AMANUIN N
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N1 YayadwIzvawasIUAABS Toshiba SCIB™ 23 Ah

aenundruiviauedeyadunizreasaduunined afeulvniun (Lithium
Titanate Oxide: LTO) §u Toshiba SCiB™ 23 Ah uanssaguil n.1 Gegniburlfifugilunis
ponuwuy ESD Tu ESTS dwmsusyuusaluivudsnasunseianssseaulsanulni 750 Taa
Tuawiseinerinusd msidenldiwaduiasenandldfionsanainanumuinundseu
I ufgeeg 1987 MNLARITUNSINAVANTTOUEAUAISI TN AunUNIUABnSITaY

F1 LagAnuatesnenuieu Jadutaduddydmsussuusalaihaudaunasuniidnuug

IankuuNI UL UAES

TOSHIBA SCiB J

L —

'
a

JUT .1 dNYENIINEANVBAYARLUALABS Toshiba SCIB™ 23 Ah
(ﬁmwmw: https://www.global.toshiba/ww/products-solutions/battery/scib/product-

next/product/cell/high-energy.html [L%’ﬁﬂl,ﬁja 19 funmn 2569])

\wad Toshiba SCIB™ 23 Ah unusmesdiiieulessunldiagueluauuudiiealvm

[ 1 [y

i Fedlaaudnuasidulusuanuaunsalunissessunseuarsanazaesyyluseavadiag

Insidenaninailloisuiunduunne3siindy wanaintl 1assasiemaaives LTO &9
deralviliauatiosmaanuiougs anaudeavesusngnIsainLTauaLiuAIUALLAL

1% LY

anansavinulalugisgaumiinni auaudRvalviliiead LTO wnzausenisldanuly
1 g [ [

YUV ESTS erassasiurinsdnemainiiseauadugisiadusaznisinundanuli

dusvansnuulrusalidinluaaunmsalliduagreiuszansan

USUNMSIEU LTO Tussuusaluinvudanasy waanianuaiuisaaiuniaalun
= o o 1 1 2 dl =
gedanudAgunninanuruIktung Ul iWesainnisylvanvesvuiusaluing

Snwaztdudrendsnuluinlilsastazilasunlategiasiasa aaiunisidenld Toshiba
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SCiB™ 23 Ah 3980AAABINUANYAUZNITITIIUAINEID IAYEIN1505095UNTI1ANSS b

savgslutranduldlaglivilviAndodndanieanudourseussiulninnngussaiuly

M13199 N.1 Tayad NIV UIATUUALADT Toshiba SCIB™ 23 Ah

578019 AN
wilhunmes Lithium Titanate Oxide (LTO)
JuLas Toshiba SCIB™ 23 Ah
IUNT prismatic
AUINNA 23 Ah
userulviiueiiva 23V
mMaglnie1984 (10s) 1,000 W
ANNAUILLUNA U AT wa 96 Wh/kg
AUULILUUNS Ul LT USeS 202 Wh/L
VUINADLIAA W116 x D22 x H106 mm
vhnidnsead ~0.55 kg

ndoyaninan aziulddngad LTO duswiuluihunfveswadsn dewalidold
° 13 ° - % Y Y} 1 =3 Y o v
PuugadiuvaynsuIIunielilawssiulnihseduszuy egdlsinnu Jeaidsluniu
o =3 v v o w = va o o
LA lgnInesleANausasuia i wasaununu Fadunuaudinany

fe9n15dmsu ESD Tuarussuusalwirvudsunasu

n.2 ﬂ’]iE]E]ﬂLLUULLUG]LGIE]‘%LLﬁﬂ

o

MsPENLUULUAMBILRAlLUIToINeInusdsdunisneldderunesyuy
Frelnfinssuanssssiunsesy 750 Taad neldiwaduunmne3 Toshiba SCIB™ 23 Ah 1y
iwadensBslunsesnuuy wummesuiingnimualsianusasessumssendsauliidmsu
mMsfudsusUIuso i diRagaszuy ESTS uaznsudstiundanulwiliuivuiusalwiiag
LildRndaszuudangn AuuansaAnwiosnidu 3 nsdl musydun1sEI89sEUY ESTS fip

UV AN LA SUNS UL UALABTLIA town nTainsessuruIusaludi 1 auiu
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o w

2 9U7U wag 3 U neinuamasiiiganveswiiawindu 900 Aladnd 1,800 Alaind

I
Y o w

wag 2,700 Aladnd auaidu vl Masliihseilewasndsnuduniveuwiiagnimunly

e

VALY UANILINIUIUS LU LA s una s Wil wieldniseenwuuazieuniseluand

WLTuveIsTUUag i udngdu

n.2.1  NISAIUAIIUIULAAUUUDUNTH
FIUIFATLUUBYNTH (Number of series cells: Ns) inuaanusesuli
uoliaveusia (Nominal voltage of pack: V) 1911150 750 Taas wazussaulniuediva

