelinglulassiedeiu WWusy

3.5.1.2 NANTENUINNAYSIIUVIA

AusssumAnguLssausndontsemuauluamad1fgivinlinsds
Frendsnulnilussuuifanisneaein laedesssuyfmand

Hagilagranegunuy W Wiy
Wiy wruAuln i [Wusu

3.5.1.3 aumaninavuiulassasneszuugl

wa & a ¢ & v ! = ]
gURwmgluiilenuinanuyed dugielagliinnu Sdawansenusie
seuudnglnaudlug Jymlndu wu adfvamesagud 9ud

Winsaguavwal i Ay
RenaIAveIAudAIUAN LUy

o eaX o '
3.5.1.4 ﬂﬁ'ﬁm%utﬂqgﬁiawqﬂllua']ﬁlﬁ\i

L% & o = -d'd ! =l ]
dM191WINUN § $139n5859n7 VuUrevuLa s eaneds 819
Wldgnisiinlnidnisasuaganuduvaslussuuingln

3.5.1.5 @NMNLINADUNNTHA

UaNMEN90INIA Huazed As1vandsn waziniauudefiasauuy
ano?

gauiu i lviianisnsvlanvesnseualniihmilugnisdniasuazinauld lnsanigly
UNgREMNTIUUIBLIALIIRINIINAT g

3.5.1.6 nreuiiusnsinfinviinisealnlussuusiglu

nsulvauwnulaswdsarmtiiegenvigamseUsuugsssuuduy

A o v 1 1 1 v 2 [ Y a 1 A
anueitvibiniigvandng o liindsnulni wiagyilmanauldazainisvinaiiy

J ~ £ @ a o & =~ [y al !
sowlaslunislgauy LLWLUUE‘N%WLUuLW@ﬁ’JWNUﬁ@@ﬂﬁJLL@$LﬁﬂEJiﬂ']W"UENiSUUR]’]‘EJIWiSEJSEJTJ
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3.5.2  wansgnuvaslyminaulussuusaluihvudeuasy
dmfumstuiedeuszuusaluiivudunavudosorfendanulwiiegrady
sUuuv edalwduiulussuurnsivuiusoiliuinissvdlneasey asdwmanseny
sonsadunisuaglduinisseuuliuinives Tnedgmiithnuiiulddesafnsdiia
Induluszuuiegnateuseiiu (Yuana, Gua, Liua, Zhanga, and Lv, 2012; Xu et al., 2018)
Ssteluil
3.5.2.1 nMvgavzinlun1sliuinisssuu
yurusaliihmgavginuudunsiuinisidesanlaifimdaluiieg
Pglumstuindeuszuyhnusiollld duhliAnnsadviesiazdeswnidnnsliuinig

yuaslugIaty uanaagui 3.27

JUN 3.27 msveaveinlun1sliusnisssuy

(#irno: https://hilight kapook.com/view/134389/ [ifiaidle 21 waunnau 2568])

JUN 3.28 dlagansanAsuuauiusaliivseanillagans

(Fnam: https://www.sanook.com/news/7513446/ [indade 21 NEWAIAN 2568])



64

3.5.2.2 {lagarsanArsuuruiusainiviseaaniiglagans
NSEAYINNUBENNLTIUIUYDITEUURAYI IElAgaNSTIWINNINGN
Hseguuvvrusaliimionndenuannieing 9 uansdissuil 3.28 lnstamgilagansiidlsa
Uszdndhenaldfunanssmurnisinds uenaint mnsolwimgaeglugluadldfunieuuma

gnseiv Ne1aviliglagansiinanuAunssrun vine1n1emels uaglasunansenuiienss

'
a

AU 9

3.5.2.3 HANTENUABVINTINISUVRIEAEE1T

HlneansnAneg uuvuIusalifinenadesgadslontalunisaiy

AM3RAdAYEe 9 wuiusEezaINsEUUREAYINUYERIUNINAElATUNTYIBEE

3.5.2.4 HANTENUADHUNTWINVDIRLABHS

FENINNITEUUNEATIN U IV lAga1sINAANLLATEAAE ANV

AMLANNNIIA LA

3.5.2.5 szuusalvihvudenavugyideninuiesiy

'Y
[

N1sngAYINeENsEIUuYeIn1svudsliddnaglusseza gy

w3817 dniilugnisanaoumnudeiuiidesyuuveslduinisidudiuiuuin wazes

Y

ANATEYLE1IRDNSTNAILIWAENSIRUIAYRIST ULl LaUNAR

3.5.2.6 aAnudeesagunsal

v W

sl ldaiaustarnsiuAuesssuuIne st ng Uiy

a1vviligUnsalunsdudnilussuulasuaiudems

3.5.2.7 Naﬂ'iZ‘VI‘U‘VI'NLﬂ’ii‘:}gﬁf\]LLazﬁ\‘lﬂu

\an1sggaafimisasegidluusnannsvudanavuliuinised

\Wesnyilvinisauwnamianisindalidainsasnliunsaelalugisminisvudameavineny

3.53  wasn1slunisiuliaUymlnauluszuusalwilhvudauaasy

1%
a = LY 1

ndgymlnauiiiaduiunisaudenasulunatenaissefiniuul vaie
I3 a a v Y & & = i Y a Y}
’e]\‘iﬂﬂ‘mLﬂEJ’HJENVL@Laﬂquaamaﬂszwumm{]@mmamﬂﬁmmiiwu ANUUADAN VDY
d' Q:l = Yl ] U ]
{ﬁ,mmi LASAINULY DU UVDIFIDITUTU ‘UﬂlﬂuﬂqﬁLi\iﬁqquﬂqiLLfiﬂﬂLLagﬁ@\‘iﬂU{jiy‘W']@EJ']Q

[

934034 Ytudadiinnsmstesiutayminihdadadunmsvudalssianiognatowuinig dall
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3.5.3.1 nsanglnuuussuuguuny
n3vnelilhuuszuuguuny (Dual Power Supply) faiduiiugiunis

9NLUUSEUUININATAMUNUNIUADANLALLTAT F99sTn15Sundaaulnwiianannd

Y
v

Felvindnassunainnsed auaziunidigrsuniulndii (Ring Networks) Reaiu iivelvidnig
Fuadsunlassundsnulniiannandanglnndnuidsluidudnaadanelnnilansdnand

WA NLAANURANT DT U YN lauIsaTIsanANuEgsntnaulunsTudInaTule

v

1nN31 70% tasdagtuiiidunmensvudmiduinsinisilifis 3 a1e loun anediag aned

WiRBY haragdvunvinty Laneeiaguil 3.29 (NSUNSVUEININTIN, 2563)

MEA MEA MEA

SIT CWGC BRY Noath NKT LPT PP
entral West Bangrak Yal > Ladorad Pradipat

........

69kV

BSoql 1Nkt DEPOT BSS2 —

] G :
24kVAC V= T — NS 24kVAC i
HIUME (R = F FIUTT &
Pt S B |} —
- — =
24kV AC
1 {l[ NO L
% i 70 :
< L M7sovoc | L b o BT Bl Bl
X e i it | R 04 Ho Y e e
F F|F|F FIFF k"* ETFIF F| FIFIF
Pob BUh FPEVAC I ok | bkl bl bR E

PSO1 PSD2 ‘PS03 PS04 PSOS 'PS06 'PSO7 'PS08 ,, PS0D PS10° PSTI 'PS12° PS13 PS14 ‘PS5 PS16

U7 3.29 Mm3anglwiuuszuuguuy

(#snn1m: httpsy/Awvw.drt.go.th/library/szuumsanglalihdnsu-2 [dhdade 21 wownnas 2568))

3.5.3.2 szuvasadiiiuaznisianiswasaulniigniiy

syuudsesinihniiuszansnmdusnullsesdusenaundrfnglunis

o [y

uilerumsnisallindadedlussuusalnihvudaiavu Inensesdrsesiasiniidedtio

(Uninterruptible Power Supply: UPS) flaanuuuag1amunzauausadiendasnulai

Tnuszuvdrylasgmetilasluseninsiialiildates 1y syuvodlRdnIn SEUU

v v a o

a = a < v 6 a o
ﬂ'ﬂUﬂﬂJﬂqﬁL@‘Lﬁﬂ iﬁ‘U‘Uﬁ@ﬁ'ﬁ%ﬂLQu Wunu u@ﬂﬂ']ﬂiﬂu‘ﬂ‘ﬂ%Uu‘ENNﬂqiu’]LVlﬂIUIafJigUUﬂﬂ

< [ % 1 1 aa a v ] a
LAUNS991U (Energy Storage Systems) atizlusiag1aiunmoidisonlooouduigigiiu
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(%
U U

UszdnSnnvesszuudrsodiin annunfnds wazanduyunisungesnwlussezendneie

(ABB Switzerland Ltd., 2021)

3.5.3.3 Msvgesnwndetasiuuaznisnsidavaningunsal
nst1se¥nudedesiuiiiuseansnmedaananudesainaniy
dumanvesgunsallwirienaneliAatgminduls Faundlunisliuimsnisvudanayy
wfpalimInsiaaeugunsalnuimuaal Mmageulszdnsamuessyuudeaiu uasns

]
] a

Uasududiuinideuaninnauilaziineudumar 1ussdusznavdfguaaunuinasnwi

o—

FUs¥anSn I (Lin et al., 2020)

3.5.3.4 M5UpINUNANITZNUINENTNUINADULAZNITIUNIUAIBUBN

Yaduarvuenduannndrdgivinliinadgmindulunisouds

Y
N =

Uszunnil Fainlaainnissunmuvesdainsesusssurfidundn wu daiduwneinans n1s

| o & & | 5 2 v U o o A o [V =
NINUUAYFIVDIERNILADUARNTU CW']N’] 1IN LUUAY ALY quﬁﬂqﬁﬂ@QﬂUWW‘ULVUVL@U@EIT\N

(%
a Y

insUaniindesindludaunsalegeiindn fndsgunialUesiuunsanuiiy N1598nwUUTEUY

]
1%

ARG IS EREREY ﬂ’]iLﬁ%ﬂJﬂ’NNLL%QLL?Q‘UBQI@?Q&%’N LAZNITEDNLUUTLUUIEUNEUIN A

Us2an5n1n (Andrusca, Adam, Dragomir, and Lunca, 2021)

3.5.3.5 NsHnaUsHAIUANUaBAdBLINaWAILIYARAINT

nsduilefutigmiihdedesiiensziatulunsvudanary deq
mﬁ’ammw%’auéfmizwLLazqﬂmﬂiﬁﬁmmifm’mmmsaﬁmmsamﬁuqmﬁmﬁﬂﬁ@ n13
RnaususiuauUasnsenabiin n1stigeshwiaunsel wagnisneuguasiowngniauyle
Tinilnouanansnufifnuldegsaensouasivssansnmilaiamansaiasedu ns
wisuaumiosivardaasasouaauianisdenuulfy msdeuatiouads uaznsdous

sunuuniinsenenlagansiarmsivgunsaianiiuase (Bai and Chen, 2024)
3.5.3.6 walulagdmiuszuuidhszdaaznsianisiugnisallvau
sruuseianasnsdnnsivnnisalndissansangeliaiunse
ATITULaTARVALBIREAURAUNALARE19TIAET Tnesyuuiviuadeaiunsoudaieude
aTInuAUAaUnd dnnisanisalmudeyalugile uasliduwuzidilunisudlodymun

WnthAnujuRnuldegnminsuazgnieian saudsisannansenusenisliiuinisidle

\Aawnanau (Andrusca, Adam, Dragomir, and Lunca, 2021)
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3.5.3.7 nsaanwnsnatnaulussuusalninvudsulasuludssmalng

=) ¥ 4

NMsAvANaRaveyaminetasiulymivduiiadulunisvuds

wavululszmelnglugie 5 I @l 2564-Jaqiu) amnseaguidunisiseenada

nmaAndgminauresnisvudunasululsazt wazsenaianisiindaminauvesnisvuds

[

1IaTUIIeEN895 b (NSUNNTTUEINIETT, 2568; Audnanaaulall, 2568) il

A1519% 3.4 venanan1siindgmlnduresseuusalniaudanavulunsazd

U (w.e.) $1uunss winn1saldngy
2564 9 - szuudnglndndes
- gUnsalvaesenglndndes
- Bu q
2565 3 - szuuglnintas
- gUnsalvesTeeglndndes
2566 6 - szuudelihannsliiuaswads
- szuudnglndndes
2567 3 - sxuvdnglnidndes
2568 1 - qUnsalvaesenelndndes

A1919% 3.5 sananan1sAndgmlnduresszuusalwinvudunavusvasvessalii

UIUATS (AT W.A.)

szuvsalninvud swiavuy
2564 | 2565 | 2566 | 2567 | 2568
solwvhOlea aeday (@edllisrgon) 0 0 0 0 0
salwvhUfiea aneguain (@eddendy) 0 0 0 0
salwihumuns aewdusaung (@edindu) 0 0 1 0 0
salwihumuas aeaaessusssy (@1udiag) 0 1 0 0 0
solwihaednes 9 1 2 0 0
saliuniuas (@edndes) 0 1 1 1 0
salwihamuas (anedvumn) 0 0 2 0 1
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HansAnwdeyaatAnsiiadymivdulussuusaluihvudanasudssme
fanuureuagssasvessalii wideyadertliasouaquinanisaifommaiiiosan
mirsudlflamedoyaimuadeasisueinig weliifuiudednsfmuinagi
wmsnisdesiulnduinldlusyuusalwihuudanaguaigdis q uiaaiunisalnisuganis
¥auvesszuvandymiduidinaint uludnvasiingrondsivluedn deaddmny

o

ufouvaslaitenaiianwsandadeduuenuileninuinsnisilasiiunisiuuda

3.6  svuuduirdeudlosniay
Nawmnsailwsuivilinishausessruusaluiihvudanasusiomgeas nauas

ldamnsaliuinmssvaslnsasielulddu ftadedadnisneluuasnsuenvansdiud

daansgnusenisitelivesaadluilegnss wu desssurifnazg Ui 1indnteg

mesnuwatiavendnliin nsdsielnnunniuly ssuuvesdldlnifndrsavsednias

¥
%

v & <& v ) & a =< Ao ay v

anmwingexluraiziu Wusu lnedademardinintusuumngaidenliaunsansiula
' a &£ A ' | = | ¢ Y] QY oa X 1% v

wyaziinTudlelusiazuiulaluu Jernuanisainnisalkaztesiuldlinindulaiuudes
Weswue feudlutigiuesziiiSnsniounsnisngnanduiuindmsudeadunisifalniuly
syuusg o Aldliudaneny dedulussuuialuaziinisfiagd sgunsaldrseslai
(Uninterruptible Power Supply: UPS) fiaglunisanglulinussuunsaliiialndutiuies 9
Tuszuusalairvudanasuesiissuuidanwagn1syiauf adefuanfndsuusuiy

sobAuAy 1Sun1 seuuduiedouditeanidu (Emergency self-traction system: ESTS)

'
=

endeaflguinisiudaniilaegarsnlnananegravas adelunsdiminmenisalluey
seiensliuinasvesssuusaliihaudaiatu lneszuvasyhauludaszanssuuingln
waniunslindsnulnihdsesngunsalintundsnunigluvuiusalad eduindou

solnihiennusddnludganunevatemsiivasnsie

quﬁﬁﬁwmmi%ﬁzwﬁ’ﬂLﬁuwé’aawu (Energy storage systems: ESS) wagn15i3en
Aundanulnihdounduiildainnisiusn (Regenerative braking) Sinufmuihdstuaunse
vanfnsslduassuussuusalwiinuugdanasy (Chalkhure, Jijankar, Dhore, Sanganwar,
and Parihar, 2017) dswalst ESTS Wudnweluladniefildunswaudesandmsuiiluly

Juunasdrgldrsediiussuusalnihvudaavulunsainiamansallnduiy Ineiugiu
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N1579uLarlAsIas19veIsuUiadininnuduszuui i und s ulinunaluladn
denldniglulaseasis dedu nsvihuialuees ESTS aganunsausulsuadssnimnisly
nasulndn annslalnmenissenAunasuliingaunduannnIsiusn wazenseAuAINY

Uneiievosszuulamauieniu (Alfieri, lannuzzi, Mottola, Pagano, and Roscia, 2018)

361 asAUsznauUsTUUTUIRABUGINIAY

nnsUsegndld ESTS TudsnisAnuidouaznisilufassldauaieoy
seuusaliiinoudsnary nuiissuuiasdesedeasdusznaundnlunisdiiusueg
wavn 3 dau e guUnsalAnAUNAe91U (Energy storage device) 2995 UaIfUNE 191U
I (Power electronic converters) kazdumIUANTTUU (Controller) LLamﬁagﬂﬁ 3.30
(Wang, Ge, and Li, 2014) & wisanudquil agvheusiufueg 1eiuszansaanlunisudas
wasuaInuranlianieuen wu el na Aaudou wdwdnliiy WWudu Tieglugy
vomdssliifiuazddludafulinigunsaifniiundsny luvasiifinnsnsatamsfines
A9 9 waznsIaeUfiAvssvhanuesssuUlilsUuuuaenadesiunudeanis iese
mdadenldlniansyuusaliihaudanavulusuiifinaaunisallidundensdldu 4 7
Foensldusruuludnvazigafuiunisidausruuiniundaausialy (Yuana, Gua,
Liua, Zhanga, and Lv, 2012; Mohammadi Pirouz and Hajizadeh, 2020; Khemkladmuk

and Kulworawanichpong, 2021) lngasduszneunes ESTS Suiituansnafufeelud

Energy

Bidirectional

Storage

converter

e e 2

i i
i i
Regenerated i i Divice
1 Some ! System control 1 Some
Braking § purnmete | (Csttegics  permmerce v ¢
Energy Flow [ Energy flow Controller ]

U 3.30 asAUsznausruUuIAfioumlesaniduy

3.6.1.1 gunsalinUWAIY
LY < [ A ) ] A °o v c{' ]
gunsaliniiunasudeiludiulsznouninnudidguiniigadiu

(%
Y

piglun1svinaures ESTS Imqﬂmaﬁﬁ’ﬂLﬁuwé’wuﬁﬁmﬂsﬁmuﬁmﬁqmamﬁamé’ﬂagjmwm
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2 Usznsfiienyunstuadeussuu bun nsiniiundsaulduin (High Energy Density)

a

Wioliszuvaiusaduipdouniendsnudisedlassoenialng Lazn1591ena 19U TIns7
(High Power Density) iieldszuuanunsatssanusalussezinatdudu uenandnazidu

wa A v 1% [ 1 1 Y . v
AaNURDY 9 sesasnfdldauaiueenle Wy n13v15alasa (Fast Charging) 81801514
U 817U (Long Lifetime) 51A16 U UkAEA1EaUUI5M @1 (Low Price and Low

Maintenance) UsgdnSamlun1svineuiigs (High Efficiency) 1lusiu Famnnanafiagunsal

'
[ a

Aniundsnuineulandiupaandfsediewiuliduednad wunneiwasdiiuisegdeinie

'
o a o

audenidngnudueniunldanuasaly ESTS wenainiludagduiddinisWauinalulad

9
¢ v [ v a & = (Y 3 a Y ¢ v [
QﬂﬂimﬂﬂLﬂUWﬁNW‘L&LLUUNﬂQJVIG’l(ﬂGNLLUGlLG]E’JiLLﬁSG]’JLﬂ‘U‘Ui%‘-QENEJ’JWI’J LUUQ‘UﬂiﬂJﬂﬂLﬂ‘U

wasuAigadeiu eedeganuvesgUunsaliniundinuurasgunsallunisusulzenis

1%
=

U (Nagaura, Oishi, Shimada, and Kaneko, 2017) ag13lsAnuluns

a

yMuveeszuUliae

WuAuasavessruUludnvalsinesatlstsdadedu o e 1wy Alganglunishnas-

o
(%

#auU1595N ¥ ANUFUTRUluNTAIEIIUTEUY UININSEUUTINTY FUNTeNISARR D

£ =

gunsal 1wy nisdenldiugunsalimiundsuniazianfassly ESTS Fadosdniladi

ANUMNIZANLaE ANEN URT@onAodiuNISII L BIs T UL TN udRnatuItaNRas

'
v a

safinsuAufumeesidugunsaliniAundsununfildwan
Ao lniafinvudoudunalaliinnisareloudianaseundussninweslun (Anode)

uazuAlva (Cathode) flogneluansazanedianinslas (Electrolyte) auiindundsaulvih

Tu dmsugunsaliniiundsuguuuuiitednlussuundnisldanuinedisenuiuwazidug

Hedlduetunivatey Iagludagduiimsiauinalulagiunmeiegmatoguuuy aluus

¥
A = % !

avgUnuvIiinaaudRnmleursownnaeiutusgiudnsdiukar asAUsEnoUDIaN LA
dnanlgndnuusnmes (Miao, Hynan, Jouanne, and Yokochi, 2019) A9tulilag 1 UNLUALAES

dIQ o a a CON! 1 ¥ 1% 1
dsugniunnuludandsddilngazuszneunie 4 Ussan laun

Y

(1) wumne3 nzAInsn (Lead-Acid) tlumalulagvitniunvanly

UFINWUANEINNUITIAN F3e1danisquansneiauigns (Pb) Miludauelun (Anode) wax

'
a a

PuAlng (Cathode) MtAnaInn1sNaNa1snzAU3avs (Pb) duansasiudaseanlus (PbO2)

a o

adldluansazaredianinslad (Electrolyte) fivhainnsadailain lnsuunnesvdailingn
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'
o

wnldauaninsasuidundidediulng Wesnluwunwmesiidnnuggaivihlinszua

naleunn dnedudulunmesniaunuaiwaznanladnednaie

9

(2) husLMas dnuia (Nickel-Based) aziin1stddnsia (Ni) 10ud7

walnaaztwalunagldianiunndsiumunaaudangldauieinsiuaddluasazaied
dnlnsladiivhanlnunadeulansenles ddudeqiudenldey 3 Uszan ldun dnifa-

wanwlen (Ni-Cd) Tniia-wiialalase (Ni-MH) uazlinia-danzd (N-Zn) Tusnuwwadn 9 W

Y [

uiswalvgjeganwunnesd1sedlil (Stationary battery) Miqlaviansiune ng

(3) wustmasasseulaaau (Lithium ion) LﬁuLwaIuIaﬁLLumLmE)%Gﬁ’uqa

Aldasenlessudussrusenovdrdey Ineasiinisldarsuounsownsine (Graphite) 18y

[
U

Tuelun uagldianunnsnsiumunmaudindeinisvintiualng dalimeiuvaieyia lown

a a

Asvulaveadeanlas (LCO) ASsunusnitasanlas (LMO) aSsuilniialauaas aaliiay

)
sanlen (NCA) iSeudinifaunsniildlavsasenlys (N\MC) aleuwmanieaa (LFP) &ieu
Tmwun (LTO) Wudy Jagtuuumneiaisenloosugnihunldenlussuvetugudlii
szuusoliihoudanaty wazsruudu 4 wndu dewndanautilunisgndsnuuasiie
usatulwi i g ewsuduuusnes vind uil vualndidoaiy §eilwdnswaun
UsgAnBamiaziinummei e lUfndauuuuuse (On-board installation) w3pfnsauuy

[y

ogjfiuil (Stationary installation) Tuszuusing q Talufenisldanlu ESTS wufy

(@) wuswaslawisudames (Sodium sulphur) TumaunisAEUsEy
YowunmeIUszianiazsudulieansdidninslailuguwuureuds (beta alumina) sauly
looauainlatioy (Na) nanulusiududames () auAnufnsornatodulufounsd

Falvls (Na2s4) Tuvaziaeatumaididnasauas naniuisasneuanyinlilaardngluda 2v
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[

dmiuni1sdnusyazarunsaviilalagnisassugnsendeundunelununneitues il

dl d’ld 1 v v a a dl
wusasUszinniliinnunuiniuresndsnulni 8nsinisaneusey wasdseansainngs

(%
Y

willgaumaiiseninensvinauiasnn Juilvnisldaununneinednsinfgunsaiszuiy

a1MAdmTUangunilTEnIensvinnulvidesasig

v v

1aNINNALLLATWUNLBINNAINIT19AY TuTaaTudin1sAnAL

q

wagiauIkUames vilalnindaaaudRiisumiimiesfniuuamesviiamg q Ainisldau
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W LURmesaSeITa (Li-Metal) wummadludnainn (Solid-state Battery) wUmLAB3TIA-
was (Zinc-Air Battery) Wunna3 a15eu-uas (Li-Air Battery) uumino3snondlnad (Redox
Flow Battery) 1Judu a&iwlsﬁm’mLLU@Lma‘%'ma'wﬁlé’qagﬂuammzﬁﬁwé’qﬁmmﬂ%’uﬂqqLLaz&Tﬂ
liannsanudldindununmedviafnzandunsldendu esTs Sslaildfnemdugnin
nandslunsfnuludiud dmsunuanedfiendredreunlude (1) - @) awnsnagunis
Wiguiisuauainisalunisiauvesuuatned urazUszian wansiagui 331

LLazmiN‘ﬁl 3.6 (Ghaviha, Campillo, Bohlin, and Dahlquist, 2016)

400

300

Higher current —

200

Specific power (W/kg)

100

Longer runtime —»

50 100 150 200 250
Specific energy (Wh/kg)

O~

U7 3.31 AnuansalunmsiniiundsnuliihveswunmesusasUssan

(ﬁmm*w: https://www.nanowerk.com/spotlight/spotid=43172.php [L‘ffﬁﬂl,ﬁ'a 22 Weun1Au 2568))

A5199 3.6 NISUSHUEUAINUEINITALUNITY LY DILUALADI WARZUTLLAN

BATTERY ENERGY STORAGE DEVICES
TECNOLOGY
No. PARAMETER
Nickel- Lithium Sodium
Lead-acid

Based ion Sulphur
1 | Specific Energy (Wh/kg) 20-50 60-80 75-200 120-240
2 | Specific Power (W/kg) 25-300 200-250 100-350 120-230
3 | Efficiency (%) 70-90 65-70 90-100 70-90
4 | Discharge Time (Second) 1-3,600 1-3,600 1-3,600 1-3,600
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A19199 3.6 N1SUTBUTBUANNAINSATUN TN UVBILUALADI WeazUTELAT (#19)

BATTERY ENERGY STORAGE DEVICES
TECNOLOGY
No. PARAMETER
Nickel- Lithium Sodium
Lead-acid

Based ion Sulphur
5 | Cycle Life (Cycle) 200-2,000 1,500- 1,000- 2,000-

3,000 1,0000 3,000
6 | Self-discharge (%/day/Wh) 0.5-3 1-2 1-3 20
7 | Environmental Impact High Moderate Low Low

PNA13199 3.6 WlatUSeuiisuauaunsalun1sinAung v

d‘ g ¥ % 1 d‘ a a a = a a
WUALABINY 4 Uselandnedu nudiwunmessiinditunleseuiinuaiunsauazsed@nsan
lun1svihueglunaeinanduunnes vseiandu Meludiuvesandanulaidginieg
(specific energy) AivsuandanuaInIsatun1syndsuliinntelununnes Adelui
Wz (specific power) NUtUoNTIANINEINSAUNTTIENa sl i uluan wagsou

a1gn1slde vilvitinsussendldnuuunmeiussanillussuusalihvudanasumning

3.6.1.2 2995uUasiunasaulwWinaasidnig

1aswladiuna Ul 1@eavi@nig (The bidirectional DC-DC
power converters) \udiunileves ESTS Aviuntiilunisulasinidilasuunainaieaney

wilofswe 5199au vsen1sisenaunasulnirgeundulveglugvuuulniinssuansed

o [ 13

wngdusuinuilundnudsedugunsalininundsnuiazudasning ESTS Benldain
& @ [ va d' o [ 1 1 1
gunsaliniiundsnulvdsluuuimangavdmsuanelyannis q anglussuusalnirvuds
178%U FIUNRALAINITVINIUVDWATDU895 hUastUnd s Ul nAAld I udlinsdousa
21995 9ULg9N9R D (DC-Link) 1ionsoausanulni9 laannieaswlasiundasulniq i

m’mﬁ&m%u (Chalkhure, Jijankar, Dhore, Sanganwar, and Parihar, 2017; Khodaparastan,

'
v a

Mohamed, and Brandauer, 2019; Rechard and Gouttefangeas, 2017) agalsAnudaden

Y

Usuaninasulasiundsulniildnudvssaniamlunisiiauia asduey i

[

welulaggunsaliniundsuuazdeulunisldauiiddguissenisiidesiarsun wu

o

AnusItunsneuaue Masnigewafiseuusesiy Yenmn)inssuuausoAEnIuENIg
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euldld vwevesgunsalinifiundsnuilidnuazininiiu (eeawizedw8slunsdii

L4

gunTn

3 [

Anundsuuuse) wazauansalunisulaussiuliilveglussdun

Bee

fn
#03n13 LA 600 750 1,500 #se 3,000 Taad Aoudisasidenloamnsia (Abad, 2017)

29suUaaundsnulnihaesiienisgnuiioanidu 2 Ussunn eun

wilausnns1an (isolated type) wazaiinluinannsia (non-isolated type) Ingsasulasnu

(%
Y

pasulivdanennseuuazildol

[

Wrdadnfinegnangeen tilesandesedenie

AND

d

LY 1

wUasnatndn (galvanic transformer) 7l mwmumﬁﬁummamqa (large turn ratio) Tun1s
uennsdsEIduLssiulnihsiuaras dehlisasildfuunailvguasatnainnisiads
wifauvasluszuu uonanilun1syiuueseasazdesinsulasdunssiulninann
nszuansabuidunssuaadu ududadniinszuaadundunndunseuansmdsaindiviing
Usurnaussiulnihsunteutasdnads fremediviliAsanunieniile (eakage
inductance) LLazﬁaLﬁUUsquLaULLm (parasitic capacitance) fidsnalianssouzuas
UseAVBNMeBIIZTULANaIINNTNTEYIN (spike) vasussnulniuaznszualviilursasdiu
aInFisgivedoulasdneie (Kale, 2019) Tlumenduiuiasuuasundanulniuuy
luwennsasunfegldluniswvasusanuldi 19 T8ns1nsaeleuauindn (Unfiee
Hounin 4 se 1) wazlideslintioulaselun1svineu Juihlndssdnsnmeussasulasriu

wasuliiridatgenirvdanenns1ie (Abad, 2017) Tagr9asuiasiundsauluiii

dosiemeignihudszendldlussuusalnhvudsnasuiivansguiuunasaludl

(1) 299sudasdundsnulnihva-yaiassianisvialivennsig
(non-isolated buck-boost bi-directional DC-DC converter) 1587143 80N U195 UAINY
NI UNAwUUEIdNWUS AT anusavimtmiduisasipdnsuanseaulsssulninATuLn

nszuulninsusnidvwammiznewiullugunsaliniundsany wazasvimihidu

'
o a

2sysidmiuiusziuusduliigunsaliniiunds sudeeenludslvansdng o lngld
a3ndansiafaimaassianmsudanesaesdauiu (Insulate Gate Bipolar Junction
Transistor : IGBTs) il 2 2 vaaaniennh wazr9a9idenleamaddlunisie 29as
wasundsenlwihididofoguasuszns T gunsalfnifundsnuldfunansenuan
pdunmATARINMsdUaIntiiosNn M3rueuamildie Tvuindnuaziuininnees

wUaadundsulninialy wasiiuseansamiasis 90 Wesidud uwilteidsludrungunsal
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fnAundsnuiusenlawmsedlussuvazliaunsanenaonainduls Fedmaliinnig
godvadnduazlianusaiivavesusiuliihsenindvuayanlaniudesnis (Abad, 2017;

