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This thesis presents optimal energy saving in DC mass transit by using on-board
supercapacitor to store energy from braking and return energy to the train while
accelerating. Case study of the MRT Purple Line, Bangkok, Thailand by developing a
model of multi-train and multi-conductor by MATLAB program. The installation of
supercapacitors on the train required to control and the method presented in the
thesis was piece-wise linear SOC, which is a different voltage control method between
energy storage voltage and train voltage. The optimization methods applied are
particle swarm optimization (PSO) and genetic algorithm optimization (GA) methods.
Optimizing energy savings by controlling supercapacitors is divided into five case
studies: the case where the initial state of charge is 100%, 75%, 50%, 25% and 0%
respectively, in which each case has the final condition at the end of service, the state
of charge must be 100%. The results of the test system in the case of a 100% initial
state of charge can save about 6% of the energy distribution, save about 10% of the

energy loss, and store the energy generated by the braking of the train up to 46%
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Tuthgtuiisnsannulszunsndnednuieideludeslrglanuiuiuuniu szuy
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o v =

nsvudsEsIsardnduddfy Tussmnsdviuannldszuvvudiasisasyniunas iy
AN NYUBE19U1A (Dimitrova and Tomov, 2020) S¥UUTUaEIIasun1es1engluLiias
NfUseansan dUsunumugdlneansge aseielial Uaense (Fei Shang et al., 2018)
annsaigandymanmnisasvsiiediegs Feaszuuvvudmisslugawsn Sulddusadng
Lo saswaunlegldndsnuromdiwa Tullagiuldiaunldndanuiduwnsvans fie
syuulniln syuusalwiaudunavulasuaufsuegrsunsnarsluilissaualugialan
laun Ussimadangu Useimadsauaa UseimagJu Ussinaansgawsni Ussinalu wse
wiinsesUszmelng Wusdu nsvudsleeansduumnludiluaswauldiasininlunis
Juirdauysunuun Ianvesssuusaliivudsulavuaiulugiinainnrsaenaslninlu
aueAsalnH1vIN19199A273159 LazanunsaaenigalninAulaluvasnsalninviinisiusn
A a 1 = \ ~ ° | =
diedlvaluisedluszuunangvuiugwdazuuiue13einsiaululnunnisiseanus
INUAANNLTIAIN TUAT R8T UEDY NI BLUUMUSA ddnalulnasnialiivesseuuIuas
=~ P | | | Y W Y o a
winvuiinsasuudategnasniiaiavdrananistanasaulni msussndandeaud
unumdAglunisteaanaanuiisaliiild ssuunsinundsuigniaunleeidmang
lunmsaanisldndsanuainaniidremadniuaznsnivaunsidndanuegamungay
msUszndandsnuvessyuvsaliihvudwiaruduwnmnsidenddywazdln
rnuaulsgunsatslunsauINsUTuanusvessaliil nsugasa nsUszauau
yassalnihlununanenszualiiiasiiuieldwasunguilsuainnisiusn (Yang, 2016)
a o 5 Y] Y] 1% 1 A 1Y .
NTswadaunsaUsendanasulauseuna 5-9% nSUSNANBAUNSIY (regenerative

braking) \uwmalulagmiraulalunsiiudssdnsamnislondsnulunisduimaaunieladin

lnen3lunisiusngAundsnuidnsdanisndsungnasaduainmsiusn loua n1siusn



AIBAIFIUNIULUTA (resistor braking) NISLUTALUUAIBAUNSA (grid-feedback braking) n1s
wnwuulausa (hybrid braking) warn15LUSNIALAUNSI9U (energy storage braking) 1Ju
AU (Yu et al,, 2020) szuunsdaiundsudunisuszgndmaluladnisasaundsauly
szuvsalytihgnldedraunsvans Tneingusvasddrulngiieannislindanulunisindoud
Y9330l szuunsdaiundsaudmsvszuusaliiaunsouualidu ssuuivazay
WA NI (Wayside Energy Storage System: WESS) 53UULA Udz aund 19 1uii aanil
(Stationary Energy Storage System: SESS) W@y LUV AN URAR IULIUIUSE (On-
Board Energy Storage System: OBESS) qUﬂiaiLﬁuazauwé’qmuﬁ'ﬁwﬁmﬁgwuéumma
¥un wumne3 (battery) Aafiudszqdaean (supercapacitor) LazdonuAnds (flywheel)
(Khodaparastan et al., 2019) ihuiu daufiulszgBasanidufiveniuuasldfuegraunsvany
Tussuvaudunasuilesnammuitivyesidsnuiideutngs nameUszy/mialsey

du ArUngasnwen age1en1sldanuenIuiu (Gonzalez-Gil et al., 2014) dn51N15UsENEn

[
]

Wé’amuimmiammmm‘uﬂﬁzﬂ?jqmmummmmﬁﬁzmm 16-36% (Wu et al., 2020) 917398
yadoUansnshnsaiaiulszaBeenuuruIusnvesszuusaliih BTS aeauuin awnse
Usgndandsnulduszanm 27% Adafiuuszadeinuuin 7 kWh uwagszuusaludi Jinan
Metro a1unsaUszndandsanlduszann 16% 7 daAuUszadasanauin 10 kWh
(Kampeerawar et al., 2018)

nsUszendldeny OBESS Tuszuusalrimuingussasdnisldaududosendona
gndlunnsmuANATTIIUYessTUULiUAY AN suT Az auwasd UssAng am
39an NAYVSNITINNITAIUALNITIINIUTBITLUUN VA AUNENUTINAINTA1eTS Tunuidedl
Tdnagnsnismiunu Piece-wise linear state of charge control {unsmuauNsinuLes
srUuAUNdsudedtusausesulilil (deviation voltage) (Ratniyomchai, 2016) it ol

o 14 1 a a a a 6 ¥ (7 a1
ﬂ’lUf"’]&lﬂ’]iVlN’]‘Ulﬂ@?J’NNU?SE‘Wlﬁﬂ’]‘W IﬂﬂﬂJ’]ﬁQ‘UiZﬁ\‘iﬂi‘Uﬂ?i annslnaIuIINanItany

Aasliduedou



1.2 IngUsraAvaINisdY

1.2.1 $10933n15anmslangsunsindouiivessaliiinszuanss senssniiu
wé’wuﬁLﬁﬂmﬂmﬁLmﬂim?hLﬁwizaﬁqmmummum

1.2.2 ﬁﬂmmimmumﬁmmzamaqLLiqﬁulwﬂwﬁwqmﬁwwLﬁuazamwé’mwﬁ'u
e Inglduuusiassnisiedeuiivessalniudanasuaedinamaisvuiy

1.2.3 Wisuiisunisiauveslusinsudassnisusendandsumnz igase
3§ n15M1A 17 LMuIz AN Particle swarm optimization (PSO) wag Genetic algorithm

optimization (GA)

1.3 @UNAFIUYBINITIY

< a

unvesnulnimelsyigaidunulszqBseaninadonisanemdsnulni

“U@Q’i%UULﬁUﬁ%ﬁNWﬁN’]U LLa3ﬂ’]ﬁLﬁ‘Uﬁ%ﬁﬂJ‘WﬁﬂQWU%‘L&R‘I’]ﬂﬂWiLUSﬂLL‘U‘U"\]I'IEJaUWéJN']USUEN

ol Bnsmevenzaunduiuimeialunismeuevesusaiuliiineysgian

1.4 Yaanasioefu
1.4.1 S3UUNAARULTUNITINADINITLAA U Y0950l Ty n15AIUIAUNIS
AtnAanseelUsLNSY MATLAB

¥

1.4.2 wisfiweiuaztoyanisdiassasssuunaaeuldtayavesvuiusalniraied
19 salwiindeunnsusaandaaasunslifianiiiniyu
1.4.3 Msasaaiunisiiaesnisiedeunivessaluiivansvuinlussuunageu
[3 [ Y [3 a o 1o = = ! Y
1.4.4 szuuivazaunasldiinuuszagwinlunisdiasuaz b

L1387 (time constant)



1.5 ‘UE]UL‘IWI‘UENW]‘J%%EJ

1.5.1 ra0a waslSeuiiunislindsnunmsiadoudivessalniimansauiulagld
BaruauaT ﬁﬁmsam&y’aﬁaLﬁwﬁmg?iamﬂuwumum

1.5.2 Wisuiisunisvhauveslsunsusiasssieisnismendivunzay PSO way

GA N5 USEUMIBUNANISUSENEANSI9UY

1.6  Uslewilfianninazlésu

1.6.1 I¥uuusiassszuusalwiihvudanasunss uansiifngsssuuiniundaeu
LUURASIULUUILSE

1.6.2 mmaa‘mLmﬁuﬁm‘mmﬁmmzamauswﬁﬂLﬁuwé’amumﬂﬁmimmm
UU Piece-wise linear SOC

1.6.3 anunsaUszgndldszideuiSamameriimnzanlunsafiuussaniam s

Uszndandsnuigalusaliihaudaunarunszuanseifaadniulsy gBeeinuuuuiuse

[ 1A a s
1.7 msamgﬂtammsnuwus
a a s Y dy £% = ~ o =
MNPANUGRTULUIENOUAIY 7 UN Way 2 NANWIN Lag? Un? 1 dausining
[ o [ ¢ v & £% a o ¢al
Junwazeudifguesdyn dngusvad donnasiesiu vauluniuide wagsUsslevin

AN A5 UMNNUITY TIuasuE el snuradineinusatul

a a v < =

Uil 2 YiauedsUsiatassunssusaz i sefisates Wunisdisieauice
Aeateslusdniifiinisdne wleifuuumalunisfnuezinnussondldlusmidolaeg
w2 Fade Laun STUuUINIeAUNSIY Lag sy UUAUALAUNE 1Y

unil 3 tiauenguiififedoswedinenfinusatul Ussneulufessuusalil wu
syuusalniinszuanss wazszvusalniinseuaadu 1udy salvivudsnavuluuseine
Ine nsmvausalidi nsusnefundsan wazaunsalifvazaunasuresszuusalui

Unfl & Yruauenmssassnsiadoudivessaliiinvudsnatunssanse S9na1atenis
adrsuuusiasssalnin 1 vuiu wazdinnsauderdonduszsuusalnfwarsvuiu Tneld
AMsmuIanadna1ans ewn nsAuaEsTa usLarnsndeufivessaluin nsAuam

o w

Aaaliinnsa Wi lglun1sedaud nseulIkaRasLsIAUlNAINTELEATY WUUINADIFN



'
a

Audszgbeefafuuruiusolndih uegnsveaeunuuTassHaszuuIalain audsnaTy
nIzuAnsIUTENOUME WUUIaeInsndeuTivessalwiin 1 YU uasmanBvUIL AIUANNNT
yhauvesiafiulszaiaenniifafsuuauiusadieds Piece-wise linear SOC Tnansvidau
maussulwiigaiiauaunsyiau

unil 5 dhiaueismamaiuenganfigauesnislindsnuiianluszuusalniiilag
uniiusznaudedsmsmeanfiusnzay 2 33 Téun Particle swarm optimization (PSO) waz
78 Genetic algorithm optimization (GA)

unil 6 ihiauenanisaaeulunsdnwiusaznsd uaziIouiouyssidunanis
Fraeamaafimzandigalunismuaumsinuvessifiulszieenfiauisaannisly
wialwihanaaddremdslvildinniian

Uwﬁ'71?uauauwa§Uuaz{knaua%aa?wﬂﬂﬁwuéaﬁﬂﬁ’

ANARUIN N. HANNTVARBUNIMIATIINZ AL sduAaLssf Ul gaTinUAL
mMsvhauesiufvlsyaBaean

AANLN U, AT laun Ao unsluszInfnwnasUse SAves

Y o [y

NYINIY
U



uni 2

%4

USNANISIUNITTULAZITUIBNNYIVDY

2.1 unmi
A Y = = a o Y \ A
JEUUUINTIEAUNGINUTINSAN Y ke IR naInra1e InqUIzasRluYavate Unuu
11 dinsIsnsuszendszuuldiiuasaundsy unlidiauenisdisalsvimissunssy
LAz UITeNneItenin sAnyIufudennaudslagiu lnenan1sdisiaduaAuuide

s

sanaazldduwuimedmsunisuszanduaginunaideluing dnusil

1 = L
2.2 ZUULUININYAUNELITY
szuusalihvudaaruasisazlunmseaniiflunisannansevuveanisdyaslu
a = = o oA A a a Yy o Yy  aAa
wales Weedniiaulge Aulaeniy AuWele LavUsyanSnmaudinindeuis
Bow [ Humeualiszuusaliihwudanasuasisagluendeslasumnuauladivdulugiue
aa | A a a A | a' i v v
Asnsvudaiduseaninmuazdedulugimanssun 20 luanamglsy udluniandudiu
MeguAuUNdsudsnsnsiatuegseies Wuwvawanddusgwd slunisannsld
nauluraednwrseUsul R mNsUINIsLaraag Msldndanulnivesssuy
YUAWIAVUATI UL UARIRITUN 2.1 urugdvemdsulunisiadoun n1sgaydelaseaig

1%

WUz (infrastructure loss) nunefls Nsgadendsnulniinaandsrgidslnfuasseuy

1 J

dsderidalwiin i dsangndednad i ueg fussduussduliiinveaszuunas
Usmaidanuluszuu Tagilunsgaidendsnueiagedia 10% szuuiaiu (auxiliary
system) ALy 20% vaeUsunsdwd 1T anuavessalii ludiuveinisindeuiias
Usznauludiousesdusng 9 (motion resistance) Inewadsnisdunisiadoufiandu 16%
warAugidelun1saaain (traction loss) Usgneuntgusedniamgunsaiuuas
wsssulnin (converter) uatmaslnin (motor) wagszuuasnasluia (transmission system)
Ay 14% Tnendruiiiatuannisusn (braking energy) vassabiiiAndursmilaves
wauisaliinld wazusunamisluauazgnandundaugadelunisiusn (braking

loss) (Gonzalez-Gil, 2014)



Total Energy

Recoverable

Traction energy

Braking

Infrastructure energy

losses

Auxiliary load

Traction losses

Motion Braking losses

resistance

JU7 2.1 Yssamveandsnulunisiedeud

ﬁuﬂgﬂ: (Gonzalez-Gil, 2014)

A19LUTNAWAUNS UMY UsEnoun1e N1SIUTNAIBAIGIUNIY (resistor
braking) N15LUSALUUIIBAUNSA (grid-feedback braking) N15LUTNIALAUNGIU (energy

storage braking) kazn15LUSNLUUNEN (hybrid braking)

o '
(% v Y I

1) MsusnAlefInIunIY Taesgukuunisiden laun nsindeyadifuniug

9

(%
(g v Y

aoiidunisdendseuiifneinnisiusnainsi g LAZNITAAAIYARIA LN Y
wlamdsnulihiiinannisusnidundsnuanudeuuuvuiuseildsuetng
wndvaneluUseimaiu Tnonisinssuuauiusadesddadaimdnfiiugu uas
mwm‘%ﬂumsﬁwml,ﬁaﬁﬁﬂmm%’auﬁgﬂa%ﬁu (Yang et al., 2014)

2) nswsnuuudeAunia Wunsiadanulasissiuliifaondaremdslai
dlosaluivinnsiusnasaldsfuusssulniilussvuanvdadutu Tngsedu
LLiQﬁ’uVLWWWﬁqqﬂdwszﬁumwﬁ’uma%gﬂu:daaLﬂuLLiQﬁu"Lv\IﬂmszLLﬁﬁﬁULLazgﬂ

denauludassuvdsanenssnuluinsgaunais (Lin et al,, 2019)



(%
(Y

3) msiusndaiunasnu Jaesguuuunisldou laun nsfadsgunsalifivazay

NAIUSUNNY (wayside energy storage) LUUNSAAAIVUIULTNAUTEUUANDES

ISP o w

FviseunsruURnAsanntiTnemasiuia (stationary energy storage) usg

(%
Y

fupLMALIZaY wazn15AnRIgUNTalA VA ALNE U VU UIUTA (on-board

dy i o w = [ o 4
energy storage) TusUnuuilanunsatisaniasinihgaydeluaedaini usides

£ [
0O =~ = o £% A A

Ailsdann wagiiuiinisinns WewSsudieuguwuunisldeu nshasauuy
Sunnadidelawssuiuruinanundnukasiininlunisfiaas Tunnandudiu

Poidennulszansnmilesanniinsgadeialiiluaedsiiuagfunu

v
v A

Tun1sinmsiaganinnisanssuuuulusa (Kleftakis et al,, 2018, Qin et al., 2019,

Y

Yang et al., 2016)

4) nswsnwuuray Wunisviuresnisiusnluratesduuudinieiuseuy

1 ¥ £

solnHrvudaary L UN1TEUIIEN1TYINIUAIUATUTENINNISHISN PEF

g
AUNIUAUNISUSNRUUTILAUNTA MTBNITVINNUAILANUTENINNISIUTNAIEHI
Fumufunsiusndaiundsa e seansnmgegeliiussuu (Ping et
al,, 2013)

TngnisiSoufioudemsied 2.1 niswsnuuudieauniaduideudesan

UszAnSnwdiAeuinegs anunsadsruszuvdsaussiulnihszsunandld egndlsinuszuy

1 = a

solvvudIas1sue i anwaIENISUAsULUAINISPABUNUBEASY ddNanmnutaneslunng

£
v a aa

d93ramaslniaAunsa (Yu et al, 2020) M uAsnsiusndeaAundsanud wduisad

UszANSAnan wazdniuuiaula

AN 2.1 N1SUSEUEUITNITHUSNIBAUNAIU

Performance Energy
Resistor Grid-feedback Hybrid
Index storage
Cost Low Relatively high High Medium
Energy
Low Relatively high High Medium
efficiency




2.3 ITUUNUALENNAINY
Tutlagtunssussdnmseyinundanuuardsademnduded iy ssuusalwihuds
wavuarssuzidudiuniddulunssussduaznstauiannisldndanulaei g
Usz@ndnmnisvineu nisldeunsaliivazaundsnudmsusaluiivudanaudading
nzauanImeUsquazvaUsralimudenndesiusruuMIiadeuivessalwi szuy

[

mMavazaundsuvessaliihdnisfinvuazanuideiineidetedsenuiu n1sigunsal

< [ a

LAUAZANNSIUAAAILUUS U R TUAS NSUTa NI nTAn NS any [ieanAeann15 LY

o w

Aaalniin (peak power) wazannisldndaulniliosandunudiulngvasssuusalnii

(%
Y

wnAeaansldliin ludnguuuunisinsgunsalilUagaundiuuuanIusoaINIse

whdgymmaslniihgedsluanedein wignslsfinunisindeunauausadssaliumin

vosvusaliifivty uardsdituilunishnseesnadinn gunsaifvavaundeeniluilagsy

fivanuategunuy 1fun denuitds (flywhee) faLAudszads89n (supercapacitor)

wunLae3 (battery) wadiianas (fuel cell) wazualivdnsaud sean (superconducting
magnetic) (Liu and Li, 2020) f51vazldgn Faseludl