[

vo9ad (Nominal voltage of cell: Veer) WiNAU 2.3 1186 Inadanudunusnail

NS = Vpack - Vcell

750V + 2.3V

327cells

IR

[%
@

daaliusaiulniuedaveuiafildainnisresunsuwadviaun 327 40

ARSI

Vpack,actual = Nsx Veenr

327cellsx2.3V

752.1V

ANPINAID NN ZAUA UM DUA DL UTTUUIN TN s han S5 AU

750 Taadt wazdavhlaansaldusulwihueiidavesuiadugiulunsauinla

1.2.2  NSIMUUATIUIULYAALUUIUTY
N1IAINUATIUIULGAALUUVUIY (Number of parallel cells: Np) 21561
sl dusiidesnsluudasnsd Tnensdgrudmualiuunmeiufingoad g
uelltlaveswad (Nominal capacity of cell: Q) WINAU 23 wouTdlus wazwdsaulnindy
fveaudia (Minimum energy of pack: Epamn) WU 65 Alatnddalus dmsusessunise

s8N Uil FvuIusa W I 1 WUIU F9TU WaRANTuINSaiNTITwUsTuna U
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Tiguausalwil 2 uag 3 auiu wdsnulvihdusivesuiadanvuadu 130 Aladndgalu
waz 195 AladnAdalus mudidu lneasdnuiuadiuvaynsumuwsnuliituasiiuead
LUUTUIYENEANgRie vl Aidwnldazdatududiauiy welindeudises

[y

LitleaninAtus Feresruinmaugueswiin (Capacity of pack: Ope) A99

d15U 65 Nlatnnwilug

Ovpackosiwi = Epackmin + Vpack
= 65kWh + 750V
= 86.67Ah

dmsu 130 Alathsdalug
Opack 130kmn = Epackmin +~ Vpack
= 130kWh =+ 750V
= 173.33Ah
dmsu 195 Alathsdalug
Opack 195k = Epaciomin + Vpack

= 195kWh + 750V
= 260.00Ah

3 [J

PR UUTUILAIALAINSRTIEIUTENINIANVDILA ATIABINTT

(%

fuAuguelitaveteas Al

dmsU 65 Nladtnnwlug

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

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

= 173.33Ah + 23Ah

8cells

Q



dmsu 195 Aladtn@galug

Ny, 1951wm =

Q

Opack,195kwh + Qeell

260.00Ah = 23Ah
12cells
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danalvimna1ugueuiia (Actual capacity of pack: Qpackacna) WATNE 191U

Iihwesuiia (Energy of pack: Epuckacua) 7MHINANSADVUIUTASAUAAMUATIANRSAWINAY

dm5U 65 Nladtnrnglug

#1u5U 130 Alatnmtalag

dm5U 195 Aladtnegalug

Qpack,aclual, 65kWh

Epack,actual, 65kWh =

Qpack. actual, 130kWh

Epack,actual, 130kWh

Qpack, actual, 195kWh =

Epack, actual, 195kWh =

Npssiwn X Qcell

4 x 23Ah

92Ah

Vipackactual X Qpack actual, 65kWh
752.1V x 92Ah
69.19kWh

Ny, 13006mn X Qeeir

8 x 23Ah

184Ah

Vypack.actual X Opack,actual, 130kWh
752.1V x 184Ah
138.39kWh

Ny, 195kwn X Qeell

12 x 23Ah

276Ah

Viackactual X Opack.actual, 195kWh
752.1V x 276Ah
207.58kWh
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n.2.3  n1IATvdsUANAINTalun1TTassuMAasInRva A
[ 1% @ 1% 4 1 o
AENEINIALATIESIUAALUY 32754p WA ABIRTIAEDUINAILITTISU
Maalnilasgn (Peak power of pack: Pyea) haizinaalnilnseaifios (Continuous power of
pack: Peon) AMNTOMMUATDITTUUNTOL TnsAudnszualiingean (Peak current of

pack: L) Haznszialniinmeiiios (Continuous current of pack: Leon) AMNAIUENNUS
P= VxI

dwdu 65 Alafnddala
Loeakssimn = Prpeatssimn + Vipackactal
= 900kW =+ 752.1V
= 1,196.7A
Leonsssiwn = Peonsssiwn + Vpack actual
= 480kW + 752.1V
= 638.2A
dmdu 130 Alataddalus
Lpeak, 1300mn = Preak 1306wn + Vpackactual
= 1,800kW + 752.1V
= 2,393.3A
Leons1306mn = Peont1300wn + Vpackactual
= 960kW + 752.1V
= 1,276.4A
dwdu 195 Alataddalus
Locak,195kwn = Ppeak 1955wn + Vpackactual
= 2,700kW + 752.1V
= 3,590.0A
Leont195imn = Peont 1956wn + Vpackactual
= 1,440kW + 752.1V
= 1,914.6A
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Wa11AINTELa TS IUYD LA AE NS TAITIUIULYAR LUUIUIU LA