Gorji, Sahebi, Ektesabi, and Rad, 2019)

(2) 29sudasdundnulnirda-yaiassiianieuuunaieia
(Multiphase Buck-Boost Bi-directional DC-DC Converter) Dursasudasiundanuliii
annsadfiusyrundnulihuezidndanasunuiiinty Tneildsidufesiiudnsnis
Fuaindliatunieuudsuaduvidoniundousoluacs uiedensinasulaiy
ndsulnidR-yaviaesianiswialiuennsiiduidosuuruIn i unaI8 99 suaAIUAY

arunsduaindluleasiienisusugamlan 360 aem1/N lagil N angfsdiuiugaingn

yMa1usaunu Tunisldanulreastudneazdyrgmmuanuiddadsliiun1syinauwes ESTS

1 '
a A 6 = X o 1 = a

Wesnndaindansieidmvateyaieusdeiuegluiens Jsdwmaliudiaindalaguilaio
v v @ v A a ! a o ! £ ! [ o a S a &

Tadosndaiadndludiudu 9 inunaunuselils egrslsinuduinaindlurasiiiuiy
bisesldinsauaundudounassawne Waeuivirswlasiundsnulnihda-yan

wilaasialy (Abad, 2017; Garcia, Zumel, De Castro, and Cobos, 2006)

(3) wasudasdundsnulwirva-yaviaesianiauuusaisgs
(Cascaded Buck-Boost Bi-directional DC-DC converter) 1 un15117995uUasund 1914
Ifda-yaviaesiienisrdnliuenninig 2 gaundeudrdiedu elfiudasinisvens
wsau g uazannisnasnilonvasnsualniilidag Tnersastgnitluldnutuse
grusud i ludnvariidondelsasitriugunsalint fundanunagrsaaidonlmnsid

(Gorji, Sahebi, Ektesabi, and Rad, 2019)

(@) 1asuasungenulniraesnianisuuuusadavuiy (Dual
Active Full-Bridge Bi-directional DC-DC Converter) L0 ua9asuuassunasa1ulndia
#0991AN 19T lAkENNI1IATANINNITWUAB A UTENINYATINTANTNIFITIMUUUIAT 2 90
= o 4 N [ ! d' ! a o ! d{' [
Fefindlauvadlriianudgududiuionsenineasuiadnass diuusenovau q luiwsh
efifiiulszafideunatnasasuiadnsaesilauasdiimienhideudotuiulgugdves
wloudaslin dwsundeudadlnihanudgadinisiauwuunisueniainindagagle
a1unsamuauAImasulniinazaeleuseniniEe L skUasiung s u i

= [ ! B a a Y fy 0= v (Y
dendanulnilvaiiuasgeulemwidluiamdidivngunsalinfiundenuy (nuade
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Uszgbiiugunsaliniundsnu) 29suiainleuseduiuugugiivemdendasiniiaiud
gravhmthfdwiesduneawesuvadnirlussuvanlihnszuansadulninssuaadu

YUE1995U3IAT MG auRaiuduRegdaziiutn il uiseseanseuawuuiiu adu Tuna

ee

naufudendsnulnilvalufiresnaingUnsaifniundsnu (nuanisaeUszqgunsaifin
NUNAIIY) 2995USASVeaRInaeyinminfaduiy (Gorji, Sahebi, Ektesabi, and Rad, 2019;

Kan, Wu, Tang, Zhang, and Zhang, 2016)

(5) 29asuUasiundsulnirgasfianiswuuassusadguu (Dual
Active Half-Bridge Bi-directional DC-DC Converter) iuisasuiassiundsnuluinndaudas
W91naskUaundsulihasfianiuuuiadguuiu netidaiuusequsennud

a s =% o o Y a ¢ ! y 3 o/ = o Y o a s % o o A
FIndasneitn 2 Mmluusaanegunasleveswiunioulas Fevihlrdruiuaindarsnedatf

U

1Hluduusasvanaasivastiundaulnirananaziidneuzidunuuasaused adrelsiniu

% o

asilasiundanulnihussnniidngninluussendldiussuunvinanumeusadulnianen

Y

v (=3

= | ) ! v R A )
Wesannisaneleunasnulninssningesnuvesunundsulasazyinladeaiioisuiu
199sutasRunasuliaesiAn1anuUUIAIAYUIUL (Abad, 2017; Gorji, Sahebi, Ektesabi,

U

and Rad, 2019; Park and Song, 2011)

3.6.1.3 YARIUANLATIANITTLUUTULARDUAILDIRNIAY

AINALANE1INIREITRY ESTS oadAusenauviavan 3 @ laun
gunsalfnAundsu wasulasdundsulnihassiianis wuazgamuaunIsinnuesssuy
Faurazd sl A NdIAYEE1INEIMITUNITAIUANKAENITTANISAUNS Ul v B4
ESTS Aignialuiinnsuuszuusaluihvudwiasy Wesnanvaen1siinuvessaliiang
J2UUREdnIsIsIAINSIMATNSUINYUILTRYUBASY uianiddiglnnneluszuuagyihau
Uniivsaiinanunisallduluszuuiniu Jsdamalifnnsonuszquazmeuszquasgunsal
[ [ [ v ] = v & o [ = v a
Anungsnulugndnngann dmumsauaukazdansnaanulninves ESTS Jsipaiiy
UszdnSanlunisyiauvessyuy wasdsulslimsvinnuvesssuuiinnuangaufiuss vy
salidinluAeasliunniige uwazluvazifeitundesnisaiafmnudasadeuazaiiy

1 4‘ N 4 [l o’a" v Y v 1 [ L, . .
Unvenevessruulieyluinamineeusulanieuiu (Gonzalez-Gil, Palacin, and Batty,

2013; Barrero, Tackoen, and Mierlo, 2008)
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Tnevialunsmunu ESTS dmsuldifuuvasdnelidisosliszuy
solwiludanasulunsdfdatymaniunsallidudy azanmsouimidlunsaiuas
szuveendu 2 dau e nsmuaun1sinnismsivaveandsnuluihsenineeunsaliniiu
wiau sl uazanildngligos uazmsmunmasuasiundsnuliiihaesiianiaild
famsnislnavomdselniivisdinaraneenangunsaiinifundany dddumsaiuny
sruusansdrutazanmnsaduiunsldfenismuaunisvinuresgUnssifnfundsey
uazavsudasiundsanuliiiaesiiana weliudlainnisauauiazaunsndanis TS
Tnosauuasndseulniwiommad nalussuuldes1aiussAnsamm (Camara, Gualous,

Gustin, Berthon, and Dakyo, 2010; Lin, Li, Zhao, and Yang, 2016) faeazidunsolui

(1) nsmuaugUnsaliniiundany Tinguszasddmsunisaivay

q
o 6 v <3 [ 1 v a [ [ (7 A £ [y
ﬂ’]iVI'N’]‘L!SU@ﬂQUﬂiiUﬂﬂLﬂ‘U‘WﬁN']‘u %wﬁLUU‘LUWﬂ’]iﬂﬂﬂ’]ﬁﬂU‘WﬁN?ﬂlWﬂ?V}LﬂEJ’J‘UENﬂ‘U

gunsaliniiundsnu lidezdu msmumuisuamdnuliihfazdiludanulilugunsal

[ 13 [ { 1Y ==l| I ¢ v [ o LY [y
ANLAUNAINTU mmwammawmmub\lﬂ’magiuqﬂﬂimmm‘uwawm wazdegraUaaiu

davanilfesrndsfivloyadimzvetgunsaiinfiundsanu sukuunsviauvesssuuiiily

o =

Ansa wazoulvdu q Ndeates Feunfudmsdnangunsalinfundsuniinisldemuily

Qe

muviewmann lideyailifeatesivguniailudiuvestoyadinie amlasasne anvae
o Y A& 1 [ ¥ o v M va = a v ad
N5vu wazdenwinty sglsinmudeyanlunazlulainsasneay Beaegiiuisnig

Wengunsaliniiundwnudiduszuuang q hiladnisesuigisniswsemaialunisriugui

[%
LY

wngauan dalunisldnugunsalinfundanuisdeserdelsyaunisalvosldan uas
nseenUszianeee9ashuasunasaulninaesianied iuiazay (Khodaparastan,

Mohamed, and Brandauer, 2019; Battistelli, Fantauzzi, lannuzzi, and Lauria, 2012)

(2) MsmuARRskUaIiungsulihassiiene lneniluaunsal
(Y =] [ A o ¥ v a a v [ a ° [
Annunasauituildau ESTS desinisindaisasuvaiundanulniassfianisdmsu
< (- [ = a ¥ ¢ o [
Judnarddunisavaunisinavesmdsnuliiinigluseuu fedndudrgunsalniiu

wasudulngazliausalonsodiduszruunisuenlalaensy aekeulunislalnilu

'
=Y

szuvsalwihvudanavuniuseiulagunsaliniundsnunazilsszuudiudu o idvun

wANENaiu (Abad, 2017) szuusaliinvudenasududnnilessuuninnuduniuuesnsty
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wasuliiuiniiga nisidenldrsaswlasiundsnuliituuuassfianiedsiosaiuise

novaueslaag193Ims) wazidudinasiftunisudasszauusanulniivesgunsaliniiu
[ 1Y e val d‘ o/ LY & < dyd Y o aw o =

nanuivaunsaldu q Willvwnnaenndeaiu lnensaeslsenuilfeilananidesdni sy

[ a a

NATUANNTSYINNUYETIRsWUasundsuliih duunmsidennaiianiiussdniamuag

'
[ 1 a

mnzaufuszuviadudesifimnudhfyedisdsdmiunismunmisasudasiundsanulndi
wuudesiiane ieliudlaldiinshaiures ESTS Sufiafiosnin Uaends wazdsiaann
N135UNIUT 0199z dwmaliiinArandenieludausig 9 16 (Camara, Gualous, Gustin,
Berthon, and Dakyo, 2010) lngn1siianimallaniuau9asAasia1satud1uevingeas
wasfundanulwihuuuassiimnsiidenituazsuuvunmai iy dslutlagiuaziivada
fugufiinldtuniseuainsasuuasiundanuliii wu ssuueuauwuudadau -U3ius-
auﬁuﬁ‘ (Proportional Integral Derivative Control %38 PID Control) mimuamwualaﬁaﬂ
(Sliding Mode Control) N15A7UANLTIAIANITAILUUTIABY (Model Predictive Control:
MPC) msmuAuuuUiladladn (Fuzzy Logic Control: FLC) msmuasuuulaseieuszam
Wiy (Artificial Neural Network :ANN) N15RURALLUUNEIRTIMUEINTS (Dynamic evolution
controller) mamuqmwua’faa (Backstepping control) N13AIUALLUUYBULA (Boundary
control) 10 Us U (Gorji, Sahebi, Ektesabi, and Rad, 2019; Camara, Gualous, Gustin,

Berthon, and Dakyo, 2010; Lin, Li, Zhao, and Yang, 2016; Rashid, 2018) Fausaziifaxdl

(%
=

Tendaiduunnieiuesnly asdunisidenldmadaaiuau ESTS 397usgiuauntnves

v A o Y £% & 1 <
ESI:SLGUQ’IU EULLUU“UENi%‘U‘UVIUWIUWJU@N LL@%NEJUI?JV]’NEJ’I’]WLLU@@EJN W VLS UU EJ‘EJ’NIiﬂG]’]lI

nsmuAEszUURng o ludagulimsusuunldilumaialyanvseiviunndu

362 NWMTINTINNUYBSTUUTUIAGUAIDIgNLEY
ESTS gnosnuuulvianunsnsesiumsieiumesssuusaliivudanasuia
Tuvariszuuinelfluszuuiinsihouiund uasvaziszuuaiglifianuiansesauin
anunsallwdulussuusalaifiaudsenasuiu Sduudasaniumsaiaedsuuuunisviey

403 ESTS Aluansineii (Nagaura, Oishi, Shimada, and Kaneko, 2017) fasazidunseluil

3.6.2.1 n1synauvazaandanglwynauuni

S2UULTNNN5InassNAIUNAAS UL AR e W rd NI NS

a [ £ (Y v Y v ¢ v 3 [ =
Senndsnulnideunduainmisiusnlunisdauseyliduaunsaldiniiund ey e
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= P U A W & a o a £ = v ) ) P |
wigunSousuiiadumenisalanidunonnintunieaialdussndanasanulniisiienisang
NawNUNaIulndndessunrnwasanelinanlutrenvuiusalwideandainaani 1ae

PANNISYINIUYDY ESTS agiisnvazdun aemaluil

(1) ESTS yin1ssundsaruluilnenunisaneanenilodsuens asnai
anuvaszszuuRglindnyihauund Wedauszqliiugunsalinfiundsnuniglussuuay

yu1nAuIngneentuuld deluuisszuvenaiinisindanisealsyainseuvanglunanld

Ued duimdsenasundsnulnihdeunduainmsiuin wanadaguin 3.32

**+ Y is current flow direction

22> > Auxiliary loads | | 22> Auxiliary loads ,( 22>> ) Auxiliary loads | 22> > Auxiliary loads
A - Air-condition A - Air-condition A - Air-condition A - Air-condition
. - Light dliary - Light T - Light R - Light
e _Display screen oL EDisplay screen AT - Display screen Avxiliary ~Display scroe
Inverter = Inverter . Inverter o Inverter Iy

A A A [a)
(((())))))))))))))))v’))‘)&(((((((((((((((((((((((g

~

Traction Traction

' A « ESTS ((4 i } t A
- W s = e

Conductor rail

JUN 3.32 msfunaenulninnssuuingliven

(2) ESTS vn1s3unasulniingounduannnisiusnuaenvuiu
salind1veniiaaiflaans iedauszglidiuaunsalinnundsulildlugaeiiie
L3 a = I Y | 1 (% v I
wign1salani@unsednelviiudiunne 9 vuaviusalniununissundsnulniananannil
Jrelnivdn wansdagun 3.33 uiningunsaldniiundesnuduneradinisdand sl

druuillulitiusaluihvuigu o duaedrgmilefisuersesneiiaiu uanwiagui 3.34

#*% P is current flow direction

)))) Auxiliary loads

1 323>> Auxiliary loads 333> Auxiliary loads )))) Auxiliary loads
- Ai-condition A - Air-condition ~ - Air-condition - Air-condition
Auxl]mry - Light Auxiliary Light Auxiliary - Light Amulmry - Light
"Dl o e R e | | D s oy || ik

) A A
((((((((((((((((((((()))))))) (((((((()))))))))))))))))
Tracts Tracts
15 Ao g o Pk R L,

. ==
ﬂ{ &S &= &S &= ” g‘ o=
Conductor rail

JUN 3.33 mssundanulnihdaunduainnisiusn



** 3 is current flow direction
Auxiliary loads
- Air-condition
- Light
- Display screen

et

Tracti
R
("Motor )

Traction
Inverter
Chiotor )/ 'm

on
ter

Conductor rail

SU 3.34 msdenasnuliihd@uiuainnsiusalunusalwihvuiusu o

(3) ESTS vnsiendsmulnihfieglugunsaldniiundsnuliiv
SEUUTULAADUVBIVUIUSO IS USTUUIINAEN kanesasun 3.35 Tagu1eseuuaiall

nsadanasnulnirdudludisalniaviuau q diuaednomiledsuersosiiiay isan
Assunaaulnidnanaafanelnndn wanenssun 3.36

*** Y is current flow direction
)))) Auxiliary loads 222> Auxiliary loads |
- Air-condition A - Air-eondition
-Light Auxili - Lisht
- Display screen

1 22>>>
- Aircondit ~
= - Display sereen

Auxiliary loads
- Air-condition

Auxiliary Sl
oy Inverter B
A
A
~

Display screen
- elc.

Tn:llon

glw_‘c-e \l* —

Conductor rail

sU 3.35 mMstutAaaurulusabilimendsulniianaunsalfniAunSIuLaESEUU
aelndn

> s current flow direction

'

Tra:hon T[acnorn

‘

Conductor rail
d
sUN
Y

3.36 mﬁaawamulwﬁ'mﬂaUﬂsmﬂﬂmuwamﬂwmmuau 9 VDITEUY
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3.6.2.2 mMsmauvuziiagaunisallnau

sruvazdnisfandsulniifivszqlilugunsaldnifundsauunly
JuPABUTEUU WialrszuusalwivudaiasuaiusasiunisiusnseslUlaluvue i
A01UNSANAUTL NaNN15YINaUTRY ESTS azdlsteaziden sanabuil

(1) ESTS 2zyinisaaendsnulndradnaviiunlgduiadounuiu
sabnilunsaiiszuvanniaeliiatadeas lausaarenasnuliinsuagaewmile

1 =
Aswensosrniaule walvvuiusalvinaiuisad senenelasansiudanidilaeansitng
NgAFIaAUGIN wanRIgUN 3.37

)) 221 Auxiliary loads

* > is current flow direction
)))) )))) Auxiliary loads
- Air-condition - Air
\\L\nlnr\ -Light \u\llnly =L
lm erter Inverter g

;\u<udllm
Al h
<<(<<<<((<(<(((((((((((W))))))))))))))))))))

Conductor rail

SUR 3.37 nsaandanuliihasnuliunlddueaausuiusa iz seuuangndndas

(2) ESTS agvinn1ssundsnulnirdaunduainnisiusnueavuiu
saludn egrsTunisusendandsulndnliny ESTS Tudnn1ands wanimesun 3.38
1 =3

Y A
g .
pgalsinIy WﬁﬂaﬂﬂimﬂﬂLﬂUWﬁ\‘i\‘i’]‘u.ﬂ’]81U§3UUL§3J5@'T€]§IH']§QI’1HlﬂiﬁﬂﬂUiﬂ‘lWﬁWsUUlu@u
1 1 - | =) A v i
NIUANEIYLAUDATHENTDINNEN WEAIAITUN 3.39

#*** s current flow direction
2>>> Auxiliary loads | 2>>>| Auxiliary loads | || )))) Auxiliary loads | || 2> Auxiliary loads
A - Air-condition A - Air-condition - Ai-condition ~
Auxiliary sl Auiliary SLa Auxiliary Light
Doy o i | | e | | 2
A

- Air-condition

Sl ik
A ~
((((((((((((((((((((()))))))) (((((((()))))))))))))

- efc.

| 1 ?33:{; |(« LSTS »* };g:;;-; F« t
Motm
= &= o= o= &= = & =

Conductor rail

sU 3.38 mMssundsnulnirdaunduainnisiusnlunsainssuuanglwnandndeg



**% Y is current flow direction

82

2>> | Auxiliary loads >3>>> Auxiliary loads >33 Auxiliary loads 22> Auxiliary loads
~ - Air-condition o) - Air-condition ~ - Air-condition ~ - Air-condition
Auxiliary ~Light Auxiliary LU Auxiliary = Light Auxiliary L

A A A A
<((<$<((<((((((((((((A ((((A)))))))))))))))))v

v Tracti Tract M

Vo g piEal ey )
v (hiotor ) (Motor) v

Conductor rail

JUN 3.39 msdandenulnihduiuannisiusnludesalniivuingu q nsdlssuudngly

PANLNATATD

Aa o

3.7 uunnasaseulenau

wuntme3 aLseuleaou (Lithium-ion battery #5e Li-ion battery) iJununinas f

1%
[ 9 a

9 & aa = o 9 v =
Wawndunarsusenevditey fadulanendidmdniut awnsandadndlniilage uazd

! ° aaa gy i ya A o a & I3
anubiensviugasemaaiidvaisuseneusng q Laa Wetlanssliafuiuseneudu

LY [ [

wuamed sl FLummeIn T uansRiundsnlninligaazannsadnendaanulnile
oga9n1$7 TudlagudednniuummeTUssanduildfuaudis 9 edrunsvany g
i3 esld il viusud uumneIdses (Power Bank) Lludu (Miao, Hynan, Jouanne, and
Yokochi, 2019) el iuunassnelimdnviodsediifugunsaliinannmatsusziam Tasns
THuusineivinaiseslessuartnglviannsadiinvunnvesgunsaifineivunelg wesny
Ligganlumsldauuendanuiinduiivunadnadls wenaniidedianudfyogrannsens
Wannszvuruna g idesnsldndsnulniannuunmed wu srusudliin anafles ssuu

solAvudssavd Wudu lednsme (Nagaura, Qishi, Shimada, and Kaneko, 2017)

Aa o

3.7.1  29AUSENaUYBIBUNLADS AL 8N laaau

1NJUN 3.40 wunnesdiSeulorsulsenaufivesAUsenaunana1uIY 5

o w 1

du Gedlunumddasonalnnsviinu aussous wasaruasnforesmaduunied (Song,
Lu, Ji, and Zhang, 2012) léuf 921N 428U Sidninslad wiuduwen wasdiavaunssud
Tnedauan (positive electrode) W3ataualna (cathode) ¥ntiiiJuuvdsfnifivaid oy
lepeunazinasoussiuliiuazanuqueaumned dnldasusznoudmandiBouviende

YR9ALS Y WU LiCoO, (LCO) LiMn,O4 (LMO) LIMNNICoO, (NMC) LiFePO, (LFP) tJud du
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$78U (negative electrode) visauslun (anode) ¥mihiisuuasUassdisonlosauluiiams
asatutiy Falaealudeuldarsussianansueuniounsivdidundn Weswniadesnim
Lasnzaurenisunsndiveslossy Bi8nlnslas (electrolyte) vminiduiananslunis
vhwlesouves Lit uildeelididnasoulnariuseminadaliinieaes vz iududunen
(separaton) fnihittesiulilitavnuaztravduiaiulaenss sudunsannnudocvos
nsamsasneluwad dulvgfenlddunwedlnsiau (Polypropylene, PP) %38 wodlofiau
(Polyethylene, PE) W udy dwmsudaazaunszua (current collector) ¥ami1fi aus o

Bidnmsauszninadantalnilidulsesneusnegeliusz@nsan wedndsaulwialuly

(%
&Y

Uselevieing 9 drunindasunseuadsinunaineg e (A) wagnoauag (Cu) Ay
29AUTENAUINY 5 d1udedalasuniseanwuuliunzautazaanussaunu Winliwusnasi

UsganBnngs denudasnsds uagsessunstdnuldesadiadssamluszesen

Liquid electrolyte
—

«Cell can

'\\S(rpamlor

b -l
B¢
Cu /N Al
Carbon Li;, Mn,0,

Separator

3.8V
1.5 Ah

a

U7 3.40 daudszneuvanveuuninesaiteslossu

(ﬁuwmw: Song, Lu, Ji, and Zhang, 2012)

3.7.2  #ANNISHIIUYBIUAMD ALty

v
a

Ufnsennelvifalniluiunweivliniiinainnisunsves Lit 9003l
nimdsnudngmandigeludatnlninindanudndaiinit uwinsunsvesansiuazsiatulan

1 <)

powloUszysiuvesarsiiunsianue (lesouuan lessuau wavdianasow) Sandunans
= a 1 ) a 0o a « 14 1 - a d’” Y A o
Wasanndaniastastiausaidudesiddnasaula n1swnsea Lit azindulansewiall

&y Al Ly ) d' 1 Ya & a' 1 1 Y a dl ) %
2995018 UBNMI BN laNE AU aUs B lBaNATEUIINIY Al lWANAsa1u1saud lulY
19 nann1svauveIkUnLmes atseulaoau (Tran, DaCosta, Mevawalla, Panchal, and

Fowler, 2020) meé’qgﬂﬁ 3.41
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)
e~ on Charge U e~ on Discharge
H H
© |o0o: | S
0 ==
Li* Intercalation ==
5 AL 5
gl |00 3
I U == | |:
5 H Li* on Charge e - é
— -
2 Li* on Discharge  <emo———>| 2
2 §
1 OO0 E 1
e ~=— Li" Intercalation Lir -
:o:o:o: =
0000 i
Li;,MO, Li,C

JUN 3.41 ¥aNNSYINLYRILUALMEIAIB YN leDRY

(ﬁmmw: Tran, DaCosta, Mevawalla, Panchal, and Fowler, 2020)

N3UN 3.41 Welimsdadsealnil (charge) ifununnesaiBeulooaunly
1w lereunnditeurzindousanainiassadalstivinludusunuLagngatnguiauauin
< a a s = a v a a ] ]
\JuansuszneuvesdiBeuuazasueu FeluvnzifriudiinaseuasinfieuantIuIngtiau
H11I93TN18UNALE dmTun15A1eUsERLNT (discharge) vesiunimaifileslonauas

[

Anuffsenlufiemeiinsediuiunissausyaliin ansauansuisernanilacai

UfAsensunintuluwunines:

MOZ(S) + L|C6(S) % L|MOZ(S) + 6C(S)

' £% Y
a a v

UAseMneundIvIn:

MO,(s) + Li+(aq) + e e T LiMO,(s)

LiCq(s) charge 6C(s) + Li+(aq) + e

——

3.7.3  Ussanvaauunneiaiseulosauy
wusnesyiinilgniedmingesngnaiailet a.A.1991 (Buchmann, 2017)

wazngluszazanduduaudenisvosnainaliiiugsduegnesimss lnealuasuumy
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' [
Y 6 ¥ o (9

Fandldvintauan dmtnavrinunanunsiiddundn mililissnuuameidbenlosouusas

Uszinmilaauandfunneneiu Jumnzausemsldnuiunndeiume daseazdensaludl

3.7.3.1 uunmadaSeulaveadeenlad (Lithium Cobalt Oxide: LiCoO2

or LCO)
Huuummedaiseslovoulssinililassaisdavindelavedfou
Taueasfoanled (LICoO2) uazinavdeunslid UnfuunmeiaBenlaueasoanled 1 wadas
Tusadulniuszann 3.7 laad dwsuuummeiusuaniudrasdeamdanulnihsunggs
Tuvagimaslindumzan nanfeannsadnglilduuudiiellviugunsalildndaa
Iylihgannldlif vinlinsldanunummesdSenlavoasioenledlusgludiuvesgunsalauin

nfideensiasios o waldeulauiu o wuderiuwuamesaeuraamn

3.7.3.2 unuatnasatd sunusnidaaanlaa (Lithium Manganese Oxide:
LiMn,O, or LMO)
& aa a al 9 < A a a
Dunuawnes asenlessulssiani lvlaseas1ativinfedifau

wusn1ilaaenlan (LiMn,O,) waztiauAownslng Fa9INN1533UAUUBIBIAUSENBUTINEINST9)

Y 1%
[

FruInveunmest lhAalasiaduuy 3 anddudiglunislvaveslossuliity i
ﬂ’a’luﬁ’m%’mﬂ’lﬂimwmL@@%ﬁ@ﬁﬁﬂﬁdﬁﬂlﬁﬂizLLﬁiWﬂ’]ﬁlﬂﬁ&jﬂ’]EmE)ﬂiﬂﬂgﬁu wazilA1nN1sNu
soruseuldinntu uwildsiiewaninfonisfiuuamedwniAundsnulwitlstosuazony
msldauiilalldonanniin annisdunusummesUstianiiled a.m 1981 Soilumudisa
Ay lunanIsLUAMETRUUTNSALET (fast charge) wazdnenszualniings (high dis-charge

e aa a a ¢ a vee
current) L4 'E]Q"i]']ﬂLL‘UG]L@@iﬁLﬁﬂllLLlNﬂ’]ua@@ﬂlsﬁﬂﬁr]llr]iflm "\]’]fJﬂigLLaVLV\lﬁ']bLﬂﬂﬂ

[
Y o

20 - 30 wounUs lagnunmesuszinnildnanihunlglussuuang g 1w insesiionisnisunng

Y

szuvdarddlusnueudlni salnih Wusu

3.7.3.3 uunaesalssuiifaunsnidalaveadeanlas (Lithium Nikel
Manganese Cobalt Oxide: Li(Ni,Mn,Co)O, or NMC)

nnsidda (Ni) Adadugnasuliiadimizaadtlulugiu
wAlnavathunLme3 likunmasussniifidndsnulihdumeg@unulualeg uagns
WNIIN DA LY TN SV UY DI URLA S TANULAD 85 TIUU NaTI L AR DLIAALUALADINI

anuadeslunsvihungsluvagiidanuausalunisitousenulningsda 4 1aad nns
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Ufulasudiunauszning dida wieniia uaglavead viliiAnvingosuaza aaudi
wanAnsiunazdsnndugnvisvealndnuaazsne Wy NMC111 (@aunauyindu) NMC4a2
NMC622 NM811 LHusfu Fslutlgtunummeiditosiidauusnialaveadoonledidaud
Fosnsvesgnanvnssueusudliiduogiann iesaniinuantilunissnendsnuluin

e atiesnnnisvinuiia wasnusegaumgilasuin

3.7.3.4 wunLAo3 815 eunaana (Lithium lon Phosphate: LiFePO, or
LFP)

Wunuswaiaissulessulssinnildlasasistiuinfslansdisew
Waalnm (LiFePO,) LavUr1auAaunsine feUunfuunines adouneainn 1 waaagln

f @ A

w59 UINANUSENN 3.2V 1NABINISIALUMADIIULSIAULNT A 12 Thad Avietwad

[ (%
K% =

LURMEIURBaUNIUY 4 waduwity JndumswanivihliuunnesUsznniignintulda

1 1 3 |3 1 o N A @ @ <3 3 1% aa o [ ¥
asmLwamsﬂquﬂimmmmaﬂ Wi sAndiene wivwan wauney ndesnava tJumu

srudsnstlUTdwnunuameasneMnsatuszuuloalwadvadlnauudnale

3.7.3.5 uuanes aSsuilidalaveadegiifeusanlas (Lithium Nikel
Cobalt Aluminum Oxide: Li(Ni,Co,Al)O, or NCA)
LUnReIUssAMESanauTRfindeadsty NMC Aaufulwlduinuas
Prglulauu uildoidefenuanuvasndediliresgunntn fesendeszuunsradaniny
Uaonfoognaoaand sthuldlugiusudlni 1ufsnouldd Tesla iivadnfoadih
dAa o a

wusmeIaSeuilfalaveanegiiiewseanlanunldiuerusunliii u Model 3 uag Model

S JULSN

3.7.3.6 wumiaa3 aL5 sulnnunsenlas (Lithium Titanate Oxide:
Li;TisO4, or LTO)

HuuunmeinasuueluaannsliddudBenlnmiun druualne
frfaduuuy LMO wag NMC wafelduumaadivssnsaisa orgnsldauuiu waeiannu
Uaensivgs uumaBeulmumgninanlflugueudlihaeluussmadiu wu sasudlyiin
Mitsubishi i-MiEV Honda Fit EV Tosa Electric Concept Bus Wuay uaﬂmﬂﬁygﬂmﬁu
\3osfoniansvms auulednead 50 BV aondunfeeusudlilin unasinglidises

a4 A A =2 ¢ a v
\wseslledeans sauluiivgunsainieeiniedneie
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Mndoyanunine’diioulessuudarUszianinsdu wuluunneIusaz
Ussaviigauantfiiu dosin wargunuumsiluldnuiiunndsiuegtestaau elud
ANUTEILUUNS U Anmaansalunsanemasinin audasede e1gnsldau
wazdunu faiy deasudeyadumevosummeififoulessuusiazuszinn (Kang, 2020)