1) Foduinds Tenludsznaude Tswes (roton) ndugntiulsines (rotor bearing)

A3 099nsnaliin (electrical machine) wazduinesiedidnnsedndmas

(power electronics interface) LLamﬁ'&gUﬁ 2.2 wlasndsnuluiidundeauy

a1 (kinetic energy) wagtiundaunalilulsimasaiiusoas Faudeudafiu

13 aadnsnaluiriiundugndu wdsnuaadargnudaadundsanulniile

Id |

U lsiwasandseglugaa N asen1Bus ITEITINUAININ 1NBYINYTeanns

' '
= =) =~ a o

gadeannusudeaniu mnudununssisvesiandudntadenilsiinvue
Anusalunisuyugsaeavedlsnes Wosnusumismdgudnaradudadiuiu
< o w o a aa v = o g v
Anusluntsnyumdsass nsldianmeulndnniinnuiiumuusefsaayinli
o E4 < d' = dl' LY o v a s A
MUAIEAIINSITEUNGTY 1ATINI Nalia sl utewesidle
AasrnsauszusevinwduassanndalnfnflemdineUsey (Mousavi et

al., 2017)
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Magnetic bearing =

Power
Electronic
Interface

Motor/Generator
Unit

Rotor Vacuum pump

JUN 2.2 daudsenaudenuningg

fnnm: (Liu and Li, 2020)

2) Fufiuuszqdeean Usznauniediining, (electrodes) doedianinsniiviuauiy
Inesusnlosau (separator) NTuruld Bianinsaseanduiulszainlunsad

ddnnsmazgnuadludianinlad (electrolyte) uazanugaziinuanyuseqlin

a

adnazauiidiuneysvausgniedibninnuasdidninslad dawandlugun 2.3

1
o

oYU @a1urn1suNsBanNAsauAAaunaInTIvIn U1 auNIueaTivian

Y
o a

dellvinlilesauuin (cations) wagloaaauau (anions) Tuddninslansiudinuly

a a

ddnlnsaaulazdiuInauaiu Tuanuznisaelszy didnnseudzdngleuain

a

EJLaﬂI‘VIi@ﬁ‘UI‘UgﬂﬁLﬁﬂIﬂi@U'ﬂﬂﬂhu%ﬂQiI‘Viaﬂ loppuuinuazlooouauasiTuna

fusnads (Gonzalez et al,, 2016)

[1
|T

+Ebactrodie - Electrode

Electralyte Separator

JUT 2.3 wunmdaifiuuszqieen

PUININ: (Liu and Li, 2020)

3) wumme3 unasuliinluguremdinued Inenaly wunme3usznausie

druisenaundnaudiu lown walua (anode) wAlna (cathode) wagdianing

(5

lad (electrolyte) wummaifivanayszinnduegiuianndinldludibiningn wu

9
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LuUnLMes e 1-n30 (lead-acid batteries) Wuatne3 TN a (nickel-based
batteries) WusLaa3lelfes (sodium-based batteries) hazuuninasaiseloaau
(lithium-ion batteries) 1ugiu
- UUAWIREMI-NIA Usenaumey TiauvinannagMnilanuuengy wagdiauan
Mhanianeenilasenlud (lead dioxide) BiantnsansasgnAuiIafinu
WalguAuLUAADIUTLANEU LUAMEIAZAINIATIAIUVUILUILYBINANY
ALAZTOUNITNNIURAG (Kreith and Goswami, 2017)
aa a a o o a a ¢ .
- uuaweitinia dldninsavinkazavvinaintiniialeasenlas (hydroxide)
= . a 6 o = 3
wazlaaLiley (cadmium) wazdidninsladmaninunageulansenlye
(potassium hydroxide) ALuane wummas dniiaiaaudiuniunnglusi
LAZEINTONUABENIINITVITIMasAI8UTEAA wazausavineululug
s ! < 1 [ aa a a [ - =
N1591599819530153 agalsinnu wuaweslinifainnudunivaniesaind
drulsznouvedansiived e Lanluy
dy o a < a ¢ o ° o
- wunmesluey Bidanlnsativinuazdianinsladvinainiugdunasumad
wagtgsdinuanegluniilureswds TAUuILE LT INE I URAZNEI
ae wnuliifinsengyszies aAnuamnsalun suyulsunade wasduyy
o ' < Y o oA v a o a &
1 ag1alsiony Yalde fla audean1sgamgilunisviuings lnevsly
weazaglugie 300-350°C (Hirai, 2019)
- wupweIalseuleeey Myvhuluediunsiniouivetlessudiienavdiy
a v a & s a [y
ndantnsnuinludadidninsnaulunszuunissauseuasiaunindu
lunsruiunsaelseq WeWguiuwunmeIngnInsaLaziniia wuanesa

[
=

BSoulossu dussdulninvedwadigenin ANUMUILULYING WU EITY

[l ¥
I =

UsednSnnn1svniangely wavengnisidauneniuiuidu (Liu et al, 2018)

Y
[ [

4) wadwowads niowadiwomadlalasiau (hydrogen fuel cell) 1ugunsailnii

'
a

wiAndalnlaenssadeindslalasiau (hydrogen) wagoon@iau (oxygen)
Wi Tumanada awisasdaliihlaualdaansafulninle daiuashes
fnsaszuuiniiulalasiauiieasiassuunisasialuy (regenerative system)

(Henok et al., 2020)
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1 & o o a [ v 1 & A a
5)  WUAANRIUILIYIN LﬂUWﬁQQWUI’ﬂUﬁU’]&JLLNL‘VIﬁﬂ‘WLﬂﬂ‘G’]ﬂﬂi%LLﬁlW@iﬂusUﬂa’m

'
o a

#2918 9090 W o¥nwranuzdtihdsen vnmnazgnusludidenivad (liquid
helium) uazyinlduasouiagaumgiiiiiudn uansfagud 2.4 Wevsandanu
Tnfhazgnuiasfundauwimandsanmsaduliluaususimanldedisla
fvun wdsnuuimdnannsafuldldddamagliinndenanmusinsua
Avgd (coll) ilawfisuiugunsnivsziamdu ulivdndniaeindusyansanlu
N1FLENAIUE AUNUIRUUVDINFIUES UsEANTAMNITITIRATNITANY
Uspafinind uarorgmislinuemuiuann (Feulsifuan) dedeiioundn fo
Funuiigauaznsairsusimdnlniummaiilognléidusunsaiifundanu

wunlng) (Henok et al., 2020)

Cryogenic

i
Refrigerator Helium/Nitrogen

Superconducting
Magnet

Liquid
Helium/Nitrogen

Ql' 1 & o o a
E‘U‘VI 2.4 BNUATNWLILARNEIUEILIN

LN (Liu and Li, 2020)

23.1  ssuuifiuazaundsnuiarsuusuausalnii

srvufvaraundanufafsuuiusalifidunadenidluduvesn
Uaeady msthmdsunduinldlug uazyszavinmlagyu (esndiedanisnszuali
fligeamsluvnzitanidslifigadoas wagnsfadsuuruausodsaunsadglusalui
euluraeildideunetussuutnamdaluin (centenary free) 157971 2.2 waRIN1s
Wisuifsuamauiivesnisdaniandanu Tnsffugiuudissuuiivazaundsnuiaduy
yursalwiinihnisufasegainnsiuin uasdesaluiihdianudeanisldndanussuuas
yhnsmeUszgitensiadeudl Tnsvun wila uarsUluuvesgUnsaiiAundanugnuiuuss

wareanwuulimnzandunisldiuvesssuutu 9 wu dmsunsdaundsnuienldiuiy

UszgBaenalumsiiundsuiiaainnisiusn dwsuldoulussuuiilifiaedamasinialy
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al., 2016)

a

9197 2.2 NsiUeuiisunaEntRvesgUnsaliniungaay
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puldgunuunanlaglduunnedsautuduiulszqdsean Wusu (Arboleya et

Life Catenary | Transmission Provider
Feature Cost Availability | Safety | Recovery
cycle free efficiency dependency
Reversible High Medium High High High No High Low
Off-board | Medium | Medium High High High No High Low
On-board Low Medium High High High Yes High Low

Tnevialugunsaliivazaundssuduiidenlunsinasuundinivessuiy

salwdwilosann Aunnrelunsenuarsessaluiniisgradrdndalumunsaulay o1y

(%
(Y

msgaldTnglunisfings gunsaliivagaundsnuuuvuInsagnidauluuissenadmsu

[

YUAIENTITUL AT LDNNANYNUILITUTNIDININTUT VIDNAADUNIT I LAgNanISUSELTU

o v v

& Yy o & a 2 .:4' ° v A v
LUBINU C‘]'JLﬂ‘U‘Uﬁ%ﬂlﬁJ\'ﬂEJ']WL‘U‘U'V]LWNWSﬁNV]ﬁ@IUﬂWiu’]ﬂJWUi%E‘!ﬂﬁﬂsﬁ\WULuaﬂzﬂqﬂsﬂaﬂqﬂﬂﬂqu

Anudaensdiy Uszdnsam uazaildaie saededidalvinlidenuiacliiduiiden uas

(Y <

wuaaes llatunsalieuuseansamduaaiivyusedeinlaiileeanetgn1slderunn

(Khodaparastan et al,, 2019) f1881931u33890n159 59 UN Sl UAZAUNA 1 URAGRY

[

Uummuialw%wawgﬂuw At

a o I v [

lannuzzi and Tricol, 2010 YNa@UBIIUITULA EINUAITAIUAUTEA
wsanulniuazanrisonvaanszualiiluanedidasfnasinivlszqdenn Joaglves

UnAUNUIELAUUSYRBgIna Y les e seauwsanulnilliuddanAtaonves

'
v a

nszualnihluegseauneausula

[y

Allegre et al,, 2010 YausswidoiRgiunslisiivlszabeinmug i
i umuiusnlumsiamsndanuiiinanmsiusn iieannisléwdanuvessalifi 91n
NAN1TITMIINITNARDILUY real time FAUUszedsginannsndtondenulisolih
\doufinanniifivilsludsanidnluuas Ssannsaifundsauannsiusald

Ciccarelli et al, 2011 YL@ U3 T81A o2 un15ann1519 na 19 1uves
solwillansaeiaifiudszqBeen Wefadsuuvuausavhlfnasuvessalifinfiutud

3.9% WaRansanasuaunsaUsendalulans 34%
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Liu et al, 2018 Ynauswiddeigadunislddaniulszqdseinfng Ul

o
Y <

YuINTaL oL Avazaundsulun1susn Tneaaedsinnnvesvuiusafasad A ulse

gagafiiudy Amnsusendandanuiiinansenuiviminiiiuduegn 18.23%
2.3.2  wASANISATUANSTUUAUAAINEII
fAdeanunedungudunsiinnsgunsalifivas aunaanuaiunsatiean

Asldndruvessalnililease wazdanunsaAvazaunduNAnINNIsUsSN e ShunIs

'
v a 1 o w a 1 =

VT’]Q’]TJ‘U@QQUﬂiﬂJEN&Iﬁ’JUﬁ’Wﬂm@ﬂﬁ’)u‘ﬁ‘u\ﬁ ) L%ﬂﬁﬂﬂ’ﬁﬂ’)UVj%Jﬂ’ﬁVT’N’]WU@QiSUU Lﬁ‘UﬁZﬁ@J

o

a

WA FansldweialunisauauesBdamalissuuivazaundsnuiiusednsamiuunn

[N

[ '
= Y 1 v aa

T fegrsnuddeninisinnsanmalianismuaussuuiiuazaunasy fail

lannuzzi and Tricoli, 2010 tiausuideiAsatunsmuaNnsyuYes
Fufvuszadagindeismamaiimingaulunisdenisinuvesguasal PWM Watlanns
vhaouvesiuiuUszeieean Taslssudfisunssudlniiddaiunszualiiiwessalwiiuie
anArgenvesnsualifiiannilyifiiddnelyituszuy

Palmieri et al,, 2014 iaueUITalRIfUNTIATIZINSAIVANA LAY
UszqBagnandis Tiun nismuauuseiudiaundu (output feedback regulation) Liun1s
ArszAlagfinnsanussiulwiuysiui 10% vesueundgaussfuliinaedaioiusesu
wssnulnifien warnisaauaudeunduuuuguila (state feedback close loop) t¥uns
muausgAuusaiulilumednsmaaldnuiifulszabeinansgduussiulwiifian
Tneifsuansedunsasuliingredsivinisimun

Ratniyomchai, 2016 thiauesuidsifeafunismugunisiauvesgunsal
Auagaundanuseds Piece-wise linear SOC Gaidunismunueodudssuunsali
dedudsauunssiuluiiwessaluihfuussiuliiwesgunsalifvazaumdsauilunnni
drudsauuigaiifivungunsalazizuvhey Taslnuansieniassgieae sy ey
gnimuasmefianavesdiudsavuiiduuinuagay

Lin et al., 2016 Yiausuddeifsafunsauaumsiemdslnivesssuy
Auavaumdseuiifedsuma feisnsemuauaiaian (cascade strategy control) LHuns
muAuLssuliiA Yanazamuaunszualiiivesdivuszqdsean Tnsutssefuves

wserulnindulnunnisiaunansdsgui 2.5 Wessauussiulniheglugawing 4 dafu
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9

sabniin

Forbidden Mode

Chargmg Mode

Standby Mode

Discharging Mode

ds mmim|

Forbidden Mode

JUN 2.5 iNN151119UN1IAIVANLUUAIALAR

ﬁuwmw: (Lin et al., 2016)

Pellitteri et al,, 2018 YLaL091UT LA #IAUNITAIUANNITHINITUYDS
Aawdasansiienig (bi-directional) d11UN13AIVANNITANBUTZIUAZIITIUTLRUBIRWAY
Uszqdegaiiinsdeurauuuruny 8 49 wazideureuuueynsu 24 ya 9AUTTaIANNg
muauiemuaunszudliihfdelrfudmdensonunmdosnisveslnanmallin nanns
PavauanaUszansamlunsinuveynauAugedis 96%

MNMINUMILUITAssanssLeznuiseiiigmesiunisiusndisAundany
sruufvazamdanny MaUszgndr UL UAYaUNE s TURARIULIUILI WAEN1IAIUANNTT

=

euvesgunsalif vazaundannu Sauideuininenesuisuazinisyiauiimungauiy

sruusabiiifiuanaeiy fawdn3snsiusniuuangAunInaziuseangamgausinises

NEIUAUNUT AL A SR DANUET S UNITISNTAAUNS 1T AT UISn1sATUsEANS A

o
a (%

sesasuuaznanla Snifanisfadgunsalfnifundsnuuuruiusaaunsoud Jaym
Maslnifhgadeluavdaladniy daaligidedanuaulaluwuimianisaivaunisiiny
vosuAuUszgBeaiifndaunuiusalifiviannsliwdsnuresaniddemdslniuas
nsivagaungIuInNIsusnassa il tnednisaiunuuuy Piece-wise linear SOC

= & aa 1% ! ::4' [y
‘?NL‘U‘N’Jﬁﬂ’J‘UﬂﬂJﬂ’JEJﬁ’JULUEJQL'UU%’ENLLNWUIW‘ﬂ’]
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3

c
=b.

N

=

a o v
NEYANLNYIVDN

3.1 unid
=g | e aa A Y w oa a s = 1% v v 9 Yo
unilagnantanguiinertesivineridnus Fauszneuaig 5 viadenan 9 laun
Ausilosiunneaiussuusalniinnssuanss N15AIVANAIINSIT NISLUTNTIBAUNGIY

WaLITUvACAUNSINURAFIUUTUIUSa N H51eazidensanaludl

3.2 szuusalnii

solnirfanwaelassasielisnsnsalnsssuauanarstunsalnidrlusieSosaudau

1Y ' LY P

. = = o v A = sl da o
N (prlme mover) L‘Wll@uLﬂi@qc\]ﬂilaquj@Lﬂﬁ?JQElu@ﬂLSUaV]m@mqaﬂUumjiﬂLﬁNa‘Uﬁﬂiw

Y

A
s53um1 salnilldndanulniinanlsslwingsorafinisldndsnuguuuudy q lunisuan
nszualali wu lndeuh wiasssund dwfiudanm wesndinuainmatanm Hudu
Judedfiannsaldunamdsnuduininegsduililandinuanieada n1svudana sy
ilanfiseaziBunuingeednunune wu salwihldiu saluihwiedu wiesalnisafien
Husu Tnsendegnaszuusalniiudunatuvesumuasivefiddey 1o
1) soliinldAungsaouneu f9uiuianun 11 1 §un1e $9u 270 annid$uds
Alagansuanasagudl 3.1 solnildfungeaoumneunedslud a.a 1843 Tag
Tiuinslussuusssauliadaiiuan 420 vde wagsadiau 210 Vde vinlidl
ffaLsafu 630 Vdc Senszualuiinsuszuusedid (fourrail) solwinléfunge
aouABLLARIRITUT 3.2
2) salwihaudanasungasa deddlull a.e. 1845 Ysznaudeszuusalaih 16

Wune d9wuandsudalagaisvianun 303 ol wanafegui 3.3 saluil
yudsarunjussadussuunfiflduinisunidusuduassvaanivelsy &
sEUUPULTIPUlNAwUUTI9a (third-rail) Aseauwsssulndn 750 Vdc wans

Faguit 3.4
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3) solwihoudanasunsdlaien fSwauiomn 121 Euns s 882 annilfud
lapansuansfagudl 3.5 saluihlddungalafealviuinislud ae. 1915 szuu
Truussaulndamuunulnsns vl (pantograph) seautssaului 1500 Vdc
wanadsguil 3.6 szuvsaliliinvudanasungalafeUszneulusmedliuinig
vanvanouiem Tnounsudemiliusnisluidumas Ginza uaz Marunouchi 14

seauwsaulnin 600 Vdc Husaiay

::::::

nadwel

ntand Garders €)

ccccc

[
[ w
5 \al " s s
o -
an e Voluras (e
&)
S} "
A2 N N AL

JUN 3.1 wunliusnissalnihlafungsaeuneu

5" Oiwcron (&) tewcron Groen

Brcstr b
> —
o D

fsnam: https://www.tieweng.com/wp-content/uploads/2017/01 [hdadle 10 fi.e. 2565)