ISP

nszuaseanislunsdlidslnihgeaniiiuszana 299.2 uewd uaznsdlidsluiidedead
Adszanas 159.6 wond dmsuraanunsdl ey nsifiusiiueaduuruunus Uy
yuuso i Asundanulwiyilinnsenszuadeaniedinsegluseduiiu usihddluihgm
vosuinasiiudududndu Saansilasadna 327s4p 327s8p Wag 327s12p @11150

seasuteimuanuiddliihaaauaziddnihdetiotwewiasnsillaegwaenndosiu

o - o/ <
n.2.4 msmu'amu'mun's'mﬂlmwazﬂuuwc‘a
IIUIUYAGTINVDIN AR IINNAAUVBITIVIUTATLUUBUNTULAY

[

4 v a9 v 1 13 a [y - o [ a1 &
WUUIEY wazliloansdelnutnaeaausedne 0.55 Alansy UntnsInveliadzian fail

d1m5U 65 Nladtnnwlug

Nuowaisskwn = Ns X Npssiwn
= 327cells x dcell
= 1,308cells
Wiowaiesiwn = Niowassskwn X Weenr

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

Ns % Np 1300wn

Niotal, 130kwh

= 327cells x 8cell
= 2,616cells

Niotal, 130kw0 X Weein

W iotal, 1306mn
= 2,616cells x 0.55kg
= 1,438.8ke

dmsu 195 Alathsddalug

Ns X Np 1956wn

Niotal, 195kWh

= 327cells x 12cell
= 3924cells
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Wiotar 1955w = Niotat,195kwn X Weeil

3,924cells x 0.55kg

2,158.2kg

[
[ [

el dmdnasnanduidindnvesgadvindy winswgunsaluszneu
srauwile 1 1asaasenasussy Uauis gunsaldesiu ssuudnnisuumaes sEuussung

Audeu s dhntinsinvesiinassazaaniteuandly

n.2.5  @3UNANITEBNLULLIAA
MAnsAuaiidy amnsaagUlditnisesnuuuLunmesuiia Toshiba
SCiB™ 23 Ah dwfudiasansainisuustundsanulifinan sTs ludawuiusaluindu
annsautseentdidu 3 nsdamszdumasliingsgauazsnnuvuiusalaindsundany
Tnelassadauiinfiunzaufe 327s4p 327s8p waz 327s12p auaisu Tassadnatananli

[

nFsnulnivesuiauszunm 69.19 Alatasdalus 138.39 Alataddalus way 207.58

'
(% o

Aladnddalus aud1au FegandnAndanuliitusifnmualin 65 Aladeddalus 130
al % e‘qb a o o’olj o % a :JI L% U o U

Alatnddalug wag 195 Aladnddalus audidu dnnadeanunsasessumasliingsanues
wiAinu 900 Alatnd 1,800 Alatne way 2,700 Mladnsd loneldussiulniuinussano
752.1 Thad nankaan ASEANINUIULYAR LUUILIUAILINUINIUIUSENA A LA SUNS 991U
1 Y @ a gj [ o w v 1 I~ [ 1 a 1 a

PrelinaU TN INS I uSINas IS i lAeg1wTudndiu vueinselanaansa
geagluszaulndifvsiuluynnsd Jumunzandmsvldidulasasiededdunisdiaes

[ '

AUTIOULYRITEUU ESTS Tuauddeine1inust wandnan1s1an n.2

M15099 N.2 AFURANISAILIVDILUALNBIUTA Toshiba SCIB™ 23 Ah

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




A13797 N.2 dURANISAIWINTBILURMBIUTAA Toshiba SCIB™ 23 Ah (sia)

247

1596319 ESTS 1ile ESTS:tr

318N13
nasulnivein 69.19 kWh 13839 kWh | 207.58 kWh
nszualiihgsgavosuiia 1,196.7 A 2,393.3 A 3,590.0 A
ﬂi%LLﬁlWﬁ’]Gi@LﬁE]WENLLﬁﬂ 638.2 A 1,276.4 A 1,9146 A
ﬁi’wmuwaéiwﬁgmm 1,308 cells 2,616 cells 3,924 cells
IUIUGATOUNTY 327 cells 327 cells 327 cells
ULV 4 cells 8 cells 12 cells
IAseasneudin 327s4p 327s8p 327s12p
ihminwadsalaeysyana 719.4 kg 1,438.8 kg 2,158.2 kg