= a a v o A
ﬁ']ll']ifll,l,ﬁﬂ\ﬁ']EJaSL@EJﬂL‘UiﬁJ‘UW]EJ‘U"L@I PNMTIIN 3.7

a 1% ° da a !
A919N 3.7 SU@%a"U']LW']WU@QLLUWLW'QiaLﬁﬂﬂl@@@uuma%ﬂiglﬂw

Lithium battery technology
No. Parameter
LCO LMO NMC LFP NCA LTO
1 | Nominal cell 3.6 3.7-3.8 3.6-3.7 32-33 3.6 2.4
voltage (V)
2 | Full charge (V) 4.2 4.2 4.2+ 3.65 4.2 2.85
3 | Full discharge (V) 3.0 3.0 3.0 2.5 3.0 1.8
4 | Specific Energy 150-200 | 100-150 | 150-220 | 90-120 | 200-260 70-80
(Wh/kg)
6 | Charge current 0.7-1 0.7-1 0.7-1 1 0.7 1
rate (C)
7 | Discharge 1 1 1.2 1 1 10
current rate (C)
8 | Cycle Life (Cycle) | 500- 300-700 1000- 1000- 500 3000-
1000 2000 2000 7000
9 | Thermal 150 250 210 270 150 One of
runaway (°C) (higher | (higher | (higher | (safeat | (higher safest
when when when full when Li-ion
empty) | empty) | empty) | charge) | empty) | batteries
10 | Efficiency (%) 90 90 85 95 - 95
11 | Maintenance Keep cool; store partially charged; prevent full charge cycles,
use moderate charge, and discharge currents
12 | Security Bad Middle Middle Good Bad Good
13 | Prices Low Low Low Low Middle High
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M19197 3.7 doyadnizvesunnaianilossunsazUsenn (se)

Lithium battery technology
No. Parameter
LCO LMO NMC LFP NCA LTO
14 Apptications Mobile Power E-bikes, Stationary Medical, UPS, EV,
phones, tools, medical with high industrial, solar
tablets, medical devices, currents EV (Tesla) street
laptops, devices, EVs, and lighting,
cameras railway industrial | enduranc railway
e
15 | Comments High High High Flat Highest Long life,
energy, power, capacity discharge capacity fast
limited less and high voltage, with charge,
power. capacity; power. high moderate wide
Market safer than Market power power. temperat
share has Li-cobalt; share is low Like ure range
stabilized mixed increasing | capacity, Li-cobalt and safe.
with NMC | Also NCM, | very safe; Low
to CMN, elevated capacity,
improve MNC, self- expensive
perform MCN discharge

3.7.4  msinszidayauunnaiviindisualoaau
WALUlaEYR UMM DS NRANTUNFDNLT LUIUITBANGITNUST AD WURLADS

a a a a = <) adda a
W@UQNUi%LﬂW@LﬁSNI@@@U ‘UQLUULLU@LG]EJTV]ll‘lﬁa']ﬂ'ﬂﬁqﬂsl]UWLL@SVT@’WW@’]UE‘ULLUU 13

9

¥ 13

fsandenidiwaduunmesimneanidianuddy Wolinisdendiuaduunneidmdu
YAUUAADS 1 nTennua AT oenuuuliuasAuelunsamu Msfiarsuidonivad
wunmeiaisuulooouitogluieimaindmiviansieenuuuuazilunaasulunuudiass
moluundaly

3 =

3.7.4.1 AaNNISLABNYARRUALMDIALo 8N lDaaY
& Aa o % Y] v
WwaaLUMLADS AL U laRauaINNTaaS 1 9Na I UMl leaNnAS
a Q.Il a v W a a ) Ly a [ '3 d! I
PONTATUKATNITIANTUVDIATBY (HINNUNINITFIUHEAS I gRaInnTTL, 2558) Falu
\waaNausaA1eUseq (Discharge) wag Useandanu (Charge) lanateass Ansaudmnig 9

d‘ a s d' ' !
Aglunsiasuwadiuames taun
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1) wssdulnlnsezy (Nominal voltage) nunadia A1AMNG19ANG

59111997 Tndhede 1ad (V)

2) WAUT WY (Specific energy) MUY AMNAIUsBNTIAUNY

Umin fuhy Ae Tedtluy/Alansy (Wh/kg)

3) A linffIvue (Capacity) nunefisnduaunsalun1sang

Asealiiln Na1udluanilaliniig Ao wauwUs-Talud (Ah)

4) nszualiihuseauaznszualiihaieUsey Undirnssualniing
aosazuanduduruvivesaiauglnii (Crate) islugu C wisdaduay wu 0.2C
= [ £ d' = v v -
w30 (/5 C vudu (Munnsgiu wen. ssuandtugduuu C, tnefl n nunefis duan) faaud
WeegnuiefsdiuiudduddunisusznazaeUseyiinsvualniiaed Weauinueg

nszualiasiiviiudnsdusgninmuinanuglniuasfiay dne Ao wauwds (A)

5) prmaanududnding niesengnisldnu Jwanududuiuseu
Y991 In3N1sUsruazmeUsEINwadiUaeTausanmuey dneuniaug gy

Jranad widaUszana 70-80 Wesdurvasnnuglniniiniviue e Ae sou (cycle)

uenant JUnsswenraduuanedafeulosoududnuilstadeid
naseAMANTANTYNUTBUMADS Fedzanansautseenld 2 5UNTY AuaRsgILLeN.
2218-2548 (11NNUNNIFIUNAAT U RAAIMNTIN, 2558; Mun and Won, 2021) leun
N39nsgUan (Cylindrical cell) LaTVSLNAN (W wadwuunaesdmdsuiiugi (Prismatic

cell) wagiwaauuugen1ui (Pouch-bag cell) LLamé’agUﬁ 3.42

Metal case

Anode

Separator Anode foil

Separator
Cathode foil

Cell casing

Cathode

(n) MUY (1) H59NAN (M) FouNU

JUN 3.42 sUnsaveeaduunnesasedlessy

(@wram: Mun and Won, 2021)



90

31NN1581599 UM 099a 1AL T DI Y NUINEINTULLARUUAKBT U
& I3 13 = @ I3
nssnsvuonas luwaiuseinn LCO NMC uag LFP waduunwmesuuunseganiunazduead
Uszian LFP uag LTO wazuumneswuuvsinaesdmasudnaziluaduszian LMO LFP
waz LTO lngunfiwaduunnesdibeulonouudasjunsadivelauiouiasdonasunne1eiu
LAELYRAEUUAADT LUUNTINTEUDNLALLYAE WUMMBI LUUNADIF nA sudzilAnan i
A ! [ (3 a = vV 3 =
nenmidgsan1sUseneulTuwialunged BauwidnuusraueadbunnaIkuugINILIaY
il dauaiuisalunisldiuidmsunisusznouuiafifnitgad juwuud u welyad
o Fo & v o« o o = < 2 v =
wuanesuiuulTndudeligunsaldmivdauarusenauwadagluuiiacme Fedainy
98N IUN1T0RNKUULAZUTENBUNINNTNTAARUALN DT TULUUBU dIMTULATLUALADI WUY
nassd@masuazdanududeulunisusenauniinAoudieios ag1elsinuuiakUmAeIIIN

a

AL UALADIUUUNADIFNAEUTINTUIAGHUNLADTUUUGIN N A2A 3T TEUUAIUAN QYT

U

a o v ! & a 2 a .
NYULTDUNINULNALUALABDT INALFAALUALANDT LLUUNIINTzUDn (iGet Solar Cell, n.d.;

A123systems, n.d.; Samsung SDI., n.d.)

3.7.4.2 Anwrdeyavesuunneiaiseulesauluiiowain

ndoyalunisned 3.7 Tiviuiwaduunnesaifenlossuiign
Pudanfsltauasaussuusaliinvudaniasuasdl 2 ada wwn LCO way LTO lngwaniy

2819849 LTO Nlenanaiduditdanndndmsuldaussuusaluilivudsnasunazssuusal

¥ '
IS )

i ] s ‘:4' =1 v Y] a Y a
IWLUN Lu@ﬁﬁ]’m'ﬂ’]L‘UaaLL‘U@L@@iﬂigLﬂmu&lﬂ?’]@ﬂfﬂfﬂL@u@']u@nrlmﬂa@@ﬂﬂwaﬂ (lﬂJWWIWLLMLﬂW

kY

N1INTEWNNVTBTOUIA) 918NISIEMUEIILIL (@111585895UlALINNTT 15,000-25,000 58U

¥

N13597153-AUsE9) vnulalugegumnginndng (-30°C 8 +55°0) Ineliseadissuuaiuny

Y

I a

paumafifidudeu uagdsnsInsun$a-aoUseq (C-rate) figannwefiozanansasundsay
lhdounduannisusnlfestsdivssaninm wenatnimesiunisyiiat mngiussuy
solwihaudsanardludesiifimmen-sendvesuausolwihiidluudazand wanamanil
fdwteduasulviinindenld LTO fineulandvisdnuussanBnm anutaands uaziuyu
naene1gnsiinuliegsasiidmiussuusaliihvudenasy (Meishner, Unlibayir, and

Sauer, 2022; Fedele, lannuzzi, Tricoli, and Del Pizzo, 2021)

WeRansaunludenisldanuvesssuusalwivudawnasy agwuinnig

a v aal y) 1 o w 19 ' S a o o 1 a a
donlduunmeinanusasukazdtemasinihlaadugisaiduianudAnsdeusydnsam
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98955 UULAETIN DNITIANUANNITAIUNISNUABDTBUNITITIIUINUIUNINTITI8aRAIUD LU

1 o o

mMsasuLunmeInazanaseAthssinuluszezenn wifin LTO aglmnuvuiuiundany
mnuumeeidiseslessuunswin uidesriasainaninldlivssfundndmiussuused
Tauddyiunnuvasass amnudedeld uavaundenldnuvessyuuinnnia feu
iWousziiudanuannsadendvdveanalulad LTO Tutlaqdu 3slsvinnsdrsadeya
VDUBARUUALADS LTO 1nU3emudnduth 3 Juiiisminsuasdomhuldnuaiddussuy
salnirvudeIavy (GS Yuasa Corporation, 2014; Microvast Holdings, Inc., 2025; Toshiba

Corporation, n.d.) fan1319melUll

a v ° dAa a sl v B
MA1919N 3.8 GEJ@%@"\]'TLW’]SGU@QLLUG]L@?JiaLﬁﬁJﬂJVLVWHLUG]@QﬂVLSU'@EJWQGYN ﬂiumawa’m

wuALAas Bvie-ju
4 Y . GS Yuasa Microvast Toshiba
i Uayaduwiy
LIM30H LpTO 34Ah SCiB™
23Ah
1| 3Unss N3Naes | 3wl | nsndes
Amasy Awde
2 | ussuluihssy 3.6 2.3 23
(Nominal voltage: V)
3 | prwgluihiidvua 30 34 23
(Rated capacity: Ah)
4 | UM (ﬂ’?N*EJTJ*E:jQ) 170x47x133 | 173x45x140 | 116x22x107
(Dimensions: mm)
5 | whwiin 2000 1000 506
(Weight: ¢)
6 | AMURUIMUUN NS 91U LT 101.63 75 229
(Volumetric energy density: Wh/L)
7 | wasnulnihdnng 54 100 106
(Weight energy density: Wh/kg)
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M1319% 3.8 JayadnizvenuameIaedlnmiunsenlyngviedis 1 luriesnaia (de)

q
=

WUALADS Bvia-Ju

g Y . GS Yuasa Microvast Toshiba
N VYNNI
LIM30H LpTO 34Ah SCiB™
23Ah
8 | 97A" ~ 180-220 ~150-180 ~ 100-130
(Prices: USD) USD/cell USD/cell USD/cell
9 | msthlulgeauasy JR East Metro China, | Mireo Plus B,
ACCUM Metro | Tram China Shinkansen
N700S,
TWILIGHT
EXPRESS
MIZUKAZE,

Tokyo Metro

a a I3 aa a = v
MN19719N 3.9 ﬂqﬁﬂigLﬂJULsﬁaaLL'UG]L@@ﬁaLﬁf‘JNbLVWHLUW@@ﬂlsﬁﬁfﬂﬁ@m’]ﬂ ‘]FLUV]ENG]a'W]

¢ a ¢ =
NAUNNITUTSLUULYAARUNLADS

q
=

WUALADS Bva-Ju

i P GS Yuasa Microvast Toshiba
1Ua9nU
LIM30H LpTO 34Ah SCiB™ 23Ah
1| Anusnusuniangsaulai + ++ F+ 4
wagnassulnignng
2 ﬂi%LLﬁlWﬁ’]ﬁﬂUﬁzﬁ;LLazmﬁJ ++ + + 4+ + 4+
Uiz9g9en
3 ﬂizLLaIWﬁﬂmaﬂismwu%’wmz +++ +++ ++
4 | euaauduindns +++ + + + 4+
6 | 91a ++ + 4+ + 4+
7 | emnudelunisinde ++ PR ¥+

VUG +++ YUNEDS LN ++ vaneds wold  + vaneds Lid
- 9
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A

nNsAnwIdeya LTO N muedenidyduazinisiiluldam
Befuszuvsalilihvudanavulutiondu wuiuuameiusagiuiitiauslunised 3.8 uas
3.9 faudududondlituanuisuguasianssousfungautunsldndlulsadud Toe
GS Yuasa LIM30H fqaisulusnuengmsléauienuunagsesiunseualiinaieyssquuy
Frvagldge Sumngdwivssvusaliihoudenaruiifnisdsanidlneansia osesdy

wdsulniraunduannisiwsnldegsliusednsaings el Microvast LpTO 34Ah §

arumvutundsoliiidaivdngauazsessunssualiihaieUszags Saenumangan

v o
o w k4 -~ a a (4 1

dmivsruvsaliihvudanavunazssuusalisnaufiidedidnduiiuiinsdnn dau
Toshiba SCIB™ 23Ah usfgilanuglvliiuagnszualwiihaeUszgdtvaediniuunnedsn
2 Juilvde wiflgaiausuasdasnisuazianamuiniundanugsgn Savanzdmiu
szuvsaliiihvudanavuidiunnaasndegadufive wu dmsuszuusaliihvudeanavy

Tummmaiammﬂmmm Iﬂﬁlﬁi‘ULLa')LL‘UWLG}E} vﬂﬂ?llilill ANULALIZFULANAIIAUATY

)
AnwaznsidaruvssszuusalnivudsnasuLaazUseny nelunuiseinednusile
NANTUABNLTADLUANLABS Toshiba SCIB™ 23Ah @1%SUT1809IN1SVIN9IUYBY ESTS fae
waraiuAnal TR analaflaumugarenisviauvesssuusalnivudaagula

wasdeldiuseudu 9 veunmeitved FinanedazBenluuni 4 wazniANIn N

a

3.7.5  LwUUINasImUamasviaasaulanau

[ a

WALLLAE WURLIBSTALTE1 NS URAITUILUUTIad ESTS Tuauideinednus

AU UUTIADILUAABDIUID19DY LNBUSZTUNNTYINIUYRITEUUTUAIUNISIANITNE Y
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a = [y a

I uagnaiiindudvaUnsaldniiundsuluguunineivindSouloosu laevialy
o = ! Y @ A o Y
WUUTNaRILUAMeI AzanusanUteentallu 3 wuu A (1) wuuiiaesiia feanaunisinin
IS o a s o = J
Al (2) LuUTReINANNIITNNAEAMERS kae (3) huudaeeasini Feanuuudnaes

o

MeaukuunuIwuudaeinaunsiiiieiiavdanuuiug1fiaanign wikanunieni
JULDULALIAT I UNITHAUINUINTULIAIY AITUBLUUINEDITIUNUIEEINTUINU NHDINS

A a A ~ ' A a & v a
AMUTBINTIGINT BUTIRNIZNTH 1Y N1seanuuUkUnneI vialryl 1Wudu Tuvueh

o d' 3 =1 ) v v [ 1 @ Ly a )
LUUTIARILUUT 2 wag 3 dussliaududoutoundn sgnelsAnuludaguiinisin
Lmumammmumamﬂwuimaamawamimaaqumﬂﬁmmt,% SuUALAeS (Empirical

model) Wiaaudsuazuduglun1531a0aNan1 sV aIueLUAN 8389ty vlRuuusasd
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Aana1IgNUNIEINUNENGANTIUVRMUALADT IUTEAUMIN 9 88191119319 LUUT1ARailds
A1I0AINTUIINNTHAUNATUIUTENINUUUTIRRRINANN TN NANAMaRTIATUUUTIADY

29951 Tneldgunsallnia wu dadumu Afiudsey wiasaneussiulni Wudu 91n

[

gudeyavedlusunsudrasadniagiundssnauiuiliduademans vliluuiassuia

<9 Y

£
a o

Janududautisstazldnantunsemuinivsyad wannddausawn lunisimesuse

sUuvvrenRsliheuazdiaunsansndevaniuzvesiuUslan Uy el

1 Fetfuuuusiaesgunuuiifeiomianldlunszuiumsfnsssuusolnihoudenatunas
szuueueudlilin MsesnuuUsTUUANIAUNS 91U WEeszUUTAnTNdanuTesLURLADS
(Battery Management System: BMS) sﬁaa"wﬁ’mﬂizmwﬁwaaquaj’waaaﬁa%’ﬁﬁumﬂﬂejm
Toyad ldannnismeasudenasiassaziniiunainind susenluniuaniugyiieud

Wasuulasluvesssuu wazazliausaunluldviiuenginssuvesiuaneivind ule

ANUULYDUUIIRDILUALNDTYTARNS 9 NTNUgIMeg UL wanadegun 3.43 1ay

<9 Y

LUUTIRDLUALADIBE 191887195 199 NkMasI e L oaunsudumuimuun e lunilad
WY Ka7kea1NN1591889971998AAITUARNALAT DUAINTUIIUNABINITAUTIEINTIG el

DUNLINDFINSUIUUIIUTELNN ag1elsAnulanerialUidIA LN 890590 UUIIAD95TN

WANUINILANUT UL DUVBILUUTIADINA B9 19U Feau1saua@ualS8uLigunIsingny

YDILUUTNADIFASLUUAMFUANINGANTIUNEIAY VDI UALADT LARIAINITINN 3.10 Lay

£ L3

U7l 3.44 - 3.46 (Okedu, 2022; Lnwal aigluin uwazaniun Aulssusnyg, 2559)

Y o

A151991 3.10 MSLUSEUN—UAISTNN UV DL UUTIGDILAAZUUY

A0V RUUIABIVDIHUALANDS A59191U
1 LUUI889981998 A11150 AN U LA LUALM DTN
1 dl
AP
2 NI RELEGHE LR eI AN1150ANUIAD UL NIV

(State of charge: SOC)

3 WUUIaeENYaINULUUUTUUSE | @13n50AUMu)LagAIAINNRUes

LURLADS LA

4 WUUTNABINULIAN AN50AINNATNINIVOILUAWBI LA
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Rim Rin.' Rserim‘
NNTMN—T—
: : : YT
§ VL § Cu-amiem Ve
Ny fL B = IL B
— —
0
JUT 3.43 wuudnaedegnedng JUT 3.44 wuudnaedauyanitu
R int R series,S R series,
e 11 11 +
g i 1
g C transient,§ Cn'rumeur,l VL
N

1
—_

o |

JUT 3.45 wuviassauyanIitduwuuuiuuss

V. Ril}l R.\'w'i#.m.i‘ R series, ]
soc
° MY l A I MWV | °
& - | 11 +
£+ 3 I I
‘:E‘ :'::- —_ ~ § Clrzms-im.',.‘)‘ Clrmrs-r'mr.’,! VL
¥ (Sl N
= I —
0 ]

JUN 3.46 UuuTaeINNLLIM

NI UsEasAnanveIn1331aas ESTS A N1sAnydnwien1sa1enay
nihwesssuuiifimnuaenndestunmaindeuiivessuiusolwilluumsAnmgg nduduiy
szuvsaliihoudanasusiidy eglildadunisimssidmananslnieg sz don
YDIUAADS LU HansEnudugamgdl e Tndnsvesunned sy Kadu WoRiarsun
sULuULUUSaesivsnzanfanglusuil 3.3 - 3.46 ud wuin wuudiaesiidenltludil
szfuuuuaesegieveuunneiaitedlesou Faluvaseusadiulniinnegsida (Open-
circuit voltage: Vocsog) fieaunsuiuaua uniunegly (internal resistance: Rix) wawil
nszualnirluaniulunan (Load voltage: 1) nelurasguiduesdusenaundn anng
useulnifiveanesaenil (Kirchhoff's Voltage Law :KVL) azviildmsnusussfuludiiig

wustno3sn1elalvan (Terminal under load voltage: 72) TnafiAnisnisivavesnseualuii
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sgiuunanuzn1sviulu 2 nad laun wunme3azareuszqdienssualiilualuiie

M9UIN (I>0) waziunmesgsnUszdonszualniilvaluiieniau (1.<0) wansnsaunis

7 3.19

Ve =Voc =1, Ry (3.19)

a a [

lnglunfidnlavinnisudadwuudnassegairenaunigninliegluguvednsas
auyanifdu (Thevenin Equivalent Circuit) Wi ua93sauyauas iy (Norton Equivalent
Circuit) Weliaonmdasiunisaruiunisinanidsiiiidieisn1sd@nnssuanazgldlunis

Wesisruusalihvuduanaty Juliedngulndaslduuudnass uanadaguit 3.47

I,
e

O

+
o
S
g R; Vi

g
O

JUN 3.47 LUUTABI0E19IBUUUIDTANYAUD AU

mﬂimaa%’ﬂwmLLUU?&’?aaﬂugﬂsuaaawaam&aua%ﬁuﬁﬂizﬂauG’hsLma'qa]'w
nsgualni 199350 A (Short-circuit current: Iseisoo) A DVUIUAUAIINA 1UN1UA18TY
(internal resistance: Ry) 1 891500 MUUT1a099 A nsLalii1v0ia0T vo il
(Kirchhoff’s Current Law :KCL) $aufupnuduiusaasaimaluiiising q wu usssulniag
Truvsimed neldlnan nszualuiirlnanulvan 1udu aunsaasuaruduiusves

WD 9 MElULUUTIADILEINTILEAIAIEUNITN 3.20

IL :Isc(soc) _]:_IL (320)
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gaRAMusNugAgIiukunmeIfisuulossuaziuuInaetegsielugy
2esauyanuuuesiu WunguadiAgdenisinwinginssuves ESTS Tussuusalnirvuds

17894 TngnnzlunisIes129insnaveeandlndnseisn1sannsewa

3.8 nswusdunasaulwinluszuusalwilivudauiasu
nsuUstundsaulnidn (Energy sharing) Tussuusaluivudsnavudumalulad
dfayiveifinuszans amnisldng sl Tnonsimdaeulaliihifnad ussninenns
yhouwesszuuIeAunduglaseieszuuaelimdnvidedniiulilussuuinfundsem e
Aanlguszlosiludiung 9 wumsiundsnulwihanlasaieszuuangliwean (Kou, Fan,
and Song, 2020) Msuvsiundsaulnihiiazannsoannisldndanulaihainszuusgln
nanlanin 15-40% (Meishner and Sauer, 2019) uaﬂmﬂﬁé’ﬂ:ﬁdausﬁ'saiuﬂwsﬁmaﬂqmﬂ%’
NugUnsaliusnuaznisannisiassingisounszandnaie Janalainnisuusdundanu
I doruinddygnisenseduszuusaliiivudanasuiid @ulazduaioglausiads
dmsunisuusdunasaulndrlussvusalui1aud wnasuaiuisauianiuaneguznig

ATUNITE 3 WU PaseazDensalul

3.8.1  mswustundsanulniiszninesalWiAusuuANAUNE 9 IULUURARY
} 24
P19N19
gULLUUmsuﬁaﬁuwa"’wmlvxlﬁﬁwdmﬁﬂlﬁ/\l‘ﬂwﬁ’mzwﬁ’mﬁuwé’amulﬂu

a ‘ﬂl 75 U 1 v o 1
wwIAnnlasunsiauieg1andeuslulaguu Tnsanizlussvusalwivudanaguwuy
nszwansananisuimasuliihdaundunlaainnisiusnuesuuiusaliirundnulluszuy
[ @ [ a g.JI v ] 4 al 6 Aa [ 4 P
ANLAUNGIULUUAAFNI NN LU YUldospU19Lmnes wusknesIaseulaoau LU Lo
anAglitusaliihauiugu q lussuuieglutiussineenananiidlagas Feunsnan
nszvedlAsnesruuIglnnandesarenasnulniiniuainndesnis (peak demand)

U = U v v
wazdaaanisgadendsnuliiilugduuuresanuioulussuy wenandsvloviluaiunis
Usgndandaulniuds msldssuudnfundsanudanidgisuivusinunineeanis
I8lnlnen1sSnwIAadgsUeIws I U AN TUSEUU WAz uAINEINNSaIUNNSTBISU
Sunurviusalnileglidndudewesrunvedassadiaiugiueg 9 dulwihineides

AN uaAnaeagUn 3.48
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/"/ Train to Way side ESS energy . N
sharing

CL L=

Reversible Substation S

—

side

Third rail
ESS

Running rail = GND
d‘ I v} 1 'y} [ @ [ a gj %
gﬂ‘m 32.48 Nsuusundsnulninsernesa i UsEUUANAUNS UL UUR AR U194

3.8.2  asudsdunasnulniiszudnesaludadulasetiteszuuanel
nsuUstundsaulniissuninesalwiidulassnessuuaneliundnidu
ldl U va al a . . . . d‘ o d’:’
LuIneAuauaudRvesanllninaasiicinig (bidirectional substations) ANMUIYULN
Tnganiglunisidmdsulni9iineinnisnszuiunisdis  navAugdlassngssuy
wlnnannus @i eavdaniens et luldauludiudu q Aluweddussuy
salnihvudsnaruyinty deilrinisussudanasnulninludiudu o vazivurusali

Luildignl¥au (Khodaparastan, Dutta, Saleh, and Mohamed; 2019) LLaméﬁgﬂﬁ 3.49

Train to Grid

Reversible Substation
/ energy sharing

=2

Way
side

ESS

Third rail

Running rail -_L- GND

JUN 3.49 mswusdundanulnihseninssaliihiulasangseuuangla

3.83  nisudsdunasnulnihsendnesaluirnusalaia
nswvstundsnulnirlusduuuilasiinsdaiondanuluinsenitaauiu
salilagnse Ingludesiiunszuiunisdaiunsedesdainauludsaaniseluifey

szozlna n1swustundsnulnidndarursaiatulawlofdnsvnauasnAaoIn UTERININIS
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WwInkazn1sissresvuIusalniafg q Tuszuu niedledaviusalviiiviminndsuassu

wasulilugisaanfiediu wansdaguin 3.50 egslsfinnu lunsdiinisiauresuuiu

Y

soliliaenndeatunioliasds ssuudaaunsaysainisnsyiaudidussuudniu

(%
a LY 4 %

NI ULVURAFIUUIVIUTONT 0RAF 199179 LitedaAundsulnirdruidBldnends 39
g uaudang uiazlsednsarnlunisdnassndsulndiassuulaag svu

(Sumpavakup, Suwannakijborihan, Ratniyomchai, and Kulworawanichpong, 2018)

.