"~

5UN 3.2 salwihldAunssaeuneu

fisnam: https://www.nswrtm.org/-london/ [L%Jﬁ\‘il:ﬁ'a 10 §l.8. 2565]



https://www.nswrtm.org/-london/

JUN 3.3 unuitliusnissaluilingsusiia

Y

PUNAIN: https://www.talontiew.com/free-paris-train-map [LU189148 10 3.8, 2565]

SUN 3.4 salwlhvudsunasunssusisa

Y 9

fanam: https://becommon.co/life/metro-in-berlin-paris-stockholm/ [L%’ﬁﬂlﬁa 10 3.8, 2565]

19


https://www.talontiew.com/free-paris-train-map
https://becommon.co/life/metro-in-berlin-paris-stockholm/
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JUN 3.5 wuiliusmssalnfingslaies

fsnam: https://www.tokyometro.jp/th/subwaymap/index.html [hdade 10 f.e. 2565]

1777 "
LR
(174 v 75V 68

JUN 3.6 salihaudenagunselaien

Fi1nm: https://www.brandbuffet.in.th/2022/02/jr-east-tested-driverless-train-in-tokyo/ [Wihdadle

10 3l.8. 2565]

szuulwihfldduindeusuiusalaiilegansszuy fe szuulwiinszuanss (Direct
Current: DC) wagsyuulniinszuaadu (Altemating Current: AC) d@runisteunseualin
TFsvurusaliiieldlunistuindeuiidesszuu A szuunislésnsitany (third rail system)
wazszuuldaneduniofsue (overhead wire systern) ludiuvesszuusiefiauiidomidas

AUASNNTUNITAAR AT DIINTLAUNISAAAITZAUAT YN TI Ll daNansenURauaN¥NI4


https://www.brandbuffet.in.th/2022/02/jr-east-tested-driverless-train-in-tokyo/

Y o

a@1um1 (visual impact) waslved

%

Mesurulasade ssuullingnlddusaluiildaunse

syuvvudInlavuluiinan N AT InAunNIUs1999 dnsuatvduniedserarnsanuny 1

nwaaméﬁgqﬁizﬁ’uqq a'qmaﬂizmuﬁamaﬁwwmem'nwimmia“i%’ﬁ’mzé’uLméﬁ’umﬂwﬁqq
WnnsTiay wnzautumsiuselniitlussesvnslng (ups, 2559)
3.2.1  szuusaliinszuanse
sruusabniinszuanseazdinissuliiussduaanssuaaduanssuuddig
Aaalndn vhnisusuanusesulain wazsihnsulasiniinszuaadudulniinssuanseane

PR okUaS 89nNsEwaT daatis sansewabniln (rectifier substation) K383 80318079 kN

21

JuwPaU (Traction Substation: TSS) wiadseusrulUgssalWANlglunsIARoUN NSNS

'
=

wsasulwinlaiiiy 750 V nszualihazgndskiudatisieiian (thid rail) n3dldild
wsaulniingnndt 750 V ualsdiin 3000 V aseualiinazgnasiiuiidangdanilonsuey
(overhead line) szuvsnlwiiinsruanssvisuntelfussdusiisdndudeindeanidlni
Juiadeunn 1 sxoy 3-5 km Tusgfurausniiiueglusruu Tnsssuunsdenseudluin
shesitamiisndziigunsaliusonunandsaiiedudatussiiananielrng sualviilva
rudlUULIUILIILA ATUI9STISIR Bemsunsaualwiiehunsiianadfauuuuan
A1UVU (top contact) LUUTUIINAIULN (side contact) kazkuusUINAIUEN (bottom
contact) uanssazuil 3.7 dnwasnslinuduegivanmadeniidadldon Fan1siu
nszudlnihisausununduifeulfnumnedlonafianfinmg suudndedlationndnis
u 9 (A3, 2559)

Train Shoe
+——— Third Rail

Wheel ——r—o‘ J i ,‘
Insulator
& ]

Sleeper

W’Y“

Top Contact Top Contact
with Cover
= [1—|
| J‘ Jer (| . o
d ‘,'\ﬁ I 1‘ ( 1) ‘
ﬁ( . L;E |
3 \
Bottom Contact Side Contact

JUN 3.7 sUuuunisiasagunsaliunseualiiissiiany

0w : httpy/railsystem.net/third-rail [1dadle 9 fi.e. 2565]


http://railsystem.net/third-rail
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wsssulninssuansInuu1nIgIU EN 50163 %39 IEC 60850 fvafinnunss
AN5199 3.1 izéﬁ’uLmé’fuﬁfmuﬂﬂﬁﬁuaﬁzumhsﬂmlﬂ’]mmnmg’m%ﬁl,l,iaé’uagﬂuma Upning
P ° aa Y ) | ¢ Y A | a ~ )
09 U MENITIIUNTTEAURTIAULUYIE Uy 09 Usre 9095ATMILAW 5 W71 LaZLIIAU
WU Uy 89 Unine 9098A10LAY 2 u1dl Aaaniianenssualidinssianssdinsu
saluiAealinnawssnulnilslnanvesaanidlnirduindsuliiu U, .. 3988n3udusu
syuUTa i INTELERSINTNTTIUSAUUUIIEAUNS 19U (regenerative braking) lasannsad
Awsanulang 1000 V Tunsdlvesszuuatewsasulnidn 750 V wazlaiiiy 800 V va9ssUUane

wsssiulnin 600 V agldlusyuusaselniiwsesalasansiinivngad (naisinliuned, 2561)

M51971 3.1 wssdulwiamsgunsiglnauansgu EN 50163 vde IEC 60850

Lowest Lowest Nominal Highest Lowest
non- permanent | voltage | permanent non-
Electrification | permanent | voltage voltage permanent
system voltage voltage
Uninz Unin1 Un Umaxi Umaxz
V) V) V) V) V)
400 400 600° 720 800
d.c. 500¢ 500 750 900°¢ 1000
(mean values) 1000 1000 1500 1800° 1950
2000 2000 3000 3600 3900°
a.c. 11000 1200 15000 17250 18000
(r.m.s. values) 17500¢ 19000¢ 25000 27500 29000

Special national conditions for France, see Annex B.

5 Future D.C. traction system for tramways and local railways should conform

with nominal voltage of 750 V, 1500 V, 3000 V.

b Special national conditions for Belgium, see Annex B.

€ Special national conditions for United Kingdom, see Annex B.
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3.22  szuusalWiinszuasady

szvusalwiinszuaaduii Doaldiusin Ao vuiausadulain 25 kv ude
58n9152UU 25 KV single phase §9A111d (frequency) muszuun1satenszualnineed
dufiupnaafunussuunssdnnssualniihvesusazseima visssmaldanud 16 2/3
Hz \Jusruunisdenseualiliinluefnisediunsussmalunivglsuldaudatiagiu uns
Uszwalduuinaanud 50 Hz wazurauseneld 60 Hz \udu Feludszmeauinlngagng
ansgowsnldvuinaudfl 25 Hz venanddafinisfadsszuusaluiinszuaadudild
wsaulnihvunn 50 kv waldunsviate wlinivguduasn1sna1naaine1asstieysenda
w¥sumRnssgunsainmeiufuldinnnd (ues, 2559)

sruusalwihinszuaaduinissunseualiinidngssuuiguiaeiiussuy
salwihnszuanssdrniiunneng fe Liffan1dlwinSoenszua sulwilussgeanseuudedng
wgnuivanusstuasnoutieudiszuudglnvessalui ussduidealdluiagdu Ae vuin
wsasulylfia 25 kv a2l 50 Hz 1138 60 Hz muszuunsienszualiiiusazUssina
nszualnliiniignusvanussiulaiiasazgndsineruansdsmilefisue (overhead contact
wire) guUnsaisunszualiiifiindsunauiusaluihiEendiand (pantograph) uansdsguil 3.8
Pndeguundamaniiedudatuaedaiiosunseudlain nszualrifihaglnanduasuasasing

SNGN

SUN 3.8 angdunilafsurazana

Y

fisnnn ; http://www.trainweb.org/phillynrhs/RPOTD070315.html [idadle 9 fi.e. 2565]
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andidugeiifidfyun mszdugefisaluiifuszvunisangliiinnduda
nu Uﬂﬁawﬁawﬂéﬁuaqé”aaaué’ﬂﬁﬁl,mﬁuqq nsideuiirduriauasnisueneenainayds
FesmmunniiiedosiumsiiausznmelniegsilfiAnmnudene esanszuusaluin
QRGN NIRRT RIAER aonfidnefdsluirduindouiiidonisanelel (feeding
range) lélna Fsansnsofindsannilivineiuld Tasunfaaidrofdlaihduiedousginaiu
Useanas 50-100 km Fuagiuszuunisiienszudlnihiidenlduagenumunuturessuiuse

Turdumnng

3.3 salvihoudanavuludszwmealne
Tudsewalnefinisliuinissalaiitoudanavuadusnlud wa. 2542 Tasusen
yudsnarunganm 170 v lFFunsquaniglimisnuvesngamumuas (i)
seunlddnswansyuusaliivudenaruiimaiudunanisfusailédumsquaneld
n1ssalvirvudanavuwisdsemalng (5. ludaydudsemalnedssuusalniivuds
savuaganun 6 Euma Tasutadu
JeUUTa INTudRATUNSTIEN TS
1) salvihangd@deigou Mieameaulin (MeRAuNsEieTh 6 SBUNTEVUINTTY
ae 1) iuimislusduvvrudsnavuiis Aandaan-tangs Janiidfuds
Hlasansiionun 47 aanil Tszeenaiugn 5358 km
2) salwfianeddendy veaedan (@18Rfunsiiesh 6 ToUNTEIUNNTTY
a1 2) Brusansluguuuurudanasusa fandaunfwued-uimh &
anilSudslavansrionua 14 2 fszeenaiugn 14.67 km
3) soluhanednes Wusnisluguuuuvudslagassnlud@ Aaandngesuys-
Arsay Saniisudslauasitomn 3 annil szezvnadusn 1.80 km
8) solwihanedinu @owduivuses) WuinmslusUuuurudanasus fannd
yimsz-udnaes Tandlsuimateonun 38 aanil devermadiugn 47.00 km
5) salwiihanedsiag @waaesysss) Tusnsluguuuvrudanasuss fannd

[

AaRUb-an vy Jaandnmun 16 @onll Tszegniaduse 20.94 km
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szuusaliivudaiasunsewaadu

1) salvfuesnese wa du Wiusnisluguuuurudieadousinenimeu iaanil

a

anssuni-ngy v dandluuinsviovun 8 a@ndl dszezniahiusa 28.60 km

9 U

U7 3.9 anwaravausaliihnszuansdlulne

fannn : https://metro.bemplc.co.th/MRT-System-Line [L‘?J’ﬁﬁﬂl,ﬁ'a 9 1.4, 2565]

JUN 3.10 dnwagvuiusabiinssuaadululne

fisnam : https://www.prachachat.net/property/news-345635 [nhdadle 9 f.e. 2565]


https://metro.bemplc.co.th/MRT-System-Line
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szuusabiinvudsnavunseransalulnesunsehalwinuiusenaunvuInssu
750 V uanesguin 3.9 warszuusaliiudunavunssuaadululnesunseualnfinsuane
U o = al dl U U dl 1 a a v
Al vilofsueNvuIALsInY 25 kV 50 Hz waneiegua 3.10 salvi1vudaiasudiiie
AMaabiinUszann 1-2 MW siauuiuse SUMANNSELanINIuUs 9N aIuns LA ULsInU 750 V
solnf1vudINIasUINISIAR A UNARDANEAN TLULTINTEMINIVIUUTEL 120 Fu1dl Liladl
nslrusnissaludtluszuusalidvatsvurumaridslidluAuRd A e 1s9A1ISY UaUIU
LARDUNAIBAINULADE UNVUIUAIAIVNNITIUTA danalilranvaasalid 1vudsuiavuinig

Wasuwlasegnasniia wandeanivanvesaniiangliimaly

3.4 nsAuANIalui
welulagnisauaunisiiusalulagiuilumalulagdmsuarvaunisiiiusaves
salrf1vudsravuiazsabiiinausagasiendn ssvuatuauauInga lngmlula
(Automatic Train Control: ATC) Mslauszuy ATC dnnsldaumtisssozinamiausly
AumIngAuanaaiu Tuuszinassnge manefs szuuauaunAurUILTasalul A
Walund uiil eieuautusalinsuss Wi uss uu i eusalusl® (Automatic Waming
System: AWS) usiluaiuini ningdauuaanlunisaruaunisiauvuiusatnadelal dauun
Tluszuurudsnasy Seunes mssaungugunsalanangy oun nguszuulesfuvuiusa
8nluiia (Automatic Train Protection: ATP) Nus¥UULANIUILINENLULIR (Automatic Train
Operation: ATO) #agna 1UTNITNI5LAUTASNLUIH (Automatic Train Supervision: ATS)
LaRIfagUR 3.11 550U ATC Uszneufeogunsaimunumaidusn 3 ngu leun ATP viwehi
auumsiusoludosiu smiidassesiieiivasnsoseninssaiifueg vunies ol
Wweaiu lngdgudnisaiuaunsiausndslasudeyadneeudyyiudiamtiumuiuiie
mwm%’mawmmaﬁLﬁU@QUumaué’@mﬂmﬁﬂauqu wEdafifnausslituruIusadile

a

W1 Audatuanluszuu ATP lusguuATC ssvimthndeteyalvnuasuiiinesluszuu ATS

'
[

WaSsuflsvruiusadimiodaniiiuanan lunsdil ATS avdemdsluds ATO mu
sremafioUsuudsnisiusalinsanunan nTudadyIe ATO SUREI9INTEUY ATS ie
MnunIvUIUIaMsIsgalinafudsinsasuuitle uazmsldmnusaviladunicly
SraondsoluTiaunsosnwivuananiuse Winenudlunsdsed annmudslunsdsa

157 (UA3, 2559)
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Automatic Train
Protection (ATP)

000|000

Train

Automatic Train Automatic Train
Supervision (ATS) Operation (ATO)

JUN 3.11 szuuatuauvuIusaliin

3.5 ﬂ'liLUﬁﬂLL‘UUﬂI"IElﬁLIWéJ\‘Nqu

syuuusnamsusalviwusueantaeendu 2 Uszianlug Ae winlegldusuden
MUTENINADAUTN (adhesion brake) wagiusnlngldldusadeaniusenineganiusne (non-
adhesion brake) G s7isapsgunuuamnsaduuneanlddegui 3.12 dwiunguuaenisius
wuuldlfusadoanussninadetuidnlngasldidussuuas i afiuanudaonds 1wy
FLUULUINTN (rail brake) WagseuulusNeInIA (air resistance brake) syuuUsnWEi Ll

auUdesnsgliinsidendseninanuusniuiusn wazansnsausnlaegasunslagly

fRINFaaIUMNY YT ezIUSNEUY

Mechanic brake

—] Adhesion brake |

Dynamic brake

Electrical brake |

Regenerative
brake

Brake system =1

Air resistance

brake Mechanic rail

brake

Non-adhesion
brake

Rail brake B

Electrical rail
brake

Gravity pulling
brake

JUT 3.12 Usianva9ssuuiusn

fannm: (umg, 2559)



28

5Usn e ldnsuAsaNIuTENIAdnduUTI9aLIsaLendu lWwInN1ena (mechanic

[

brake) wazsusnlniiln (electrical brake) sNuagLdunnatl

1) WINYINA AB SEUULUINRUUALANT AT TaUIN1SUINS aun15as195atn 1935

a9 N AL WFIANIULAEN1TIAAILLUSN LUN AN ULUSNNS DL UTNAUUN UAD
=}

$39IULUIN

2) wanbnilh fie seuuiwawdunielddieatuayun1snUYeUIN 11INa
wis1zusn AN ns8nuse wsnnAdsa1usanenauszuunsvinaule 2
¥iin Ao 1) lawrdiniusn (dynamic brake) TgnauruiusalWiduiad oun e

% a ¢ v & a o a = ) ]

wawwaslagwdsuainuemasvyuasiduiaieennidalui1gsgndenyuudn
nszualnihiiaduluiuyaanuduni (resistor) Favhliinanuiouunas
gnyaRaauszuteausaunidnn dulueinia wnlwiuuulauniinasd
Uszansninguanizaglugaeninusigs Weanusianasnseaunilandn
gUnsalazAnlawIdinluINEaN MEBWBIUINYNNG Uag 2) lINTIEAUNENIY
(regenerative brake) lgudnnisiAsadulaundniusn wissusluszuiauiou

widmasulnihiiievuluduindeuvuiusaduduiieglnaifiss nseeradly

< ‘v & v Y o 1Y [ z:l' =
Wuazaulugunsalinundeauianihnduinldluvaeinisaioun

3.6  gUNIallAUETANNAIIUYBITEUUTa LT

UagUussuuii uagauna 191 (Energy Storage System: ESS) g nwaiunlwd

=

sednsamaadufigeusuedg1aunn wargnirunldegrsuns nateiiowd lotyviniu

Y Y

Foguszasaivarnmansluszuulniiadnds ansiigunsaiiAvazaundsnuinvuszgndldly
syvvsalwi i oTaguszasd Snvnaissnmussiuliinveaszuu anmdsludindroen
seviemaieaanda iteldmdalniinansalnduundsane Tnsluialuusslewmivanves
ESs Tuszuusalaii fie msdafundsnudiAnanmsiusnuazgrindusnldliileldly

n1sdutadausalyl (Ratniyomchai et al., 2014) SgUUAALAUNS I UEUITORAAILATIIUU

I
LY =

Yuusaln (on-board) fAnssivanidindslnirduindou (stationary) nsefaasanizyasy

3 (wayside) N1slHUTEUUAUAZAUNEUTUOYTUANUMINZAURAZAIINADINITVD LA

v & a

aznsainiuanaeiy Tudagdudnivuszedeiaduneeususazdaumuizanlunis

9

Uszynaldlussuusaliihvudanasy
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3.6.1 GunuUszgdeenn