AANUIN U

nsAuanszeznsuutdunasulwingegavas ESTS



249

PadnfntunsufiRvaintsuusiiundanuluiiseninsuausalinnfags ESTS Au

guusa i lildRndsssu UssinudAyedmilsfoszeznsutadundanuliihgeged
ilAnussdulimnnuuwlszuuIglinszuanss 750 1aad lngorduuuuinasiaiiy
AUNUT AT UVRIAI8T18KALI19TT Feaunsauseanausaduliinivatenis a v

v

soliisunseusundsnulninlamuszeznianisasanendsnulnii Ingluuni 4 way

5 9393 38Anendnus e mrualdssoeniseustundsnulndninussunm 3.5 Alawss
deldidudedndnsiudulunnnsdnaaey Feimualiussdulniifivarenisvesvuau
sobihAsundsulnirsesladaininardusneeusulanielddeulaniswustungsamulnia

ANUNTOBARISIYALLDYANITANUINA IR UL

Vtr = VESTS - Itr,maleine

R .
Rline = d(RCOnd/km+ ratzl/km)

azle

R

I/l‘r = VESTS - Itr»'nax Xd(Rcond/km-'-%)
oA 019115281 TW U N1 UG AV09 ESTS (duma) WA MUR 7,
WU ISU TN DU LG TN (Vopmin) $8E Vews WAL wsesulnihseduunfivesseuuy

(Vinnor) I03UaNN5 08

I/sh,tr_ I/Sh,min
dshmar = (R Rrail/lqn)
fr,max cond | km 2

TngA1sdimesang q Allunismuinazanisamualngd1edssyuunlddu

[

=% ¥ dy
nslAnElAeal

Vvh,nor = 750 I’]afﬁ
I/sh,min = 500 I’Jaiﬁ
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Tpmas = 1,200 woud
Reonason = 0.05 lasiusanlaums

Reaien = 0.02 loviusanlaluss

WAUANRILUANNITIIAT dyar S0

750-500

Do = 1,200(0.05+ 0‘—32)

250
72
3.4722

Ao~ 3.5 DLALUAT

(%
[

Ay srezn1shUsdundsnulnitgeaandiuinlaainuuuinaeteg1eitgid

ANUSTUN 3.5 NEALUAS



ANANUIIN A

Han1snagaunagnsnIsuutdunasulniigle ESTS



15197 A.1 Nan1sVAEeU Case 01 1A H WNAU 3.45 U hay %ESTS Winiu 25%

ESTS Train

Test Case Eax Ein Euye SOChax | SOChin | Ppeak Dpear Euy, Vinin Note.
round | sueeess | qwny | awmy | awm | ) | o | om | @ | awm | w)

1 YES 44.32 13.02 | 26.68 21.79 93.32 77.27 1.34 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 2,487.50 | 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 KANSNAEBU Case 01 AN A WU 3.45 U7t way %ESTS Wiy 25% (fe)

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

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

Note.

17 YES 271.76 | 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 9253 | 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 | -

e YES wanedls nsdiisalviimnuuiuenendnsa uaz NO nueds nsdindsalviuisuuiunndnauumeis

314
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QU

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 51515’1?1’3’13Jﬁ’1L%‘\]ﬂaﬂﬂ’]i@@Uau@ﬂfLUﬂiﬂj H = 3.45 U wag %ESTS = 25%

1214



A1519% A.2 NaN1SVAERU Case 02 1A H WU 3.45 U hay %ESTS Winiu 50%

ESTS Train
Test Case Eax Ein Euye SOChax | SOChin | Ppeak Dpear Euy, Vinin Note.
round | sueeess | qwny | awmy | awm | ) | o | om | @ | awm | 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 NaN1SVNAEBU Case 02 1A H WNAU 3.45 Ul kay %ESTS Windu 50% (M)

ESTS Train
Test Case Eax Ein Euye SOChax | SOChin | Ppeak Dpear Euy, Vinin Note.
round | sueeess | qwny | awmy | awm | ) | o | om | @ | awm | 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

w1 YES minedis nadifisalndimnuuiuenendisa uag NO vinefie nsdindsaluiihuisvuiusndnsuuniais

95¢
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U

=
N

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

B Case all trains can move to

100.00%

the nearest stations

B Case some trains stopped
staying on the track

A.2 51515'1?1’]’13Jﬁ’1L%ﬁ]ﬂJ@ﬂﬂ’]i@@UﬂU@ﬂUﬂiﬂj H = 3.45 U uag %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 Ewy | SOChax | SOChin | Preak Dpear Eup Vinin Note.
round | Sueeess | qwmy | awmy | awm | o | o | owm | @ | @ | )
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 1A H WINAU 3.45 U hay %ESTS Windu 75% (A8)