Reversible Substation Y. “" Train to Train energy sharing

| s

Running rail = GND

U7 3.50 muvadumdssnludihseminssalslihiusalyii

st undanulnddumaluladndrenansuliinaiudadulunis

v o w

u3nsszuusatnihaudanaty msuuiundinuliiusaggduvuieziidefuasdednin
wansafueenty lnsamzegrsBimsuusdundsaulniiszninsalwihdusalwihadeddu
sUnuuililsednianasan win1sviteueagnininnlelasiasisvesssuulniuay

anwarn1sinuvessuusa i lusagidy anudiiavesnsimaluladiluldnuiuer

v o w

Aulladedrdymanadsznis laun auaunsalunisneuauenesszuuinAunganu Ay
usiug1veasrUunTIITuLATAIUANNS AT AN Lara L ToTielduesgUnsalneld
anmensldan uenaind mseenuvusrvusududesdeianasguamuvasndonay
aaiduldfulassadefiugiui fodifn dagouldfouidesuuanniissyiinis

walulag nswuatunasnulnidunlglusevvastrannisionasanulninlane 15-40% wil

v Y @ @ o

nsasulugsudulzguarssuumuaNiaudutaunnIL uin1siaua1sAsiniga

]

a

Tl malulagszuudniungsnu ndsnumyuley waglasstieszuuliindansesnd

Usz@nSnmB st zsmsenszauanuduaitazUszdniamaumaluladinanailuiala
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wasnulniseninesalwihdusaldimsensuusdundsnulniiseuinssaluihiussuuin
Aundsuuuufindsuuruiuse fudasguuuuasidofivasdodinlunisuusdiundaay

T Tiumnsinefu (Radu, Lewandowski, and Szelag, 2020) WEAITINNS19T 3.11

AN5199 3.11 MsSeuisutenwardadnauadnisuatundssnuldi

nsudstundsaulniisznitssaliiadussuuiniu
anu | UssihuSeuliieu WA
WUURAAIULYUILSA WUURARITIIN1G
1 | unumlunmzgnidy |1 uwnaeandaiuanidy [ Juunaandsaiugnidu
drudawazarunsawustdy | nan
Wasulninle
2 | ewgndanuliih | Sifaeanuiauazdwidnd | Jsuanldaiuainudeanis
yuausaluirsulm w&enlifhestessuy
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8 | NMIYNNUUTIAMIN | IAnugangugs fves1inluiAuszoyi
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9 | madlwiagdelu | maslidiagideena | ssgnisuuadundsanuy
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A suUstundsnuliiives ESTS Auauedyairufenuannsnlunig
wiadundsnulniseninesaluihdusalnivsensuisdundanulniissninesaluidu
sruufnifundanuuuuindsuueuiusn @mauﬁ'ﬁﬁjﬁwms‘fwiﬂ%ﬁﬁiaizumal%lﬂwua’q
wavulunasfid nslemnzmsifinanudangulunisiausailoiamadndomislain g
Pagifinlonalivuiusoliiansordeuiludsiumisivasndouazsosfunsuinsdn

AsNAINUINAIUUNTZBFNTEDETAINUINTU

3.9  wansznuusaulwiianuazmaslwigaydelulasstiessuuanglv

Jaynrussaulnlann (Voltage drop: Vi) hagn1sgatd onia aludin

v
a a =

(Power 0SS : Ps) UL 0931910AUAE UM UV8IT 1951 aE 5193 TR N TUA NS T 8ENg
foidulssiiuinmeiidwmanolaiosnnuaz sz ans andmsunwiAnnsuUstlundsey
i lulassessuusolniauduanasulaenss Insanzod19dailovuiusaluilnadoud
WapenNLUaII1 8l NYS asTUUANLAUNS Y LLﬁﬂQﬁQEU‘ﬁ 3.51 usadulnihandiAnTy o

(% =)

yurusnazdssaliuseiuluindadnifidaveswnasoln vuzifeatu nsgade
AdalwilugUvesanudeufiutiadod dyfidmanssnulnensaroaussauzuazanveu
Uszansamnislindenuvesszuulagsiu dawaliidinungnissendandwuvesuiulfn
nswvstundsnuliaunsavssanaldegisiudnanin dmsussuusalniivudanasy
Taely aziimsanelwriusnadng 1 519 uasAulinduanidanelnkiiusisds 2 sasionils
YUY uangUT 3.25 mnudumnuessdtihuazlsasnsaduanlianaunsi

3.21-3.22 »Ua19U (Mongkoldee, Leeton, and Kulworawanichpong, 2016)

Power supply
ESS
%EI— Voltage drop and Power loss
V(l?np :Inam x Rzm
Ea:s = Isem x R]im
d
Third rail Reonaron
Running rail = GND R it

JUT 3.51 ANUAUNILYRITIAITLAE TN UALTEEEN S
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Rcond zdecmd/km (321)

R, = %(d X R ion ) (3.22)

19 Reonaion A8 AIUBIUNIUADAMLE1I519691 911428 TR oRTAWAS Rrapin 71D
ANUFIUNIUREANENI5193 e TeviudeRlawns way d e srezviasswinauwrassnglv
fuauausolilii e Alawns FiugaENIafUINANANLE LIS INAADALEUNTINNT
delwananiisnelnludssaluliln (Overall line resistance: Rin) F3@un1sfi 3.23 uanani
anansaAumwssiuliinnuarnsgade i lninnnuuvein AU URABAEUN 1

msrelannaaniidnelnludasaluin deaunish 3.24-3.26

R, =d (Rmd/km +R%) (3.23)
Virop = Lain % R (3.24)
Viain =Veur =V (3.25)
P =1 xR (3.26)

loss train line

ANAURLS Tyain @D N5EHA NN 1VDIVUIUTAINN Viwin D 4599 UNH WD 99UIUY

salniln wag Vs s wsasuluiliveaunasaelinsassuudnAund sy Feainisidwes

[
|

wialazdesinnuaenadsstunaansflaannisinssinatanisadeuiilussuusalndi
yudanavutarmsUssfiumsinavestndalniirlussuudieisnisannseua uenand nns
wUstundenulniegrdldmunzannsonisidsalndvatevuiudenseualadindousuain
uwnassrelil orevilRussdulwilusisninasinas g lugnsfivuausalaill
ansanemddliiid s menenistuind euld FedwaliiAnnisanoudussousnie

nyaveinvesvuInsabiimaiulaluiga nsvihenudilalsingnisalinaniannyuues

'
LY 1 a 1 a

293015000 UNS 19U WA ANNE 1A 9819890 DN TO N LU ULAL I UNITAAAITEUY
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solwihvudanary suuduiedouslesnnidu uwunmeiaifeslessu nsuustlundany
I luszuusalvihoudsnasy warnansenuusaduliinnuazidelnigedelu
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4.1 unmi
msanszuusoliihsudunarudniufesorfonseenuuuiifanuuagnisaaey
aussouvedanden elvidiulaldinssuuiaundudnshousenadesfuinguszadi
Amuald IngdagiuniseenwuulagnaaeuanssausYoseuulnaLiun1siIuAITa31e
wuiaeuazvndeUmenefames esandnenwlunisussananaiiagaazanuaunsn
yesrevdLATILlinsTassamsaduiunisliosnasingy wiud uazliuseansam
wenanilfsdinmsatvayuangiuteyaseuladisuiudenisduiunisdndis Jsiaean
funu e AEsRINNIAFRUAAAYY LaziiuauBavelunisiesginansenud
o1ufind uld Tuundiiaueduneuniswauuuusians ESTS dwfuszuusalufihvuds
wavu Inednnsnanfvazideadoyadimzvesszuusaliliivudenavuilidonldidu

NSAANET LAZTUABUAITWAILILUUINGDY AADAIUTUADUNITNAGDULAYAITUTELTUAINY

gnApsweILUUIIARdlngazBen AIsIEadunATaznatselUll

4.2 wuvInaasszuusalnivudsulasu

J

wUUIIAaeeszUUsalni1vud sulavud orduialandnueanisdneilusui 3

s

gnlinusil FedetofennsesnuuukazasIuuaedlagdrAlalnisvininuvesruIy
sabiihuagseuvdwdy q Alianugenedesiunannsmmgufuazdeyaluneia oy

N399I NN 1sVade LI sUsTundsnulninves ESTS

4.2.1  NISNAILILUUIIAD9TZUUSA INTNvudIuIasu
ANSWAIUILUUTIADIUTLNBUN18DIAUTENDUNEN 2 d@2U LAKA @IUNIT
A ~ | ' \ A v ° ~ a ~
WABUNVRIvUIUSINAN wazdrulasavrgszuuanelil Lalikuudtassdinnuauasakazil

ANULUEgEn lneseaziBenvasidazdulanslinwalull
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4.2.1.1 drumsinfeuiivasvuiusalui

PnudnwaTansedeuivesssuusaliinudunaruaunsa R
d1un15.ad oufivesvuiusaliliin il efwimgAnssunisyauvessuiusalninvnse
wasuiinudulasesnanuga (speed profile) filoonwuuly laginsmIuAdsdndu
(proportional control) ¥ldUS USRI NAIAAIALAG BUTEWI19AINLLE 2954 (actual
speed profile) uagA115281984 (design speed profile) Gﬁqqﬂﬁmumﬁasm%’maulul,wias
Pumaiusnszitanilagans wansdssui 4.1 msaauvudassludunisindeuiives
guasaliilunudseiverinusiliudansihauesndu 3 nun towd Tnuads (running

mode) nuatusn (braking mode) uagluuavnenianiil (station stop mode) Fallsuaviden

AsvinuRasa Ul

speed

distance

U7 4.1 dnwazdulasssnanuiiivessuiusolniiiinouamdednaau

1) True39 ivTiA InuasmuANAIINSIRaeAN1TAABUTIV0Y
salih Tnanismvauanudlulnuaiiazuiinisvihavesndu 2 Reuly loun Wiesalin

d' gy & a o ! & ¥ a ayyw Y a v v
Lﬂa@u‘ﬂﬂ'ﬂﬂﬂ'ﬂqﬂiLij‘ﬂiﬂ@]’]ﬂ’mﬁ'l']lllﬁ'ﬂ@']\‘i@ﬂml@'E]'E]ﬂLL‘U‘Ul’J ﬂ%ﬂJﬂ']iﬂ'ﬁUﬂiﬂﬂiﬂlWﬂquqg

umsaauss uilesalifiadeuiidieninusiasaininanusidndildesnwuuly
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4.3 (Mongkoldee, Leeton, and Kulworawanichpong, 2016) Tneiiseandoadeelul

115-kV AC power grid
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750-V DC
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Down track
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MAUATOUNBEUUTIANNATINNSIAUTNNT (Zhang, Wu, and Liu, 2017)

4.2.2 1TAS9EFI9NITINUVBILUUIIABI5ZUUSA A vudauIavu
1NNITHIUVDILUUTIAD9I5ZUUS ANV UEIUIATUN I 2 @71 bALA d7U
nswndeunvesyuIusalilin uazdulaswieszuudnglil aunsoagulasadanisvinues

WUUda0e UaAIAIFUR 4.6

System data

- Train service information

- Train model and its parameter
- Infrastructure characteristics

- Power system parameter

- Simulation parameter

- Initial condition setting

=

Multi-train simulation [Main calculation]

- Train movement and performance calculation
- Call the power flow calculation
- Output result in form value and graph

B 3

Power flow calculation

- Define power network configuration

- Bus numbering

- Create bus data and line data

- Perform the power flow calculated by CIM solution
- Calculation bus voltage, substation power etc.

- Call the ESTS calculation

- Qutput result in form value and graph

JUN 4.6 Tassasamsvhauvesiuuinaesssuusa lniinvudsagy

N1531aeINITAdeuivessruuTalinvudunarus uAuINNTTutoyad
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52U Tayan1sliuinisvessalni Aadnwarnsinnuvesszuy Wudu udwinisuase

salidnoenanaa AU IImINAITIIa NI oA LEALIE (headway) pg19M Bl 893UNI
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(Fisnnn: https://www.prachachat.net/general/news-1710173 [ndasle 24 NEWAIAN 2568])
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M13199 4.1 Jayadumieszuusalwihliiea aneday (de)

W15130L005
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aanfianglleay
- wsaeulnddn13lvan
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A =4,025 B =118.67,and C = 0.8710

98 %
88 %
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270 Alatnd

a

gﬂm 4.10

7 @onil
790 Tas
2,550 Alalaviwond (CEN, S02, S05, S07)
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13.3 fiaalevia (CEN-S5)
14.70 fadleviu (S7-512)
6.70 faaleviy/Alaiuns (W1-S6)

8.23 Tadleaviu/Alains (S6-512)

6 %

W Traction Substation
@ Passenger Station

R
BTS Skytnin - Siemens Model
(4 car per train s2)

13.649 km

South Bound

e re——
West Bound

6.219 km
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M1319% 4.2 Yayadumisaniilflngarsuaraniidielluszuusaluihiea aneday
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19A15EWI19VUAUSA AR (W1 Fud)
P29L281 (W)
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06.00-07.00 6.00 7.00
07.00-09.00 3.45 7.00
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22.00-24.00 8.00 8.00
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:_\200
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= 150 ] .
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% 100 ; !
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Power (MW)

— Power (simulate)
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0.5 1 1 1 1 1 I -
0 2 4 6 8 10 12
Distance (km)
JUN 4.15 Mmasliihnldlunisindeunvessaliiimiavuiy
400 : == = : - -
355 kWh
~300 " /
= g
z e 318 KWh
=200 - i
en
= —
M 100 - 1
O — 1 1 1 1
0 2 B 6 8 10 12

Distance (km)

JUN 4.16 wisulwihaldlunisiedeunvessalifimiauiu

NHANTNAGDULUUTIAszUUTa I vud ssnavunilavuay
Fagul 4.12-4.16 uansliifiuinuuudiassanuisonisatnaslusvuuunslvosninmusi
syognd ussgamn Mdsliin uasndsnulwihdisalwihousunildldlumsiedeudiliegied
Uszaninmuazasounquluyniiivenisinse N1InTIaaeUALYNABIURINARaU AR
nswinuImailddanunaandeuandeyadisdannuiselusindntes duinainns

HIAINITIILA DS VDITLUULAEIS NITWAIUILUUIIAIN LANE 197U a819lsAnny wualdy

v
a = v i

anvazvamanlaLazANAfImndeuindudtedlunausineeusuladmsunsussen aly

A LY

Tuan15398TuIne1dnust wana Nt Nan1sRsIda UL dudumlI UL LT ol anazrAINY

WLNEaNFUSUNISUN LN RIS B8 9R LU UIaDI52UUS lHNYudsLNaTUa18 U



118

4.2.4.2 MSNAFULUUINAD952UUT INANvUdINIavunatsauIu

nsneaeutavUseiliunaluduiiiunisresanainnissiasissuy
301W171fmszLLamwuua'amaﬂjuﬁﬁwmuﬁlé’muﬂﬂimaﬁlaaum’mgﬂéfaaLLazmmmL‘%"aﬁa
Soudesudn msdnwluduneuiaszsidunissiasiniseasufivessuiusoluiing v 8
g aelddeulamsniusarasiurhnsunifivhnisuaesvuiusalniihsmeanud 6 wid
[ oNAE UANANNSIVRILUUTIsluaN1EN YU A udud ounndu Taents
indouTivessalniihusazeuinassmualndunansiwessaliihvuid 1-6 Sslufiame
Funnandaunufiwiuiand W1) Wdaandunmin (512) uazsolnfiauiud 5-8 ndoud
Iuﬁﬂmqmaw%daumqﬂé’umﬂLé’umwﬁmuﬂdﬁﬂw%nﬂsumu%ﬁwmﬁmawﬁwau

anysalmelasesanusiiddnvagmdeuiunnuuiy fngUszasdvesnisnaaaufonis

Uszlfiumuaunsavesuuuinasslunissnassnsinaounvessalniivalsaurunsouiula

ee

28190Us2ANS N nwazLlUE N1sNeaaUATLAAS LR IUTEANS ATk uUT1anslunis

dansiumududoureszuusa i yudnaguninsuiiRnisuansvuaulunanfeaiu
FUHINTIATIBAUH FUTUSTENINVVIUIORALNITIENFHIUTINVBITEUY HANITNAADU

WUUIAB958UUTA INANIUAI AT UaNEUUIY WanaRagu 4.17-4.21

Train 1 Train 2
T T T 100 T ™ = T

0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Time (minute) Time (minute)
Train 3 Train 4

100 7 | SR 100 SR S

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (minute) Time (minute)
Train 5 Train 6
. . . : . - 100 ———— —— . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Time (minute) Time (minute)
Train 7 Train 8

L Mt L M

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (minute) Time (minute)

100 ——

Speed (km/h)
2
Speed (km/h)
"

(=]

=)
=

=)

Speed (km/h)

Speed (km/h)
I
=1

Speed (km/h)
3
Speed (km/h)
"

(=3

Speed (km/h)
3
Speed (km/h)
"
=3

JUT 4.17 Anusi-ssegmnevessaliilivate vy



Distance (km)

— Train1 — Train 2

Train 3 — Train 4

Train 5 -—--

Train 6 - Train 7 -

12

—_
(=]

o0

Tractive effort (kN) Tractive effort (kN) Tractive effort (kN)

Tractive effort (kN)

200

=3

-200

200

=

200

=

-200

200

S

-200

Time (minute)

JUT 4.18 svEen1a-ta1vessa i vanguuiy

Train 1

15 20 25
Time (minute)
Train 3

30

35

40

15 20 25
Time (minute)
Train 5

30

35

40

15 20 25
Time (minute)
Train 7

30

35

40

15 20 25
Time (minute)

30

35

40

Tractive effort (kN) Tractive effort (kN) Tractive effort (kN)

Tractive effort (kN)

Train 2

200

=)

-200

5 10 15 20 25 30 35 40
Time (minute)
Train 4

200

-200

ILL,
i

5 10 15 20 25 30 35 40
Time (minute)

200

o

-200

Train 6
"|L.[

5 10 15 20 25 30 35 40
Time (minute)
Train 8

200

=)

-200

5 10 15 20 25 30 35 40
Time (minute)

JUN 4.19 usagaansaluiivaigvuiu

Train 8

119



Train 1

Time (minute)

Train 2
~3
z,
§ 1
20
0 5 10 15 20 25 30 35 40
Time (minute)
Train 4
3
z,
g 1
I m——— Y S R
0 5 10 15 20 25 30 35 40
Time (minute)
Train 6
~3
2,
31
3
L0
0 5 10 15 20 25 30 35 40
Time (minute)
Train 8
-3
2,
31
3
L0
0 5 10 15 20 25 30 35 40

AaslndAlalunisiedsunvassalidvaievuiu

~3
g,
§ 1
20
0 5 10 15 20 25 30 35 40
Time (minute)
Train 3
3
g,
g 1
eo—/——— [ . 5
0 5 10 15 20 25 30 35 40
Time (minute)
Train 5
~3 T T
g,
51
2
20
0 5 10 15 20 25 30 35 40
Time (minute)
Train 7
-3
g,
E 1
L0
0 5 10 15 20 25 30 35 40
Time (minute)
dl o U
sun 4.2
U
Train 1
—~ 400
=
=
=2
=200 F
=4
o
<
0 5 10 15 20 25 30 35 40
Time (minute)
Train 3
~ 400 T T T T T T T T
=
z
=2
=.200
2
o
=1
=0
0 5 10 15 20 25 30 35 40
Time (minute)
Train 5§
~ 400
e
z
<
=200 F
20
o]
=
=0
0 5 10 15 20 25 30 35 40
Time (minute)
Train 7
~ 400
=
z
<
=200 F
=4
|73
=
2, H H ) L L L L
0 5 10 15 20 25 30 35

Time (minute)

Energy (kWh) Energy (kWh) Energy (kWh)

Energy (kWh)

Train 2
400
200
0 " T . . L L H
0 5 10 15 20 25 35 40
Time (minute)
Train 4
400 T T T T T T T
200
0
0 5 10 15 20 25 30 35 40
Time (minute)
Train 6
400
200
0
0 5 10 15 20 25 30 35 40
Time (minute)
Train 8
400
200
0
0 5 10 15 20 25 30 35 40

Time (minute)

JUN 4.21 waseulnihaldlunsiedeunvessalwihwaigvuiu

120



121
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dyny
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3 FIYAT -AAUA 1.407 30 2.56 0.49 28.66
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AN5199 4.4 HANSNAFULUUIIAD958UUTa A vudILaTy (A1)
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SUYS
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AGERPEY 13.649 = 19.00 - 334.29
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JUN 4.22 lassasidmsuiauiiuuinasnisuisdunda il

WuUd18e9 ESTS nimunduluanuidedngrdnusigniunldlunisaiuin
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Y

woAnssumalninvesunasiielidrsesidassuuruusaliludafnmnlnidades Tne
wuudassgaifwuilugurensasanyauesfuseaunmed aidenlessu (Jobsoongnem,
Ratniyomchai, and Kulworawanichpong, 2020) wazldimaianisannszua (Current
Injection Method: CIM) Tumsyuataassmsliiih iislianusadenseruuuudiansnig

indsuivesuuIalnNiuaziuuIaessruuIslnnssuanstldegradussuu dwandlugy

1 i
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luguin 4.23 Mdellefureanumungveuiazaun1sAuARuUNUImMLARIUNITATLIN AU
myaf1aasauya ESTS nsivualvansaliil nsAwaidumasdundanulih ns

as19aunsiun nseuuiadlnfdnasnasnulndy Tuauden1sesiaasudeaninveessuy

TSS
Up track -—--

down track-—--

JUN 4.23 wuudnaessyuuduindeudiiemnidudmsuniswusdundanulii

1n3UT19AY ESTS gnununignsasauyauasiu Usenausie nszualnily
amﬁgamumdw’w ESTS (ESTS equivalent source current: I.,) mumﬁumméfmmuamﬁa
YDIUNAT1Y ESTS (ESTS equivalent source resistance: Resrs) W8 Izsrs IHUNUANAILNTE
Yosunassnenely ESTS Aauedl Resrs Mununavasnnudmumunislugasmunmeinasia9s
Usznaufl vl aussrulfmnvazsonssualif i dulnanves ESTS way I fe
nsvualiihend ESTS Srelufmuiusaluiinifndsssuuuazauiusalwindy s dmand
fauduius fuussiulanasiiaaves ESTS (ESTS open-circuit voltage: Voc) §aiduen
wseslnifidames ESTS (ESTS voltage: Visrs) luanmeitlifinnssrenszudlndliliiulnan

(L, = 0) WARIFIAUNTT 4.1

(4.1)

1o ESTS Anenszualndliduluan aziianszualvansinilrasonainlue

Visrs WINAU Tpsrs 91U 1NNONTEUATRAARSYONATIIUARINGTY Uanafaunish 4.2
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Ipgs=1, _REﬂ (4.2)

ESTS

Wownuaunsi 4.1 adluaunisi 4.2 aglaauduiuslusuiasavyam

DAY LERIRIENNISA 4.3
Vests = Voc™ L psis Rests (4.3)

aun13AINaMaRS AN Vesrs Wldgnaivualiiduaimaei 750 Tiad

& A = a ~ & ° v

AaeMLIA1 hALUUANTLUA sUBUAINIUATEINANDSIVDITEUU NN Tesrs bW UV ULV LA
wSIA U P NATBUANUAIUNIUNIETY Resrs MANTY @SR Viesrs ana9nUaNwEYa9

s lndianuiuniuniglursauya wuudiaesiidsasyiounginssuuwsaiulnitves
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Prsrsoyi A8 1a9bH09 ESTS ganilanesdnassiinusalniivuiun i agvinlilaainy

AumulranauyavessalninuuIun i NSunmskusdundanulniy wansisaunisn 4.4

2
R, (4.0)
i P

ESTS—>tr,i

nswlasludnuaziivilvilvansalwihaunsagninididauniseasgadula
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Y

lngnse Tlunsalin ESTS nelvlvifuruiusaliiifinnsszuuies wanveswuiudingiseeg

PUAREINU Visrs SatULSIAUlNAAvuIusal Wi NRnns ESTS sy feaunsi 4.5

Ve sar=Vests (4.5)

dmsunsalsl ESTS wustundsanuluidrldduiusalnidu sndudaq
N15UNT2oN 1 WAITEMI19 ESTS hazvulusa w9 Sunasauluidn Inen1saiuan
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__ _Down track _—— '_?_'__'_?_l _Ilu:vn track
Trl ESTS ESTS
(n) vuusaliiheguusadeaiu (v) vuusaliihegauazse NN 1

ESTS

(A) vurusaliinegAuayIIe NN 2

JUN 4.24 szggmauuslundsnulnihanszuutuefeudtennaulidauiusalni

B ‘xgsrs — X, ;On same track

dsh,i

|xESTS - xTSS| + ‘xTSS = X,:| +On other track
1AUN xpsrs ADAIWNAUIVBY ESTS Xy ABAILNUIVBISOLWH19UIUT 7 WAy
= o 1 al (v I [~4 U 1 I
xrss Padursuasan il szezmedsnanvzgnudasduaudumuresdunisuusty
paaulninvessa A UIUT i hAA9RENNIST 4.7 ANS AT IT9UDIANUAIUNIUTII
& o o v o ° o & X
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LAAIAIANNIST 4.8 Imwmumlv\lﬁwﬁasgﬂﬁwL%’m%ﬂumamiuwﬁﬂaaﬁum ESTS foadl
s2eEn1991n ESTS lUdsvvrusalninsunisuuatundaaulndnduluautouly wanass
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a1 o 1 [
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wasniIuRoulud1UsZEENIWEY WUUTIa099zdininTIaaauLssiu i wesvuIu

solWi1anNan1sEAANNSIUADNATY LT uduILTIRUlNTANNASUlLANNIN AU ARN U

— Rrail/km

Rline/km - Rcond/km+ 2 (47)
mn = dm,n X Rh'ne,"km (48)

v, -V, .

shynor " sh,min
dsh,mw(_ R " J dsh,i < dsh,max (49)

e

] Ir,max(Rcond/km alz n)

W onsULERVIvUIUTANT A SUnA 99U Wi 191 ESTS wazanid il
USRI Auuslitsnuusalidwdu N, wazsruruan il wdu N wuudnaosazasie

SEUUANNISLUAYDIIIDTEDY 1INADSLIIAUINANY992995808 LARIFIaNNITN 4.10

i
V=|:VES]S Vissi = Vs Ver 0 Vn~,]\4,] (4.10)

wsndautliihveasgesisuniludsaunisn 4.1 lnvaugnluuul
[ I~ o ::4' 1 [ 3 a a0 [~4
nheaanurasinvesnuiliimawuuisedulunty wazaudnuenwwiviedidndu

avuveIR NNt szl ua MUY

I Ny A
esis T8y T Z s+ Zg/r',i ~8sts, 51 8 ks7s, 755, Vi “8ests, - “8ests,
=) ]
N,
~8ss. 1551 8srs,rssy T Zgrss, i 0 ~&iss1.r —8rss.rN,
=)
N,
G _ & ESTS,155, N 0 v BESTS.Iss Ny T Zgrs&/.zr,, &85 Nygs ] IS8 Nygs r. N,
= =]
N,
~&ests.r1 ~&rss1r1 815 Ny i 81t 8rsts T f &rss.jrd T 0
=
\IT\Y
~8sisrN, —8rss.1.r., 8155 Ny 1N, 0 o &, T &astsan, t Zg 155,7,r.N,
J= i

(4.11)
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NS NsewabAdadiieslun ESTS Asunseualniiannkraiang19as

6 o U dl
AUUAUDIAU WARIAIENNTIN 4.12
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tr,N,

1=[1 0 ... 01

eq tr,

]T (@.12)

& & @ I
mﬂﬂgﬂizLLasuaqLﬂaiﬁnaWWmnﬂIumﬁuama% a1unsnanguldussuvaunig

BadulugUaEng wansdsaunisd 4.13
GV=1I (4.13)

AMTUNIMIHALRALVRIRUUTIRBIIETIINITIALT IR Ul e nlusly

2995808 lAYNISHNTTUVANNSIINAULAEATI LARIAIALNIST 4.14

V=aG'I (4.14)
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DIMHNALRAYIIUAUNANYAT LALAIUIULUUIUTIAUNINANAIY

L4

NAUNTY

a Al | a ' a ° ' cal o
ARNALARBUTDY V; NHNARIUNINTIGATEINeTaUN k uag k +1 3gAninnusnn1ium
£ =max|V;* 7P| < 0.001V (4.15)

nMsudaun1seanantdunsuAssuvaLnIsiladunteliaInsimesve Ly
a ¢ ° & P | | ° a &
sngANUN WA LaZINH DS NTLERAN AN PUA I TULFAZ 1981015971809 1agn1s1Tnes
AINA1INNTUIDINAMUAUNIUYDBA UM LA wa AN INanvaIsalid AN 89994
naantaansadulnivemnluauds nszualiinluaainlua (m) Wdadua (n) awise
AR NNAAI L TIPU N T2 I T UANIAD I TAIEAUATUNTUYDIEIVINY AILEAIIU

4UN1S7 4.16

I, = (4.16)
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nsswalndnsaluilasuasa wseaulninenluduniswtatiundsaulnii

o w

waidsliihgadaludunisiuinladaunisy 4.17 - 4.18

Ptr i

I, =V—’ @.17)
tri

Boss,mn :]rfz,n&n,n (418)

o ESTS drendaulwililvansis q agvildarmasiniiaes ESTS
(ESTS power: Prsrs) Sifnivindunasiuvesiidslniiniida esTs fidreoanglvannisueny
dsluiihgaydonielu ESTS Amdsaulniniimassglu ESTS (ESTS energy: Exsrs) wazen
A01ULA3YI$9V8958UY (State of Charge: %S0C) Aiduanildluniazsey dsiinssiuna

vosmasknihgaydsannisuutundsulniidilusie We ¢ fie Fraa1veenIseuIn

PESTS = VESTS[ESTS +[}§STSRES7S (419)
P (A

EESTS(I-}_AO:EESIS(I)_E;TSW (4.20)

%SOC(7) = Lo 109 (@.21)

ESTS rated

Pan N WAL UlNHN ESTS Tolunieniua1uasn1sanaduassdnIusnis

Y159aUN50AUIULA F9AUNISN 4.22-4.23

P (H)At
AEESTs(t)=—E;fS600 (4.22)

ASOC(t):AEL”(’)xmo (4.23)

ESTS ,rated
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L7 < 1 g75 ar (4.25)
Vei2 Vi (4.26)
%S0C >%S0C, . (4.27)
> P <P, (4.28)

ieSk

Tnedl S Ao waves ESTS Tianunsasnslwlsiusalnihauiud & was P, Ao
&alng ESTS il k Srelviuvuiusaluig
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sdndanulniiaande aniuzn1svsaves ESTS Tuwsazauiu Wudu antuwuudiand
MITIFDVANULVRISTUUM AN U dULTn Mnszuueligsyinanulng wuudiass

aglgnan1sAUINIINAUlATEsEUUIINNTERAASIANNUNR LekilaLRnanun1sallwe U

£%
Y

wagH1ugItIaIseRelauluiivuA wuuTIaesznTIRdeuItvUIuTLUNNAnAS
ESTS Sndudedldndanulnihdsewmialy wnvuiusalwihdsnanndmened sewinsannd
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Trllvifuvuiusalnihndadsssuuiesneu lnglnanvesruiusaliisinanazgniiaisan
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Input data . . tput dat
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AN5197 4.5 S1RUNISYININYIUUIIABT ESTS Tuwmazaiaiainisaiasd (A1)

A0V JUNDY sNgazdYn

6 | wsivaeuieuluszuruusdu | davviusalwiiieguenveuiunnisuu sy

naaau L wasulwih @unisit 4.9
7 | dmassmaaludia fasluinuaudesnisvesivan aunsi
4.28
8 | @319995¢08 ESTS odedayatiliandunoudduil 5-6 wads
9 |uwlauns GV=I wsesulihdian ESTS wazauausalafing

Sundaulaih aunisi 4.16-4.18

10 | Awdsuwadnsnialudin pnsewalin Adalui ndsaulnda wag
SOC @uns% 4.19-4.23

11 | A579@0UY9310A Sos1inve ESTS aunisi 4.24-4.28

12 | dewanduwazususoumseuin | suweanisiaaaunvessaliiiwazususaunis

Al t+AL

o ]

433 f19819n15A1UNIshUsdunasulWinves ESTS

[
v o

Wetuduenieg19n15A1WINNISHU s undsulninves ESTS aae
S3nsianseua iionanstunounisadisaunisiun msfvuamvsngaudlni nsud
aumausssulnih waznisnmsaeudosiiaues ESTS sgaduszuy degeilldfoyaainua
A1581899 N36 H = 6 UIT WAy %ESTS = 25% lurisseunisnadeudl 18 a 1181 2,776
3un Toelugaanandanan ESTS vassabifiavuiud 5 vaninfiuyslundsaulwildun
salwiauiuil 2.3 wag 4 Tnsdmsunsalsnegned wwusiasefiansanisastesanizusi
fRerdosiuidumsudsdundanulwi wansiagui 4.26-4.27 Tnsannildelniieglurcas
dosUsznaudislunanidludn T5S,1 7552 wag TSS,3 wiadl T5S,2 aglusumiafsadi
ESTS aassolniinauiudt 8 Ssamnsasundulumioniuld wasimualimiulun TSS,2/ESTS
wenand nsdlnihdadesazyiliannddnel T5S,1-T5S,3 laildvimdiduumassng lnman
Jalsifinszualniih@nananniidrgluidngreastdes ezl

Vissoesrs = Vissz = Vesrs
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el

Irss; = Irsso = Irsss = 0

agalsfinnu wssiulnivesanndaelnmartlildgnimualiidugud
Wuduushinsuanlaainnisuiannislunaie3s M wudeadulundy 9 Tuieas e

o ! a I3 v dl o U dl
MUUARINTILRBSUSNEIUNIIATUIN WEAIAINITIIN 4.6

-

4 115kV, ¢ 115kV,c
' Power grid \AL’ Power grid
| IS

conductor

v Tr4
— |

JUN 4.26 fpgraduniensudsdundanulniives ESTS

Up track

Down track

Up track

down track

Y

Iesrs T

L. Vs Th5 1‘ Rests <V EsTs
- ESTS

JUN 4.27 1asgeamsduinsiegtensiusdundanuliiives ESTS

a v a v Ao |
M990 4.6 m@%aﬁﬂimu‘ﬂ@ﬁﬂim@%@ﬂqﬁ

318015 A (ae)
Vyer 750V
Vin 500V
Voc 750V
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A1319% 4.6 VoyASUAUYDINTEUIDEN (D)

378015 A (Wae)
Rests 0.0125Q
PEsts max 2,700kwW
Tstsmax 3,590A
Reond/im 0.05Q/km
Riaitiom 0.02Q/km
Eratea 195kWh

1INIWITAULAUDS AUVBY ESTS Azanunsad1udIunszhabiiirauyaves

wasanglnann

leg= Voc + Resrs
= 750+0.0125 = 60,000A
fiatl I, luanmaifunspualifivesunasinslnluuuusassauyauasiu
Luildnszualui"lunand ESTS 91weanludsvuarusalifinlnenss nszualwiluan Lz 7
ESTS 9199599 mildainnisudaunisiuavevsasdesluduneudald Tngluaniuniseid
fisanmuslfvuausolwihitiaks ESTS Idenendsanilasarsuds dlsifesundsny
TWidmsunstuindousueslutianaifiansan wenaind solnihwuiulefiasdundany
Iyl 2udfesiiszprvinsgeanlaiiu 3.47 Alawns 970 ESTS vusalwilwuiui 5 dsiluananns
funalunianuan 9. windssegmsliiiannaindii wwusassaylisalwihvuiuduei