Y [3 a

AUNUUTEE

q

seafugunsalifvavaundsuidumaluladlmivazidun
Igsumnuaulasgnann fufuusyaBeeniinuaniinauiiiiinnuglniigndiguns iy
9 1nds 100-10000 wh isdsanunsadauszglnaulaniglussaziadu o wWes 1-10 Junil
dlawlguiuuunwmeiaseulaosunsedldiiaiis 10-60 ui¥ wagn1sAeyseauisavinla
aelunaniies 1 3und ganuvasiaiulszqBeenn fs 91gnisldauiiawsainseunis
1991u (life cycle) lan1nnan 500000 50U F9UINAT1INTOUNNTITINUVOILUALADI ALD UM
leaudie 100 %1 WaI1INNIILUANBT AZATNTA 10000 V1 GITAUNUNIUABNNT
Wasuwlawesgaumgl usanszuinduazifiouldd enaaudinlaawudaihlidifuuses
gegamfuiiaulandraunnludagiu dnsimuinuautfvazauidsanuneneatuduiu
Uszqdagan lusunisvudaiasuiidnisiusniiiedeniianisuded lngasuaziinisise
< 1 & °o v & a a o - [ (% A a
ANNSIVREATY Mt vUsEBseInunAaaslussuu saliiieivasaundsuiiiie
! N o v = .:4' N & a A ve [d 1
MNNSUINLaYAeUsEYluYsallAdueadeunananidiludniasuauauladusensg

11N FI9E1VBIFNAUUTLBIIALARNIRIFUN 3.13

U7 3.13 fufuusgBeenadiviusaluih

Funam: https://www.spscap.com/mass-transportation [hdadle 9 f.8. 2565]

Aafiudsgdeinineusiuiuisasulasiugeanis (DC-DC bidirectional
converter) A13U71 3.14 lnaduiuuszqdeandatnudiuniunigly (Equivalent Series
Resistance: ESR) sivinviAinidssuagdeneluvasysausvanieatsuseqliuinin

(Sutphrom, 2019)


https://www.spscap.com/mass-transportation
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-«

s ESR |

I
DC/DC I |
I
|
|

CSC I

JUT 3.14 2sasauyadiiiuuszqieen

AwnIn: (Sutphrom, 2019)

NaIureIRIAvUsEBeamwInlafsaunsn (3.1) wazidsliiigegn

AMulAsaaunisy (3.2)

2
Esc = %Csc\/sc (3.1)
1 Vi
_ 1 Vs
/DSC,mox -3 4E5R (32)

= v v

e Eo Ao waamumaamlﬁws:ﬁ@@amm (Wh)
Coe PR AN (F)
Vee fio wssaulniihmnaseudafivuszqBaean (V)

= o w Y [ a
Psc max AD ﬂﬂaﬁv\lﬁwgqqmmmLﬂuﬂizﬁgmmm (W)

anuzUseq (State of Charge: SOC) VBT UUAUAYAUNG Y AD d01U
Yoandaufiazauniglussuui vagaund uiisuiunasugeanuess uuLA vds au
WU aursaduinlafsauns (3.3) aAnudnvein1sateyusey (Depth of Discharge:

DOD) fie SewavvesnauazaNignlda vieaeUseq aunsamuinlafsaun1si (3.4)

2
: %CSCVSC
SOC=—=5— 100=1—2100 >
SC,max —Csc\/sc,max

2
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DOD= (1—L)1oo (3.4)

SC,max

‘{jmﬁ’umaiuiaﬁsumﬁaLﬁwsm@qmmmﬁmmsﬁuaéwLL‘Wi"vrm&J U150
YdAulsEa amﬂ‘diuaﬂm“l,msumummmmuaﬂumﬂmmmmma‘usumﬂ Taglunis
ﬂizqﬂm‘i%’muai’wLﬂuﬁaqﬁwﬁqﬁq nasuTINvedluga (module) ussdulnigeanvesluga

waznszualiihasanvedluga lngaunsaeeniuukasiansanlanaunisi (3.5)-(3.7)

E
Ntotal - — (35)
ESC,max
Nsereis — M (36)
VSC,max
/
Nporo(lel = - (37)
/SC)mox
PN = [J Y =3 a :j
N Nyga AD AUIUFAANVUILZTIYINVINLUA

Nperatel Al SuaudLiulsey QEJ’JG]@uﬂiZJ

Npreis fio S1uuuUIZel B98InvUY

b, o e wé’musuaﬂmaaﬁaLﬁuﬂ'ﬁzi}?}qmm (Wh)
Vi mibaie Ao LmﬁuiWﬂwmImaaéhLﬁuﬂizﬁﬁqmm (V)
e modute Ao ﬂigLLﬁlﬁ/\lﬁwaﬂm@aﬁaLﬁuﬂisﬁﬁqmm (A)

3.6.2 fanuUszgdeeananauuruIusaivi

syuuLfuazauna I uuuUIuNTaly (On-board Energy Storage System:

OBESS) Wuszuuilmunzaulunisansdalviuszuvrudanasuludios Wesananunlunis

a O oa = 0 a o a No o a o a o v A a a
m@mﬂ%ﬁﬂ’]uiﬂﬂ’]%i@ﬂ’ﬁm&mLQW’]%R}@]?@JVI’NJJR]’]HG] EJﬂ‘VI\‘iﬂ’]iﬁ]@(?NUuleU’JUEJ\‘mﬂigi’Wlﬁﬂ’]‘W

o w

Tunisanmasaegdeninaluansdsiniila elunintdunisdnnisndsnuAunduiieninnig

Y

[
(Y

N15ARRaNdase N g1 09NUSEUUAINY 31NNISANEINIS NN UTULAADUANNNTOANES

Uszanal 15%-30% (Ciccarelli et al., 2012; Gonzalez-Gil, 2014) wsvoidy A mimmuu
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urusabaavilinunlunsineasanatwarduinvessaliiudu (lannuzzi and Tricoli,
2010) wuud1aensastnirvessalufndsgunsaliivas auna U UUIUINIaRAAIA I UT

3.15

Conductor rail

Traction
Filter
Inverter

OBESS Auxiliary
converter

Running rail

[
Y

JU7 3.15 wuunaensashiiivessalifinfseunsalifvazaundsnuuuauius

3.7 @3y

Tuuniuauengud N e19e3duIne1dnus seazidenuasszuusaliiinvud
UIAYUNTLUARNTI NTZUAFAU N15AVANTINTT S2UULUINTNEAUNEIU wasngulil
Aedasiuwmeluladazaundsnu Juluseazidendfydmsurinnudile wazluanug
d’l dl o U U U ! = v o
HugungniuiawnazUszgndluundaly Ingluundalund 1nfensadawuudiassves
sruusalnivudIaTUN TERanse karTAT1ginsinavesinadlninlukuudiandves

ANYUNUSLAUT



uni 4

o dl d. 1
N1591809N15LARUNYR T NI YUEINIaYUNTTUENSS

4.1 UM
ASAN®NEINUTEUUIO TN ILAILNaTUNSELaRSITiAmNUT UG UkaE TN AtUN1S

sala a %

NaAeUTR Msthaouiumesfitiussansnmgatnduedssiielunmeimulusunsudiely
N1500NLULLAZILATIZTLUUTIa0IN1SYIIUTessa I Tuaa unisalang o daglansiuda
noAnssuvessruusabil Ingliidualdanewarazainianisusulian1syineu Anugnaes
vomansaestutunisaiauuaedilndidssamdunidduniufon luinenfinusd
Ynauenisaduuuiasinisindeufivessalifiivudunatunssuanss 1 v tnouvadu
MsAINENssauENsndoufivessaliliin nisdunaidsliindundeu nmsduiuna
wasussnulniinszianse rsizvinisinavesniasiniinielanisiesigiuuulun uas
thiaueransiaesnisindeuivessalilivuganavunssuanseillideyavessalninaled

11749 (@192a995v5551) Wunsaldnwyl Mesazidennaluil

4.2 m'iﬁm'amauiiaumazmitﬂﬁ'auﬁﬁummb\Iﬁ']
sUnuuMsiedouiivessaliiinduluamdnvazve aduldsmnusasenal awise
wuslruanisiedeuiioandu 4 Tnue Woun Inuandeudidieninuss (accelerating mode)
Tnunedeuiigheninusined (constant speed mode) Wnwedeuiidheninuides (coasting
mode) waglnunn1siusn (decelerating mode or braking mode) LLﬁ@ﬁﬁﬂgU‘ﬁl 4.1 n19
AMunniazsiiassransiadouiizuanmsaisuuudassiisalniimgadeianndsunis
salwihFuedeuilaefimssendanulifuruiusaiierinisissamusuevuzussiiuns
\ndoudl wansdsg Ul 4.2 anmiseiisalwihldlunsiedoudidedlilAuanussgagaues
sl ussgaiilinaonnaindeuiidesliifiuussdansiifaseninsdesaiussisa uiili

salniiAnnisaulaa (narsnllianey, 2561)
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nuANT5YI9UY9sa b
1) Tnualganusi Ae nsnsaliiisundenuniuatsdesuiioiuwsada iy
Iz a | a0 & | | 3
wawwasluan1izvgails s vessalwihdanduvinluyisnnningudia
ALTeasEnveTalin Waaus1ve9sanindsmusfviauvessalnii
2 [; @ d‘
WG IMUAAIULTIANT
2) TnuaausIAed Ao nasnsaludadauifmemusIAnlaen1ssnEIAI1ULS)
uinnusalugug aunseiatsiumidnuanisnaeuiinensuley
3) WmuaAuey Ao n1snsalniedaunlud1amdinigniea1us9 anag

6

HsnuseinunisiedeunivessalniiuarAusagadugue

a

4) TnuALusn Ao N15LARR UMY LNHNIZanAILLEIPNEAITLNLIINS BANLLTINT]
1 @ 1 1 6 =% 1 1 d' v d' =K 1
Antuauludrannniaudiemanuiingign iwelinseananndSudelneans

a & L% = 2 a 2 o A o
‘Vﬁ@a@ﬂ'ﬂlﬂﬁ'ﬂLW@VLNA‘Lﬁiﬂ‘lWﬁ']QJWJ']NLi')Lﬂ‘lJf’n']ﬂJLi']V]'N']u‘VIﬂ']‘VT‘Uﬂ

Speed (km/h)

Coasting
mode

Constant speed
mode

= Accelerating
mode

|
Position (km)

JUT 4.1 TuAn15viuUeIsa lndn

Ul 4.2 salwiledeuiinsnsisiivhgy @ fuuuisedu senmise usanseyin
Aetestunsiadouiiusznaude wssaaueainsndng (Tractive Effort: TE) waglsafunis
waeufivessaluili (Resistance Force: Fric) Faussdunsiedeufivessalwiinuszneude
45361539 (Running Resistance Force: Fr) wazwsadnungifieus (Gradient Force: Ferod)

aun1sluNIsAWINRINTANINNYNISAFRUNTEN 2 Yoatafufiaun1si (4.1) wag (4.2)
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TE

JUN 4.2 wunningdasguesnsindeunvessalui

fannm: (Funzay, 2560)

F=TE—F, (a.1)
F=F+F (4.2)

fric T 'R ¢grad

L3592AV89T0 AN NRaARlUTUN 4.2 wI1ARAINLIITAYEILBLNBITINEBNLUUNT
heulimungauivsalnil msedeunvessaluihalsiuswalifuwsadanizvosalnii
[y a = 6 Y a = v o o I3 A r-:l'
Ausiaielilliinnisauloa Asluusagavessaliiuusiunuanusalunisiiounives
ol wanadsgui 4.3 Inefussanvessalninzanasdesaliindanusuiuduy anmss

I3 & a a a PN ~ v a .:4'
grudumnuiiviasuianiswiounsaliinasinislduswegegalunmsafeuiivazana
L 9A21UL5911nN91AL5 951U @sauUan1sviaueenidu 3 999 9294592099
(constant force) ¥19A18991UAITN (constant power) LagyI19A18391UaANDU (reduced

power) (Na3531HYnat, 2561)
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Maximum Tractive effort

Tractive Effort (N)

constant force constant power reduced power

I
1
I
1
|
1
1
I
1
|
1
1
I
1
|
1
1
I
|
I
1
|
I
1
I
1
I
1
1
I
1
|
I
I

T
I
|
|
|
|
I
|
|
|
|
I
|
|
|
|
I
|
|
|
|
|
|
|
L

1 S —

Speed (km/h)

JUN 4.3 dnuazaudiusinnroaingndng

L3auNIvessaliingaininnsdendseninedesalniuseds wagusanu
9INATINTEYIRDIUILTY JRARTonseuAIIIAIUeINIATINAULIIRIUNIT NN ioT 1Ty

ANWULLANIZYDIYUIUTO LN LUV UAULEUNILAUTD LSIAIUNITLARDUNAILITOAIUIUALE

AUN1S9 (4.3) gunsnasaesuseisunataunIsad (Devis equation)

F= A+BvACY (4.3)

A ! Ao a

el A Buar C Ao masfidudszansed (kN), (kN/km) wag (KNhZ/km?)

v Ao AusveIsalwila (kmzh)

aun13 (4.3) 1Ann13vi curve fitting nYayanaaauratsruusaliii vodusay
UIUE o lanldiamnauniswidethuridlunisiunalinnganfudnvasvesuiy
salwitndu «

LsadunseusvessoliAnannsatnvuusalwi AT AU uudunis
34 Tneihluselniaudeunasuy seaunsifiousniennuduveuduniee sudnedoy unazs
nsasunlassydiumuduUesass msuaussdunsiouddesrddednuasnns

JaguuuuvernIuse laenalumsduiaussunsieudluwuudtaetegsieasiaedli

salidugauia (mass point) waiieldarulndiAssaiuduasedadnisiarsaiwuy
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N5218UIANI50 A 1MNFDANIVUIY AIFUNTN (4.4) 1HIDINTLAUANUTUVBIAUNIL B

wnFauszanaliesmanududunanisveddiunnssAumugaiudvessrez a1ty

(Funzaud, 2560)

g My fo

ef

—/\/Ieffgsm@z T

grad -

M, = m(1+A Hm

1%
[y a o Y

LUseansvesminsalnii (ko)

g Ao walunaalan (m?/kg?

AB #IUA1TEAUALE (M)

>
>
2

3

o

L A9 SLELAINUTU (M)

1%
o Y

M, fo dwutinsalan (ke)

3

M Ao dminsiulagans (kg)

Y

=
A, fedusznaunviyu

M ngh

Wasalwdedeuinlndannidsvdsdlneans neunsaluinazynaululuunusn

Y

salwivinsA AL UIN T NS uN ISz pAngaLusn (Critical Braking Distance:

CBD) wien1sveniianlsudulavansatnaudugl ({unteaus, 2560) Lansragun 4.4 uaz

ANUNTOAIUINISLELISULUSN PANELNTA (4.6)

Speed (km/h)

e e

Current speed
i
i

Critical Braking Distance

Station

Distance (km)

SUN 4.4 UNUAMSZEEINGANITLUTN
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CBD=——~ (4.6)
2a
dec
v Ao mnusvessalidnluvazdu (m/s)

[y

Quec  AB BM5LUIA (M/5?)

Tuideiivuudrassnisedeunvessalwivudanarudunisasauuudianinig

\ARDUNIIIALEUAILLTITLAYIIN1SeBNLUY (design speed profile) wansAsgu 4.5 Tag

T%Mé’ﬂmﬁaaﬂLLUULé’ummﬁamﬂiwznmLﬁuﬁﬂiw,wiazédmamﬁ%’ueiﬂ;ﬁ%mﬂ%ﬁ'}ﬁqﬁq

AL sale

arsaiunsluisandinlulingaiainiunisneiat 9915 aruauen

! ' & Ao ! | = o cs'
ﬂ')'uilﬁﬂﬁnﬂﬂ’]ﬂ'ﬂ’]mLi')'Vlﬂqﬁumiuumagﬁjﬂﬁﬂqu%aﬂﬂWQE‘U'V] 4.6

Speed (km/h)

Design speed profile

Actual speed profile

Position (km)

U7 4.5 N1500nHUULELLAIAINS?

Train speed control

Speed command

Tractive effort

Proportional control

A
A

update

JUT 4.6 nsmuaumINEIvessaliih



39

43  pseunuidsiniafise il lunsndeud

&b 17 solwi 1audwaasy (Train Power Consumption: Py blunas
\ndeuiiUsznaudie 3 du Ao Madslwiiaings (Tractive Power: P,) Andalwiinady
(Auxiliary Power: P, AR NI uULaadng ssuuUsuenia ssuudsdao wasdu 9

<

wazA1avlninanngUnsal iniunassuuuuuIuse (On-board Energy Storage Power:

[
=

Posess) Aaunisn (4.7) lnemaslnihaingediuedivausaansalilelunisiadeun (T6)
Ausmessaliin (v) wardszandammsiuasmasunaidundsaulnin (77) deaunisn
(4.8) Md9lW# 19109 Unsal ANLAUNAIUUUTUIUIAAINITAAIUINAINNARMTENTI

wssiulvifirvesgunsaliniiundasnu (Vs nszualnihvasgunsaliniiunasanu (s uay

Usz@nSanvesgunsal (775 Asaunisi (4.9) lnswdlesalwinviinisissnnnuiagunsalin
Aundsauazinnisaneyszglnihdswalinszualui lnasenaindrgunsal Tumanduiu
desalwivhniswsndwalidnszualuiilvadigunsaliiaidunisysauseqlui was

mddlwivesgunsalaziiandugud degunselliegluteulvvalvunnisine

Trcon — Ptr +Paux +POBESS (47)
% ; a>0
P =40 ; a=0 (4.8)
TEvn ; a<0
( SC ./SC
—_— ; a<0
_ 775( o
Fogess =10 ; a= (4.9)
SC ./SC .USC ’ O>O

"

[ < o 1 d‘ 5] o Y v
ﬂ’]iUTU‘UEQﬂ'JWlIL'ﬁ'JLLa%WWLL‘VI'UQGUENﬂ']5Lﬂ'ﬁEJ'LWIGUENiﬂl‘wwqﬁqiﬂ'ﬁﬂﬂquﬂ]mlﬂﬂﬂEﬁllﬂ'ﬁ

i (4.10) way (4.11)

Via = \/t+oAt (4.10)
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_ 1 A2
Soinr = st+vtAt+20At (4.11)
WON vy Vear Ao anusivessaliineunasnasusuugs (m/s)
Sy Seid Ao uvsassalninneuuwasnaaUsuUge (m)
t AB 11a1UD9Na0INa (s)
At A9 time step (s)

asUaRutuneuNIdaemanIsneunvessalniausaesuefigun 4.7

MAUANIT TN OIAN 9 LAz

Seoulalunseuie

MnumsAdsuivessalni
faEuNSN (4.1) - (4.5)

!