ESTS Train
Test Case Epox Ein Euwg | SOChax | SOCpin Preak y Eup Vinin Note.
vound | suceess | awmy | awmy | aowm | o | oo | 0w | @ | awm | 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

w1 YES minedis nadifisalndimnuuiuenendisa uag NO vinefie nsdindsaluiihuisvuiusndnsuuniais

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’]’13Jﬁ’1L%ﬁ]ﬂJ@ﬂﬂ’]i@@UﬂU@ﬂUﬂiﬂj H = 3.45 U uag %ESTS = 75%

09¢



A1519% A.4 HANSNAEEU Case 04 71 H WU 6 undl uay %ESTS wiriu 25%

ESTS Train

Test Case Epox Ein Ewy | SOChax | SOChin | Preak Dpear Eup Vinin Note.
round | Sueeess | qwmy | awmy | awm | o | o | owm | @ | @ | )

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¢



A15197 A.4 NaN1SVREeU Case 04 1A H WiINAU 6 U wag %ESTS winiiu 25% (#9)

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

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

Note.

17 YES 27176 | 18.60 | 23.61 | 19.22 | 90.46 85.77 1.29 1,739.00 | 620.79
18 YES 44.85 | 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 82.28 194 | 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¢



A15197 A.4 NaN1SVREeU Case 04 1A H WiINAU 6 U wag %ESTS winiiu 25% (#9)

Test
round

Case
success

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

e YES e nsdliisalnimnvuienend15a uay NO nunedis nsdiiidisalwihuisuiunnisuuniais

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 I“/{} the nearest stations

M Case some trains stopped
staying on the track

JUT a4 Savianudnsavesnisnovaustlunsdl H = 6 wifl uay %ESTS = 25%

v9¢



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

ESTS Train
Test Case Eax Euin Eug | SOChax | SOCuin | Ppear Loeak Euye Vinin Note.
round | Sueeess | qwmy | awmy | awm | o | o | owm | @ | @ | )
1 YES 7.45 0.09 5.18 4.21 99.87 89.20 0.50 67256 | 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 97.83 | 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%7 A.5 Nan1sVAEeU Case 05 1A H WU 6 U wag %ESTS winiu 50% (#a)

ESTS Train

Test Case Epox Ein Euwg | SOChax | SOCpin Prpeak y Eqy, Vinin Note.
vound | suceess | awmy | awmy | aowm | o | oo | 0w | @ | awm | 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 | 15.53 | 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 a.47 0.00 1.88 1.55 100.00 9352 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%7 A.5 Nan1sVAEeU Case 05 1A H WU 6 U wag %ESTS winiu 50% (#a)

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

round | success kWh) | (kW) | Gewm) | (%) (%) (MW) (4) (kWh) ")

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 5.33 100.00 | 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 | -

WEe  YES nunedis ndiiisaliinuuiuenendiie uas NO wuneds nsdindsalniuisuuiunndeuumieis

19¢



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

26.47% ,
B Case all trains can move to
the nearest stations
73.53%

m Case some trains stopped
staying on the track

U7 A.5 dnsanudnsavesnisnevavedlunsdl H = 6 unfl way %ESTS = 50%

89¢



AN519% A.6 HANSNAEBU Case 06 AN H WU 6 Uil uay %ESTS Wiy 75%

ESTS Train

Test Case Epox Ein Ewy | SOChax | SOChin | Preak Dpear Eup Vinin Note.
round | Sueeess | qwmy | awmy | awm | o | o | owm | @ | @ | )

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 | -

69¢



AN519% A.6 HANISNAEEU Case 06 AN H WU 6 unil uay %ESTS wiriu 75% (#e)

ESTS Train

Test Case Epox Ein Euwg | SOChax | SOCpin Preak y Eqy, Vinin Note.
vound | suceess | awmy | awmy | aowm | o | oo | 0w | @ | awm | 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 | 15.60 | 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 93.55 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 | 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 NaN1ISVIAEBU Case 06 1A H WiINAU 6 U wag %ESTS winiu 75% (#9)

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 e nsdliisalnimnvuienend15a uay NO nunedis nsdiiidisalwihuisuiunnisuuniais

1.¢



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 dnsanudnsavasnsnevavedlunsdl H = 6 unfl way %ESTS = 75%

cle



A1519%7 A.7 Nan1sVaaeu Case 07 1A H WU 8 U wag %ESTS winiiu 25%

ESTS Train
Test Case Enax Euin Eng | SOChax | SOChin | Ppear Lcak Euyg Vinin Note.
round | SUCCess | qowmy | awmy | awm | % | o | omy | @ | awwm | 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 | 2810 | 2206 | sa2s | 7251 | 135 | 18222 61566 |Tennotatstaton 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 Nan1sVeaeu Case 07 1A H WU 8 U wag %ESTS winiiu 25% (#9)