41995808909 ESTS esnnilanudgsnussiulniuaieniagiindimniivun
Itr,self =0

dmiunsdldiegeil saliihvuiun 4 eguusiafeliu ESTS vassaluii

YUIUT 5 F9M0528en199595zrIn9ewrdasalnilrluniseul @usalwidneuiud 2 way

o

YT 3 BgAUarIN Fasaidumakiuaniliiigei 2 lnglunsalisumiswes ESTS
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2995019 UIURA 5 asenuskrdsvasaatlninfenann vilrssesnsvessalninuuiud

2 wag 3 dawituszazannandlndihludswndsvassalnidn wanasanisan 4.7

AN 4.7 duniakazszeznshkuatundsanulidi

yuusalnii Audsruausalii (km) unumluleesdes/guuuuidunis
TSS,1 0.565 Tupidouse
TSS,2/ESTS 3.184 Fendaulniundousde
TSS,3 6.219 Tupidouste
Tr,d 0.130 Sundaulni/saseadu ESTS
3 1.480 Sundanulni/auazsns Bu TSS
Tr,2 4.470 Funasnulni/Aauags1e B1u TSS

mméf’]umuamgam'aizaz‘mwaué’ummﬂqﬁuwé’wmlﬂﬁw 4131150
AR INATAINUAUNIUADNUIYTLEZNIIVDITIFIUILALIIIL WU 0.05 hag 0.02
Toviusanlaluns ANUa1eu tngANNAIUNIULarAUUN LY dLmadunI9lunease a8

AU INTZEEN95EIN LU DUABN Y WAAIAINNTIIN 4.8

+ Rmil /km

2
0.05 + (0.02 +2) = 0.06Q/km

Rline/km = RC ond /km

1N
m,n -1 dm,n X Rlinex’km e gm,n = 1 - Rm.n

Agle AnuAUIULarANLn TN veRLdUN1e TSS,1 - TSS,2/ESTS

3.184 - 0.565 = 2.619km

drss, 1,755, 2/ESTS

2619 x 0.06 = 0.157Q

Rrss 1,755, 2/E57S

1+0.157 = 6.364S

8TSS,1,TSS,2/ESTS
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ANUAUMULAYANULN INAN Vo REUNIa TSS,2/ESTS - TSS,3

6.219 - 3.184 = 3.035km

drss,2/ESTS, 55,3

3.035 x 0.06 = 0.182Q
1+0.182 = 54928

Ryss,2/E575,755,3

87155, 2/ESTS, TSS, 3

ANUAUNIUBATANUN TR EUN1e TSS,1 - Tr,4

0.565 - 0.130 = 0.435km

drss e =
Rrssimge = 0.435 x 0.06 = 0.026Q
87188,1,Tr4 = 1 +0.026 = 38.314S8

ANNAUULarANU T Te REdUNIg TSS,1 - 1Tr,3

1.480 - 0.565 = 0.915km

drssim3 =
Rrssims = 0915 x 0.06 = 0.055Q
grssims = 1 +0.055 = 18.2158

AMUAUNIUBarANNT AN veLEUNIe Tr,3 - TSS,2/ESTS

3.184 -1.480 = 1.704km

dry,3,158.2/E5TS

1.704 x 0.06 = 0.1022Q
1+0.102 = 9.781S8

Ry 3,755 2/E5TS

&T1r,3,TSS,2/ESTS

AMUAUMUBATANUN TR EUNS TSS,2/ESTS - Tr,2

4.470 - 3.184 = 1.286km

d TSS,2/ESTS, Tr,2

1.286 x 0.06 = 0.077Q

Rrss 2/es15,77:2

1+0.077 = 12.9608

&71S8,2/ESTS, Tr,2
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ANUAUMULaYANULN AN v RdUNIe Tr,2 - TSS,3

6.219 - 4.470 = 1.749%m

drr, 27553

RTrVZ,TSSj = 1749 ><006 = OlOSQ
1+0.105 = 9.529§

871, 2,785,3

M990 4.8 ANUATUNIUVDILAAZLAUNILUI995E DY

LEUNN9 S282N19 (km) Run (Q) Zmn=1/Run (S)

TSS,1 - TSS,2/ESTS 2.619 0.157 6.364
TSS,2/ESTS - TSS,3 3.035 0.182 5.492
TSS,1 - Tr,4 0.435 0.026 38.314
TSS,1 - Tr,3 0.915 0.055 18.215
Tr,3 - TSS,2/ESTS 1.704 0.102 9.781
TSS,2/ESTS = Tr,2 1.286 0.077 12.960
Tr,2 - TSS,3 1.749 0.105 9.529

' Y AV vy v ' ° ' ¢
mﬂmmmmuwﬂuwlmmmu ﬁ’]ﬂaquuqlv\]ﬁqcﬂaﬂLLWa%@Q@Ui%ﬂ@Uiu’JQﬁ]i

gosaunsamuInla Buannanutluiineluves ESTS

1

8ESTS = T

R

ESTS

1+0.0125 = 80S

NdayanusoinsiasliihvessaliihudazvuiuniuinanuuuItgaes
seuUsa A NULAINATULAL S L EENI9TEWING ESTS Autuiusa bl azanunsamruningss
Aasbrinlrdusalnfwsazauiu lown salndrvuirun 2 windu 344.53 Alatnea salwin
YUIUN 3 WAV 461.69 Alains wazsaluiivuiud 4 windu 93.77 Aladnd aunsawuad
< v dl Y ¥ a I3 v 1
Jumnuiumulvanauyaiusaiulniiansds 750 1iad anuaunis 1ngaanuamunIuvedws

agtaun1slu9astasAmunlaaNNTTaE NS EMINIlUATIIBNADAY P9l



azle

i =

Rtr,Z
Rtr, 3

R tr,4

(344.531 x 10%) = 750% = 0.612Q
(461.690 x 10%) = 7502 = 0.821Q
(93.779 x 10%) + 750° = 0.167Q
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naanui i nlansuaitlumuinnatgesnng § dmsuasie G Al

YUIA 6x6 AUTIUIUTE fasalUil

G4

G5,5

Gss

£7155,1,788,2/ESTS + &718S,1,Tr,4 + £TSS,1,Tr,3

6.364 + 38.314 + 18.215
62.893

&7158,1,75S,2/ESTS + £TSS,2/ESTS,TSS,3 + £718S8,2,1r,2 +

g7158,2,1r,3 + ZESTS

6.364 + 5.492 + 12.960 + 9.781 + 80

114.596

&758S,2/ESTS, TSS,3 + £7TSS,3,Tr,2
5.492 + 9.529

15.021

gr188,1,7r,4 + &Tr4

38.314 + 0.167

38.481

£7158.1,1,3 + £71552,1,3 + &71r,3
18.215 + 9.781 + 0.821
28.817

8rss.2,1r,2 + £1883,1r,2 + &11,2
12.960 + 9.529 + 0.612
23.101
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[ 62.893
6364
0
38314
-18215
0

6364 0
114.596 -5.492
5492 15.021

0 0

-9.781 0
-12.960 -9.529

-383
0
0

14

38.481

0
0

-18215 0
9781 ~12.960
0 9529
)
0 0
28817 0
0 23101 |
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saui 0: MuuaAsudulduwnuluaunis v wag I Mvansaliihddalasunseualudn agle

VTSS 1

VTSS,3
VTr,4
Vs
L Via

wimnszua Iihisuduvessa llihwuaazvuiu

VTSS,Z/ESTS

(750

750
750
750
750
750

I9 = B,=V" = (93779 x 10%) + 750 = 125.039A
19 = P, =79 = (461.690 x 10°) + 750 = 615.587A
Iy = P, =V’ = (388531 x 10°) + 750 = 459.375A
91U
[0 ] 0
L, 60,000
19 = 0 J 0

-1V | | -125.039

-1} | |-615.587

_—If,‘f; | —459.375 |
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GV = 1"

azle

[693.707 ]
735.00
717277
690.433
686.145

| 707.064 |

AAMUAaIALAF UL TInU A uaL T

gl(/l) » max‘Vi(")—Vi(k‘”‘
= max|686.145 - 750
= 63.855 > 0.001

1 (1
[rr,4 = y
(1) (1
Itr,3 5 Ptr3 - Vtr,
1 (1
[1;*,2 = [ Vzr,

0
60,000
0
~135.824
~672.875
| 487270

P, + V" = (93.779 x 10°) = 690.443 = 135.824A

141

; = (461.690 x 10°) +~ 686.145 = 672.875A

) = (364.531 x 10%) =+ 707.064 = 487.270A
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= ! a v "L “N a A o == v ! 1)
1199370 ANAUAAIALAA BULTIAULWNILAUAINNIUUA F9ABINIAT I

dmsuseunismuindaluiignisinm ¥ id1ungiedsu 1 aunindneuasgidn

M1319% 4.9 asumanaaslulsazseu

59U ](k) I(k) [(k)

tr4 tr3 tr,2

(A) (A) (A) (V) V) V) V) V) V)

0 125.039 | 615587 | 459.375 | 693.707 | 735.000 | 717.277 | 690.443 | 686.145 | 707.064 63.855

(k+1) (k+1) (k+1) (k+1) (k+1) (k+1)
VTSS 1 VTSS 2/ ESTY VTSS 3 Vtr,4 Vtr,S Vtr,2 &y

1 135824 | 672.875 | 487.270 | 688.731 | 733.800 | 715.002 | 685.186 | 680.442 | 704.168 5703

136.866 | 678515 | 489.274 | 688.253 | 733.692 | 714.816 | 684.680 | 679.891 | 703.938 0.551

136.968 | 679.064 | 489.434 | 688.206 | 733.682 | 714.799 | 684.632 | 679.838 | 703.918 0.053

136.977 | 679.117 | 489.448 | 688.202 | 733.681 | 714.798 | 684.627 | 679.833 | 703.916 0.005

G| RN

136.978 | 679.123 | 489.449 | 688.201 | 733.681 | 714.798 | 684.626 | 679.833 | 703.916 0.0005

nsmuInglu seUR 8 lneraganievesrtusiulni fie

[688.201 |
736.359
714.798
684.626
679.833

1 703.916|

nataasnanakansaussa uliiivesluanis 9 lursasges Tawan
wssulniegafatufisaliiihvuiud 3 Jadurviufiegauaysnwazdssesmslniunn

ign vaannusiuawsatuliihudamnssualnililualudasalwieing 9 dwmein

Itr,i =

azla
In> = (344.531 x 10° + 703.916) = 489.449A
In; = (861.690 x 10° + 679.833) = 679.123A
Ins = (93.799 x 10° + 684.626) = 136.978A
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nszualniinves ESTS MuinanAnuduiusvennsauyauasiu

|4
Tnsrs = oS
" Rigs
= 60,000 - (736.029 + 0.0125) = 1,117.680A
sl ESTS funnan
Ppsrs = VestsLpsrs +1 I%TSTSRESTS

= (736.029 x 1,117.680) -
(1,117.680% x 0.0125)
= 807.030kW

PINAMUA LAYILIAINTAIUIVDILUVINR DI UNTUTLYINAU Ar = 1 FU9 WA UlWHD

ESTS angeantutianaidamuinlaann

PESTSAt
3,600

= (807.030 x 1) = 3,600 = 0.224kWh

AEgsts =

WernuaNanas I uliiRAYes ESTS WY B = 195 Aladnddalus n1sanasves

A01UENSTISAUTILA A LILA N

ASOC = %xloo

rated

= (0.224 = 195) x 100 = 0.12%

ety Turr9281n15A LI ESTS auduit 5 e nadaanulwiinann ESTS

o
o

Uszana 0.224 Aladnddalus wagyilyl SOC anasuseana 0.12% Y9eAuYRn Wil Anil
WunisidsuiUasanizuieiaiainisenuin ldan SOC azaudusisuanunsailnau

1ONINUIONTIVADUYDINNANITYINGIUYDS ESTS MUENNISA 4.24 — 4.27 fail
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a v

Anmaalninasanves ESTS

Prsrs < Pestsmax

807.03 < 2,700kW

nszualnfinasany ESTS dneoanle

Iesrs < IEstsmax

1,117.68 < 3,590A

wsssulniinganeeusulavessaliiusasvuiu

Vtr,i 2 Vmin
V2 = 103.916 > 500V

Virs = 679.833 > 500V
Vs = 684.626 > 500V

(%
(% |

NNANISAIINAIN1saasulad ESTS Nidanseg uusalninouiui 5
ausasusdundsnulndnlvwnsaludrvviud 2 3 wag 4 loneldkeaulanazdainianig
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imdeufignidunessalivaisvuauls egnslsinig pgaasatunisuusdundsaulnia

£
2 Y

lﬁiﬁﬁuaq%ﬁﬁmﬁﬂé’wm ESTS 1ie99g14e7 Ladsunuaunisrassaluin sseznig
Trlflnsgndng ESTS AusalvidSundsanu anudumuvesdumaivsundanulii uag
Tnssadwenssdesiiiendos iemndademaniitnalnenseionsualnititlnalusas
4191 wssnulnian uwasidsliirgapdelussuy fafu nsUssiduanuansalunis
Ut undseulviives ESTS §esududesiiansansrufusiauseiulniwedun ESTS
wsanulnirvessalii il Sundanu nszwalnansiy ANUAUNINYRLAUNIE Tadninau

nszualiiuazmdalningegn naenauaniugnIs¥1saves ESTS luudazyiniainisdiass
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F3n151935 M PreliaunsadinsizinaznsiaaeungAnssunislniivesszuunysty

[ Y <
WaNWUVLWEJEJNLUU'izUU

4.3.4  doyadnuwizvasuunnasiigilunsdifine

v A

N13AMUATUIAAIINYVBY ESTS 81989WAN159180991n 07 4.2 1ag
finrsannsdifiszuudestendamiliiingage fuintudevuiusolwimgaoguinninais
sewhsaninanamg—mnniefifiszeshannilan Wiy 1.663 Alawas Vel n1sduney
meldauuigiuianudsinsndsnulninvesuiusalniudsduniussgemauudadu
WiglaninsnUszanumdanudsesisndudenisindeufigniuldodalussuy wazagiiou

aa = v o v Y i Saa ‘:l'
NIUINEAN ESTS maaimi‘umeﬂmLaauimqummqssm’mamuwmwzmqmmnqm

w— 0 kil === 20 km/h
30 kin/h == 40 km/h
=== 50 ka/h 60 km/h |7

o
n

= 70 km/h = 80 kimvh

(9]

[
wn

p—

Power (MW)

n

114 116 118 12 122 124 126 1238 13
Distance (km)

JUT 4.28 anuduiusszninsanudaiuiaaliihiisesdumndeusaluih

70 —= T T
—— 10km/h
60 -|——20km/h
—_ 30km/h
§ 50 H|——40km/h
—— 50kmvh
2240 -|— 6okm/h
>, ——70km/h
2030 | —— sokm/h
20
5 —
10 = 4
0 1 1 1 1 Il

1.4 116 118 12 122 124 126 128 13
Distance (km)

JUT 4.29 mslimdsnulnihwazsolniiedeunsmeninusasiig 4
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Fusun1509nkuU ESTS Aosthatnadsnulninilalunistumasusalui
= ! ~ o | a o ¢ = o w P
ATIYTEEEN VIR a1l lavasainauiiarsan nemddsuiaiadlniigead
v 7 ¥ Id‘ o U 1 1 d‘ o d‘
SEUUABITIITUAIY LIB9INAANHNFINalnensImBILInYee ESTS NYiNN1508nwuy il
a [ 1y 4 1 @ [ o W QAI ¥ 1 Y d‘l
AAFUNANUFUNUSTENIN9ANUS U T AsalndNF 9015 NUIINISTURRDUIVIY
salfndaea11ass 10 Alawnsaedalue vilaiusarivauiidaluigeanvesvuiu
salwisvuauladiiu 0.9 wnednd Wunailaifiy 10 3wl uanadsgun 4.28 vusi
wauliihadesddmsunisindeuninaenyieseninannilllagans wirdu 65 Alatnd
I WanaeguR 4.29 daty wnfiansanmsenenlidsanriflavansilndigaaindumia
Aananasezunineannd wasauliindusdrnsusalwiindsvviuieusesunu 32.5 Alatna
Flug a819lsAny udTednerawusd ESTS lulafarsananiznsaianglwliduauiu
salndNAnsaszuuLeavndu kasudenseuatunasnulndlugwuiusalniidunie
Aty nsmvuadidalningsanves ESTS Faiansanaiuleniaveinisiuguusdundany

IWH15211919 ESTS wazvvurusalid1nsunisusdundaanuladdl Inefvusudseanidu 3

nsdd laua nswvslunasauliiuuu 1:1 1:2 uag 1:3 nanfe ESTS nilsyasasesdunise

(%
Y

masluihvesuiusaliingiviu 12 w3e 3 vuiu audndrusuauauiusaliinfifass
ESTS devuausalwihitlildfadaszuy ofuuslvmaaluiigeandsoluimisuon
fosnsdmiuduiadeunaslnifuagiinnviity 0.9 wngdad dadu ddsliiigegadimiy
faruafifares ESTS Wiy 0.9 1.8 ua 2.7 wing¥ns nuaIfu uansfism1sned 4.10

a v

M1319% 4.10 Aieiaslningegaves ESTS audadiunisiusdundanulni

fadounisudely | Srwauvurusalniiag ESTS maslnigegaves ESTS
waea v 9458950 (VUIW) (MW)
1:1 1 0.9
1:2 2 1.8
1:3 3 2.7

NNITR0e58UY ESTS Muuabinarsansyuuluguresuunmesuiaiiin

v a ¢ | = I a v A ~ a ]
A1NNTINLIYIVDIYAALNEIDY LAY I@UluW‘ﬂqimWIﬂiﬂﬁi’N@u ] WBDAINULTYUINYVD
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LUUD1809 NTDBNWUUIUINYDY ESTS Urarndsnulniiidesnisdrsedussuuunfiatsan

U ¥ 2

Jufutayawadwumnas¥in LTO Aufikandlun1s1ed 3.9 wunsal@nen lnewuminas

Y

LTO fidenldfie Toshiba SCiB™ 23Ah dadufifoslunsldauvuruiusaluingogausiu

AuANdasnsiy anuvuniunedninsnisideu wazganuaiunsalunsdtemaalniigs

a v [

WHONINTUITOUATUNIZVDIIAA LUALABI NIUTENOUNITATUIUAINAG NNITODAUUU

Y

¥
= v

WUAIBITUFIY Aauansluniarwan 0 zlalassadneues ESTS Naonndasiuiidinndaluil

FUEAKALANADINTNEINUTVBINTAANINAMUALT Uansiaguil 4.30

’_‘ Value (Continuous/Peak)

1 Battery pack

TOSHIBA Unit
— a8 | parameter ESTS: 1 vUa4 | ESTS:2917u | ESTS: 317U

Industrial Lithium-ion Battery

ToshibaRechargeableBatterySCiB”‘ .

Voltage 750/880 750/880 750/880 A%

Capacity 92 184 276 Ah

Current 668/1,200 1,276/2,400 1,914/3,590 A

ToSHiBa Power 480/900 960/1,800 1,440/2,700 kW

Energy 69 130 195 kWh

Total cells 1,308 (327S/4P) 2,616(327S/8P) | 3,924 (327S/12P) cells

Weigh 720 1,438 2,158 kg

;:;Uﬁ 4.30 %@Qaf\j’ﬁm’w“umLLU@LMB%LLﬁﬂ Toshiba SCiIB™ 23Ah

4.3.5 MISNAFIULUUINGBITZUUTULARBUADLDIQNLAY
N1INAFULALUTHLIUANTIOULNITVINIIUVBIMUUTIABITEUUTULAT ORI
anlBufiauniu ddunsiesuvsesnilugesdunan laun nisvegaunisiauialives
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System data

- Train service information

- Train model and its parameter
- Infrastructure characteristics

- Power system parameter

- Simulation parameter

- Initial condition setting

E 2

Multi-train simulation [Main calculation]

Train movement and performance calculation
- Call the power flow calculation
- Output result in form value and graph

Power flow calculation Emergency Self-Traction System calculation
- Define power network configuration - ESTS current
- Bus numbering - ESTS power
- Create bus data and line data - ESTS internal resistance
- Perform the power flow calculated by CIM solution - ESTS energy
- Calculation bus voltage, substation power etc. - ESTS voltage
- Call the ESTS calculation - %SOC
- Output result in form value and graph - load current
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Train movement using ESTS backup
Case 02: H 3.45 - ESTS 50%

B Case all trains can move to

1 00- 000/0 the nearest stations

m Case some trains stopped
staying on the track
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Train movement using ESTS backup
Case 03: H 3.45 - ESTS 75%
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Train movement using ESTS backup
Case 04: H 6.00 - ESTS 25%

41 ISOA) M Case all trains can move to
: 58.82 (y(l the nearest stations

M Case some trains stopped
staying on the track

U7 5.31 dammnudnsavesnisnevauedlunsdl H = 6 Uil uaz %ESTS = 25%



197

5.3.2.2 n50d H = 6 U waz %ESTS = 50%
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Train movement using ESTS backup
Case 05: H 6.00 - ESTS 50%

R

26.47% |
M Case all trains can move to
73 53 0/ the nearest stations
. (1]

M Case some trains stopped
staying on the track

U7 5.38 dnsmnudnsavesnisnevauetlunsdl H = 6 w1l uaz %ESTS = 50%



200

5.3.2.3 n50d H = 6 U waz %ESTS = 75%
nsaididunisnegaunisuuatundsnulnidigle ESTS nneldaniig
A9 UTAY9UIUNR TaeAINUAFAAIUNTISAAGY ESTS 175088y 75 99931UUTUIUY
gj d'* I~ [ Aﬁ' =l U o d' a wua v [ d{'
anun Faduseavgadafisuiuiuiweuiusalwihiugdinisndeudulussuy Weuly
fana1vilid I uIusuILIa i NRacRe ESTS WinTuannnsaisesas 25 wag 50 wazaaly

ANUATEUARULTINUTVRINSLUITuNGI Ul ATy vauziReriun1sensdenasauln

[
[

Y99 ESTS wiazynilwildunszaediiafauiniu idet 3l iauananisnauauesved

JUU WieNagUdnsaudIsavensnavaues aevazdenseluil

|--- Train1 Train2 Trainn — lnintj I-‘- Traind1 Train02 Train3 — lulnﬂj

Train0$ — Train06 — Train07 — Train0|

Train01 stopped on track

Position (km)
Position (km)

30 40 50 60 30 40 50 60
Time (min) Time (min)

(n) nsddsalwihynevineanantilflagars () nsdlsalnihuavuiunnAauune

JUN 5.39 ANNANTUSITEMe-LIaN N30l H = 6 UIW Uag %ESTS = 75%

Speed (km'h)

(((((

a0 3 o 20 a0

Time ( > Time (min)

(n) nsdlsalwihmnevivseaniaanlilagats () nsdlsalnihuivuiunnAauumais

JUT 5.0 anuduiiusannia-ian n3dl H = 6 w1l wag %ESTS = 75%



800

700

=
=]
=3

Voltage (V)
o
8

@
=
8

800

700

Y

3590

1795

Train 2

Train 3

800

700

800

700

600

500

0 20 40 60

0 20 40 60

Time (min)

(n) nsdlsalnihmnuuiureniiaandilagans

3590F == = - - — - - - - —— -

1795

0 20 40 60 0 20 40 60
Train 4 Train 6
3590 == = === - =S -4 3590F = = = == === = = = ]
<
é 1795 1795
3
&)
, - , L
0 20 40 60 0 20 40 60
Train 7 Train 8
L e e e T 3590 [ —m = — e =]
1795 ST 1795 =
Iers L }'1
= = =l S
0 b 0 L
0 20 40 60 0 20 40 60
Time (min)

(n) nydlsalwdhmnvuiuseniiaandilagans

U

201

Train 2 Train 3
800 800
700 700
600 600
)
500 H= ==V f——————— — 500
0 20 40 60 0 20 40 60
Train 4 Train 6
800 800
<
2 700 P 700 F
&
= 600 600
2P N e | s -
0 20 40 60 0 20 40 60
Train 7 Train 8
800 800
700 700
600 600
500
0 20 40 60 0 20 40 60
Time (min)

@) NSO NIV VUIUANANNUUNIGI

SUR 5.41 usesulaiin ESTS wagsalihudazeuiu nsdl H = 6 Wil way %ESTS = 75%

3590 — - = - — - - - - - — 35900 - — - - - - - - - - -

1795 1795

0 20 40 60 0 20 40 60
Train 4 Train 6
3500 — —— — — —— = — — — — - 3500 — = — = — = — = — — — — -
<
>
§ 1795 1795
=
O
0 0
60 60
3590 == == — ——— = ] 3590 [ === ]
1795 1795 ST
—
0 0
0 20 40 60 0 20 40 60
Time (min)

@) Nsesa NIV VUIUANANUUNIGI

SUR 5.42 nszualadh ESTS wavsalwiiusiasauiu nsal 7 = 6 unil uay %ESTS = 75%



202

Train 2 Train 3 Train 2 Train 3
2T - === === == = = — ] 21— === = —=-=-- -4 21— —— === === = = — ] 2T ———— === == = = — ]
135 1.35 1.35 135
0 0 0 0
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
Train 4 Train 6 Train 4 Train 6
P A 21— === == =-=--4 P 21— === === == = — — ]
z z
=S 2
5 135 135 5
z z
) 5]
o ~
0 da 0 =
0 20 40 60 0 20 40 60
Train 7 Train 8
2k - - - e e ] ER T e
1.35 1.35
: 1, b,
0 20 40 60 0 20 40 60
Time (min) Time (min)

(n) nsddsalwihyneuinseaiiantilglagans () nstlsalniuiaruiunnAuunei

Uit 5.43 fdalaiin ESTS wagsalniiusiavauiu nsdl B = 6 Uit wag %ESTS = 75%

ol

Train 2 Train 3 Train 2 Train 3
100 195 100 19! 19:
0 156 80 15¢ 150
60 17 60 1 1
40 78 40 7% 7%
20 ) 39 20 ; 39 39
(1] 0 0 0 0
o {1] 40 60 ] {1] 40 60 i
Train 4 Train 6 Train 4 Train 6
100 195 100 19¢ 195 419
_? R0 156 R0 15¢ g. 156 80 151
60 117 60 117 B 117 60 11
g )
S a0 78 40 78 o 78 40 78
w w
20 ; 39 W0H-— -t |- —————— 39 39 20 e 39
(1] 0 0 0 0 0 0
o {1] 40 60 (0] 20 40 60 60 0 20 40 60
Train 8 Train 8
195 100 ——————_ 119! 195 100 19:
156 %0 150 156 80 15
17 60 1 17 60 n
78 40 8 40 po[=———ZXE, 78 40 8
by
39 20 39 WH= = —s [-—————— 39 20 39
00 0 0 00 0
20 40 60 (1] 20 40 60 [} 20 40 60 0 20 40 60

Time (min) Time (min)

(n) nsddsalihyneuinseaiannililaears () nstlsalwiunaruiunnAuune

U7 5.44 ndsanulaifin ESTS uslaza nsal H = 6 W1l wag %ESTS = 75%

W aNaISUINANISTa0IlUNSEM H = 6 WA way %ESTS = 75%

WU31 ESTS aunsaatuayundsuliitdrsesdmsunisenenauiusaluinliaiunse

< a

waeuiilugaaniflasansiilndfigalidnsa Andudosas 85.29 vounnnsalvianun wans

9

Ae3UTl 5.45 ag1slsfinng FausinguinmanisalfifvurusalnfinnAsuudunianig

(% s o

Tusnis lnganmananduiusiudunisvessuiusaluiinlilafans ESTS de0g119ann



203

a

uausa b vt Awusdundsanulndwiusseeniswusundsnulnin s vue nadws

I
Y

sananazvieuinelianedilusUniuasdndiunsinns ESTS Tusdiugs ssuuldnenin

¥ '
(% Y ] ]

lunmsnevauaswisivglduliegraiiuszdnsam uidulitedrinsuaruaseuaquidesinud

Ya3n1suustundsnulndrnaslasuniswauniafnluyssinud

Train movement using ESTS backup
Case 06: H 6.00 - ESTS 75%

14.71%

M Case all trains can move to
the nearest stations

85-290/0 H Case some trains stopped
staying on the track
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W aNANTUINANITTIADILUNTE H = 8 W19 hay %ESTS = 25%
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Train movement using ESTS backup
Case 07: H 8.00 - ESTS 25%
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63.890A] the nearest stations

M Case some trains stopped
staying on the track

U7 5.52 dhsimnudnsavesnisneuauedlunsdl H = 8 Uil uaz %ESTS = 25%
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5.3.3.2 n50d H = 8 U1 waz %ESTS = 50%
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Train movement using ESTS backup
Case 08: H 8.00 - ESTS 50%

36.11%

m Case all trains can move to

63,8904 the nearest stations

m Case some trains stopped
staying on the track

U7 5.59 dnsAnudnsavesnsnevauedlunsdl H = 8 Uil uag %ESTS = 50%
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5.3.3.3 n50d H = 8 U1 waz %ESTS = 75%
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Train movement using ESTS backup
Case 09: H 8.00 - ESTS 75%

—

19.44%

m Case all trains can move to
the nearest stations

80.56%

B Case some trains stopped
staying on the track

U7 5.66 dhsmnudnsavesnisnevauedlunsdl H = 8 Uil uag %ESTS = 75%
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75 audny aEAinsd H = 6 wdl Svvausalwiujofinisede 8 vuiu Tonsianudnse

anaadudosay 58.82 73.53 uay 85.29 wagnsdl A = 8 uni SvvausaliiufiRniaiede 6

U Wonsnnudnsananiudeosay 36.11 63.89 waz 80.56 AUA1RU NaFINaNAENOU
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Aon1sTundsnulnihavednelusminisudsdundsnulnin 3.5 Alawnsanas wissuuds

fI ESTS uagnasnuliihdsespaniooginiy eg1alsinnu nisiudnadiunisfinge ESTS
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H | %ESTS | Success | &naau ESTS WA ESTS 7iA255095U
MR ) | (%) (%) dasalidsu | Frddluil/nszualuilywdsauluin
1 3.45 25 68.97 1:3 2.7 MW / 3,590 A/ 195 kWh
2 3.45 50 100.00 1:1 0.9 MW / 1,200 A / 69 kWh
3 3.45 75 100.00 3:1 0.9 MW / 1,200 A/ 69 kWh
4 6 25 58.82 1:3 2.7 MW / 3,590 A/ 195 kWh
5 6 50 73.53 1:1 0.9 MW / 1,200 A / 69 kWh
6 6 75 85.29 3:1 0.9 MW / 1,200 A/ 69 kWh
7 8 25 36.11 1:2 1.8 MW / 2,400 A / 130 kWh
8 8 50 63.89 1:1 0.9 MW /1,200 A / 69 kWh
9 8 75 80.56 2:1 0.9 MW/ 1,200 A/ 69 kWh
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6 58.82 73.53 85.29 47.06% 5.88%