YSulpmnusuazsunuwes
salindsannsil (4.10) - (@.11)

I x

t=t+At

murumaalndnlglunis
\maeud MEunsi (4.7) - (4.9)

Lol

ATIFADULIAN

t>tn

(%
Y

JUN 4.7 asudumaunisAuinnsinieunvessaluih



4.4 AsAuluEalRasusIaulniinssuanse

A1sANUIUNALRasWSIAU LN wesEUUIemaslWinduedsultwuuIandssuu
wuuvangfad (multi-conductor system) diauanslugui 4.8 uag 4.9 Usznaumeaniiling

Aaslaiiduimdsu (Traction substation: TSS) aedeu (feeder) wazsalwiin (Train: Tr) Ing

(%
] = a J

ANNAIUTAENANTUINTANUIULTIAUTIAY LNDINEFADNITAIUIUVDILUUTIAD93 b

=
QEE

N sAseiiuulun (node analysis) wagldi5n157UT0UG AN ONTIAABUAIINYNABIVDS

1%
v Al

A o ° a vaa = .. . =
NaRAETinA1IAUIa 9udTelleiSnsannseua (current injection method) LieunHa
wasraIn1sANIML TR UlITE (Nansaduned, 2561) wuudaesssuusalniluguuuy

Yo9NTEId amsamuaNanasussdulihlaanaunisluasie 9 Asaun1sn (4.12)

TSS 1 TSS 2

4 v

Conductor rail -

aAA, aAA",

Collector shoe _l 0 O O | O O g

Running rail

JUN 4.8 uunmseuudteiadlnitunfounseuanse

Ry Rz
MN NN
Is; @}RSSZ I Is2 @ %RSSZ
Re1 Rz
MN MN
ngg %GRE %GRE %%GRE %GRE g Rse

JUN 4.9 2asauyaszuudngMasiihduindeunseuanss
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a2

ANAUATUNIUSA99S waznsehalninvesandlnddundsumuinlaanaunisi

(4.12) - (4.14)

(v)°

Rss = a.12
ss A (4.12)
lss = [s— Ys (4.13)
RSS
Ps
[s = — 4.14
ST (4.14)
Tnefl Ao wsanulnidlslvanvesannianaln (V)
V.  fe wssulnihvessandiaiela (V)
s Ao nsvualwiinfiaandsnelal (A)
I Ao nszuadneasTiaandangln (A)
Pee  fo madlniindmisasianiiidnsln (w)
druAnszuavessalniifunanaunsi (4.15)
o (6.15)

Vi

Tefl v, e useuvessalidia (v)
Iy, Ao nszudalnirvassaludin (A)

Prcon A Masliinvassall (W)

nsAukaaasussuliTuszuusalwildnssvaunmsunlymaisaunisuuy
TaieLdu wu A8AuauvenTd (Gauss iterative method) A8Aulanuseuvesidusdy
(Newton-Raphson iterative method) #3835n15aAn3z1a (Current injection method)
(Kulworawanichpong, 2015) tdusiu nsandiunsldgasaiduimmn ¢ 0.5 3und s

warAaIuYeesainazidsuwladlumulrunnisyinauvessaluii Tuanuddedleisnns
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[
= 1

danszuamuamasusenuliii F935UTueydvaunisnszualniiauna (current-balance

Ly [

equation) Fusazda faaunisi (4.16) - (4.18)

N
/ss,N_P”’M = ZGk,in (4.16)
Vrew i=1
_/55,1_ _\/55,1_
: _Gl,l Gz 'Gl,q—
Issn G21Gap Vs
ey | = | ¥ Vira @.17)
: Gost** Goa ||
I - | Ve

=1clv] (4.18)

' '
= U =

79 [G] A9 N15IUUMSNTRDUSNTWAUTL8URILAaz AT Usznaulumewu@ndmau

v

Anduaudegpsmunusaa it [Gs] WasndnouangLaudtns10id1edssynined p o
q [Gpe] Wn3NdRpUANTUAUTEREURIAYdITENINTNANTNATTE p Uay g [G,,) uae
[Gyql Uae WpSndnaudnduauduesdasalnil [Gr] wansfsaunisi (4.19) - (4.23) mudu

NASIUVDIUASNTABUANDT LAUE DYAIFUNTTT (4.24)

1 __1

[Gssn] = _Rssi” 1R5f“ . (4.19)

I
Rssy  Rssny  Rse

1
——— 0
[qu] = (Lp _([)_Q)RL 1 (4.20)
(Lo—Lo)Rs
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0 O
2
[Gss,/v] = Rss,llv 1R55|’N 1 + (Lp _OLQ)RL 1 + Gse. (4.22)
Rssn Rssw I Rse (Lp—Lq)RR 2
1 } 1 0
[Greu]= (Lo=d)f, (—d)fig . (4.23)
0 +Gre

(Lo—d)Rep  (Lo—d)Res

oo} (6]
follo]

o ) (4.24)

e L AD AwrUad (m)

8 AMINATUNIUTIIUT (Q/m)

=
o)

2 ANAUAUNIUTIIN (/M)

£y
o)

Ree ©  fo AnAnudumuanisasvosandlnfinduindeu (Q/m)
Ry A mAdumuRuidailnindundeou (Q/m)

Gee Ao AAuthliivessadieuiudiu (S/m)

p,q Ao weaYla

N Ao uneavandanenalniin

M Ao uneausa i

Tuduvsaunsngvaensewalniln [ UsenaumelnsndgosseninaunsngUaannd
umaliin [ss ] Aumessngdasaluia 7, ] Fslunrsiiarsaniuunaediiiviimesngd

goensenaninnvaandaremasluiiusenaume nsswalninluassnanandiuaneds
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sscn) nezuabinlnaid1a019u01us1979 Usspp) WARIASANNITT (4.25) lwnsndeae
nszualviihndasaluinusznousie nszualwihlvarsalwilinuaneds (e ) nszualii

lanona1nTalWHINIUTIN (p,) HEAIRIANNITN (4.26)

. Issc Iss
[issn]= oo | =] —lesn (4.25)

/TrC,/Vl _/Tr,/\/l
[/Tr’M]_ e |~ | Frrw (4.26)

6 1 v =

wnsnduaanssnulndn [V] Useneusmewnsndgessyninauunindedesvaaniilane
MaIin [Ves il Autumindegoadasalnin [Vy, ] Tudnwaziduhoidunssualii wnsng
goousetuliinfi Vaaandgreidsluiiausenausas wsesuliirfiaedsvesanidsie
AALWA (Vsse ) wsasulnind 5193 wesandanemdslii (Vssan) Faauns (4.27)
wnsndgousanuluiing vasaluiiusenoudie ussiulniinfiarodsvesalalia (Vi)

wsadulninissvassalniin (Vg feaunnsi (4.28)

4 [ Vssc | Vasw

[\/SS’N] | Vesan | | —Vesw @.27)
[ Varcm —Vrrm

[\/Tr’M] T Vi || Ve (4.28)

Tun1sa180908a IUIUTUAYVDITLUVILNAUIIUIUYBIAN T ENAISIUAUTIWIUVD S
salnfiimdundoun lngdunisvessalniiagligniiansauledidumiafeatusmun
299a19918MAaNHN JussunsINalRasLsIeUlniMe IS NsARNSTLAd NSNS UIAY

5U7 4.10



a6

Sy

MUUANITERBIANS 9 Laziiouly

Tunsfue

!

Summuniaazmasiniasaludn

Tlunsedeun

MU [G] NFLAUIVDIE LY JSuUse I |
o o . \ IUUN Iy Iss
maslndazsuiuaassalain ’

! i

WiELn59 (4.18) [teration = iteration + 1

lail

#3IIY error
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4.5.1 miﬂ'a‘uQumiv‘h\‘i'm‘uaaﬁ"aLﬁuﬂizqﬁeaawﬁwﬁ&uumu%umlﬂﬂﬁﬁaﬂ
25115 Piece-wise Linear State of Charge Control
° v & a a = L P
LLUU%Waawadmmuﬂizﬁ;UﬂmmL‘Ui‘a‘ULamauLmadf\]’l'&mizLLalﬂ/\lﬂﬂLma
salAssmnusmselnansunseualiindasalniiusn 9uidedldisnisavauiuy
Piece-wise Linear State of Charge Control %38 Piece-wise Linear SOC Lflum'iﬂ’aume

nszualiifnmeUszeenuazdnuseaiisieseauauavesksnulniiisernesalin

v v =

fusivyszadean (Ratniyomchai, 2016) lagseuuifuagaunanuaansnesuiengy

e

12



a8

— | —

L Discharging zone -

- Non-active zone

Current (A)

Non-active zone 5

= Charging zone -

[ | S S
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'gﬂﬁ 4.12 N1IAIVANLUY Piece-wise Linear SOC

fannn: (Ratniyomchai, 2016)

FBNIMIUANLUY Piece-wise Linear SOC au1sauusn13vaudu 2 luun
fio Inunavaunasa1 (Charging mode) Wosaluiiwhaululvunusn uwaslnundnendsan
(Discharging mode) wiasalfivhaululumasenuiss sruufvazaundsnuazisuiny
dlodumauseuladin (Deviation Voltage: AV) mmmfwehwmLLiqﬁuIWﬂwﬁﬂqﬂ AV hay
sruufvazaumdanuarieviounssuaguanidediuiussiulylinnnnivSewiitudiu
Aausenulninagn AV, (Ratniyomchai, 2016) drusnausssulnimulnanaunisi
(4.29) TwaziBualyaAnITAIUANNITYUR
1) Truanisanenszualiiih ssuvasvhaululnnidlediudisus sl
AV lﬂﬂﬂ’J'TVi%E’JL‘VI"]ﬁUE’f’JU@I’NLLNﬁ'HIWW’]thm AV min e Md Ao
AENYAEANNTUYEINITIENTEAlNN wazsEUUAUATAINEI UL
Tnszualiiigegendesenseualuiiiiafidavesgunsalide av
winnIwseiiudiudansadulniingsgn AV, .. Andnvazaudy
¥89n15918n5ELalNHT waznszualnin18eenaINITaAIUIMAIENATS
(4.30) - (4.32)

2) Tnuanisiunseudliissuvasyhaululuundidiodiusausesuldi
AV mﬂm'm%‘al,vhﬁ’udawmLmﬁ’u"LV\Iﬁm""lqﬂ AV i o McAe

AudnvuzANtuYaINIssunseualiii uagssuuivasaund sy
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sunseualnigeaaniesunseualniniiArfidnvesgunsaiide AV
WINNIMITOWINAUAIUA1RTIAULINTNGIaR AV, 0 AN BAUEAIUTY
Yeen155UnTERalii warnseualninsueenatunsaAuInAIENNTS
(4.33) - (4.35)
aal 1 LY ! Y o <
3) nsddfinaneusuliilinsenutoulunisinieu ssvuivazay
nasuarliufinisvhau uasnszualihvesssuvazilugudaaaunisi

(4.36)

Av =

VTr _VS c

(4.29)

Feululundrenseualniln AV, < AV < AV, 0. (Discharging mode)

Isc = MA(AV—AVsin) (4.30)

/ max_/ min
o sC, SC,

N A Vd,max _A Vd,min

(4.31)

dausauwseauliiuinndvsewhivauieusadulnihdenseuagege

[se = /SC,max & A\/Z A\/d,max (432)

Feulalvuasunseualntih Av,,,, < AV < AV, .. (Charging mode)

Ise = MAAV—=AV: in) (4.33)

/SC,max_/SC,min

Mc=
A Vc,max _A Vc,mm

(4.34)



50

drusawsssuliinunnnImsewinivdusussiulninnsanssuagaan

Isc = Isc max ; AV AV e (4.35)

drusnausaiulniilddulunudeulala 9 (Non-active mode)

el AV fe dussusaiuli (v)
Ve  AB LLiqéw’uIWﬂwmﬂm'aMTaLﬁuﬂﬁmﬁamm (V)
Ve fe wssaulniivessalada (V)

[

9 AuANYEANUTLYBINTTENTERELNTN (A/V)

o))}

md

[

9 AMANBUEANNTUYINMITITINTEUALNT (A/V)

o))}

Mc
lsc fD ﬂizLLﬁlWﬁﬂ‘Uaﬂﬁ?LﬁUﬂizﬁﬁw’m (A)
Isemae A0 NIzalNasanvesiuiulszqBaedn (A)

AV, waz AV, fio drusinausadulnindnagawazgagananadssy (V)

Y

'
a

AV, i w82 AV, 0 Fi8 drusnansssulilfindianuas geganunsausey (V)
wssulnfiannasendaiuusyluihdinisusuussluynseunsiuin uanadsaunis

i (a.37)

Vsc e+At=Vsc t FlscResr (4.37)

el Vi, fo uswulwihnndsudunuuszqdeeaneuysuls (V)

Ve 9 wsasuliihnnasousuiuuszqseiamdssuugs (V)

Resn  FB AudUMUeLNSuveduAuUszq8aedn (Q)
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JUT 4.13 salviihaneding (meaaessvsssy)

A1519% 4.1 Wsdwesaatateidlndduinasu

Parameter Value Unit
Short-circuit capacity 50 MW
Voltage no-load 750 Vv
Third rail resistance 7.00 mQ/km
Running rail resistance 17.5 mE€2/km
Rail to earth conductance 0.6 S-km
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Parameter Value Unit
Train mass 153 Ton
Payload mass 75 Ton
Maximum speed 80 km/h
Maximum acceleration 1.2 m/s?
Maximum deceleration 0.9 m/s?
Maximum tractive effort 228.8 kN
Maximum braking effort 168.8 kN
Auxiliary power 270 KW
Efficiency 0.86 -

AN5197 4.3 S18azLDUALEUNIINISIALSD I aneFng

Station Passenger station Traction substation
Station name
code Position (km) position (km)
AABIUNLA PPO1 0.00 0.00
RRATeNISAY PP0O2 1.27 1.27
auuenuN g PPO3 2.83 2.83
UNNg PPO4 4.40 -
vesnlngy PPO5 5.60 5.60
u9inieevindg PP06 6.85 -
s PPO7 8.10 8.10
ALNUNSTILNE PP08 9.57 -
WENUUNYT 1 PP09 11.20 11.20
UNINTEED PP10 12.46 -
AUGTIVNITUUNYT PP11 13.36 13.36
ATENTNEBIUEY PP12 15.15 -
WEARIUUN PP13 16.35 16.35
WA PP14 18.07 18.07
UNYOU PP15 19.36 19.36
Yu PP16 20.94 -
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1 T T

—Gradient profile
* Passenger station
* Traction substation
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JUN 4.14 sgAuinsiigusvessalniangdiag

Mechanical brake

Tractive effort

Braking effort

Speed (km/h)

Y

JUT 4.15 AMENYELIRARNLAZLILUTNVBISEULTULARDY

n1sbiusnisvessalnihaediaaiinisiivinasluiuunfgianan 05.30 - 24.00 u.
LAz ungAYILIAT 06.00 - 24.00 U. lnenstrusnistisansemuluiudunstaiuansng
06.30 — 08.30 u. Waz 17.00 - 19.30 U. axilszezsinaveayuIu (headway) 8yl 6.00 unfise
1uru wenanduliuinislurasiarundissesvinsvesuruegd 9.00 uriisevuan
szozaAuossaliii (timetable) luwsavdsanisudeflnsans uansiamsnsi 4.4

nmsnainistiuimslundasdsandvdalasansiiszoznanfunaiads
Usznae 2.00 widl fdeinisesnuuudunnusivessaliiivudaiasuienisneaa
Tisnnailelvsalwiiifunismsmunsnanat wansiansed 4.5 lngeenuuuainmsdgy

puslunuuieedunn 4 faannidsvdlaeasiieuiunantunisliuinisveunas das
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AN 4.4 P1519aNsRusa lHNaeFE9
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A1599 4.5 99NWUUANLLSIINISVRITa A g

Passenger station Speed Inbound (km/h) Speed Outbound (km/h)
AABIUILA - 45
paauNs gy 50 60
anuuenualng) 45 50
UG 60 50
U9snlng 45 45
U93NTeeIndy 45 40
s 40 45
AvnUNTENNET 50 50
WeNUUNYS 1 50 40
UNNNTLED 50 40
AUGTIVNTUUNYS 40 55
AIENTIEDTUEY 40 55
WENRIUUN 40 60
19AEIN 40 55
UMDY 40 55
Yu 50 -

4.6.1 HaNIAREURUUIIARsaRuTsvuay
MsNAEeULUUSIaeensAdeufisaliuudunaruaeding mssiaswa
InelUsunsu MATLAB viauuumeuiinesiinde Intel core i5-10300H, NVIDIA GeForce
GTX 1650, Ram 8 GB DDRA Bus 2933 MHz n1581aesualnd oufi salvi1aasn1siivun

AsluNsARoUNIINNTORNWUUKERIAIFUN 4.16 ussnsaliildlunisiedouiiuanss

a

U7 4.17 Andsliihfsolwildlunisindouiiuanadasui a.18
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Aasliifiiaannisiusnaessaluiilusuidedazgnandumaslii
goude (Waste Power: P,oq0) hanenaguil 4.19 salnilunsdigrunlifinisfinnsiunulsey
gagnarddlwihazgnidaiisiediumuusnuvasdundsuanuiowdelilinian s
dgadalniiiinannisiusnnduididssuudemasiii anuduiusinatlunismdeuniu
TLYEMUAUTOLAAIIIFUTN 4.20 waznasuazadlunisiivsmmiladunianisidusaunans
Aagun 4.21

nsndeunvessaliiluwuuiiaesdnisiadeuit 3 luuanisvieiu laun
umsanuss Wunausiaed waluawusn 91n3U7 4.16 Brasudusaliinseanusy

a = < o A v ~ = < o Y
Pnugadaluauisnnuiwihauilasunisesnwuu Wesalwihdsnusuihnudiginue
< A = o [ [ I3 o v Yo o ' < =)
AnaIreRziinsihaludnyarsnwenusyhlinisldmamulunissianusmse
[ A L < a < o = ° ! < o o !
windusseziiolilanusuiuaus whnunsodnd1anusviney e untves
salwitndyaszeringaiusnsatiiiasvihoululnuausnyilviifio nsaneaundaenu g

SnuwurvaInIsedsundinananidaliiinsalwdnldmssun 4.18 Turrelnuaisaninuisa

Y

o v

Maslniasdireengedis 2.60 MW Inualuindnepumasulaganta 2.09 MW uaglugag
Asolwiiadouilulnuamuniinsiiinindaazivsniduszey Wednwsziuanusadua
T&slnidiso i ldfgaiut uazanas 91n3ufl 4.21 wdsewlwihazauvassalnit
diudunuszernalivinslaendansavaugeaaid eliuinisiadadusudumaiuse