ESTS Train
Test Case Emax Ein Eavg SOChax | SOCin P peak 1 peak Eavg Vinin Note
y :
rounc | SUCCESS \ qwm | awmy | awmy | ) | ) | om) | @ | awwm |
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 |95.98 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 | 24.39 | 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 Nan1sVeaeu Case 07 1A H WU 8 U wag %ESTS winiiu 25% (#9)

nanee  YES e nsdiisalnimnvuiuenendi5a uay NO nunedis nsdiiifisalwihuisuiunnisuuniads

ESTS Train
Test Case Emax Ein Eavg SOChax | SOCin P peak Ipeak Eavg Vinin Note
y :
rounc | SUCCESS \ wm | awmy | awm) | ) | ) | om) | @ | awwm | )
31 YES 14.24 7.01 10.63 8.65 94.61 89.04 0.93 1,254.72 | 629.06

Gl¢C



Train movement using ESTS backup
Case 07: H 8.00 - ESTS 25%

36- l l /“ m Case all trains can move to

63.8904 the nearest stations

M Case some trains stopped
staying on the track

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

9/¢



A1519% A.8 NaN1SVAEBU Case 08 1A H WiINAU 8 U wag %ESTS winfiu 50%

Test Case
round | success

ESTS

Train

Emax

Emin

E avg

(kWh) | (kWh) | (kWh)

SOCyax
(%)

S O Cmin
(%)

P peak

(MW)

1 peak

(4)

Eavg
(kWh)

Vmin
)

Note.

9.79

0.00

3.26

2.74

100.00

85.82

0.86

1,200.00

3 YES 27.24 | 14.17 | 2242 | 18.40 79.46 | 60.52 0.86 1,200.00 | 624.65
4 YES 3281 | 17.44 | 23.77 | 19.60 74.73 | 52.45 0.84 1,136.14 | 659.12
5 YES 14.21 | 0.00 7.18 5.89 100.00 | 79.41 0.88 1,200.00 | 630.12
6 YES 2441 | 11.16 | 19.84 | 16.05 83.82 | 64.63 0.87 1,200.00 | 621.72

0.00

LLC

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




A15197 A.8 NaN1SVAEBU 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 NaN1SVAEBU Case 08 N1A1 H WiINAU 8 U wag %ESTS winiu 50% (#a)

nanee  YES e nsdiisalnimnvuiuenendi5a uay NO nunedis nsdiiifisalwihuisuiunnisuuniads

ESTS Train
Test Case Enax Ein Ewy | SOChax | SOChin | Preak Lpear Eqy, Vinin Note.
round | SUeCess | qwmy | awmy | awm | % | o 0w | @ | aww | )
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

6.¢C



Train movement using ESTS backup
Case 08: H 8.00 - ESTS 50%

0
36.11 /0 W Case all trains can move to
63,890/0 the nearest stations

m Case some trains stopped
staying on the track

U7 A.8 dnsanudnsavesnisnevavedlunsdl H = 8 unfl way %ESTS = 50%

08¢



A1519% A.9 HANSNAEBU Case 09 7 A WU 8 unil uay %ESTS Wiy 75%

ESTS Train

Test Case Epox Ein Euye | SOCuux | SOChin | Ppeak Tpeak Euy, Vinin Note.
round | suceess | qwmy | aowm | awny | oo | o | om | @ | @ | )

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 29.72 | 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 2449 | 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 WU 8 unil uay %ESTS wiriu 75% (#e)

ESTS Train

Test Case Epox Ein Euyg SOChax | SOChin | Ppeak Tpeak Eqy, Vinin Note.
round | Sueeess | qwmy | awmy | awm | o | o | owm | @ | @ | )

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 | -

8¢



A1519% A.9 HANSNAEEU Case 09 7 A WU 8 unil uay %ESTS wiriu 75% (#e)

ESTS Train

Test Case Epox Ein Euyg SOChax | SOChin | Ppeak Tpeak Eqy, Vinin Note.
round | Sueeess | qwmy | awmy | awm | o | o | owm | @ | @ | )

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 | -

33 NO 26.01 2.77 16.73 13.43 95.98 62.31 0.84 1,139.73 | 616.96 | Train not at station: 4

34 YES 8.92 0.00 2.30 1.93 100.00 | 87.08 0.86 1,200.00 0.00 -

35 NO 24.33 5.21 13.46 11.21 92.45 64.74 0.84 1,136.14 | 614.48 | Train not at station: 4

36 YES 6.27 0.00 2.67 2.23 100.00 | 90.91 0.86 1,171.89 0.00 -

WEe  YES nunedis nsdiisaliinuuiuenendiie uas NO wuneds nsdindsalniiuisuiunndeuumieis

€8¢



Train movement using ESTS backup
Case 09: H 8.00 - ESTS 75%

19.44%

m Case all trains can move to
the nearest stations

30.56%

M Case some trains stopped
staying on the track

U7 7.9 dnsanudnsavasnisnevavedlunsdl H = 8 unfl way %ESTS = 75%
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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 electric 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

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]

1.  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 Thind rad.