8 36.11 63.89 80.56 30.00% 13.89%
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- H Enax E,y, SOCin Ppeak Lyear

M wndy | PESTS | gwh) | kwh) | @) | (Mw) | (A)
1 3.45 25 52.96 29.26 72.84 1.67 2,260.28
2 3.45 50 35.80 17.18 48.12 0.88 1,200.00
3 3.45 75 35.98 12.14 47.86 0.88 1,200.00
4 6 25 65.61 51.19 66.35 1.53 2,064.60
5 6 50 55.18 35.97 20.00 0.88 1,200.00
6 6 75 32.71 24.87 83.23 1.41 1,903.95
7 8 25 51.51 34.59 60.37 1.26 1,708.71
8 8 50 34.86 25.51 a9.47 0.88 1,200.00
9 8 75 34.29 17.90 50.31 0.88 1,200.00
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M13199 N.1 Tayad NIV UIATUUALADT Toshiba SCIB™ 23 Ah

578015 AN
wwilunmes Lithium Titanate Oxide (LTO)
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AUINNA 23 Ah
userulviihueiia 23V
Maglnie1s8s (10s) 1,000 W
ANNTUILLUNA UG wa 96 Wh/kg
AU UGS e 202 Wh/L
PUIRNADLIAA W116 x D22 x H106 mm
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UEadRUUaYNsH (Number of series cells: Ns) funanuksasu bl
uolitaveouiian (Nominal voltage of pack: V) 191150 750 Taas wazuseaulniuediva

6

vo9a8 (Nominal voltage of cell: Vee) WAV 2.3 1186 Inadanudunusaail

Ns = Vpack + Veeu

750V + 2.3V

327cells

IR
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@
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AN YINAY

Vpack,actua/ > NS X Vcell
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Tiguausali 2 uag 3 auiu wdsnulvihdusivesuiadanvuadu 130 Aladndgalu
waz 195 AladnAdalus mudiu lngasdnuiuadiuuaunsunuwssnulniuasiiuwad
LUUTUIRYENEANgRie vl Aidwnldazdatududiauiy welindsudises

[y

LitleaninAmtus Feresruinmaugueswiin (Capacity of pack: Ope) A99

d5U 65 Nladtnndalug

Epack,min - Vpack

Qpack, 65kWh

=  65kWh = 750V
= 86.67Ah
dmsu 130 Alathddalug
Opack1300mn = Epackmin = Vpack

= 130kWh = 750V
= 173.33Ah
dm3u 195 Alatnddalus

Epac/c,min - Vpack

Qpack, 195kWh

= 195kWh + 750V
= 260.00Ah

(3 J

PUITAARUUTUILAILIAULAIINSRTIEIUTENINIANVDIA ATIABINTT

(%

fuAuguelitaveteas Al

dmsu 65 Nlatndgalug

Npssimn = Opackssimn + Qeeil
= 86.67TAh + 23Ah
~ dcells

dmsu 130 Alataddalug
Ny, 130kmn = Opack, 1300w + Qeell

= 173.33Ah + 23Ah

8cells

Q



dmsu 195 Aladtn@galug

N, 1951wm =

Q

Qpack,195kWh - chll

260.00Ah + 23Ah
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danalvina1ugueuiia (Actual capacity of pack: Qpackacna) WATNE 191U

Iwesuiia (Energy of pack: Epuckacua) AMINANTAOVUIUTAGAUAAMUATIANRSAWINAY

dmsU 65 Nladtnrvalug

#115U 130 Alatnmtala

dm5U 195 Nladtnevalug

Qpack,aclual, 65kWh

E pack,actual, 65kWh =

Qpack, actual, 130kWh

Epack, actual, 130kWh

Qpack, actual, 195kWh =

Epack, actual, 195kWh =

Npssiwn X Qceit

4 x 23Ah

92Ah

Vpackactual X Opack actual, 65kWh
752.1V x 92Ah
69.19kWh

Np, 13000 X Qce

8 x 23Ah

184Ah

Vipack.actuat X Qpack,actual, 130kWh
752.1V x 184Ah
138.39kWh

N, 195k X Qeell

12 x 23Ah

276Ah

Vyack.actual X Opack.actual, 195kWh
752.1V x 276Ah
207.58kWh
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% 14 3 1% 4 J (%
ﬂ?ﬂﬂﬁﬂ%’]ﬂlgﬂﬂiﬂﬁiﬁﬂLL‘WﬂLL‘U‘U 327s4p 1 ABINTIVEBUINEUITNIBIIY

Maalnilasgn (Peak power of pack: Pyea) haiziaalniliseifios (Continuous power of

pack: Peon) AMUTOMMUATDITTUUNT O TnsAuinszwaliingean (Peak current of

pack: L) Haznszialniinmeiiios (Continuous current of pack: Leon) AMNAMUANNUS

P=

dmsU 65 Nladtnrvalug

[peak,65kWh

Leons,65kmn

d5U 130 Aladnegalug

Lyeak, 1306wn

Leont, 1306mn

dm5U 195 Nladtnevalug

Lyeak, 1951wn

Leont,195Kwn

Vx 1

P peak,65kWh - Vpack,aciual

900kW + 752.1V
1,196.7A

Peonsssiwn + Vipack actual
480kW + 752.1V
638.2A

P peak, 130kWh - Vpack,actual

1,800kW + 752.1V
2,393.3A

Peons 1300mn + Vpack actual
960kW + 752.1V
1,276.4A

P peak, 195kWh - I/pack,actual

2,700kW + 752.1V
3,590.0A

Peont195imm + Vipackactual
1,440kW + 752.1V
1,914.6A
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o H o <
n.2.4 msmmmmwunmmmwazﬂuuwa
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[

A4 v oa 3 o 1 3 a [ H o < a1 &
WUUBEY wazliloansdelnvtnaeaauseana 0.55 Alansy UntnsInveunAdzia fail

dmsU 65 Nladtnrvalug

Niowaisskwn = Ns X Npssiwn
= 327cells x dcell
= 1,308cells
Witai,6skwn = Niotassskwn X Ween

= 1,308cells x 0.55kg
= 719.4kg
dmu 130 Alatnddalas

Ns % Np 1300mn

Niotal, 130kwh

= 327cells x 8cell
= 2616cells

Niotat, 1306w1 X Weeln

W iotal, 1300mn
= 2,616cells x 0.55kg
= 1,438.8ke

dmsu 195 Alathddalug

Ns X Np 1956wn

Niotal, 195kWh

= 327cells x 12cell
= 3924cells



246

Wiotar 1955w = Niotat,195kwn X Weeil

3,924cells x 0.55kg

2,158.2kg
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n.2.5  @3UNANITEBNHUULIAA
nnNsAuai1du asnsaagUldiinisesnuuuLunmesuiia Toshiba
SCiB™ 23 Ah d1viudiasansainisuustundsanulifinan esTs ludauiusaluindu
annsautseantdidu 3 nsdamusziumasliiingegauazsnnuvuiusaliinisundany
Tnelaseadauiinfiongaufo 327sap 327s8p uag 327s12p aua1du Taseasrafenanalv

(% Iz

nasnulnivesuiauszunm 69.19 Alataddalug 138.39 Alatnddalus way 207.58
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1Y o

Aladnddalus aud1au degandnAndanuliitusinimualin 65 Aladeddalus 130
Alatnddqlug wag 195 Aladnddalus auaiau dnnadeanunsasessumasluingsanues
wiAinAy 900 Alatnd 1,800 Alatnd wag 2,700 Aladns loneldussiulniuinussuno
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1 Y @ a gj [} o W v 1 1< [ 1 a [ a
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A19199 N.2 AFURANISAILIVDILUAWEILTA Toshiba SCIB™ 23 Ah

518015 TA59a579 ESTS e ESTS:tr
sUsuunshustundsauliin 1ESTS : 1tr 1ESTS : 2tr 1ESTS : 3tr
mdsluihasgnvasuiia 900 kw 1,800 kw 2,700 kW
msluihsediomweuia 480 kW 960 kW 1,440 kW
wssrulainvesuiia 752.1V 7521V 7521V
AUt uia 92 Ah 184 Ah 276 Ah




A13797 N.2 dURANISAIWINTBILURMBIUTAA Toshiba SCIB™ 23 Ah (sia)
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1596319 ESTS 1ile ESTS:tr

378013
nasulninveuin 69.19 kWh 138.39 kWh 207.58 kWh
nszualviihasgauadia 1,196.7 A 2,393.3 A 3,590.0 A
ﬂi%LLﬁiWﬁﬁﬁiaLﬁaﬂsﬂaﬂLLﬁﬂ 638.2 A 1,276.4 A 1,9146 A
Suuads LTI 1308 cells | 2616cells | 3,924 cells
FUIUGATOUNTY 327 cells 327 cells 327 cells
IUIULAATUIU 4 cells 8 cells 12 cells
IAssasnaudin 327s4p 327s8p 327s12p
thminadsalaeysyana 719.4 kg 1,438.8 kg 2,158.2 kg
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15197 A.1 Nan1sVAEeU Case 01 1A H WINAU 3.45 U hay %ESTS Winiu 25%

ESTS Train

Test Case Enax Enin Euwe | SOChux | SOChin | Ppeak Tpear Eug Vnin Note.
vound | suceess | awmy | awmy | awny | 0 | 0 | om | @ | aww | w

1 YES 44.32 13.02 | 26.68 21.79 93.32 77.27 1.24 1,800.40 | 639.83 | -

2 YES 35.46 7.39 20.10 16.53 96.21 81.82 1.23 1,652.80 | 665.65 | -

3 YES 31.25 | 20.43 | 24.67 20.12 89.52 83.97 1.85 2,506.40 | 643.78 | -

q YES 42.36 | 16.38 | 27.14 21.87 91.60 78.28 1.56 2,102.40 | 628.83 | -

5 YES 34.60 | 21.20 | 27.57 22.49 89.13 82.26 1.80 2,439.10 | 618.49 | -

6 YES 40.81 18.72 | 26.08 21.26 90.40 79.07 1.88 2,539.10 | 616.75 | -

7 YES 39.31 15.24 | 25.33 20.92 92.18 79.84 1.33 1,786.60 | 654.40 | -

8 YES 34.64 | 23.42 | 28.52 23.34 87.99 82.24 1.02 1,369.20 | 640.65 | -

9 YES 35.55 7.46 21.23 17.49 96.17 81.77 1.42 1,920.10 | 622.06 | -

10 NO 38.57 10.16 | 25.40 20.98 94.79 80.22 1.84 2,487.501-607.75 | Train not at station: 2 3

11 YES 27.61 6.25 17.70 14.64 96.79 85.84 1.54 2,077.80 | 687.64 | -

12 NO 3264 | 13.68 | 23.78 19.55 92.98 83.26 1.26 1,694.60 | 609.81 | Train not at station: 4

13 YES 36.30 1.82 18.33 15.38 99.07 81.38 1.50 2,020.50 | 628.27 | -

14 YES 36.62 | 25.92 | 29.59 24.23 86.71 81.22 1.40 1,890.90 | 660.49 | -

15 YES 3324 | 11.53 19.58 16.34 94.09 82.96 1.37 1,843.70 | 673.46 | -

A4



A1519% A.1 HANISNAEBU Case 01 fiAN A WU 3.45 Uit uae %ESTS Wiy 25% (#a)

ESTS Train
Test Case Emax Ein Eavg SOChux | SOCin P peak 1, peak E, avg Vnin

round | success &Wh) | kW) | WR) | (%) (%) (MW) (A) (kWh) ")

17 YES 27176 | 18.60 | 23.61 | 19.22 90.46 | 85.77 1.29 1,739.00 | 620.79 | -
18 YES 37.37 | 2041 | 2645 | 21.51 89.53 | 80.84 1.61 2,173.50 | 618.38 | -
19 YES 31.57 | 1457 | 23.26 | 18.88 92.53 | 83.81 1.44 1,947.20 | 634.42 | -
20 YES 44.01 | 1631 | 28.41 | 23.29 91.63 | 77.43 1.86 2,517.30 | 633.40 | -
21 YES 54.17 | 17.25 | 29.66 | 24.32 91.16 | 72.22 2.12 2,869.80 | 624.68 | -
22 YES 34.55 | 10.02 | 1994 | 16.51 94.86 | 82.28 194 | 2,627.50 | 659.92 | -

24 YES 28.15 | 1196 | 21.04 | 16.89 93.86 | 85.56 0.94 1,259.70 | 621.55 | -

Note.

e YES wanedls nsdiisalviimnuuiuenendnsa uaz NO nueds nsdindsalviuisuuiuandnauumeis
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Train movement using ESTS backup

Case 01: H 3.45 - ESTS 25%

31.03%

U

=
N

B Case all trains can move to

68.97% the nearest stations

m Case some trains stopped
staying on the track

A.1 ’5(5]’?1?1’3’11@7L%%?J@Qﬂ’]iﬁ@llﬁﬂ@ﬂﬂﬂiﬂj H = 3.45 U9 wag %ESTS = 25%

1214



A1519% A.2 NaN1SVAERU Case 02 1A H WiNAU 3.45 U hay %ESTS Winfdu 50%

ESTS Train
Test Case Eax Ein Euye SOChux | SOChin | Ppeak Dpear Euy Vinin Note.
vound | suceess | awmy | awmy | awny | 0 | 0 | om | @ | aww | w
1 YES 27.98 4.21 15.51 12.86 93.90 59.44 0.87 1,200.00 | 691.69
2 YES 24.23 2.30 11.64 9.70 96.67 64.89 0.87 1,200.00 | 704.27
3 YES 27.24 0.46 14.43 12.05 99.33 60.52 0.86 1,171.89 | 708.84
4 YES 25.95 594 16.00 13.30 91.39 62.39 0.84 1,139.73 | 685.95
5 YES 27.64 6.08 16.04 13.36 91.19 59.94 0.85 1,155.46 | 675.73
6 YES 24.66 2.69 15.21 12.65 96.10 64.26 0.88 1,200.00 | 682.88
7 YES 34.02 1.92 14.59 12.14 97.21 50.70 0.84 1,136.14 | 690.32
8 YES 26.71 4.10 16.53 13.72 94.06 61.29 0.86 1,200.00 | 677.69
9 YES 31.91 493 12.28 10.24 92.85 53.76 0.88 1,200.00 | 703.73
10 YES 25.29 3.74 16.82 14.03 94.59 63.34 0.85 1,156.62 | 699.18
11 YES 17.05 5.10 10.12 8.37 92.61 75.29 0.86 1,171.89 | 687.20
12 YES 23.62 1.67 15.08 12.60 88.89 65.77 0.85 1,151.72 | 700.98
13 YES 33.49 0.47 10.42 8.73 99.33 51.47 0.87 1,200.00 | 719.17
14 YES 28.18 8.89 17.02 14.06 87.12 59.17 0.87 1,200.00 | 682.35
15 YES 19.83 1.22 11.22 9.39 98.23 71.26 0.84 1,136.14 | 663.52

114



A1519% A.2 NaN1SVNAERU Case 02 1A H WNAU 3.45 Ul kay %ESTS Windu 50% (M)

ESTS Train
Test Case Eax Ein Euye SOChux | SOChin | Ppeak Dpear Euy Vinin Note.
vound | suceess | awmy | awmy | awny | 0 | 0 | om | @ | aww | w
16 YES 21.99 2.03 15.91 13.24 97.05 68.13 0.88 1,200.00 | 699.57
17 YES 35.13 2.90 13.83 11.57 95.79 49.09 0.87 1,200.00 | 710.91
18 YES 26.05 0.84 15.49 12.93 98.79 62.24 0.87 1,200.00 | 689.67
19 YES 22.11 1.38 13.64 11.36 98.00 67.96 0.84 1,136.14 | 686.25
20 YES 31.01 5.65 16.49 13.77 91.82 55.06 0.86 1,162.69 | 698.14
21 YES 25.93 0.79 17.22 14.34 98.86 62.42 0.88 1,200.00 | 673.31
22 YES 22.82 347 11.47 9.57 94.98 66.93 0.86 1,200.00 | 688.38
23 YES 25.97 2.85 15.35 12.69 95.88 62.37 0.84 1,136.14 | 680.18
24 YES 25.39 0.42 12.51 10.43 99.40 63.20 0.88 1,195.76 | 707.82
25 YES 25.47 8.15 15.95 13.29 88.19 63.09 0.85 1,151.72 | 678.26
26 YES 18.83 1.61 10.04 8.32 97.67 72.70 0.86 1,171.89 | 689.29
27 YES 25.60 6.12 15.63 13.01 91.13 62.89 0.84 1,136.14 | 692.81
28 YES 21.82 1.63 11.56 9.63 97.64 68.38 0.88 1,200.00 | 693.46
29 YES 26.25 2.14 14.60 12.08 96.90 61.95 0.84 1,136.14 | 684.09

weeg  YES minedis nadifisalnimnuuiuenendisa uag NO vianefie nsdindsalulihuisuiusndnsuuniais

95¢
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Train movement using ESTS backup
Case 02: H 3.45 - ESTS 50%

B Case alltrains can move to

100.00%

the nearest stations

M Case some trains stopped
staying on the track

A.2 51515’1?1’3’13Jﬁ'1L%’%?J@Qﬂ’]i(ﬂ@llﬁﬂ@ﬂﬂﬂiﬂj H = 3.45 U9 wag %ESTS = 50%

yAY4



A1519% A.3 NaN1SVAERU Case 03 1A H WINAU 3.45 U hay %ESTS Winiu 75%

ESTS Train
Test Case Epox Ein Eyy | SOChux | SOChin | Preak Tpear Euy Vinin Note.
round | sueeess | awm | awmy | awny | 9 | 0 | om | @ | awm | )
1 YES 31.20 0.00 10.94 9.16 100.00 | 54.79 0.87 1,200.00 | 713.47
2 YES 20.50 0.24 8.17 6.84 99.65 70.29 0.84 1,136.14 | 713.55
3 YES 27.24 0.00 10.13 8.49 100.00 | 60.52 0.86 1,171.89 | 716.82
4 YES 20.01 0.00 11.29 9.47 100.00 | 71.00 0.86 1,200.00 | 725.61
5 YES 29.00 2.75 11.29 9.44 96.01 57.97 0.84 1,144.84 | 716.67
6 YES 23.08 1.46 10.71 8.97 97.88 66.56 0.88 1,200.00 | 707.12
7 YES 25.40 0.51 10.28 8.60 99.26 63.19 0.87 1,200.00 | 721.12
8 YES 31.15 0.00 11.67 9.77 100.00 | 54.85 0.86 1,200.00 | 703.68
9 YES 33.65 0.00 8.64 7.24 100.00 | 51.23 0.88 1,200.00 | 721.00
10 YES 18.41 3.36 11.80 9.86 95.14 73.31 0.84 1,136.14 | 699.69
11 YES 19.32 0.00 7.14 5.96 100.00 | 72.00 0.86 1,200.00 | 690.73
12 YES 20.44 0.28 10.58 8.85 99.59 70.38 0.85 1,151.72 | 700.79
13 YES 31.91 0.00 7.30 6.12 100.00 | 53.75 0.87 1,200.00 | 725.86
14 YES 31.00 0.00 12.08 10.11 100.00 | 55.08 0.87 1,200.00 | 708.21
15 YES 27.32 0.09 7.88 6.60 99.87 60.41 0.86 1,171.89 | 727.12

8G¢



A1519% A.3 NaN1SVAERU Case 03 N1A1 H WINAU 3.45 U hay %ESTS Windu 75% (A8)

ESTS Train
Test Case Epox Ein Eug | SOChux | SOCpin Preak Dpear Euy Vinin Note.
round | SUCCess | wmy | aowmy | aowny | ) | 0 | 0w | @ | aww | w)
16 YES 25.79 2.78 11.19 9.35 95.97 62.62 0.88 1,200.00 | 708.56
17 YES 23.04 0.24 9.70 8.13 99.65 66.61 0.87 1,200.00 | 705.21
18 YES 24.80 0.00 10.87 9.11 100.00 64.05 0.87 1,200.00 | 721.41
19 YES 24.95 0.00 9.60 8.04 100.00 63.84 0.86 1,200.00 | 721.17
20 YES 27.38 0.61 11.58 9.70 99.12 60.32 0.88 1,19795 | 711.24
21 YES 37.03 0.00 12.14 10.17 100.00 46.34 0.88 1,200.00 | 707.72
22 YES 19.37 0.43 8.07 6.76 99.38 71.93 0.86 1,200.00 | 721.49
23 YES 31.33 0.75 10.87 9.10 98.91 54.59 0.86 1,171.89 | 675.14
24 YES 19.36 0.00 8.78 7.34 100.00 71.94 0.88 1,200.00 | 721.52
25 YES 25.38 2.32 11.17 9.32 96.64 63.21 0.87 1,200.00 | 672.89
26 YES 17.15 0.11 7.10 5.95 99.84 75.15 0.86 1,171.89 | 709.94
27 YES 32.26 0.00 11.00 9.21 100.00 53.25 0.87 1,200.00 | 705.57
28 YES 20.79 0.27 8.14 6.82 99.61 69.87 0.87 1,200.00 | 717.76
29 YES 27.99 0.00 10.34 8.67 100.00 59.43 0.86 1,171.89 | 716.45

weeg  YES minedis nadifisalnimnuuiuenendisa uag NO vianefie nsdindsalulihuisuiusndnsuuniais

65¢
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Train movement using ESTS backup
Case 03: H 3.45 - ESTS 75%

B Case all trains can move to
the nearest stations

100.00%

m Case some trains stopped
staying on the track

A.3 51515’1?1’3’13Jﬁ'1L%’%?J@Qﬂ’]i(ﬂ@llﬁﬂ@ﬂﬂﬂiﬂj H = 3.45 U wag %ESTS = 75%

09¢



A1519% A.4 HANSNAERU Case 04 fiAN H WU 6 unil uay %ESTS wiriu 25%

ESTS Train

Test Case Epox Ein Euyg SOChax | SOChin | Ppeak Tpear Eauy, Vinin Note.
round | sueeess | awm | awmy | awny | 9 | 0 | om | @ | awm | )

1 YES 44.23 13.02 | 26.69 21.81 93.33 17.32 1.32 1,782.25 | 662.15 | -

2 YES 31.36 7.39 20.15 16.62 96.21 83.92 1.11 1,496.16 | 681.79 | -

3 YES 27.02 | 2057 | 24.72 20.19 89.45 86.14 1.67 2,253.72 | 663.07 | -

q YES 43.12 16.60 | 27.27 22.08 91.49 77.89 1.57 2,120.50 | 62794 | -

5 YES 34.60 | 21.20 | 27.57 22.49 89.13 82.26 1.80 2,439.09 | 618.49 | -

6 YES 40.81 18.72 | 26.08 21.26 90.40 79.07 1.88 2,539.06 | 616.75 | -

7 YES 47.59 15.24 | 25.42 21.07 92.18 75.60 1.47 1,988.51 | 66594 | -

8 YES 34.70 | 23.22 | 28.56 23.42 88.09 82.20 1.00 1,338.86 | 674.11 | -

9 YES 35.53 8.01 21.24 17.50 95.89 81.78 1.49 2,003.33 | 622.06 | -

10 NO 38.57 10.16 | 25.40 20.98 94.79 80.22 1.84 2,487.47 |607.75 | Train not at station: 2 3

11 YES 27.61 6.25 17.70 14.64 96.79 85.84 1.54 2,077.84 | 687.64 | -

12 NO 32.64 | 13.68 | 23.78 19.55 92.98 83.26 1.26 1,694.62 | 609.81 | Train not at station: 4

13 YES 36.30 1.82 18.33 15.38 99.07 81.38 1.50 2,020.54 | 628.27 | -

14 YES 36.62 | 2592 | 29.59 24.23 86.71 81.22 1.40 1,890.90 | 660.49

15 YES 3324 | 11.53 19.58 16.34 94.09 82.96 1.37 1,843.73 | 673.46 | -

19¢



A1519% A.4 NaN1SVAERU Case 04 1A H WiINAU 6 U wag %ESTS winiiu 25% (#a)

ESTS Train
Test Case Emax Ein Eavg SOCpux | SOCin P peak Ipeak E, avg Vinin

round | SUCCESs | qewmy | aowmy | aowwy | 0 | 9 | omy | | awm | o)

Note.

17 YES 27176 | 18.60 | 23.61 | 19.22 | 90.46 85.77 1.29 1,739.00 | 620.79
18 YES 4485 | 14.00 | 26.53 | 21.64 | 92.82 77.00 1.75 2,366.75 | 617.87 | -
19 YES 3333 | 1436 | 23.31 | 1897 | 92.64 82.91 1.36 1,826.66 | 661.16 | -
20 YES 42.05 | 1691 | 28.43 | 2332 | 91.33 78.44 1.88 2,537.09 | 656.57 | -
21 YES 54.11 | 1899 | 29.67 | 2434 | 90.26 72.25 2.11 2,864.57 | 624.34 | -

22 YES 34.55 | 10.02 | 1994 | 16.51 94.86 82.28 1.94 | 2,627.53 | 659.92 | -

24 YES 28.15 | 11.96 | 21.04 | 16.89 | 93.86 85.56 0.94 1,259.68 | 621.55 | -

c9¢



A1519% A.4 NaN1SVAERU Case 04 1A H WiINAU 6 U wag %ESTS winiiu 25% (#a)

Test
round

Case
success

ESTS Train
E max E min E avg S OCmax S 0 Cmin P peak 1 peak E avg Vmin
(kWh) | (kWh) | (kWh) | (%) (%) (MW) (4) (kWh) )

e YES wanefia nsdliisalwiwinvuinenend15a uay NO nunedis nsdliidisaluihuisuiusnisuuniais

Note.

274



Train movement using ESTS backup
Case 04: H 6.00 - ESTS 25%

41.180A] B Case all trains can move to

58- 82 {l/“ the nearest stations

M Case some trains stopped
staying on the track

JUT a4 Savanudnsavesnisnovaustlunsdl H = 6 w1l uay %ESTS = 25%

v9¢



15197 A.5 NaN1sVAEeU Case 05 1A H WU 6 U wag %ESTS winfiu 50%

ESTS Train
Test Case Enax Ein Eyy | SOChux | SOChin | Preak Tpear Eauy, Vinin Note.
round | sueeess | qwmy | awmy | awm | | o | ow | @ | @ | )
1 YES 7.45 0.09 5.18 4.21 99.87 89.20 0.50 672.56 691.32
2 YES 30.31 10.76 | 19.04 15.28 84.40 56.07 0.87 1,200.00 | 611.97

4 YES 8.37 0.00 2.53 2.09 100.00 | 87.87 0.84 1,136.14 | 672.51
5 YES 3393 | 14.25 | 24.65 | 20.01 79.35 | 50.82 0.84 1,144.84 | 652.46
6 YES 25.68 | 11.05 | 16.13 | 13.37 83.99 | 62.78 0.87 1,200.00 | 666.22

12

YES

21.47

0.00

9.35

1.67

100.00

68.89

0.85

1,151.72

8 YES 3395 | 849 | 19.67 | 16.33 87.69 | 50.80 0.86 1,200.00 | 691.50
9 YES 30.51 1.50 | 13.23 | 10.98 9783 | 55.79 0.88 1,200.00 | 628.72
10 YES 1.92 0.00 0.82 0.69 100.00 | 97.21 0.84 1,136.14 | 0.00

616.68

13

15

YES

YES

11.25

25.75

3.25

1.41

7.25

10.19

5.85

8.36

95.29

97.95

83.69

62.67

0.84

0.84

1,136.14

1,139.73

622.46

603.88

G9¢



A1519% A.5 Nan1sVAEeU Case 05 1A H WU 6 U9 wag %ESTS winiu 50% (5a)

ESTS Train

Test Case Enax Enin Eug | SOChux | SOCpin Preak Tpear Eouyg Vnin Note.
round | SUCCess | wmy | aowmy | aowny | ) | 0 | 0w | @ | aww | w)

16 YES 8.61 0.00 2.68 2.18 100.00 87.52 0.72 969.18 | 677.84 | -

17 YES 57.24 | 1553 | 36.00 29.97 77.50 17.04 0.84 1,136.14 | 692.65 | -

18 YES 7.43 0.00 4.28 3.58 100.00 89.23 0.86 1,171.89 | 698.98 | -

19 YES 19.17 2.87 11.20 9.09 95.84 12.22 0.88 1,200.00 | 613.90 | -

20 YES 42.06 | 12.43 | 25.11 20.77 81.98 39.05 0.87 1,200.00 | 610.34 | -

21 YES 12.59 0.00 6.11 5.11 100.00 81.76 0.88 1,200.00 | 628.72 | -

22 YES 21.10 0.00 8.88 7.20 100.00 69.42 0.86 1,200.00 | 660.52 | -

23 YES 57.27 7.19 34.09 28.33 89.58 16.99 0.84 1,136.14 | 651.37 | -

24 YES 4.47 0.00 1.88 1.55 100.00 93.52 0.84 1,136.14 | 697.45 | -

25 NO 19.78 7.90 13.48 11.02 88.56 71.33 0.86 1,200.00 }+611.28 | Train not at station: 5

26 NO 27.66 0.00 13.44 10.95 100.00 59.91 0.85 1,151.72 | 626.03 | Train not at station: 3

27 YES 7.44 0.28 5.29 4.30 99.59 89.21 0.52 695.86 | 689.57 | -

28 YES 30.04 | 11.03 | 18.76 15.07 84.02 56.46 0.87 1,200.00 | 612.29 | -

29 NO 29.51 7.80 23.19 19.26 88.70 57.23 0.84 1,139.73 | 624.62 | Train not at station: 3

30 YES 8.08 0.00 2.48 2.05 100.00 88.29 0.84 1,136.14 | 675.17 | -

99¢



A1519% A.5 Nan1sVAEeU Case 05 1A H WU 6 U9 wag %ESTS winiu 50% (5a)

ESTS Train
Test Case Epax Ein Eavg SOCax | SOCuin Ppeak Ipeak Eavg Vinin

round | success | | awmy | awm) | (%) %) | (MW) (4) &Wh) | (V)

Note.