WInAU 785.45 kWh
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Voltage (V)
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JUN 4.25 Maslihgaydeluanedsindiseiaussuusaliimidauiy

nmsAwInRaaskssiulninszuanssluszuusaliiiaunsauans
usesuvessaluiifiouiuiumisvessaluih ussiusisiaanilain waruswuvesaniiiane
Adalwihduindeuduiumisisalniiedeudinuld fagud 6.22 - 4.24 desallihing
indouiluszuuseidaluihdmalsiAnidgyidslumodeinisedfian uansfaguil 4.25
farndalihandeinainannsieddsiiihanandiemdswihlugauusn fduds
yuausegrintuandiiomdslaiviliaaudunuluaedsfaigedu madladh
andelumedsgeluguiontu

MNaNNSA (4.12) Auanaaasusaduliiuandliiiudt Wosaluin
wdeuinngeis fnsldmdalninunnluninssmianiiluauiemmnivhaudanali
seuussfuvessalulfinn (voltage drop) fsguil 4.22 Tasisiuussduluiivessaldig
wasnnAuvLsuessalii Bssalwihidwmissiieginaainaniddredsiniiazd nals
useumnun dunannidunisoonidesilesalwiliissausinlildidanuluvnnamn

UsgnaundunaniiSudadlagasuanenaldfianidremalninfions dealiinussiunn
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Jussnamnnguiu nawasusatusnasisiusaliivesaoddemadniiuandsgy

7 4.23 naz 4.24 wansliiuindundsvessaliiduaseandatandsluidi tneasaludn
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ginisaenseliinanaadangnideduinieglndAesdanaliusazanid dygdy
wsaeul NN AR nasuFIUsNsa lnd PR unNIuY

4.6.2 wan1sNAdaULUUIIARssalT I RaevUIUL
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dmsuaddedlafinsimuinsdigiuainseuusalihndsuiuduss vy

salnivatsvuiualenisiiusuausaliilussvulneiruaszegiiainissnassnaldu
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Y |

a1 1 Falus Turaanssniu (peak time) Aaduszeznsauirusalni (headway) Tutas
wanseudu 6 uitdevuiu dwabinsdgiugnusuusadusaluilvatsvuiu audan
sobiilusazavuldlunsindeuidulununisesnuuudsgun 4.16 Aaslninfisaludialdy

! [ [ et d' ) = v o Y v
ﬂﬂﬁdaﬂﬂf\]ﬂﬂaﬂwmgmax‘]ﬂ’ﬂwﬁ’lﬂ‘ULLiQWIﬂUﬂWiLﬂﬁ@UW@QEUVI 4.17 AU NSRS

o w

wiaguuTndemdslihiiaanasusndvkssdulniiaanisaluiy wansdagun 4.18
W 4.19 MUANY @uNuanAN Ao ANENRUSTENIILIaUNITINRRIRUR LY D4
salvusazvuILwanIRaguR 4.26 uag wasuazauTinvessalnimnvuunldlunig

AdouLanafag U 4.27 Felunisiadeunvassaliiingaeininuninses fe ¥ianiinisly

a ¥ v

U3NsANsT UL Asduusaiuessalniusasvuinlussuulidnvasindadunnuuiunans

v )

AITUN

Y

4.28 anurn15I9U09s A wAar U UL AN d NwuE N AR 19 WA TN B9 8 L1

Yo3vUINsnIVIiNaasmalnihddnwaasaiuluyn 9 6 WA wssiusvesanding

o w

Mgl uansdagun 4.29 wseiuvesaniidemaslniuanidagun 4.30 uagidsliin

aniasluanedsrnunantasun 4.31

Y v Y



Train energy (kWh)

20

18r

—
(=2]
T

-
S

Position (km)

—
]
T

—
(=]
T

AVAVAVAVAVAN

JU 4.26 anuduiusseninanalunsiaewaiudurisassalnimanevuiy

400 900 1400 1900 2400 2900
Time (s)

3400

8000

7000

6000

5000

4000

3000

2000

1000

T T

| | | |
500 1000 1500 2000 2500 3000 3500
Time (s)

JUN 4.27 wisuazaunsaliildlunisinfounvangvuiu

4000

67



950

900

850

800 [

Voltage (V)
» ~ ~
[$)] o [&)]
o o o

()]
o
o

550

500

450

950

900

850

Voltage (V)
~ ~ o0
o (&) o
o o o

D
[$)]
o

550

500

450

Inbound

Train voltage
= = =Lowest voltage from EN50163 Standard
N N S _ B | R Highest voltage from EN50163 Standard .

| | | | |

1
2 4 6 8 10 12 14 16 18 20
Position (km)

Outbound

Train voltage
= = =Lowest voltage from EN50163 Standard
e Highest voltage from EN50163 Standard| |

| | | | |

1
2 4 6 8 10 12 14 16 18 20
Position (km)

JUN 4.28 usssiusaliiluvasiefounvessaliiwaigvuiu

68



P
U

N
o

TSS1 (V)

R
[=)

1 L 1 1 1 L
0 500 1000 1500 2000 2500 3000 3500

N
o

TSS2 (V)

-20 | | L | | L I
0 500 1000 1500 2000 2500 3000 3500
—~ 20 T T T T T T T
2z
2 0 pedmpyadoaphpsemapladoighpsdoidoghpscnyadohpsdnynodh
n
= -20 I L ! ! I
0 500 1000 1500 2000 2500 3000 3500

N
o
4

|

TSS4 (V)
o

T

[N
=)

1 1 1 1 L
0 500 1000 1500 2000 2500 3000 3500

N
o

TSS5 (V)

T ) — | Ay | N | ]
0 500 1000 1500 2000 2500 3000 3500
A20 T T T T T T T
S
A OMMNWNWWMVWWMVW
()]
'__20 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500
20 T T T T T T
S
b 0 Pk by e by ot o b o b o A o A e b e b
wn
'__2077 | 4 1 1 & 1 &, %\ | <y | 2020 | |
0 500 1000 1500 2000 2500 3000 3500
.20 T T T T T T
S
2 0 pharhonndhommahsedhommbhmdhonndhommbhoedhomny
wn
}__20 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500

N
o

TSS9 (V)

_20 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500
EE 20
S o
%)
0]
= -20 I I I I | I
0 500 1000 1500 2000 2500 3000 3500
Time (s)

[y

U 4.29 sysunsenus1anandatendelndhduinasuiisutiunaissuusaliidivaigvuiu

69



@aNl

>
750 r’"‘q“'ﬂl rw\npqw‘ rw\npqw-" rvr\r-\,wv-'l rvr\mm rw\m‘*v-" r»mmpm-'\ rvnmpm-" rw\mpm-" rwmpff
(,)
w
= 700 | | | | | |
400 900 1400 1900 2400 2900 3400
;800 T T T T T T
N 750 *ﬁmqrw—\ﬁﬂﬁrw—\ﬁmﬁrw—yﬁmﬁrw—\ﬁmﬁrwqﬁmﬁrvnﬁhp.‘rwwnmp‘rvnﬁmqrvnnnqrw—*
(D
w
= 700 | | | | | |
400 900 1400 1900 2400 2900 3400
§800 T T T T T T
@ 750 iy =
U)
= 700 —— | | L BN | B R R
400 900 1400 1900 2400 2900 3400
§800 T T T T T
N 750 1, N
U)
= 700 —— | | jif | | | B R N
400 900 1400 1900 2400 2900 3400
§800 T T T T T
v 750
U)
= 700 | | | | I
400 900 1400 1900 2400 2900 3400
§800 T = T = T T T ]
(%))
= 700 | | L | | |
400 900 1400 1900 2400 2900 3400
~800—— T = B Dl W Y 4 » R —
2
% 750

L | L L 1
400 900 1400 1900 2400 2900 3400

A80077 P == F 1 ¥ 0§ 1 1T \a= I o I T
>

~ 700 | | I | | |
400 900 1400 1900 2400 2900 3400

—~~ 800 T T T T T T
S
(o)) L i
R s I U U e s g g e g T
(%]
= 700 I I I I I I

400 900 1400 1900 2400 2900 3400

800 T T T T T T T

| | | |
400 900 1400 1900 2400 2900 3400
Time (s)

~
I
S

TSS10 (V)
~
()]
o

4.30 S¥AuLsIPUanIRInemas i tuedsuiieununalszuusabiivangvuu

=b.



0.3

0.25 i

Power loss (MW)
o
- ©
(&)} N

©
—

0.05

0 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500
Time (s)

JUN 4.31 Maslwihgaydeluanedsindiseiiaussuusalifimaneauiu

] 1

INFUN 4.26 Nssadeunvessalnilidnuvuzadedulunn q 6 i dawe

Tisgauusenulnianilnin wssdusrsiaanidlnil wagidslnihgeydeluansdada

]
a

JUN 4.29 - 4.31 fldnwazadreiilunn 9 6 ulguReIty

4.7 dsd

9

TuanendnusUlatauskuuINaadnIsAa s uN VoI5 a WA VUEILIATUN T AR T

= 2 o v ¢ A v P a ° v
wiwviudutuduresnisfinwiieinsudangfnssunisvinuvessalni Ussnaulusie
ANSAUI AN IOUL AL NITLAA BUNVRITO N AsAurumaslndnAsalwd g lung
AU NsrwInKaasLstulniInTzLanss wuudaesiLiulszgBeeInRnfauuI UL
50l LAZNISNAADULUUINADINATLUUTO INHNYUAILIATUNTLLANTINTUUIY hazrane
YUY W ewawasAnwvitaudilaluszuunisvinnuvessaludndunsdgiulunis

) ) [ a ! Y
Wigulilguraannisanass s1eastdenagnanluunanly

71



uni 5

WALANISHIANANZ T

51  unih
nsAnEINITIdsEUULA vasaund UL uuAna sunvuausaliirvud swiasu
& v v <@ v a a aa
nszansaioann1slInssuvessaliiiuazinvasaungd s1uiitinannisiusn 35019
o [ v o w a a a 6 @ [ [ 3
muaunsyiududadeddglunsiudssaninmussgunsalinuasaunaannuy dedu Ty
Unfinanatan1sie1sanIsn1snuANNITINUYeIiIAuUER8eInRIe38N1T Piece-wise
linear SOC laglainatian1sw1ATT LANIg@U Particle swarm optimization wag Genetic
algorithm optimization W3guiisun1smaiuiganvesdudosuunssnulniilunis

[ <] a da o
ﬂ’)UﬂﬂJﬂWiVﬂ\‘I’m“U@\W}’JLﬂUUiS‘gENEJ’NW]GWWNUWUU’J‘L!?QIW?N’]

52 msmedivnnzaudaeis Particle swarm optimization
AMIMANTENZaNd 83305 Particle swarm optimization w3afliienda PSO 18u
AFNIIMAIMBULUUEY (random search algorithm) gnaIulag Eberhart way Kennedy
WY e, 1995 Fuduisnslddmsunidammineufiunes wiedmnssy fuwidnnnis
MDIMTVBIRIUN NTBNITUIBIMTVRIHUAN %qé’awﬁamam?{auﬁlﬂuﬂdmazmiﬁu
seseviavnsunudardadsluiit 1380 nquenna (Particle) (Eberhart and Kennedy,
1995) MsliBuliisunsmeAivanz aneedis PSO Wisuiaioummemsvesyauniadl
Aardnmuildlunisgrsdaianisiadeuiivesiaun Wy anansa (velocity) wie fumie
(position) 38M13 PSO 2wFuanmsgunguuesdneuiunames (vector ldususssmey
iy 1 ngufmeufunamaszdidu k 61 Wity Tay PSO axiFendinauin fuvis uay
FennAwesin AN vesumikarauslIsualeusunviseounia wenanlaii
oynemilainaziumisazaiunivesdiasiues Tnsoynianndasdvaneiauifudaus

BUAAVNNBIAY 1 BUNIAYINELaY 2 LUTY BUAIAVENEIAY K
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[

AISIBIRYNALAaz TN sUTuUABUlUG ey o mudeyailasulaedayadifny

o

U

Ao AU AN gaN AT uesAslUN 1Ten31 Aunian AN gadufa (Personal Best
. ° | Aaa A = | ° | aAaa
POSItion: Ppesy) WAZALMNNANEANNANDUNIALAENY L38NI AILAUINeNEAaINa (Global
Best position: Gues) TUABUNITHIIUTBITN1T PSO wuusnsguiuisnisiilasuaiy
a = = a % ] v o &
Henuniiga wesandanudnlaieuaslidudou fadl
1) feAnsuAUYeIeLNTA (initial particle) Msasienguaynialsusiulagldnisdue
FLIALL X, WAZAIAUEINITIARDUN V, YaausiazeunIafaunisi (5.1) uay

(5.2) dueimsnilines (parameter) lvisauus X uag V anudnu

Xy= fucntionrandom value () (5.1)
Vi = fucntionrandom value () (5.2)

2) MSAUINAIAIINMNILANVRIUNIA (evaluate fitness value) HafTuAIIY

WS AUAIENN15T (5.3) Awaailasdean X Tiaendwdudng
fitnessvalue = objective function (Xk) (5.3)

3) NsuAIANILTANTIRTgR (Update Py FuduAinuminzanlusounis
gy d1d1PuwNIraNveseYnIATIqUUANTT Py 387IINI5UTUUT

AN Ppost HIEUN15N (5.4)

IF  fitness value > Rest
Rest = fitness value (5.4)

4) n15AUAIAUIIRHaANS AT g0 (Update Goes) bTUSWALIT LANAA WS T

=

N5U1NTBUINTIAMATOURINEITIQUUTWANAINAIN Ppeg TRINTUNANE

soutagtu Weoulunisusuusedisaunisi (5.5)
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IF fitness value > Gpest
Gbest = Xk (55)

5) mMIfmuANEINITAieud (update velocity) TaeusiarauNIAGIANNTS (5.6)

Vipew = Wi oig+mrandomO(Ress—Xi JFnsrandom()(Gees:—X« ) (5.6)

1%
o CY

e w AD ANNTE9UIAY
Vinew 78 A210599Fwasilda1naynaseutiagiu
Viow A8 Am57fwiadldainayniaseunasumii

ny, n, A9 AIANAIEIUNSAUMVDIDUYNIA LAZNANOUNIARINEINY

6) N13UTUUTILMUS (update position) vadurazeynia tngldnaansainnig
Aadluaunsi (5.6) ililasunudlndAeuniavinisindoun Aeaunisg
(5.7) Fensusulgsiudnlusiesnsivdeuvaunvesdym welyilvismumisiu

ANYDULYA
Xk,new - Xk,o(d+\/k,new (57)

W8N Xipew A0 A umsnawInlanneuniaseutlagiu

Xeow  PB ANFWMUSIANMIAANNRAIRTOUNDUNIN

7) N1IATIVEABUAUGANITIUTBU (termination check) Roulufingiaasunuilaaes
@ = = U can v 1 A A4 A 1o A v 1 o 4
dnuaie Ao LonadnsNladAgwseAnImnauNfeINIsneANYINaIU %39
n1sAunldszezaIuI 191U UERATINIMUAT IMgANI 591191 Nl
ReulvnsauaansIusauygludunaui 2

LHUEINSYIULEAIAIIUN 5.1 91nnnsAReunvaseunAnunIsAIaluduneu

'
A o a

5 91N@UNT5N (5.6) L mmwmimﬁuﬂwﬂumﬂwLLammimﬁauﬁﬁﬂgﬂﬁ 5.2 MA15UINS

M PN ) ~ aa H v g v M a | Aa
o UN U YaERIRR ANTsaeIntnlgszeEnsluNISLAdDUT BIEUNITEIUNT Pposr

UsenauaglEAiuInianIawuILny y asteaun1sdauii Gy Usenavuagldmmunaiianig
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LU X WDaunsaudIusuii MndIuwes Py, IAilaannisduunnuaziuiinnied

v saa

o

lanaansna vilieyniaedouiana e 1 LUMWAUen 2 9 MINaIUVY Poey b

s Y '

NARNSNADYNT

WAy vibiounarfouaIndunten 1 Ui 4

' Start

|

1) Initial particles

2) evaluate fitness

value
{

3) update Py

v

4) update Gy

* update

iteration
A

5) update velocity

v

6) update position

Finish

JUN 5.1 unuian157ie1uees PSO
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n, * random() * (Pbest - X,)

% #* pof —
n. * random() * (Gbest X")-..