Loew
[

L 3
Comnco - E
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Fig. 2. Emergency self-traction system
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TABLE L. CHARACTERISTICS OF ESSES UTILIZED IN RAILWAY SYSTEMS [10]
Technology r::r:%;\:;;;z)::y G:;::;‘?:vm" Cycle efficiency (%) *“-dislz;:ll')-'ge (%) 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 My 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 including the mentioned forces exerting on it

[17.

TE - Fr =Meffa (1)
Fr =Frr=Fp-Fg (2)
where TE is tractive effort (N)
Fr is resistance forces (N)
Fre is rolling resistance forces (N)

Based on the 7E 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)
v 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 electric train as it moves
in a time step Az, which are calculated from equation
(5) and (6).

v = v+ aAt %)
S0 =85+ vAL+ %aAr’ 6)
where v, is terminal speed (m/s)
Vi is initial speed (m/s)

208
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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 Consting
mode mode mode
Distance

Fig. 4. The electric train's speed control modes

D

Normally, the electric train's movement starts from
acceleration mode to increase its speed from the initial
speed to the specified maximum speed (Vyenice) With
the acceleration o0 > 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 o.=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
efficiency, pact size, relevant | 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]

L=t )
Ve
Vsi =Rpi* (Igi—1s) (8)

Egi = Epi— (Vp. % lax A1) )

Ip = s (10)
Vg xAt
Rey = "8s an
IBJ
where Iy is battery current rate (A)
Isi is initial battery current (A)

Is, is terminal battery current (A)
Ry is initial battery resistance ()
Rp: is terminal battery resistance (£2)

Vi is initial battery voltage (V)

V. is terminal battery voltage (V)
Ep; i tial 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. £
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 I1.

TABLE II. 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 13
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 (kmvh) “"K‘/’.‘. E t (min)
i 15 166.67 195
2 25 169.71 3.09
3 35 171.35 339
7} 3 172.82 1.96
5 55 17427 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.

)
Distance (m)

Fig. 5. The clectric train's speed - distance

Remaining energy (kWh)

)
Distance (m)

Fig. 6. The battery’s remaining energy

28 ) as “ 4“5 5
Tirw grin)

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 to 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 effident 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

(a) Charging from the main power supply

++s D s 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

FIGURE 3 | Using energy from the ESTS to propel the train during a power outage.

transmission wires to support other stopped trains within the
permitted sharing distance so that they can reach the next station
and safely evacuate passengers. After all trains have arrived at
stations and no passengers remain onboard, the ESTS power-

sharing process is terminated and the system is shut down until
new control commands are issued or the main power supply is
restored. This two-stage power-sharing sequence is summarised
in the flowchart in Figure 6.
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**+ ) is current flow dircction
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FIGURE 4 | Energy sharing from the ESTS during a power outage.

Substation

Power outage

GND

Running rail

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?

no

ESTS powered train

STS train arrive
at station?

Evacuating passenger
and wait for rescue

L

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 (M., 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 (Fgrag, N), the
air resistance or dynamic drag forces (Fyrg, N) and the rolling
resistance or frictional forces (Frg, 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 — Ty = Mg, (1)

Tr = A+Bv+ v ®
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

in range stop on track?

no

ESTS share powered to
trains without ESTS

rains without ESTS
arrived at station?

Evacuate remain

passengers and wait for [¢—
rescue
F,
- 7
- B
h
A
FIGURE 7 | Free-body diagram of train motion calculation.
1 .2
St =S8 +viAt + EaA! 5 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,,, W), auxiliary power (P,,x,
W) and regenerative braking power (P, 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].