31 YES 32.60 | 1290 | 24.17 | 19.61 81.31 52.75 0.88 1,200.00 | 651.70 | -

32 YES 26.16 | 11.88 | 16.76 | 13.89 82.78 62.09 0.87 1,200.00 | 670.73 | -

33 NO 14.66 | 0.00 6.41 533 100.00 | 78.75 0.84 1,136.14 | 665.47 | Train not at station: 5

34 YES 34.02 | 856 | 1934 | 16.06 | 87.60 50.70 0.86 1,200.00 | 686.26 | -

weeg  YES minedls nadifisalnimnuuiuenendise uag NO vianefis nsdindsatiiiuisvuiuandnauuniei

19¢



Train movement using ESTS backup
Case 05: H 6.00 - ESTS 50%

26.47% ,
B Case alltrains can move to
73 ;3 (y ' the nearest stations
e 0

m Case some trains stopped
staying on the track

JUT a5 Savianudnsavesnisnevauaslunsdl H = 6 Wil uay %ESTS = 50%

89¢



A1519% 7.6 HANISNAEEU Case 06 AN H WU 6 Ui uay %ESTS wiriu 75%

ESTS Train

Test Case Epox Ein Eyy | SOChux | SOChin | Preak Tpear Euy Vinin Note.
round | sueeess | awm | awmy | awny | 9 | 0 | om | @ | awm | )

1 YES 20.71 0.00 3.59 32.02 100.00 | 89.38 0.88 1,175.52 | 736.38 | -

2 YES 19.79 2.66 13.01 10.73 98.64 89.85 0.95 1,275.45 | 666.07 | -

3 YES 28.57 2.32 16.13 13.55 98.81 85.35 0.88 1,179.42 | 628.39 | -

4 YES 7.66 0.00 1.71 1.43 100.00 | 96.07 0.88 1,175.52 | 700.28 | -

5 YES 34.05 6.60 16.64 13.67 96.61 82.54 0.95 1,281.17 | 657.32 | -

6 YES 22.88 2.79 10.94 9.22 98.57 88.27 0.94 1,267.12 0.00 -

4 NO 15.25 0.00 4.38 3.65 100.00 | 92.18 0.88 1,175.52 | 668.39 | Train not at station: 1

8 YES 25.59 0.00 13.31 11.22 100.00 | 86.88 0.95 1,275.45 0.00 -

9 YES 20.09 1.52 8.94 7.53 99.22 89.70 0.94 1,267.12 | 632.87 | -

10 YES 1.94 0.00 0.55 0.46 100.00 | 99.01 0.88 1,175.52 0.00 -

11 YES 57.52 6.60 22.71 19.07 96.61 70.50 0.95 1,281.17 | 701.82 | -

12 YES 16.54 0.00 6.34 5.32 100.00 | 91.52 0.91 1,216.73 | 708.85 | -

13 YES 11.32 0.00 4.99 a7 100.00 | 94.20 0.88 1,175.52 | 699.27 | -

14 YES 38.39 0.42 17.52 14.70 99.78 80.31 0.94 1,265.16 | 719.19 | -

15 YES 19.41 0.28 6.92 5.80 99.85 90.05 0.94 1,267.12 | 720.32 | -
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AN519% A.6 HANISNAEDU Case 06 AN H WU 6 unil uay %ESTS wiriu 75% (#e)

ESTS Train

Test Case Epox Ein Eug | SOChux | SOCpin Preak Dpear Eauy, Vinin Note.
round | SUCCess | wmy | aowmy | aowny | ) | 0 | 0w | @ | aww | w)

16 YES 6.65 0.00 1.83 1.51 100.00 96.59 0.88 1,175.52 | 698.43 | -

17 YES 29.84 | 1560 | 24.22 20.37 92.00 84.70 0.88 1,175.52 | 725.14 | -

18 YES 7.49 0.00 2.87 2.41 100.00 96.16 0.91 1,216.73 | 703.99 | -

19 YES 18.17 2.84 7.65 6.37 98.55 90.68 0.93 1,254.48 | 666.41 | -

20 YES 42.89 0.00 16.84 14.00 100.00 78.00 0.94 1,267.12 | 614.25 | -

21 YES 12.58 0.00 4.11 3.46 100.00 9355 0.94 1,267.12 0.00 -

22 YES 21.02 0.00 5.95 4.86 100.00 89.22 0.95 1,275.45 | 672.84 | -

23 YES 35.07 6.99 22.93 19.23 96.41 82.02 0.88 1,175.52 | 671.66 | -

24 YES 6.65 0.00 1.29 1.09 100.00 96.59 0.88 1,175.52 0.00 -

25 NO 18.13 4.81 9.15 7.61 97.53 90.70 0.95 1,281.17 1+ 616.72 | Train not at station: 5

26 YES 23.14 0.00 11.29 9.44 100.00 88.13 0.94 1,267.12 | 620.82 | -

27 YES 20.66 0.00 3.66 3.08 100.00 89.41 0.88 1,175.52 | 736.03 | -

28 YES 20.24 2172 12.79 10.55 98.60 89.62 0.95 1,275.45 | 666.10 | -

29 NO 29.67 2.79 15.95 13.40 98.57 84.78 0.88 1,179.42 | 628.64 | Train not at station: 1

30 YES 7.44 0.00 1.68 1.40 100.00 96.19 0.88 1,175.52 | 700.20 | -

0Lc



A1519% A.6 NAN1ISVAEBU Case 06 1A H WiINAU 6 U wag %ESTS winiu 75% (#a)

Test
round

32

34

Case
success

YES

YES

ESTS Train
E max E min E avg SO Cmax S OCmin P, peak 1, peak E, avg Vmin
(kWh) | (kWh) | (kWh) | (%) (%) (Mw) 4 (kWh) )

23.14

25.87

3.35

0.28

11.38

13.09

9.59

11.03

98.28

99.86

88.13

86.73

0.94

0.95

1,267.12

1,275.45

0.00

0.00

Note.

e YES wanefia nsdliisalwiwinvuinenend15a uay NO nunedis nsdliidisaluihuisuiusnisuuniais
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Train movement using ESTS backup
Case 06: H 6.00 - ESTS 75%

14.71%

B Case all trains can move to
the nearest stations

85-290/0 B Case some trains stopped

staying on the track

U7 .6 Snsanudnsavasnisnevawedlunsdl H = 6 W7l way %ESTS = 75%

cle



15197 A.7 Nan1sVaaeu Case 07 1A H WINAU 8 U wag %ESTS winiiu 25%

ESTS Train
Test Case Enax Euin Eung | SOChax | SOChin | Ppear Lyeak Euye Vinin Note.
round | SUCCess | qwmy | awmy | awm | %) | o | om) | @ | awm | m)
1 YES 33.46 14.69 | 24.07 19.82 88.70 74.27 0.87 1,165.34 | 666.67 | -
2 YES 8.04 2.78 5.41 452 97.86 93.82 0.89 1,205.10 | 687.51 | -
| 3 | no | 3573 | 20a7 | 5810 | 2206 | se2s | 1251 135 | 182262 61566 |Tannotatstaton s |
q YES 5246 | 18.32 | 35.39 29.00 85.91 59.65 1.54 2,090.57 | 602.26 | -
5 YES 14.27 7.21 10.74 8.76 94.45 89.02 0.93 1,254.72 | 633.10 | -

¢le



A1519% A.7 Nan1sVAEeu Case 07 1A H WiNAU 8 U1 wag %ESTS winiu 25% (59)

ESTS Train
Test Case Emax Ein Eavg SOCyux | SOCin P peak 1, peak Eavg Vinin Note
y :
rounc | SUCCESS \ qwm | awmy | awmy | ) | ) | oamy) | @) | awm |
16 YES 23.11 12.50 17.81 14.99 90.38 82.22 0.93 1,254.72 0.00

18 YES 11.74 | 7.00 9.37 7.87 94.62 90.97 0.94 1,262.92 | 734.69
19 YES 29.03 | 523 | 17.13 | 1439 | 9598 77.67 0.89 1,198.40 | 638.89
20 YES 25,55 | 16.64 | 21.10 | 16.60 | 87.20 80.34 0.87 1,165.34 | 630.88

26 YES 8.65 0.27 4.46 3.62 99.79 93.35 0.74 989.15 | 682.52
27 YES 33.99 | 14.79 | 2439 | 20.07 | 88.62 73.85 0.87 1,165.34 | 667.45
28 YES 7.33 3.35 5.34 4.46 97.43 94.36 0.89 1,205.10 | 687.14

1224



A1519% A.7 Nan1sVAEeu Case 07 1A H WiNAU 8 U1 wag %ESTS winiu 25% (59)

nanee  YES anefia nsdiisalwimnvuienewd e uay NO nunedis nsdidisalwihuiseuiunniisuuniais

ESTS Train
Test Case Emax Ein Eavg SOCyux | SOCin P peak Ipeak Eavg Vinin Note
round | SUCCess |\ | awm | awm | 9 | o | 0w | @ | awwm | m
31 YES 14.24 7.01 10.63 8.65 94.61 89.04 0.93 1,254.72 | 629.06
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Train movement using ESTS backup
Case 07: H 8.00 - ESTS 25%

36-1] /“‘ m Case all trains can move to

63.8904 the nearest stations

M Case some trains stopped
staying on the track

U a.7 Savanudnsavesnisnovaustlunsdl H = 8 w1l uay %ESTS = 25%

9/¢



15197 A.8 NaN1SVAEBU Case 08 1A H WiINAU 8 U wag %ESTS winiiu 50%

ESTS Train
Test Case Eax Euin E avg SOChux | SOChin P peak 1, peak Eavg Vinin

round | success KWh) | (kW) | kW) | (%) (%) (MW) (A) (kWh) ")

Note.

YES 27.24 | 14.17 | 22.42 | 18.40 79.46 | 60.52 0.86 1,200.00 | 624.65 | -

YES 3281 | 17.44 | 23.77 | 19.60 74.73 | 52.45 0.84 1,136.14 | 659.12 | -
YES 14.21 | 0.00 7.18 5.89 100.00 | 79.41 0.88 1,200.00 | 630.12 | -
YES 2441 | 11.16 | 19.84 | 16.05 83.82 | 64.63 0.87 1,200.00 | 621.72 | -

N || AW

8 YES 9.79 0.00 3.26 2.74 100.00 | 85.82 0.86 1,200.00 | 0.00 |-

10 YES 592 1.16 3.28 2.48 98.32 | 91.42 0.84 1,136.14 | 599.03 | -
11 YES 19.00 | 0.00 8.06 6.44 100.00 | 72.47 0.84 1,139.73 | 622.84 | -
12 YES 2761 | 1778 | 21.21 | 17.28 74.23 | 59.99 0.85 1,151.72 | 647.09 | -
13 YES 27132 | 1.20 | 1798 | 14.45 98.26 | 60.40 0.87 1,200.00 | 650.74 | -
14 YES 2549 | 0.00 | 11.34 9.40 100.00 | 63.06 0.87 1,200.00 | 705.13 | -

LLC



A15197 A.8 NaN1SVAERU Case 08 N1A1 H WiINAU 8 U wag %ESTS winiu 50% (#a)

ESTS Train
Test Case Enax Epin Eavg SOChux | SOCin P peak 1, peak Eavg Vnin

round | success KWh) | (kW) | kW) | (%) (%) (MW) (A) (kWh) ")

Note.

16 YES 23.03 | 0.00 11.44 9.27 100.00 | 66.63 0.75 1,011.17 | 617.00 | -

20 YES 25.46 1.08 | 1437 | 11.59 98.44 | 63.11 0.84 1,136.14 | 616.67 | -

22 YES 22.65 | 0.00 | 10.39 8.65 100.00 | 67.18 0.84 1,136.14 | 698.49 | -

23 YES 3331 | 0.00 | 19.49 | 15.75 | 100.00 | 51.72 0.76 1,032.18 | 652.46 | -
24 YES 2518 | 1243 | 19.83 | 16.21 81.98 | 63.50 0.87 1,200.00 | 657.91

26 YES 8.92 0.00 3.05 2.55 100.00 | 87.08 0.86 1,200.00 | 629.68 | -

28 YES 570 0.90 3.31 2.55 98.69 | 91.74 0.84 1,136.14 | 609.87 | -

30 YES 34.35 | 1759 | 23.27 | 18.74 74.51 | 50.21 0.85 1,151.72 | 611.58 | -

8L¢C



A15197 A.8 NaN1SVAERU Case 08 N1A1 H WiINAU 8 U wag %ESTS winiu 50% (#a)

nanee  YES anefia nsdiisalwimnvuienewd e uay NO nunedis nsdidisalwihuiseuiunniisuuniais

ESTS Train
Test Case Enax Ein Eyy | SOChux | SOChin | Preak pear Eauy, Vinin Note.
round | SUeCess | qwmy | awmy | awm | % | o | owm | @ | awn | o)
31 YES 12.32 1.63 6.97 5.57 97.64 82.14 0.88 1,200.00 | 663.60
32 YES 25.21 11.99 | 20.80 17.14 82.62 63.46 0.87 1,200.00 | 633.74
33 YES 28.92 | 20.11 25.84 21.34 70.85 58.08 0.84 1,136.14 | 627.43
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Train movement using ESTS backup
Case 08: H 8.00 - ESTS 50%

0
36-11 /ﬂ H Case all trains can move to

63,89‘1‘%] the nearest stations

m Case some trains stopped
staying on the track

U7 7.8 dnsanudnsavesnisnevauedlunsdl H = 8 il way %ESTS = 50%

08¢



A1519% A.9 HANISNAEEU Case 09 7 A WU 8 unil uay %ESTS wiriu 75%

ESTS Train

Test Case Epox Ein Euwe | SOChux | SOChin | Ppeak Tpear Euy Vinin Note.
round | suceess | awmy | awm | awwy | 0 | 0 | om | @ | awn | )

1 YES 33.75 0.00 12.09 9.97 100.00 | 51.09 0.84 1,136.14 | 676.45 | -

2 YES 6.06 0.00 2.68 2.18 100.00 | 91.22 0.84 1,136.14 | 688.79 | -

3 YES 27.24 8.22 17.13 14.33 88.08 60.52 0.86 1,200.00 | 704.33 | -

q YES 2972 | 1152 | 17.68 14.45 83.31 56.93 0.85 1,151.72 | 666.25 | -

5 YES 11.54 1.24 5.34 4.32 98.20 83.27 0.84 1,144.84 | 647.79 | -

6 YES 24.49 11.16 15.39 12.87 83.82 64.50 0.87 1,200.00 | 633.33 | -

4 NO 26.53 2.39 17.04 13.67 96.54 61.55 0.84 1,139.73 | 617.54 | Train not at station: 1

8 YES 9.79 0.00 2.45 2.05 100.00 | 85.82 0.86 1,200.00 0.00 -

9 NO 24.41 4.55 13.38 11.13 93.40 64.63 0.84 1,136.14 | 614.81 | Train not at station: 1

10 YES 6.70 0.00 2.71 2.27 100.00 | 90.28 0.86 1,171.89 0.00 -

11 YES 9.94 0.00 6.32 5.29 100.00 | 85.59 0.86 1,200.00 | 639.35 | -

12 YES 25.46 5.40 16.39 13.74 92.18 63.11 0.85 1,151.72 0.00 -

13 YES 27.32 0.00 13.44 10.78 100.00 | 60.40 0.88 1,200.00 | 650.74 | -

14 YES 13.98 0.00 8.61 7.21 100.00 | 79.74 0.87 1,200.00 | 724.90 | -

15 YES 34.86 2.39 19.29 16.07 96.54 49.47 0.84 1,139.73 | 639.98 | -

18¢



A1519% A.9 HANSNAEEU Case 09 7 A Wiy 8 unil uay %ESTS wiriu 75% (#e)

ESTS Train

Test Case Epox Ein Euyg SOChax | SOChin | Ppeak Tpear Eauy, Vinin Note.
round | sueeess | awm | awmy | awny | 9 | 0 | om | @ | awm | )

16 YES 13.09 5.79 8.57 6.94 91.62 81.03 0.35 468.15 667.45 | -

17 YES 23.00 6.17 11.97 9.96 91.06 66.67 0.84 1,136.14 | 690.21 | -

18 YES 11.65 0.00 4.66 3.89 100.00 | 83.12 0.86 1,171.89 | 720.09 | -

19 YES 28.12 0.28 8.52 7.07 99.59 59.25 0.84 1,136.14 | 676.69 | -

20 YES 26.47 0.00 11.18 9.36 100.00 | 61.64 0.84 1,136.14 | 682.55 | -

21 NO 27.99 1.25 16.42 13.61 98.18 59.43 0.88 1,200.00 | 619.78 | Train not at station: 1

22 NO 11.85 0.00 4.75 3.86 100.00 | 82.83 0.84 1,136.14 | 663.04 | Train not at station: 1 4

23 YES 29.68 a.77 15.16 12.72 93.08 56.99 0.88 1,200.00 0.00 -

24 NO 23.03 0.00 8.87 7.43 100.00 | 66.63 0.87 1,200.00 0.00 | Train not at station: 1 4

25 YES 27.20 1.72 10.03 8.25 97.51 60.58 0.84 1,136.14 | 624.38 | -

26 YES 8.92 0.00 2.30 1.93 100.00 | 87.08 0.86 1,200.00 0.00 -

27 YES 34.29 0.25 12.37 10.21 99.64 50.31 0.84 1,136.14 | 675.83 | -

28 YES 5.48 0.00 2.62 2.13 100.00 | 92.06 0.84 1,136.14 | 688.10 | -

29 YES 27.99 71.52 17.39 14.54 89.10 59.43 0.86 1,200.00 | 704.24 | -

30 YES 29.58 11.27 17.73 14.50 83.66 57.13 0.85 1,151.72 | 666.25 | -
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A15197 A.9 Nan1sVAEeU Case 09 N1A1 H WU 8 U wag %ESTS winiu 75% (#a)

36

YES

6.27

0.00

2.67

2.23

100.00

90.91

0.86

1,171.89

0.00

ESTS Train
Test Case Enax Ein Eyy | SOChux | SOChin | Preak Tpear Eauy, Vinin Note.
round | sueeess | qwmy | awmy | awm | | o | ow | @ | @ | )
31 YES 11.75 1.13 5.30 4.28 98.37 82.97 0.88 1,200.00 | 648.08
32 YES 25.19 | 12.31 15.81 13.22 82.16 63.49 0.87 1,200.00 | 633.74

34 YES 8.92 0.00 2.30 1.93 100.00 | 87.08 0.86 1,200.00 | 0.00

nanee  YES anefia nsdiisalwimnvuienewd e uay NO nunedis nsdidisalwihuiseuiunniisuuniais
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Train movement using ESTS backup
Case 09: H 8.00 - ESTS 75%

19.44%

m Case all trains can move to
the nearest stations

80.56%

M Case some trains stopped
staying on the track

JUT 7.9 Snsnanudnsavasnisnevawedlunsdl H = 8 w17l way %ESTS = 75%

8¢



AMANUIN

UNAMUIBINITNLATUNISANUWLHSLLNS TUSZIRINANEI



286

1 msUssyuvnng
Khemkladmuk, B., & Kulworawanichpong, T. (2021). Analysis of emergency self-
traction system for mass rapid transit system. In Proceedings of the 2021
International Conference on Power, Energy and Innovations (ICPEI 2021)

(pp. 207-210). Nakhon Ratchasima, Thailand, 20-22 October 2021

Khemkladmuk, B., & Kulworawanichpong, T. (2025). Emergency self-traction and
energy sharing of mass rapid transit system. In Proceedings of the 48th
Electrical Engineering Conference (EECON-48) (pp. 35-40). Chiang Mai,
Thailand.

2 215815395
Khemkladmuk, B., Techawatcharapaikul, C., & Kulworawanichpong, T. (2026).
Emergency power sharing by using a self-traction system in a mass rapid
transit railway. IET Energy Systems Integration, 8, e70040.
doi: 10.1049/esi2.70040



287

2021 International Conference on Power, Energy and Innovations (ICPEI 2021)

October 20-22, 2021, Nakhon Ratchasima, THAILAND

Analysis of Emergency self-traction system for

Mass Rapid Transit System

Banri Khemkladmuk' and Thanatchai Kulworawanichpong®
School of Electrical Engineering
Suranaree University of Technology

Nakhon Ratchasima

30000 Thailand

banrikhem1937@gmail.com' and thanatchai@gmail.com’

Abstract— The problem of power outages that
occurs while a train is in service, causing many
passengers to be stranded on the train and at the station
as well as other serious consequences. The electric train
system used in Thailand often encounters such
problems. Therefore, this article proposes the
simulation using the train movement and basic battery
modelling  calculation to estimate the energy
consumption for energy storage system of the
emergency self-traction system design. From the result,
it was found that the simulation can calculate the energy
consumption used in the electric trains.

Keywords— Train movement, Energy Storage System
(ESS), and Emergency Self-Traction System (ESTS)

I INTRODUCTION

In the past few decades Mass Rapid Transit
System (MRTS) has been continuously developed in
Bangkok and its vicinities such as the Green Line
BTS, MRT Blue Line, Airport Rail link, the BEM
purple line, etc. that can be seen today. [1] These
systems have many advantages such as system
performance, ability to transport passengers, low
maintenance costs, environmental friendliness, etc.,
which are very suitable features for use in this era [2].

The Mass Rapid Transit System relies on electric
power to drive the electric train. It is therefore
essential that the power supply network design is as
safe and stable as possible. However, it is undeniable
that any system can not avoid the failure of the system
that may be caused by humans, natural disasters, or
the system itself at all. As a result, there is a massive
power outage in the MRTS, which made it impossible
to maintain the train's operating status. When the train
stops moving in the middle of the route many
passengers are stranded on the train and at the station.
In the worst-case scenario, the subway stops in a
tunnel, causing panic among passengers and possibly
other serious consequences. [3,4] In recent years, there
have been frequent blackouts of ¢lectric trains such as
the Light Green Line BTS, Airport Rail link, MRT
Purple Line, etc. [5-7] As shown in Figure 1, this is a
warning signal that indicates an urgent solution to this
problem. For the safety of passengers, extending the
life of the system, and improving system performance
of the Mass Rapid Transit System are required.

This article focuses on studying how to install
Emergency Self-Traction System (ESTS) for solving

207

electric train stop in the event of a power outage,
which will help ensure that the train moves to safe
area with backup energy stored in the ESTS instead of
receiving electricity from a normal external power
supply. Energy Storage System (ESS) must be
designed or chosen to suit the electric train during
power outages. Therefore, the model of the electric
train movement has been created to incorporate the
ESS design into the ESTS.

Fig. 1. the Green Line BTS [8]

II. EMERGENCY SELF-TRACTION SYSTEM
ESTS is a system designed as a backup power
supply installed on an electric train for feeding power
to the propulsion system in the event of a train running
in a non-electric zone or a power outage time.
Normally, ETSE consists of three parts: the ESS
(battery and super capacitor), a DC/DC converter and
an ESTS control system. [2] In this article, only the
battery is used as the ESS because the current battery
technology is sufficient for recovering the
regenerative braking energy and supplying the drive
system during a power outage. Thus, the process of
installing the equipment in the ESTS system is
reduced, and its cost is reduced as well. [9] The bold
line shown in Figure 2 represents the direction of
power flow and the dashed line represents the
direction of the control signal.

DC ampply Third rad

(e
¢

L 3
Comacoslnis .
Contraller FSTS
ESES
Vehicle
Lraroen |
TS

Fig. 2. Emergency self-traction system
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TABLE L. CHARACTERISTICS OF ESSES UTILIZED IN RAILWAY SYSTEMS [10]
Technology e:‘e:rg\:;ig; GZ‘J:Z'.'&'T&VE;" Cycle efficiency (%) . 3;::3'“ . Cycle life (cycles)
Flywheel 5-100 400-1500 90-95 100 >21,000
EDLC 5-15 5000-10,000 90-97 10-20 >100,000
Lead-acid 30-50 75-300 80-90 0.05-0.3 500-2,000
Ni-Cd 50-75 150-300 60-83 0.2-0.6 1,500-3,000
Ni-MH 54-120 200-1200 65-70 1-2 1.500-3.000
NaS 150-240 150-230 75-90 15-20 2,000-4,500
ZEBRA 100-120 150-200 90 10-15 >2,500
Li-ion 150-250 500-2000 90-98 0.1-0.3 1,000-10,000
VRFB 10-30 166 75-80 0-10 >16,000
HFC 800-10,000 5-800 20-50 Almost zero >1,000
SMES 0.5-5 500-2000 94-97 10-15 >100,000
In ESTS operation, ESS is the key to providing Fp is aerodynamic drag forces (N)
renewable energy to the propulsion system in the case Fg is gradient forces (N)
of external power system failure via a third rail. The a is the vehicle acceleration (m/s?)
energy stored in the ESS is supplied to the propulsion M.y is effective mass (ton)

system through a DC/DC converter controlled by the
ESTS control system and vehicle control unit (VCU)
mounted on the electric train. In order to supply
energy from the ESS to the appropriate voltage for the
system, ESS charging will only occur while the
electric train is braking or parked at a station when the
external power supply is working normally.

III. ENERGY STORAGE SYSTEM

The selection of ESS is also very important to the
operation of ESTS. Nowadays ESS is used in a wide
variety of electric train applications such as electric
double-layer capacitors (EDLC), ' batteries, and
superconducting magnetic energy storage (SMES),
etc. Each type of ESS has its advantages and
disadvantages, working principles, and functions.
Therefore, it is necessary to understand the basic ESS
performance, as shown in the Table 1. [10].

IV.  THE TRAIN MOVEMENT MODEL

A.  Train movement calculation

According to the above information, for any type
of ESS installed in the electric train, the first thing to
know is the energy that electric trains use to move
during a power outage or disruption. Calculating this
energy is based on Newton's second law, as in
equation (1), when considering the various forces
acting on the electric train, there are main forces such
as rolling resistance force, acrodynamic drag force,
and gradient force, as equation (2). Figure 3 shows the
free body diagram of the electric train on the inclined
path lincluding the mentioned forces exerting on it

[17.

TE - Fr = Meffa (1
Fr =Frp—Fp—Fg 2)
where TE is tractive effort (N)
Fr is resistance forces (N)
Fre is rolling resistance forces (N)

Based on the TE force obtained, it is possible to
calculate the required power P and energy E as in
equation (3) and (4), respectively [12].

Fig. 3. free body diagram of the electric train

p=TExv 3)
n
E=Pxt 4)
where P is power consumed (kW)

is train’s speed (m/s)

n is over all transmission efficiency
E is energy consumed (kWh)
t is time (s)

The simulation requires improvements in the
speed v and position s of the electrie train as it moves
in a time step Az, which are calculated from equation
(5) and (6).

Ve =vi+ oAt (5)
S0 =5+ bt + %aAr’ (6)
where v is terminal speed (m/s)
Vi is initial speed (m/s)
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St is terminal position (m)
Vi is initial position (m)
At is difference between two time (s)

However, the calculation in equation (1) - (6) are
based on the train's motion that consists of four
modes: accelerating mode, constant speed mode,
coasting mode, and braking mode [13] as shown in
Figure 4. Train operation mode depends on the
technology and model used to control electric train.

Accelerating | Cruising Coasting
mode mode mode

Distance

Fig. 4. The electric train's speed control modes

Normally, the electric train's movement starts from
acceleration mode to increase its speed from the initial
speed to the specified maximum speed (Vienice) With
the acceleration o > 0. When the speed is equal to the
maximum speed the electric train will operate in
constant speed or cruising speed mode to maintain the
speed within the maximum speed range with
acceleration o0=0.The train enter coasting mode
when it reaches the specified coasting position. In
coating mode, the train movement solely relies on the
inertia force 7E =0. Finally the system switches to
braking mode when approaching the passenger station
with acceleration o < 0.

B.  Battery calculation

The battery ESS is now widely used in electric train
systems around the world due to its high energy storage
cfficiency, pact size, relevant f control, and it
is secured through the Battery manage system (BMS). The
ESS study here chose a simplified model of the battery in a
case study, which is calculated from equation (7) - (11). [14]

T | )
Vi
Vi =Rpi* (Ini—1s) (8)

Egi =Epi— (Vp, % lax Al) )

I = =Enr_ (10)
VgyxAt
Rey = "8s an
’HJ
where Iy is battery current rate (A)
Isi is initial battery current (A)

Iy, is terminal battery current (A)
Ry is initial battery resistance ()
Rs.: is terminal battery resistance (€2)
Vi is initial battery voltage (V)

V. is terminal battery voltage (V)
Ep; is initial battery energy (kWh)

Eg, is terminal battery energy (kWh)
The two parts of the calculation are taken to create
a combined model. Thus, it is possible to find various
parameters that occur during the train movement of
the system.

V.  SIMULATION RESULT

The train movement simulation in the case of a
power outage was done to solve the energy
consumption (£) needed for the propulsion system. E
will be used for analysis of the system operation and
to select the size of the ESS in ESTS installed on the
electric train. The conditions used to simulate the
movement of electric trains are defined in Table II.

TABLE IL PARAMETERS OF ELECTRIC TRAINS USED
IN THE SIMULATION

Specific data Information
Movement features
- max. speed 80 km/h
- max. acceleration 0.5 m/s*
- max. deceleration 0.5 m/s*
- route distance 1200 m
Electricity
- battery capacity 180 kWh
- voltage level 750 VDC
- max. traction effort 80 kN
- aux. power 270 kW
Weight
- tare weight 100 ton
- passenger mass factor 1.3
Efficiencies 70 %
Station 2 stations

The simulation used MATLAB/M-file to solve the
motion of the electric train that runs between 2
stations with a distance of 1200 meters. The test cases
are divided into 5 levels of service speed: 15 - 55
km/h  without bringing all resistances into the
calculation. For comparison, the energy consumption
results of the simulation are shown in Table I11.

TABLE IIL COMPARISON OF THE SOLUTION

No. | Service speed (km/h) “”:"“,';. £ t (min)
i is 166.67 195
2 25 169.71 3.09
3 35 17135 339
3 5 17282 1.96
5 55 174.27 175

From the above table, the remaining energy of the
180 kWh battery during the travelling on the
determined route at different speeds is shown in
Figure 5. It was found that energy consumption
increased with speed in first 200 m. On the contrary,
after 200 m energy consumed by the electric train
decreased with speed. Therefore, when the electric
train runs at lower speed, the system consumes less
energy in a short distance. But if the running route
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has a longer distance, the electric train running at
higher speed consumes less energy than running at
lower as shown in Figure 6. The difference of energy
consumption in a short distance may not be
noticeable; however the difference is clearly seen
when the travelling time is longer as shown Figure 7.

20 0 ) 0 1000 20
Distance (m)

Fig. 5. The clectric train's speed - distance

Distance (m)

Fig. 6. The battery’s remaining energy

[T spenst

; 18|
B Rt
3 {
£ | f——t
g.\u \
4 B
2 \ \
® !

2 28 3
Tirw (min)
Fig. 7. The electric train's speed - time

VI. CONCLUSION

This paper used the electric train movement and
basic_battery calculation to help estimate the energy
consumption for the battery of ESS used in ESTS
design, it ‘was found that the simulation could
calculate the energy required for electric trains to
travel at different service speed condition from 15 - 55
km/h effectively. It was found that the amount of
energy used increases with speed in the case of the
train travelling in a short distance. On the contrary, the
train consumes more energy at a lower speed for long-

210

distance travelling. From the results above, it can be
concluded that the battery installed in this ETSE must
have a size of at least 20 kWh in size. In addition, it
can simulate battery charging with a regenerative
braking system.

In the future, other relevant condition such as add
more longer distance, add more station, gradient etc.
will be used to make the calculated energy value more
accurate and closer to the actual system.
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Abstract

This paper introduces the concept of energy sharing for
Emergency Self-Traction Systems (ESTS) in mass rapid transit
systems. The main objective is to reduce the number of ESTS
units required by enabling energy sharing between trains
equipped with ESTS and trains without equipped, while ensuring
that all electric trains can safely and efficiently evacuate
passengers.te the nearest station or train stop during power
outages. This study examines the BTS Silom Line in Thailand to
evaluate the feasibility of this concept, considering various
factors including the number of trains equipped with ESTS,
distances between trains and stations, specific train
characteristics, and other relevant parameters. The results

demonstrate that ESTS can effectively provide backup power to

*fusyiususTnio

equipped trains and share surplus energy with other non-
equipped trains within the sharing radius, achieving a success
rate of 72.41%. This emphasizes the feasibility of implementing
this system and contributes to the development of more

sustainable and efficient mass rapid transit systems.