SUT 5.2 MsAuIMnNsIAGeufivedLiazauna

fanam: (Ynezana, 2011)

53  MSWIATMUNZENA283S Genetic algorithm optimization
N15AIANT LNTaNA 835115 Genetic algorithm 35871 138071 GA 35019184

v [

UFNTTUHANWAULNTVINUEIULUUATEUIUNITITRUINITNIETTUYIA LAgdanannis
ARLEBNAINSTTUYIAYDIANSIU (Darwin’s theory of natural selection) BHUUIRARINGTI N
Wudszgnaldiiuisnislunisuddamilud aa. 1975 ag John Holland ndnn1svinanu
ad aAaa ! J Ay % v A v
Y8938 GA 9TI5N 1AM UTADINT Tnue1AugURUUNaLNNITARALARNTUENITTNAN
sITUYIRTIANITRRY TEALazgnatevealudasuse o LUl 9awiuwes GA azfiunaaasduy
e Tulagduisns GA losumsiawegresiailiodviianuansouasUsednsamasy
35015 GA Tnsuvsusgvinsilueaeaviln Aa Useannsinn (Pyy) wazuseannsing
(Prew) WiB ULl DUNGUVRITUNBRIAUNGNVRITUAN Usensviavunidlasaasramidaudiy
Usgnaume 1aslules (chromosome) wagdu (gene) Wudmusenauniely @wusznaudn
1 = Y] = = o . = Vo
du o dnwazneuenTuTnINAIANUMNIzaNYRIUTEYINS (fitness value) Wisulanu
=) g % v & I ! a sal & ! 5%
AndawisetmiinvesUseng fedu lasluley Ae ngumisilnesmdudiuysenauldaum
eI adnnarlung Fadunisadiennargiuaes Tunoun1svnLYes GA LUy

[
v

=
WU 09

be
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1) nnsaseUszynsisudu (initial population) Iaeldnisdueu Avesdudeanliiu
voulnvaslgn nsdunnAilafesnsyaeuayliliguuuuaueiu fdeaunisn

(5.8) Martunsdudsenlasiulauvesusennsnlaguaaliuseyngin

R =random generation() (5.8)

2) n1TAALaanUIE¥IN1T (selection population) LA aUlUMINTEUIUNITNS

Y

u3N33U (genetic operation) lne3sn1sAndenysyainsyilananeds wu N3

=Y

AMLEBNIAENTTVLUIID WARIAIFUT 5.3 N3ARERNLUUEN WagnSARLEBNWUY
WUty ueazdshiuimdnnisidenyszvinsiuananediu 3nsguiduisnng
nszanglomalviunuseansuiniign dudsnsudsdudssunslunguidaining

wnzaugeillendlafdnfonuiniian feaunsi (5.9)

Poua Prew
6 1
0 5
5 7
8 8

JUN 5.3 M3ARLERNLAENNTNLLNAD

Fannan: (Fedand, 2011)

[Pnew.i;anew,j] = function se(ection(/%m) (5.9)

3) N19N5¥NIN1RUTNTTU (genetic operation) Usenaunl8n13AToalaLI03
(crossover) fio MsaduAvedlaslulausgninssnnsilddadon 35nsadu
AflyanegULu 19U mMsduiuisduiidesnisadue uaznsaduauuysey
funsfu Trururesnisaduaivesdud uegduaauuiazidulunis

waniUaeudiu (Crossover Probability: pc) Wievhnisasealanesiasauaidadig

Y
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N32UIUNMINATBIUS (mutation) Lunszuiuntsguamisfiwesiualigu lny
ulusunisfignimuadiainlenianinuuiezidulunisnateius (Mutation
Probability: pm) a1naunis7i (5.10) Ussannslng deailiiladduiiowaniudey
Taslulwusgninsdulaelenialunisaduiivunain pc nadnsladsnduun
Thunvszansln@slaslulvuvesUssrnaisansiidnvazuanssllaniy
msziunduilinnusznnsdnduwaney naunsi (5.11) Yszanslusl
denlyiileritunaneiius Medduimihiuaeuadulmidenisdu Tonatiagld

v
1 [ v 6

Adulvduegiv pm nadnsTldasndulUsTnsvldiy
[Pnew,,-,PneW,j] = function Crossover(Pnew),-,F},ew,j,pc) (5.10)
Rew = function mutation(Pnew,pm) (5.11)

4) nsunuAUszyng (replacement) flamnnzaudulszunsusely deaunis

(%
1

7 (5.12) Useangsn 1N anunwagUsssnsiiuianue 921U fansanLaean

e nsiAANuIne augedslikinguUssnssusialy

R = function replacement(Po[d,F%eW) (5.12)

5) A3ATIEUAUAANITYIIL (termination) n1sA M RadNSld s By ALY
vanguUszang Reulvmsnsiaaouimunldaesdnuae Taun Wenadnslad
AgsnivSewinfunadwsidesnis siesuiuszrnsisseunsAumifinua
mnlsidhdeulamsiuannisuseureluduneud 2

LHUEINNTINULARIFIFUR 5.4 9In3duveeUTEIINIFI83T GA iomAd

wngaufigaueaszeins Bnndumsduriuanutnsdumdaeuiildliiusesindiian

WANSLAESATANER F9ATHNTAIMTIMANY 9 SeULaLUIEUBUANNMNZEY
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Start

v

1) Initial population

2) selection

population

v

3) GA operation

- crossover

- mutation

l update

iteration

4) replacement

Finish

JUT 5.4 uNuian19791ue9 GA

54  Handuinguszasd

NsPeRIHAN SUTENEANSI Uz auian el Mvuailsiduinguseasd

L‘f]uﬁ’]ﬂ’]iﬁi’]&JWﬁN’]ulWﬂ’WT’]Ej@“umﬂmﬁﬁ]"]ﬂﬁ’]ﬁﬂiﬂﬁ’ﬂ@‘EJi’J@J f9aunsN (5.13)

ST NS

Minimize f = ZzEsub,f,t (5.13)

t=0.5 i=1
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LY

nTuingUszasd
Ao IuuandaIemaslnin
Ao srezIalunNIsIany (s)

Ao wasunaadaetdslnida (wh)

al LYY A 1 [ 1 = A LYY . .
LQ’EJ‘L!VLSZJUﬂﬂUﬂ'ﬁ%’]WW]LWZJ']Bﬁ@JLLU\‘iLUu 2 @74 AB anulﬂmﬂuaammi (lnequallty

constraint) tagoulatsAuannis (equality constraint) S18az1d8nRdl

Wouludsduaaunis

WaulvvsAuannns

1aen

AV,
AV o
AV, iy
AV, o
SOCenqy
SOCt

Vl/mit,NP

Sne

[

0 < AVimin £ AVimax (5.14)
SOCeng =100 (5.15)
Virain = Viimit NP (5.16)
Stra/n - SNP (517)

Ao diuseusaiuliimganeaneysey (v)

=

Ao dusausaiuliihgegaiiangyseq (V)

Ao dusausaiuliihianinsauses (v)

= ! ] N

A dwsausenuliihgegaunausey (V)

Y 9

[
a a

Ao anurUselniNauannisiumg (%)
Ao anuzUsealniinivue (%)
Ao Anudidinianisudsiiaeans NP (km/h)

A iuvmisvesannfifudadlagans (km)
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nMsmuIaNaIuTINIAnTulussuusalvihfsaunis (5.18) TAUNTATUIUNG I

InfihazAinnuasinvesiasluiiilunn o time step

ST
— 1
E —Z/% 3200 At (5.18)
t=0.5
Tnefl E Ao wasaulndn (Wh)

ST Ao szezailunisInasd (s)
At P9 time step=05s

P, Ao mMaslviluunag time step (W)

[y [

waragvasnaenulniluszuusaliihasandesiungnmseysnyndsanu deaunis

e
)
:Do
2
De
hO)
=)
Lo
o
cn
=

(5.19) dundsuininannisiusnlignianaaluaunismsiendsaudiul

PAIUANUSOU

Esub = Etrain + E(oss (519)

el £, Ao ndsulnihwesaaniisnemdsiui (wh)
Evorn A0 Waulnsvessalada (Wh)

Eioss A0 naanulnihgadeluaedesiai (wh)

Tuauideil935n13 PSO uardsn1s GA W3suiisunsvieuuazaAiATignd
TWsunsurmwiadlvdymvesitenduingussasduniaue
5.4.1 STUUNAEDU
nMmageunsynsuldiunsdlinwrsyuusalivivudeunasunssuansans d

114 TwazBgansiwesiasteulvdmsunisinaewalansluinteq 4 nsfinesueesy

'
a

[3 = o YU a v [ ~ &, v * a =
Nulsegdeenignianyssendldiunuidenansdmnsed 5.1 Wuduiuuseqdeeanign
Ioghunsnargluviosnain lun1suszendldauiniseenuuulvssuwsenulnirdvunni

Inawdaduszuusalding 765 V aleniseunsy 15 luga uazesnuuulviivuinves
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nzudlilihgegavesiiiulszgdeeniiawiaunnitvuaveanssualiinninainnisiusn
Y9330LWAN7 2000 A Aren13vUIL 20 Tuga YIAIUIATBIAIININEIUTINBY N 15.90

KWh wanemsnimassuminisnedl 5.2 3Uil 5.5 uansuunnesiaiulszadean

Dimensions (mm)

Part Description L (max) W (max) H1 (max) H2 (max) Package Quantity
BMODO165 P048 CO1 418 194 179 157 1
g‘dﬁ 5.5 %ummaaé’mﬁuﬂssaﬁqmm Maxwell BMOD0165
P13747 5.1 W']sflﬁl,ma%ﬁal,ﬁuﬂsz@?qu@ Maxwell BMODO165 sie 1 luga
Parameter Value Unit
Rated capacitance 165 F
ESR 6.0 mQ
Rated voltage 48 \Y
Maximum voltage 51
Rated current 100
Storage energy 53 Wh
Mass 13.8 ke
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'
a

15199 5.2 W5 dwasgasunuysyBeeIn Maxwell BMODO165 Anfisuuauiusg

Parameter Value Unit
Rated capacitance 220 F
ESR 4.5 mQ
Rated voltage 720 V
Maximum voltage 765
Maximum current 2000 A
Storage energy 15.90 kKWh
Mass 4.14 Ton

nsdrassnanmmageuimusliivurusalwiihliuinsanevuiu 3991
aonflraosunslil TR anndonyy wasvhmslendusndaaaninassundlisuszesneiay
41.88 km lnofvuadulfannudslunisiavessaliindsguil 4.16 Gsiunsoonuuuaiy
m1aan uagliasnsmunuiaiulseaBienndieinig Piece-wise linear SOC dluns
yATwNgaNazynsdua dauinaussiuliiinianvesnsaelsyy fasnsaniunm
TsuAuuszeBaenaisziuesanmgszgmudiimunldluneusunaifuma lnsswesdiu
Ananssfulningeaaiineuszquazdaussussiuliingsaaiivnfadsygivunat naunis
(4.22) Wsefuussdulwingeanvessaluiiniieudussduuseiulwidgavesiufulseq
fapalddiusinsgegad 130 V uagldszduussdulainsgavessaliinfisuiusedu
ussiuliingaanvesiuivdsyadenalddiusinegsgai 105 V uanadsguil 5.6 M3 5.3
uamsdoulunsdiirasananisnaaey SslunssiaswardiumesfigaEuimuasiveuln

Tun1sAwandans 0 V 83 105 V gasn1smaiunnsussdulniismganaieussq damisai

5.4 InghUATULEUNI9UIT Laztduniauioan
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A1519% 5.3 Waulun1sinasdnawraznsl
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sl FafuYsEqBeean N13AUAN SOC
31U laifnsts -
1 s SOC.s = 100
2 Aass SOCopo = 75
3 Ads SOC.y = 50
a Ands SOC.pr = 25
5 Anda SOCuport = 0




A1519% 5.4 WsHmesamsUNSIATIANN S Y

AaulsnuAY YaULIRTRINNAVDIALUST [min, max]
dusinaussiulihaeUszadigauidl
[0, 105]
(AVymin)
drushaussiulsliheneUszgenannsen
[0, 105]
(A\/d,min)
WIIARNDFAINTUIS PSO
Swarm size 50
Particle velocity (n;) 1.49
Group velocity (n) 1.49
Function tolerance 107
WITELADIAINSUIS GA
Population 50
Crossover probability 0.6
Mutation probability 0.4
Function tolerance 10°

Tunsdraesdsmevmzanse PSO Tiin1susuuss Armsfinanudalunisdum
¥e38uMA (n,) uazAAsiiaISlunsAuYeInguayaa (n,) Anaunsi (5.6) lnglu
M3UduURsnnsdudaesHalutas 0.1 fis 2.0 NamsduLanagUR 5.7 Tdnwasdunsi
58998 WAz UARIHAAWS AT aAT AAsTiAISlumsfumveseyna uazngueyAA
Winiu 1.49

TunsdraesdSynanimunzausae GA lafinsuiulss dasananinazdulunis
uaniUaguBud (Crossover Probability: pc) 99naun 5l (5.10) laglun1susudsainnisgy
$1apanatae 0.1 9 1.0 nan1sduuansfasuil 5.8 fdnwaziwudeaiunsmuesisng PSO
Hudnwazszdone fudinadndifiaelndidssiuegirnuhazidulunsuaniudeudud
0.5 14 0.8 3adenld pc = 0.6 wazdnsANNL1azdulunsNaeLS (Mutation Probability:

pm) NauNs7 (5.11) pm = 0.4
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5.5 &sd

9

unildnauenismarimanzaunanvesdgymiilenduingussasfioaandaud

annflaremdsladrgnelidussuusalidn lnefinsdAnwndussvusalwilrvudsunawsuy
a 9 ¥ a a o @ a aa

nszuanssaneding lruinsludssmalne Tnanisindsduiuuseadenuuauiusaininig

Y ad . . . ~ a a a ° v a
AIVANAILITNNT Piece-wise linear SOC wagiinsiiiuyuszanininlunisviruseinaina
NITUIATILANNZ @Y Particle swarm optimization kay Genetic algorithm optimization 7
UNNUTH U UMIAINITTINNUTLIZENLAsUSEENT AR NTAUANYINTINNALAZNT

Usziiuaggnunaualuundaly
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NaN15AaDIkazN1sUsLLU

6.1  umi
9INN15ANYINITAIUANNITYINIIUVEIEBAUUTERB8INRARIULIUILTORIEIT NS
Piece-wise linear SOC uagn1sMIAMNIzaNanvoddum1ausenuliiagannIununig
euesduiulssgdeean luuniinauenanisfnyiwaznisusaliudioudisunanis
o v @ = - =¢ v 9 o N ] =
MuveealAuUsEdeedn Wensiudswlduvasussdulnimaniidanulsyqdein

YIN9U

6.2 WAN13I1a8Y
° i = = @ = o =

HaN131aRINTsInGeuNvassa vl uiulansisuansluuni 4 nsiadeunves
solniuazniswmaaeslni Tluynnsdlsalnihddnvaznismdesuiuazidulimuns)
wiiukanenagui 4.16 lnsuvsdudumadndiasanitinaosuelilumnyu wasidunisesn
Wesaailyulvaninaesuisli nsdigrussuusaliimansvuiunisliuinisesis
adanenn 9 6 Wi leensafnwInvunanuEUSESUAUN 100%, 75%, 50%, 25% Way
0% muaiu szauwssuliinvesdaiulszaBeeInEuiuLaninemsed 6.1 Insinasn

'
a

AuusggBeenounsu 15 luga uazawiu 20 lugaluynnsdifine

d' U a v v ® a IS
#1319 6.1 i%ﬂUﬁﬂﬂuzLiﬂJG\‘U‘U@WI’JLﬂUUiSQEJ\‘iEJ’J@VqIﬂﬂSiH

el d01uzUszq (%) useaulni (v) WasUlWAn (kwh)
1 100 765 15.90
2 75 750 11.92
3 50 735 7.95
4 25 720 397
5 0 705 0
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6.2.1 Han1531a0NIAN 1 dausUsEalTuAY 100%

HAN1AWRUZT davesdIus1ausIT Ui s igafidiuUszqdean

q

MITULARAIAIATTIN 6.2 LAZUNUNINAMGNYMEANTUVRINITTINNULERIAIFUN 6.1 Wg

nswIguLiiguiunsdignu uanaiagui 6.2 - 6.5

= ' = N
FA1TNN 6.2 NANIIIANANISNEGN NTUN 1

Non-optimization

Energy substation (kWh) 7506.83

Optimization (PSO)

AV i INbound AV, Outbound Best function Saving
(V) (V) (kWh) (%)
45.80 27.64 7078.43 5.71

Optimization (GA)

AV i INbound AV, Outbound Best function Saving
V) V) (kwh) (%)

45.76 27.34 7077.38 5.72
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Waste Power (MW)

Waste Power (MW)
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0.25 4

o
N
|

Power loss (MW)
o
>

<
—

0.05

| | | | | |
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Time (s)

JUN 6.5 Maalnihaydeluangdeintiiveansain 1

[
a (K <

NNANITNAADUVDINTHT 1 AnAIANNUUTEATIWINUUTUIUTH UazA
SusuanUeUsEaN 100% Laneiaguin 6.2-6.5 N1sNARUITN TN IEaNgAveIdIu
AawseiulniisganauaunsiuveIiaiulszadsen Masliiwesiniulsey
3870 wazan 1wz Uszquannagui 6.2 nsuvsdudumediiiouasiduniseendes s
[ v o= a = %Y 1Y a v oo & a = v A
MuvesivdsyydeinduegiuusaiuvassaliiilagSududaiuuseqdeeinilusedud

g9an 765 V 9913199 6.2 vilrludiaiudunisiadnmsatguszaiivedigaanasanilunis

q 9

wdeunvassabninviliausausendandsnulunisiedeudls 5.72% Tugui 6.3 wandli

a

Wiuseaunadlnilnandanemdelniranadlunsdifn 1 sUN 6.4 wansliiunisanasves

Y

[

maslwihaiinannnisiusniignihluifivazaludafudszadsenvilimaslndiigniida

9anas 42.25% FavhlidafiulszadeeindianusUsznduaanisuinisil 100% U7 6.5

wansliiusgaumaslnihgaydeluaedeiniifianas 9.40%
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1
a

6.2.2 WANNTINRBINTAN 2 FOUTUTLIRUAY 75%
HANITMIANMUIZT davesdIus1usInulnisTigafidiulszqdeein
MITULARIAIATNT 6.3 UATILHUANAME N¥MEANUTUVRINTINNULAAIAIFUTN 6.6 Na

nswWIguiiguiiunsiignu uananaguin 6.7 - 6.10

= ' = N
FI5N 6.3 NANIIIANANISNEGN NTUN 2

Non-optimization

Energy substation (kWh) 7506.83

Optimization (PSO)

AV i INbound AV, Outbound Best function Saving
(V) (V) (kwh) (%)
45.72 30.47 7109.93 5.29

Optimization (GA)

AV i INbound AV, Outbound Best function Saving
V) V) (kwh) (%)

45.70 30.22 7109.55 5.29
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0.25 A
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0.15 N

Power loss (MW)
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UM 6.10 Mdslwihgadeluamedsiiivensali 2

€aN

v
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INNANITNAADUVDINTAN 2 ARFIAANUUTEITILINVUTUIUTA UAZAN

SusuanUzUsEAN 75% Laneiegunt 6.6-6.10 N1sNAdRUIBN SN IEaNgnveIdIu

'
a o w

Agusasulnisgafiaauaunisyinauvesduivlsygeenn Aasluivesdaiulsey
9890 wazan UL UTEAANIAITUN 6.6 N15YNIUTBIANNUUTYREINTUR A UL AUV
solnlneBuduinnuUszBaeandusaiui 750 V 91na15eil 6.1 vitlilugaasuliuinig
v o= a [ = = 1Y [ Ao o [ ' o =
Aiudszqieendildiinnsmeyseiiosnnseaunssiulninndgldiieanedonisvinauis
n13saUsEanmsusnlugiesn MnuuddinsaeUsegludwaniusussaiuinnd
[J v v v = Y N Y @ 1Y
85% ilauisausendandsulunisinfiowiila 5.29% lusui 6.8 wandliiiuseau

mdslihfanrddreidalnihanadunsdi 2 U7 6.9 uwandliiiunisanasasiidslnilm

(%
o v Aa

Waannisusniigninldifivazauludufvlserdeanviliiaslnifignindaiisana

43.37% Foiliiunulsgdseinlanueszanduganisuinisn 100% U7 6.10 wandli
0

9

wiussauiasinigedsluaedsinifianas 9.04%
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6.23 Han1531aa9NINN 3 #aurUIETUAU 50%
HANITMIANMUIZT davesdIus1usInulnisTigafidiulszqdeein
NIULAAIAINITIN 6.4 LAZUNUNNAMEN YL AUTUVRINTYINNULAAIIIFUN 6.11 W

nswWIguiiguiunsdigu uananagui 6.12 - 6.15

a

d' i aa
H1TN 6.4 NANITUIANRUIENER NTUN 3

q

Non-optimization

Energy substation (kWh) 7506.83

Optimization (PSO)