Pr = Pig + Paux + Preg 5)
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speed

v,, is maximum operating speed

m \

Accelerating,  Constant Coasting Braking
mode mode mode mode
distance
FIGURE 8 | Operational modes of train.
Fr .
Pyu=— XV, P,eg=0 sif Fp>0 788 cncis
Pr= Ul . (8 Conductor rait T = Transmission
¥ s p busq [ ———
Pu=0, Preg =Fn xv ;if Fp <0 A Wy
Er; = Er; + PrAt. ) ARt

All Equations (1-4) in this subsection are not only fundamental
for reproducing realistic train motion in the simulations but are
also used to derive the traction power demand and energy
consumption of each train. Specifically, the simulated speed and
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)

i_Train (

Running rail

dxR, dxR,

it ot |

FIGURE9 | Modelling of DC power supply system in MRTS.
through an ideal diode and to the running rail (R), which has a
resistance to ground (Rgsg, 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].

1 =[Glv] ®)

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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7 of 15

35U3d17 suowwo) aAneal) aqedijdde ayy Aq pausanob ale sajdiie YO ‘3sn Jo s3jnu 1oy Ateiqi auljuQ A3|IM Uo (suonipuod-pue-suidl/wodAajimAtelqijauljuo//:sdiy)
suonipuo) pue swa) 3y 33s ‘[9z02/+0/¢1] uo Aieiqry auluo A3jim ‘(puejiey 1) AIHOYO Y3S Ag "0¥00L 21s3/610L°0L/10p/wodA3jim Aieiqiauljuo-ydieasanal//:sciy woiy papeojumoqd ‘L ‘9202 'LOY89LSZ




304

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), Vsrs is the ESTS voltage (V), and I, is the load current (A).

_ Egsrs
Fests =y 3600 ®
\%
ESTS = IESTS (10)
esTs
Pr
L= 3 11
Vests b
Vists = Rests X (Jests — 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

W 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

Sl
‘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

11.346km 10.432km 9.270km 8254km 7.446 km
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FIGURE 11 | The train speed profile in service.
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342.81 kWh
/

W
(=
(=]

Energy (kWh)

0 2 4 6

Energy consumption for the
train moved from S10 to S11

342.81 - 304.74 = 38.07 kWh

8 10 S10

Distance (km)

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
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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
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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.

i Trail! no.2 i {6 Trair! no.4

100 100 43.29 kWh

90 ¢ 90 ¢ ‘ \
_ 80 80 |
3\-.; 25 30 35 40 45 25 30 35 40 45
8 6 Train no.6 ii6 Trainno.8
@ 48.47 kWh 46.56 kWh

100 —\\7 100

90 | 90 ¢

80t 80

2‘5 3‘0 3‘5 4k) 45 25 3‘0 35 4‘0 45

Time (minute)

(a) Case where all trains can move to the nearest stations

Train no.2 Train no.4
110 ¢ T 110 ¢
100 100
90| 90 +
Py, 80 |
< 25 30 35 40 45 25 30 35 40 45
8 Train no.6 Train no.8
R 10 : 110 [
100 100 45457iWh
90 ¢ 90 | L
80 80 ¢
25 30 35 40 45 25 30 35 40 45

Time (minute)

(b) Case where some trains stopped staying on the track

FIGURE 17 | Energy usage of each ESTS.
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Train movement using ESTS backup
energy during power outages

2759%

72.41%

m Case where alltrains can
move to the nearest
stations

m Case where some trains
stopped staying on the

track
FIGURE 18 | Operational success rate of ESTS power sharing.
TABLE 2 | Comparison of the proposed study with related studies.
Power
References Article focus outage System Method Power sharing
[9] Onboard UPS/propulsion ride-through for a single train Yes Single-  Laboratory No
train
[10] Survey of emergency self-running power supply schemes  Yes Single- Review No
train
[11] Emergency traction modelling considering onboard ESD Yes Single-  Simulation No
train
[12] Li-ion battery emergency traction system function Yes Single-  Simulation No
(design study) train
[13] Battery application for emergency train running within Yes Single-  Field test No
traction power supply train
[14] ESTS design and analysis Yes Single-  Simulation No
train
[15] Optimised control of emergency traction using storage Yes Single-  Simulation No
battery train
[16] Stationary versus onboard ESS for metro energy- No Network- Simulation No
consumption reduction level
[17] Energy-efficient train control with onboard ESS No Single-  Simulation No
train
[18] Regenerative braking energy utilisation system sizing No Network- Simulation Yes
based on power sharing and energy storage level
[19] ESS for regulating maximum demand of traction No Network- Simulation No
substations level
[20] Hybrid ESS for regenerative braking utilisation and peak No Network- Simulation No
power decrease level
[21] Metro timetable optimisation for improving regenerative No Network- Simulation Indirect (coordination via
braking energy utilisation level scheduling)
[22] Energy-efficient multi-train scheduling with passenger No Network- Simulation Indirect (coordination via
flows and station-side utilisation of regenerative energy level scheduling)
This work  Network-level ESTS power sharing in MRTS Yes Network- Simulation Yes (ESTS power sharing
level between trains)
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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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