Keywords: Mass Rapid Transit Systems, Emergency Self-
Traction Systems, Power Outage, Energy-Sharing
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ABSTRACT

Systemwide traction power outages in mass rapid transit systems (MRTSs) can cause trains to stop between stations, leading to
service disruption and urgent passenger evacuation requirements. Onboard emergency self-traction systems (ESTSs) can
mitigate this risk by enabling a stranded train to reach the nearest station at low speed. However, installing and maintaining
ESTS on every train can increase implementation and lifecycle costs, motivating approaches that can ensure evacuation with
partial ESTS deployment. This article introduces a power-sharing framework for ESTS in an MRTS. The primary aim is to
reduce the number of ESTS units needed by facilitating power sharing between trains equipped with ESTS and those without it,
while guaranteeing that all trains can safely and quickly evacuate passengers to the nearest station during a systemwide power
outage. This study examines the Bangkok Mass Transit System (BTS) Skytrain Silom Line (dark green line) in Thailand, through
computer simulation parameterised by real-world line and operational data, to evaluate the viability of this concept. It analyses
variables such as the quantity of trains outfitted with ESTS, the distance from the train to the station where it halted, particular
train specifications and additional pertinent aspects. The results reveal that ESTS can efficiently provide backup power to
equipped trains and share surplus energy with other trains within the sharing radius with a success rate of 72.41%. This un-
derscores the viability of ESTS operations and aids in the advancement of a more sustainable and efficient MRTS, despite the
inherent constraints of ESTS.

1 | Introduction although the implementation of MRTS appears to primarily

yield positive impacts, resolving and protecting emergency

Over the past decades, mass rapid transit systems (MRTSs) have
demonstrated their intrinsic value through exceptionally oper-
ational performance [1]. The systems can transport many pas-
sengers quickly and efficiently, ensuring punctuality, safety
through reliable control and monitoring systems, environmental
friendliness by producing zero emissions and more. These per-
formances make MRTS a crucial mechanism that contributes
significantly to urban development and enhances the quality of
life for individuals in society, especially in large metropolitan
areas that face severe traffic congestion issues [2]. However,

scenarios remains a significant challenge in providing MRTS
services [3]. Particularly, inadequate maintenance or malfunc-
tioning equipment can lead to power outages in the system.
Power outages frequently lead to mid-route train halts, which
can cause passenger discomfort due to darkness, overcrowding
and poor ventilation [4, 5]. These have cascading effects on
passenger safety, satisfaction and confidence in the reliability of
MRTS [6]. Although most modern MRTS use various strategies
to manage external factors, they may not be sufficient to ensure
the system’s safety during large-scale power outages. Therefore,
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a long-term solution to this problem requires investment in
improving the electrical infrastructure, regular preventive
maintenance and training of employees to effectively handle
emergency situations [7, 8].

The emergency self-traction system (ESTS) has been proposed
as a promising concept to address this challenge in MRTS. In
general terms, ESTS equips trains with onboard high-capacity
energy storage devices (ESDs), such as batteries or other en-
ergy storage technologies, to store reserve energy during normal
operation. When the main power supply fails, the stored energy
can be used to provide emergency traction so that the train can
continue moving at a reduced speed until it reaches the nearest
station, while also supporting essential onboard services such
as lighting, ventilation and communication systems. As re-
ported in previous studies, ESTS and related emergency trac-
tion schemes can significantly enhance passenger safety and
service continuity by avoiding train stops in the middle of the
track and by enabling controlled evacuation at platforms
[9-15]. At the same time, practical implementation of onboard
emergency systems faces several obstacles, including additional
investment costs, vehicle space constraints, integration with
existing traction equipment and the need for appropriate
operational strategies and staff training [16]. Consequently,
many existing MRTS lines either lack ESTS entirely or deploy it
only on a limited number of trains, which may lead to situa-
tions where trains without ESTS remain stranded during a
power outage, even though some ESTS-equipped trains still
possess unused backup power.

Motivated by the above discussion, the main contributions of
this article are threefold. Firstly, this article builds upon pre-
vious research on individual-train emergency self-traction
systems [9-15], energy-efficiency enhancement through ESS
[16-20] and multi-train coordination for energy conservation
[21, 22]. This work proposes a network-level ESTS power-
sharing concept whereby ESTS-equipped trains serve as a
shared backup energy resource to assist nonequipped trains.
The concept aims to reduce the requirement for ESTS instal-
lation while preserving the ability of all trains to reach the
nearest stations for passenger evacuation during a systemwide
power outage. Secondly, the feasibility of this proposed
concept is studied using an integrated simulation that com-
bines multi-train dynamics, a power network model and a
simplified ESTS model representation to quantify evacuation
outcomes and backup energy utilisation under network con-
straints. Thirdly, a BTS Skytrain Silom Line case study is used
to demonstrate evacuation performance and system-level uti-
lisation of installed backup energy. Overall, this study con-
solidates and extends existing directions towards evacuation-
oriented, coordinated ESTS operation at the network level, as
summarised in Table 1.

Based on the above discussion, this paper is organised as fol-
lows: Section 1 provides the introduction and background to the
problem, including a review of existing ESTS and ESS applica-
tions in MRTS. Section 2 explains the fundamental operating
principles of ESTS and the concept of power sharing between
trains. Section 3 presents the modelling framework. Section 4

describes the simulation setup and the case study based on the
BTS Skytrain Silom Line and reports the numerical results for
various power-outage scenarios with and without power
sharing. Section 5 concludes the main findings of this research,
discusses the practical implications for MRTS operators and
gives directions for future work.

2 | ESTS Power-Sharing Concept

Comprehending the fundamental concepts of the ESTS and the
notion of power sharing among trains is crucial for facilitating
the transfer of stored energy from one train's ESTS to others, so
enabling them to go to the nearest station during emergencies,
such as widespread power outages. The detailed explanation is
as follows.

2.1 | Emergency Self-Traction System

The ESTS is implemented to prevent sudden shutdowns of
trains during systemwide power outages. This system provides
backup power to specific electrical systems such as lighting, air
conditioning and doors, allowing them to continue operating
for a short period, ensuring passenger safety by providing air
to breathe and preventing passengers from being trapped in-
side the train while waiting for rescue. Additionally, some
systems have the capacity to store sufficient or excess energy
to safely propel trains for passenger evacuation to the nearest
station before the MRTS completely shuts down [13, 14]. The
operation of the ESTS consists of three main components: the
ESD, the bidirectional power converter and the control unit
[15]. The ESTS initiates operation when the main control
system of the MRTS sends a command to the ESTS controller
unit. This device subsequently processes and transmits a
command to the bidirectional power converter on board the
trains, instructing it to either charge or discharge energy into
or from the ESD according to the current operating conditions
of the MRTS.

The ESTS is designed to support MRTS operation under both
normal mains power-supply conditions and systemwide power-
outage conditions, and it performs different functions under
each condition [23]. Under normal conditions, the bidirectional
converter charges the onboard ESD either from the main trac-
tion power supply or from regenerative braking, as illustrated in
Figure la-1b. In addition, some ESTS configurations can
dispatch the stored energy during train departure/acceleration
to reduce net energy drawn from the supply, operating on a
similar principle to conventional ESS-based regenerative-energy
utilisation for energy saving, as illustrated in Figure 2 [16-20].
Under power-outage conditions, the ESTS discharges the ESD to
provide low-speed self-traction so that the train can reach the
nearest station; during this process, the ESD may be partially
recharged via regenerative braking, although the recovered en-
ergy is relatively limited due to the low operating speed, as
illustrated in Figure 3. Furthermore, the ESTS configuration
considered in this study is designed to share power with nearby
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TABLE 1 | Summary of related work on ESTS and ESS applications in MRTS.

References Main contribution

[9] Proposes a highly reliable propulsion architecture with an onboard UPS for
ride-through of power disturbances, including topology and control.

[10] Provides a comprehensive survey of emergency self-running power supply
schemes for rail transit vehicles.

[11] Models and estimates train traction characteristics under emergency traction
considering onboard energy storage devices.

[12] Designs and investigates lithium-ion-battery-based emergency traction
functions for rail vehicles.

[13] Develops functional operation for emergency train running using battery
application within traction power supply systems.

[14] Provides design and analysis of an emergency self-traction system for urban
rail transit vehicles.

[15] Analyses and optimises control strategies for battery-based emergency traction
in urban rail vehicles.

[16] Compares stationary versus onboard ESS for reducing energy consumption in
metro networks.

[17] Proposes energy-efficient train control with onboard ESS considering
stochastic regenerative braking energy (RBE).

[18] Optimises capacity configuration of regenerative braking energy utilisation
systems based on power sharing and energy storage.

[19] Proposes an ESS approach for regulating maximum demand of traction
substations.

[20] Develops a hybrid ESS to improve regenerative braking utilisation and reduce
peak traction power in 3 kV DC railways.

[21] Optimises metro timetables to improve regenerative braking energy utilisation
efficiency.

[22] Develops energy-efficient multi-train scheduling considering passenger flows

and station-side utilisation of regenerative energy.

Proposed study

Proposes a network-level ESTS power-sharing concept in which ESTS-

equipped trains act as a shared backup resource for nonequipped trains to
enable evacuation to the nearest stations during a systemwide power outage.

nonequipped trains through the traction supply network
(overhead catenary lines or conductor rails), enabling those
trains to continue moving to the nearest stations and thereby
facilitating network-level evacuation with partial ESTS deploy-
ment, as illustrated in Figure 4.

The operation of the ESTS may vary depending on the specific
application in different MRTSs. Nevertheless, the core concept
of ESTS operation lies in storing energy to enable train pro-
pulsion during emergencies.

2.2 | Principles of Power Sharing Using ESTS

Power sharing between trains is one of the concepts that has
been used to manage energy in the MRTS more efficiently and
reduce some of the power consumed from the main power
supply [17-20]. Two or more trains operating on the same po-
wer supply network can carry out this sharing by closely

aligning their headway times in their operating schedules [21,
22, 24, 25]. Because of the various components that ensure
effective power sharing of the ESTS, it must have stored backup
power in the ESTS greater than its operational needs in emer-
gencies, and the trains involved in power sharing must be
within an appropriate proximity distance from the ESTS [26].

Traditional train energy-sharing concepts can be adapted to the
ESTS power-sharing mechanism due to their similar structural
configurations and operational principles [18, 24]. There are two
main stages in the overall sequence of ESTS operation. In Stage 1,
the ESTS can be turned on manually or automatically when the
main power supply fails. The ESTS then operates in self-traction
mode to propel the ESTS-equipped train to the nearest station
for passenger evacuation, as illustrated in Figure 5a. When the
passengers on this train have been safely evacuated and sufficient
backup power remains, the system transitions to Stage 2, as
shown in Figure 5b. In this stage, the ESTS switches to power-
sharing mode and injects power via conductor rails or overhead
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*++ > is current flow direction

+++ ) is current flow direction

(b) Charging from regenerative braking

FIGURE 1 | The charging ESD of the ESTS operates under normal mains power supply conditions.

*** ) is current flow direction

FIGURE 2 | The discharging ESD to the propulsion system of the ESTS operates under normal mains power supply conditions.

=** ) is current flow direction

i)))

2222

‘(\\“(‘((«({)""‘)’)’) 23333>>

4

FIGURE 3 | Using energy from the ESTS to propel the train during a power outage.

transmission wires to support other stopped trains within the sharing process is terminated and the system is shut down until
permitted sharing distance so that they can reach the next station new control commands are issued or the main power supply is
and safely evacuate passengers. After all trains have arrived at restored. This two-stage power-sharing sequence is summarised
stations and no passengers remain onboard, the ESTS power- in the flowchart in Figure 6.
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*++ ) is current flow direction
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FIGURE 4 | Energy sharing from the ESTS during a power outage.

Substation

Power outage

Running rail

GND

Trains using power from
the ESTS

(a) Stage 1 — self-traction operation

Substation

Power outage

Running rail

GND

/ ~ ESTS share power to other trains

(b) Stage 2 — power-sharing operation

FIGURE 5 | Principles of power sharing using ESTS.

3 | Train Movement Calculation in MRTS

The feasibility analysis of applying the concept of power sharing
using the ESTS in MRTS will be based on a model developed
through mathematical equations implemented in computer
programming. This model incorporates the movement of MRTS,
the operation of the power supply system and simplified ESTS
calculations. The model is parameterised using real-world line
and operational data from the BTS Skytrain Silom Line case

study, and the proposed concept is assessed through computer
simulation as follows.

3.1 | The Movement of MRTS Model

The calculation of train movement involves several forces that need
to be considered. These forces can be described using a free-body
diagram of the train's motion, according to Newton's second law
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Power outage situation?

ESTS train stop
on track?
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ESTS powered train

STS train arrive
at station?

Evacuating passenger |,_|
and wait for rescue

LAY -

FIGURE 6 | Process of power sharing using ESTS.

of motion, as illustrated in Figure 7 [27] and shown in Equation (1).
The train with an effective vehicle mass (Mg, kg) will start moving
by acceleration (e, m/s?) when the pulling force (Fr, N) is strong
enough to overcome the resistance (Fg, N). The T comprises three
main resistance forces: the gravity or gradient forces (Fgraa, N), the
air resistance or dynamic drag forces (Fyrg, N) and the rolling
resistance or frictional forces (Fgg, N). However, usually, these
forces are calculated using the testing factor provided by the
MRTS manufacturer in Equation (2), which is named the Davis
equation here. vrepresents the train speed (km/h), whereas A (kN),
B (kNh/km) and C (kNh?/km?) are the Davis coefficients, whose
equations are explained in detail in Refs. [27-30].

Fr— Tg = Mesrr. ®

Tr=A+Bv+ O @)
Forces exerted on a train directly influence the control of its
movement characteristics and speed. Consequently, train motion
simulations must incorporate these forces to obtain results that
closely approximate true values with the highest possible accu-
racy. Generally, train movement consists of four operational
modes: accelerating mode, constant speed mode, coasting mode
and braking mode, as illustrated in Figure 8 [29, 31].

Throughout the movement of the train, the speed and position of
the train will be updated according to Equations (3) and (4),
respectively. Here, v; and v, represent the train’s speed before and
after the update, s; and s, represent the train's position before and
after the update, and At is the time step (set to 0.01 s in this study).
3)

v =V + aAt.

no

range stop on track?

no

ESTS share powered to
trains without ESTS

rains without ESTS
arrived at station?

Evacuate remain

passengers and wait for |e—
rescue
F,
Fitrog z
o B
h
A
FIGURE 7 | Free-body diagram of train motion calculation.
1 .o
St =8 + VAt + iaAr. 4)

The main aspect of train movement simulation for analysing
power sharing using the ESTS is the calculation of power and
energy consumption for each train. The train power consumption
(P, W) consists of tractive power (P;q, W), auxiliary power (P,ux,
W) and regenerative braking power (Pys, W), as in Equation (5).
Equation (6) shows that P,, depends on the train's Fr, v and effi-
ciency (1) of converting electrical energy to mechanical energy by
the traction motor. P, is consumed by the train's lighting, air
conditioning and signalling equipment. Additionally, the train
energy consumption (Ep, Wh) can be calculated using Equa-
tion (7), where Er; and Er, represent the energy consumption
before and after the update, respectively [27].

Pp = Pig + Paux + Preg (5)
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speed

v,, is maximum operating speed

m —\

dxR,

Accelerating Constant Coasting Braking
mode mode mode mode
distance
FIGURE 8 | Operational modes of train.
F
Pa=-— xv, Prg =0 5if Fp>0 78§ -—
Pr= v - (© Conductor rait [~ p _ Transmission
] usp | busq —
Pu=0 Preg = Fy x v ;if Fr<0 A—L
ta =0, reg = £T7) s 10 Fr DRy | T dxRoy .||.
..... A i i
Er, = Er; + PrAt. 7) A*Ropni | xRy |
| |
All Equations (1-4) in this subsection are not only fundamental } :
for reproducing realistic train motion in the simulations but are Y I |
also used to derive the traction power demand and energy Riemezg el I i il
consumption of each train. Specifically, the simulated speed and | y l
|

position are combined with the traction and auxiliary power
models in Equations (5-7) under different operating modes. The
resulting power and energy profiles determine how much
backup power is required from the ESTS for each train to reach
the nearest station under a power-outage scenario, and they are
subsequently used in Sections 3.2 and 3.3.

3.2 | The DC Power Supply System in the MRTS
Model

The MRTS in urban areas typically operate using DC voltage
levels of 600 V or 750 V for train propulsion. Modelling such
systems requires incorporating the operational characteristics
and structural components of the DC power supply infrastruc-
ture. These components include (1) traction substations equip-
ped with diode rectifiers to prevent reverse current flow back
into the substation, (2) conductor rails used to supply current
from the substation to trains and, in this ESTS, to provide a path
for energy sharing to other trains, (3) running rails that serve as
the return path for the current and (4) insulation installed to
electrically isolate the running rails from the ground [28].
Considering these elements is essential for developing a simu-
lation model that accurately and realistically replicates system
performance [29].

The traction substation is represented in the model using Nor-
ton equivalent source, which includes a short-circuit current
source (Is, A) and a resistance (Rg, Q) that characterise the
substation. The substation is connected to the conductor rail (C)

it

FIGURE 9 | Modelling of DC power supply system in MRTS.
through an ideal diode and to the running rail (R), which has a
resistance to ground (Rgg, Q). This configuration is in the TSS
section, as illustrated in Figure 9 (27, 28].

The analysis of power flow issues in a highly complex DC power
supply system necessitates the use of appropriate computational
techniques. This study adopts the current injection method
(CIM) to analyse the parameters at various system buses. The
process begins by determining the initial voltage at each bus to
be zero and formulating the nodal analysis equations. The au-
thors in Refs. [27, 28] provide a detailed explanation of the
conductance matrix [G].

=161V} ®)
The current matrix [I] in Equation (8) is determined by
combining the currents from the traction substations and the
train current (I, A). The Iy is calculated as the ratio of the
train's power demand (Pr, W) to the voltage (V, V) at the bus
where the train is located. From the above parameters, the
equations will be solved to determine the voltage matrix [V]
for the system buses, which will be processed iteratively until
the voltage deviation at each bus is less than the defined
tolerance.
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3.3 | The Emergency Self-Traction System Model
The simulation that examines the power supply of the ESTS
installed on trains, as shown in Figure 2 of Ref. [32], can be run
with a simplified battery model that is based on the Norton
equivalent circuit in Refs. [32, 33]. The model parameters are
interrelated according to Equations (9-12), where Igsys is the
ESTS current (A), Eggrs is the energy available from the ESTS
for utilisation (KWh), Rgsts is the internal resistance of the ESTS
(Q), Visrs is the ESTS voltage (V), and I, is the load current (A).

Egsts

Fsts = Visrs X 3600 9)
Vesere
Rpsts = 7 (10)
Ests
Pr
= . 11
Vests un
Vests = Rests X (fests — k) (12)

4 | Simulation and Results

This simulation is divided into two parts: the simulation of train
movement to design a suitable ESTS for the system and the
simulation of power sharing of the ESTS during a power outage,
as detailed below.

4.1 | The Simulation of Train Movement to
Design Suitable ESTS for the System

The simulation of power sharing between trains using the ESTS
in this article selects the Bangkok Mass Transit System (BTS)
Skytrain Silom Line (dark green line) in Thailand as a case
study, as specifically listed in Table 1 of Ref. [34]. This MRTS
has a total service distance of 13.65 km, comprising 14 stations
(W1-S12) and 7 substations with a 750-V supply, as illustrated
in Figure 10 [27, 34]. The train dispatch timetables consist of
two patterns: During peak hours, trains are dispatched every
3 min, and during regular operating hours, trains are dispatched
every 6 min. This simulation is based on typical operating hours,
where each train stops at each station for 20 s. When averaging
the number of trains running in the up-track direction (from

p— lal

WV Traction Substation

@ Passenger Station
13.649 km

13.009 km

FIGURE 10 | List of passenger stations.

BTS Skytrain - Siemens Model
(4 car per train set)

¢ South Bound

West Bound

Station W1 to S12) and the down-track direction (from Station
S12 to W1), there will be a total of 4 trains in each direction.

When simulating the movement of the MRTS using the model
developed in MATLAB/m-file, the train's movement character-
istics and energy consumption during operation on each section
of the service route are determined. Figure 11 shows the train
speed profile in service, where the red line represents the speed
limit for each section and the blue line represents the actual
speed achieved by the train. Figure 12 shows the energy
consumed while the train moves between stations, where cir-
cular markers indicate the maximum energy consumption
points. The maximum energy consumption occurs between
Stations S10 and S11 (between distances 11.346-13.009 km) and
is calculated as 38.07 kWh from the difference between initial
and final energy. These energy consumption data are critical for
determining the required capacity of the ESTS, which must
provide sufficient backup power for both the train equipped
with it and at least one additional train requiring power sharing
during an outage, demonstrating the feasibility and effectiveness
of the proposed power-sharing principle using the ESTS, as
detailed in this article.

Based on the maximum energy consumption calculated above,
the optimal ESTS capacity is found by multiplying the number
of trains that need power from the ESTS (two trains, one with
ESTS and one without) by half of the energy needed for a train
to travel the longest route, which in the worst case of a power
outage is 19 kWh (half of 38 kWh). Consequently, the ESTS is
designed to have a minimum capacity of 38 kWh to ensure
sufficient energy storage for MRTS operations under the speci-
fied conditions, considering the worst-case scenario in which a
train equipped with the ESTS and another train requiring power
sharing simultaneously stop at the midpoint of the longest
section of the route.

After the determination of optimal capacity and the specifications
of the lithium titanium oxide (LTO) battery (i.e., popularly used
for train propulsion [35, 36]), the ESTS was designed to achieve
feasible parameters and refers to specifications specified by
Toshiba’s product example data [37]. The chosen ESTS has a 52-
kWh structure with a total of 981 battery modules in the system
(3 in parallel/327 in series). The installation of the ESTS on the
train resulted in an increased load of 539.55 kg, leading to higher
energy consumption during the train's operation. However, the

0km

0.565 km

TS04

6.219 km

11346 km 10.432km 9.270km 8254km  7.446 km
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FIGURE 11 | The train speed profile in service.
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FIGURE 12 | Energy consumption of train movement.
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FIGURE 13 | Comparison of energy consumption before and after ESTS installation.

increase in energy consumption is only 0.2 kWh above normal.
Therefore, the implementation of the ESTS has a small impact on
energy efficiency, as illustrated in Figure 13.

Furthermore, a comparison of train propulsion energy con-
sumption at different speeds while incorporating the regenerative

braking function reveals that higher speeds lead to greater energy
recovery from braking. Therefore, the operation of the train
powered by the ESTS is constrained to the maximum service
speed specified, as illustrated in Figure 11. However, within the
speed range of 40-60 km/h, energy consumption remains rela-
tively consistent, as illustrated in Figure 14.
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4.2 | Simulation of Power Sharing Using ESTS

This simulation samples power-outage scenarios at one-minute
intervals, starting when all trains enter the service route and
ending when the first train completes a round trip between the

70 f— = 1 |
—— 10km/h
60 20km/h
—~ 30km/h
=
; 50 | ——40km/h
~——50km/h
'\_\340 60km/h
> ——70km/h
2030 | ——gokmh
220
52
10
0 e

11.4 11.6 11.8 12

departure and destination stations. This time window represents
a balanced proportion of trains equipped with ESTS and those
without. Subsequently, the ESTS begins supplying backup po-
wer to the equipped trains 5 min after the occurrence of a power
outage. Once these trains have completely moved to the nearest

12.2 12.4 12.6 12.8 13

Distance (km)

FIGURE 14 | Energy consumption of trains at different speeds.
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FIGURE 15 | Position-time relationship of train movement during

a power outage.
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FIGURE 16 | Speed-time relationship of train movement during a power outage.

station, the ESTS switches to power-sharing mode and allocates
the remaining energy to other trains in need of assistance. The
maximum service distance for power sharing is set to 3.5 km
along the track between an ESTS-equipped train and another
train, due to the limitations of DC power transmission [26]. If
the backup power capacity of an ESTS is insufficient or the
service distance for power sharing exceeds this range, the re-
sponsibility for power sharing is transferred to other ESTS units
within the same MRTS network.

Figures 15 and 16 illustrate the operation details of the MRTS
with ESTS during a power outage using graphical representa-
tions of the position-time and speed=time relationships of each
train along the service route, which provide a comprehensive
understanding of the situation. In Case (a), all trains success-
fully move to the nearest stations. This is observed from changes
in train positions and the various velocities during movement.
After a power outage, Trains 4 and 8 initially move to the
nearest stations, drawing backup power from their onboard
ESTS at around minute 30, whereas Train 6 is already stopped at

a station. Subsequently, the ESTS on Train 4 shares power with
Train 7, the ESTS on Train 6 shares power with Train 5, and the
ESTS on Train 8 shares power with Train 3 at around minute 35.
The remaining trains are already stationary at stations and
therefore do not require additional energy. In Case (b), some
trains remain stopped on the track. Train 8 first moves to the
nearest station at around minute 35 using its own ESTS and
then shares its remaining energy with Train 5 at around minute
40. However, Train 7 remains on the track because it is outside
the permitted range for power sharing using ESTS. The result
can be seen from the position of Train 7, which stays almost
unchanged throughout the power-outage period.

The utilisation of backup power in each ESTS-equipped train
differs between the two power-outage cases. In Case (a), the
ESTS units on Trains 4 and 8 are used for both self-traction and
power sharing, whereas the ESTS on train six operates only in
power-sharing mode. In Case (b), only the ESTS on train eight is
used for self-traction and power-sharing modes. In both cases,
the energy drawn from each ESTS remains below 50% of its
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installed capacity, suggesting that some reduction in ESTS ca-
pacity may be feasible in future implementations, as illustrated
in Figure 17.

The simulation of ESTS operation at various points during one
round-trip cycle with all trains in service shows clear differences
between cases with and without power sharing. In a normal ESTS
installation where each unit supplies only its host train, ESTS-
equipped trains generally reach the nearest stations, whereas
several nonequipped trains remain stranded between stations
until the power supply is restored. Applying the proposed ESTS
power-sharing strategy significantly reduces the number of
stranded trains. The overall operational success rate, defined as
the proportion of power-outage situations in which all trains can
reach the nearest stations, reaches 72.41%, as illustrated in
Figure 18. These results demonstrate that ESTS power sharing
can substantially mitigate the problem of passengers being trap-
ped inside trains or facing other adverse conditions during main
power supply outages. However, nonequipped trains may remain
on the track due to their location outside the permissible range for

receiving power from any ESTS-equipped train. This limitation
suggests that further research is needed on the placement of ESTS
units and train movement control strategies in MRTS operations
to enhance the effectiveness of ESTS power sharing in the future.
To support the further application of the findings of this article in
existing MRTS operations, Table 2 compares the proposed
method with previous studies on ESTS and ESS for emergency
traction in MRTS [9-16].

As summarised in Table 2, most related studies focus on single-
train emergency operations or ESS designs for energy savings in
normal service [38]. Although several studies consider power-
outage scenarios, none of them implement onboard power
sharing between multiple trains in an MRTS network. In
contrast, the proposed study considers power-outage scenarios
involving both ESTS-equipped and nonequipped trains on a real
MRTS line and introduces an ESTS power-sharing concept in
which equipped trains support other trains within a defined
distance. This study fills a gap by quantifying backup-energy
usage and network-level evacuation performance.

Train no.2 Train no.4
110 - 10
100 100 43.29 kWh
90 90 w
— 80 80
R i Y s 5 W R
— 25 30 35 40 45 25 30 35 40 45
8 i Train no.6 6 Train no.8
@ 48.47 kWh 46.56 KWh
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90 90
80 1 80 ¢
25 30 35 40 45 3 30 35 40 45
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(a) Case where all trains can move to the nearest stations
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FIGURE 17 | Energy usage of each ESTS.
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TABLE 2 | Comparison of the proposed study with related studies. ‘-:‘ %
3%
Power s8
References Article focus outage System Method Power sharing K3 g_
[9] Onboard UPS/propulsion ride-through for a single train Yes Single-  Laboratory No g%
train 50
=]
[10] Survey of emergency self-running power supply schemes ~ Yes Single- Review No ::@
train 38
™
[11] Emergency traction modelling considering onboard ESD Yes Single-  Simulation No gy
train =R

7
[12] Li-ion battery emergency traction system function Yes Single-  Simulation No o %
(design study) train E' @
>
[13] Battery application for emergency train running within Yes Single-  Field test No ° )
traction power supply train f o]
[14] ESTS design and analysis Yes Single-  Simulation No %5
train 83
22
[15] Optimised control of emergency traction using storage Yes Single-  Simulation No b ]
battery train e 2

[}
[16] Stationary versus onboard ESS for metro energy- No Network- Simulation No § ;E
consumption reduction level ;“8
<

[17] Energy-efficient train control with onboard ESS No Single-  Simulation No S :ET
train a
sc
[18] Regenerative braking energy utilisation system sizing No Network- Simulation Yes %é:
based on power sharing and energy storage level % 2
[19] ESS for regulating maximum demand of traction No Network- Simulation No o3
substations level £y ‘\;
=y
[20] Hybrid ESS for regenerative braking utilisation and peak No Network- Simulation No EE
power decrease level g 8
[21] Metro timetable optimisation for improving regenerative No Network- Simulation Indirect (coordination via XY
braking energy utilisation level scheduling) 2 ;

[
[22] Energy-efficient multi-train scheduling with passenger No Network- Simulation Indirect (coordination via § ;«
flows and station-side utilisation of regenerative energy level scheduling) %3
This work  Network-level ESTS power sharing in MRTS Yes Network- Simulation Yes (ESTS power sharing 3
level between trains) ~
E
e
-3
2
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5 | Conclusion

The concept of power sharing between trains using ESTS has
been presented in this article with the aim of minimising the
number of ESTS installations in MRTS while preserving the
capability to evacuate passengers to the nearest stations during
power outages. The analysis and simulations show that ESTS
units can effectively share power through the existing
conductor rail system with other trains located within the
permitted service distance and can provide sufficient backup
power for equipped trains, yielding an overall operational
success rate of 72.41% in the studied scenarios. Although the
current scheme is constrained by the limited power-sharing
distance and by the fact that each ESTS can support only
one additional train at a time, the results indicate that the
proposed approach can substantially alleviate the problem of
stranded trains and trapped passengers during outages. Overall,
power sharing through the ESTS can reduce installation and
maintenance costs while also increasing the flexibility of en-
ergy management within the system by utilising power recov-
ered through regenerative braking. Promoting the use of ESTS
in MRTS therefore has the potential to enhance safety, reli-
ability and affordability and to contribute to the development
of more sustainable MRTS.

Despite these benefits, this study has several limitations that
point to directions for future research. First, the ESTS is
modelled using a simplified equivalent-circuit representation
without explicitly considering detailed aspects such as protec-
tion coordination, converter dynamics, control features etc.
Second, the train movement and energy models do not account
for variations in passenger loads, degraded track conditions and
detailed auxiliary load profiles. Finally, all results are obtained
through simulation, and hardware-in-the-loop experiments, as
well as field tests, will be required to validate the proposed
framework and address practical issues such as communication
delays, protection settings and safety constraints before
deploying ESTS power sharing in real MRTS networks.
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