AV i INbound AV, Outbound Best function Saving
(V) (V) (kwh) (%)
4591 34.77 7154.19 4.70

Optimization (GA)

AV i INbound AV, Outbound Best function Saving
V) V) (kwh) (%)
45.72 34.27 1152.23 472
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0.3 |

0.25 a
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dusaussfuliiaadimuaunisihauresdufiuuszgBenn Madlnihvesiufiulses
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Aafivdszydeindaliiinismedseadnuagnisyinauadiedunsaii 2 Wewineuled
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o w
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6.2.4 Han1531aaNTNN 4 daurUTEYTUAU 25%
HANITMIANMUIZT davesdIus1usInulnisTigafidiulszqdeein
IULAAIAINITIN 6.5 UALUNUNNAMEN YL AUTUVINTYINNULARAIFIFUN 6.16 Wa

nswWIguiiiguiiunsdignu uananagui 6.17 - 6.20

= ' = N
#1919 6.5 NANIIIANANISNEGN NTUN a4

Non-optimization

Energy substation (kWh) 7506.83

Optimization (PSO)

AV i INbound AV, Outbound Best function Saving
(V) (V) (kWh) (%)
4591 39.06 7183.29 4.31

Optimization (GA)

AV i INbound AV, Outbound Best function Saving
V) V) (kwh) (%)
45.76 39.11 7182.80 4.32
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6.25 HaN153180nIMAN 5 dausUIETUAY 0%
Han1TIA LIz davesdrun1wssiulii i Aigafdaiulszqdsean
NIULAAIAINITNN 6.6 WAUNUNNAMEN YL AUTUVRINTYINNULAAIIIFUN 6.21 W

nswIguiiguiunsdigu uananagui 6.22 - 6.25

= ' = N
F151N 6.6 NANIIIANANISNEGN NTUN 5

Non-optimization

Energy substation (kWh) 7506.83

Optimization (PSO)

AV i INbound AV, Outbound Best function Saving
(V) (V) (kwh) (%)
45.79 44.25 7209.26 3.96

Optimization (GA)

AV i INbound AV, Outbound Best function Saving
V) V) (kwh) (%)
45.84 44.00 7208.75 3.97
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fdslifinanadunsdiil 5 307 6.24 uandliifiunisanasvesmdslaihiinannsiusniign

i lUiAvazanludufulszadsenvinlimadninianindnfisanas 46.60% Favinludiau

q Y
1Y

UszqdeeanilanusUsedugan1su3nisil 100% U7 6.25 uandliiiuszaumiasli

goydeluangdeiniivianas 7.44%
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6.3 nsuszdiwlseuisu

n13v19ureeR uAulszed wand uey Auseduussdulaiiuuauause Feldsy
HANSEVUAINUAIWEAWNNTINT Atsvedsalnil anusilumsiadeuiitinasedidslnd
danasaifiosdasziunsssulnihvessaliiindofinmsldmaslnilunsissrnudmnnyili
Aausesulainnuan niesaluiiauiudu q luszuvdwadasziuwsesuluiasie
Wuieaty Wesanluszuusalaiimaisvuiuiinis segreasaned winissassly

| i I3 Y]
PIANTINULTUTT LA 1 GU'JI%N

'
a

= Y a & al v Y a =
INNANITNAFRUNNATARAAIAINITIN 6.7 1AUIINTAN 1 1ITUAUNITIAUSANTN
srauwsaulninvesiniulszqdwand 765 V u3oan1uzUszqi 100% dn1suszndn
WANTUENAAT 5.72% aRIRIAUNTEN 2 NN 3 NIT 4 uagnsdin 5 Naansausenda
16 5.29%, 4.72%, 4.32% Uag 3.97% auawu Fenrsanasvesiiasiniirgadsluaneds
U o ¥ U U d‘ d‘ d‘ a ! o U 1
Fhaenndesiunsanasvesnaulunsindeuniieaninsdimasiiluaedeanas
ibinsiaialnigadeananduiu ludruvesmddliininannisiusnilignifu

avauludunulssgdeeinasgnidangludiumuguuuanudoudslunsdd 5 dnsan

madlihgadeannisiusnliasanis 46.60%

AN5197 6.7 Wlsuisundsanulnwiissuusalwivanevuiu

Energy (kWh) Base ] 2 3 4 5
Train 7418.28 | 7418.28 | 7418.28 | 7418.28 | 7418.28 | 7418.28
7078.43 | 7109.55 | 7154.18 | 7184.47 | 7210.55
Substation 7506.83
[5.71%] | [5.29%] | [4.70%] | [4.29%] | [3.95%]
Transmission 80.23 80.55 81.11 81.55 81.99
88.55
Loss [9.40%)] | [9.04%)] | [8.41%] | [7.91%] | [7.41%]
533.65 523.11 523.37 510.50 493.32
Waste 923.68
[42.23%] | [43.37%] | [43.34%)] | [44.73%] | [46.59%]
Discharge - 420.09 389.39 345.20 315.36 289.72
Charge - 390.02 400.64 400.31 413.18 430.37
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TSS1 | TSS2 | TSS3 | TSS4 | TSS5 | TSS6 | TSS7 | TSS8 | TSS9 | TSS10
o (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW)
3 | 210 | 1.99 | 205 | 208 | 224 | 224 | 240 | 237 | 185 | 2.57
1 184 | 165 | 1.81 | 198 | 216 | 210 | 240 | 226 | 1.84 | 242
2 184 | 165 | 1.82 | 198 | 217 | 210 | 240 | 227 | 1.84 | 244
3 184 | 1.65 | 1.82 | 204 | 217 | 218 | 240 | 237 | 1.84 | 255
4 184 | 1.66 | 1.86 | 207 | 218 | 224 | 240 | 237 | 185 | 256
5 184 | 1.66 | 1.89 | 208 | 219 | 224 | 240 | 237 | 185 | 256
3371 6.9 usssuliiihngavesannilanemdsliin
. | TSS1 | TSS2 | TSS3 | TSS4 | TSS5 | TSS6 | TSS7 | TSS8 | TSS9 | TSS10
e V) V) V) V) (V) V) V) V) V) V)
§IU | 716.98 | 718.79 | 717.78 | 717.30 | 714.75 | 714.67 | 712.02 | 712.56 | 721.16 | 709.17
1 | 721.22 | 724.20 | 721.69 | 719.05 | 716.02 | 717.04 | 712.08 | 714.46 | 721.16 | 711.81
2 | 72133 | 724.28 | 721.72 | 719.05 | 715.93 | 717.06 | 712.07 | 714.19 | 721.16 | 711.45
3 | 721.33 | 724.28 | 721.67 | 718.09 | 715.85 | 715.69 | 712.02 | 712,61 | 721.15 | 709.52
4 | 72133 | 724.28 | 720.97 | 717.41 | 715.69 | 714.72 | 712.02 | 71256 | 721.15 | 709.44
5 | 72133 | 724.18 | 720.45 | 717.36 | 715.55 | 714.72 | 712.02 | 712.56 | 721.15 | 709.35

< = o w = a1 o w v A 1
QWﬂNﬁﬂWﬁLUiﬁJ‘UL‘V]EJ‘Uﬂ']ﬁﬁVL‘V\Jﬁ’]iﬁjﬂ?jﬂ%ﬂﬂﬂﬂ%’]ﬂﬂ’]ﬂﬂlWﬁ?%ULﬂﬁ@u‘U@ﬂﬂWiVIﬂﬁ@ULL@]

agnIfiAInIs N 6.4 Armaslniasaaianiisteniasliing 2 anasussunn 17% veq

N 9 nsal nranilIsuigulssdulniigavesaniTemaslnihdundouveanis

NAFOUUAAZNTANINII197 6.5 Assiuliiidgaegnaniidnemdslving 10 Weean

muiavesanilideiaslninidremadlwihvduvanndsvdailavansn 16 iesaaniiifien

dledinsfnsaiaiiuuszadeanviiiseaunssiulniismgeauisamiudulalaglunsdi 1

seaulsssulnimanaunsamnIuliedenseau 717.87 V arnnsalgiuieaiy 715.51 V

HAN1SMANLMUNENgRTBIdIUA1LTIULNT1AIgA INTT A SR NIMIN T aL kRS

AIANTNT 6.10 drur1ausenulninfiniuaualeds Piece-wise linear SOC NANITINABIN

ANIALNZEUNLLALLEAIAINIAKLIN 1.
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M399 6.10 HANATIEAINNTMANMU LGN

Av  Inbound Av  Outbound Md Inbound Md Outbound
Case amin min
V) V) (A/V) (A/V)
Base - - - -
1 45.76 27.34 33.76 25.75
2 45.70 30.22 33.73 26.75
3 a5.72 34.27 33.74 28.28
a4 45.76 39.11 33.76 30.35
5 45.84 44.00 33.81 32.79

IINNIFIaBImEmaliamAminzauwandliiudud1ausanulni e ing
Uszuaannsd Tunsdlil 1 Fadunsdiddnsinisussndandssuuiniigaidiusig
wsssiulniesiign waziinwilduiiuduniuaduresusasnsal Feluusiaensalldnudnuue

o ¢ A | = ¥ i ) dl ¢ o
AutulunsnsaIUsEAMAUN 15.38 AV Lesaniddiuiusadulninonsausequiniu
71 0 V fovilinflewssiulniiwessalufiannniussiulnihinneseuduivuszqBenn oz

o9 Y a ¢ v A = = ax oA °
lviAian1s¥saUsyriud laglun1siuSeuiieuidnsmen vz auna1INN13318898s

av A v & v A Y aa ~ v Ay v ) v
AU Lan I ALLUALI LIS AR TINNZANA287T GA Tuulduilinadanslamanin

wUAlHLUBIIs PSO

6.4 d3U
UwﬁyﬂjﬁLa‘uams‘mmaa‘uu,azmamimaaumsﬂiwé’mwé’wmmmzamﬁqmﬁm%’u

szuusalwihvudanasunssuansmatsruuiiliuinislugiaansemussesioan 1 9l

Tnen1sfndeialfiulszqBesanuasmuaNdaeisn1s Piece-wise linear SOC nud135n1sd

Uauatiglilsendandinulussuusalninle sauvsladnauenstlfinuseauaniiusey

'
a

Y99 WAUUTEATIIANWANATY FINANITNAFDULAASIAMIUINAAD UL UTZAFIEAAINNT

1 1Y 9

ann1sldnasulnilaaiandsnismvuiaiiwanzauazsdaaglinisiauvesssuy
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ajUuazdaiauauus

o a

7.1 aguRanIIniuau
InerdnusdiniaueiimsdanisdmiussuuusnaeAundsnusmiudaufuusgg
SegrminssunvvIusalwiivudarunsruanse Inewauuuusiasssyuusalniivuss
INAYUNTTLANTILAE AT N5 mUANMSII YRR A LU T29E 9891875 Piece-wise
linear State of Charee & udu33nsuildlunisdnnisiussuuiusnaefundssnu aeld
Feulumsaandseulnifiaanfisemasinidsieiiuaedsiaisefian frelusunsy
MATLAB thumedeuiazUszidunadussuusa i 1vudanasunssuanssaadaaed
Tusmslungammamuns Jsemelne lneiSouiiiounanisnaaeu 5 nsdl Ao nsdiianiuy
ﬂis@lﬂﬂﬁué}’uﬁ 100%, 75%, 50%, 25% waz 0% ANUAINU NNNANISUTENTANSI9U
Tng38nsmuay Piece-wise linear $1fusasiinsfvundusussduliienanlunis
veudduanuiseilaldasnsmenilmngaa Particle swarm optimization was Genetic
algorithm optimization L‘U‘%EJULﬁaﬂfl,umimmﬁmmzaﬂumiﬁmummﬁ:}Lﬁuﬂizqﬁ‘iaEJ'm
Lﬁ@ammﬂ%jwé’wmqqqm NNANITNAGBUNUIINSEIT 1 amusﬂ%qiﬂﬂwﬁuﬁuﬁ 100%
ansateannslindanulnihfianrianemasniduindousieriuanedssnild 5.72%
anmasliihgnydeluasdald 9.40% wazlunsdil 5 aansafnAundsnulnididaan
nsLusnla 46.60% LﬁaLﬁsmﬁumaﬁgwuﬁiﬂﬁmiﬁm&%Lﬁwszgﬁqmmummusa Tned
Wl ue8935n15 Genetic algorithm optimization liinadwsfian3135n1s Particle swarm
optimization tgaLEntesannsisuliisunasiasign warAeasveINadns gy
ATl wansmanssaeafiuiulunianuan n ansaazulainisns Genetic algorithm

I3

optimization #AumangaNdmsuNIMANINIEgaluIng 1N
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M50 0.1 wan1sd@uisustuliifmgavesinnuUszqiean nsdil 1 sewaila PSO

Av,.. Energy | Waste | Loss
Iteration ' Feran Fsue Enaste Flos saving | saving | saving
Inbound | Outbound | (kWh) | (kWh) | (kWh) | (kwh)
(%) (%) (%)
1 47.13 27.99 7085.27 | 539.29 | 80.41 5.62 41.62 9.19
2 45.76 28.49 7080.48 | 535.61 | 80.23 5.68 42.01 9.40
3 45.68 29.64 7083.36 | 536.74 | 80.23 5.64 41.89 9.40
4 43.52 32.17 7080.11 | 533.40 | 79.97 5.68 42.25 9.69
5 45.92 27.55 7078.70 | 533.64 | 80.25 5.70 4223 9.37
6 47.12 27.44 7083.65 | 537.68 | 80.40 5.64 41.79 9.20
7 46.51 28.10 7082.88 | 537.38 | 80.33 5.65 41.82 9.28
8 45.80 27.64 7078.43 | 533.65 | 80.23 5.71 42.23 9.40
9 46.38 27.68 7081.12 | 535.70 | 80.31 5.67 42.00 9.30
10 46.53 27.63 7081.64 | 535.62 | 80.33 5.66 42.01 9.28
11 45.80 27.81 707891 | 534.22 | 80.24 5.70 42.16 9.39
12 46.92 28.37 7085.44 | 538.80 | 80.39 5.61 41.67 9.21
13 46.46 27.62 7081.30 | 535.76 | 80.32 5.67 42.00 9.29
14 46.62 28.82 7085.36 | 538.01 | 80.36 5.61 41.75 9.25
15 45.97 27.47 7078.70 | 533.59 | 80.26 5.70 4223 9.37
7418.28
16 46.38 28.60 7083.72 | 537.90 | 80.32 5.64 4a1.77 9.29
17 45.70 27.71 7078.18 | 533.10 | 80.22 5.71 42.29 9.40
18 46.26 27.46 7079.96 | 534.71 | 80.29 5.69 42.11 9.32
19 46.48 27.67 7081.53 | 536.21 | 80.33 5.67 41.95 9.29
20 46.04 27.36 7078.69 | 533.51 | 80.26 5.70 42.24 9.36
21 45.72 27.78 7078.47 | 533.12 | 80.23 5.71 42.28 9.40
22 46.29 28.29 7082.45 | 536.63 | 80.31 5.65 41.90 9.31
23 45.82 27.42 7077.88 | 533.41 | 80.24 5.71 42.25 9.39
24 46.50 27.67 7081.62 | 536.18 | 80.33 5.66 41.95 9.29
25 46.74 27.61 7082.50 | 53591 | 80.36 5.65 41.98 9.25
26 46.21 27.49 7079.83 | 534.75 | 80.29 5.69 42.11 9.33
27 46.62 28.52 7084.54 | 537.96 | 80.35 5.63 41.76 9.26
28 46.95 28.90 7087.02 | 540.11 | 80.40 5.59 41.53 9.20
29 46.49 27.51 7081.12 | 535.88 | 80.32 5.67 41.98 9.29
30 45.99 27.60 7079.16 | 533.43 | 80.26 5.70 42.25 9.36
Standard deviation 2.55 2.01 0.08 0.03 0.22 0.10
Average 7081.40 | 535.73 | 80.29 5.67 42.00 9.33
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A5 0.2 nan1sduissuliihfgavesinnuUszqBedn nsdi 2 damalia PSO

Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 46.66 30.00 7112.84 | 526.42 | 80.66 5.25 43.01 8.91
2 47.32 30.24 7115.81 | 528.15 | 80.75 5.21 42.82 8.81
3 47.03 31.53 7116.75 | 527.65 | 80.70 5.20 42.88 8.87
4 45.49 32.59 7112.16 | 523.15 | 80.50 5.26 43.36 9.09
5 46.10 3373 711595 | 524.70 | 80.57 5.21 43.19 9.01
6 45.84 31.14 7111.48 | 523.95 | 80.56 5.27 43.28 9.03
7 45.97 30.76 7111.41 | 524.05 | 80.57 5.27 43.27 9.01
8 45.88 31.08 7111.56 | 523.77 | 80.56 5.27 43.30 9.02
9 46.26 3191 7114.28 | 525.39 | 80.61 5.23 43.12 8.97
10 46.49 31.49 7114.58 | 526.23 | 80.64 5.23 43.03 8.94
11 46.67 31.52 7115.33 | 526.54 | 80.66 5.22 43.00 8.91
12 46.08 31.49 711296 | 524.09 | 80.59 5.25 43.26 8.99
13 a5.77 31.79 7112.14 | 524.49 | 80.55 5.26 43.22 9.04
14 46.44 30.67 7113.13 | 525.56 | 80.63 5.24 43.10 8.94
15 46.55 30.15 7112.68 | 525.84 | 80.65 5.25 43.07 8.92
7418.28
16 46.52 31.46 7114.66 | 526.18 | 80.64 5.22 43.03 8.93
17 46.76 30.52 7114.13 | 525.86 | 80.68 523 43.07 8.89
18 46.43 31.66 7114.59 | 525.80 | 80.63 5.23 43.08 8.94
19 45.78 31.49 7111.77 | 524.00 | 80.55 5.26 43.27 9.04
20 46.29 30.96 7113.00 | 525.42 | 80.62 5.25 43.12 8.96
21 45.86 31.59 7112.23 | 523.96 | 80.56 5.26 43.27 9.03
22 46.71 31.98 7116.15 | 526.69 | 80.66 5.20 42.98 8.91
23 46.59 31.03 7114.29 | 526.19 | 80.65 5.23 43.03 8.92
24 46.78 30.76 7114.61 | 526.31 | 80.68 5.22 43.02 8.89
25 46.49 30.47 7112.99 | 525.58 | 80.64 5.25 43.10 8.93
26 45.72 30.47 7109.93 | 522.77 | 80.54 5.29 43.40 9.04
27 46.73 31.26 7115.19 | 526.28 | 80.67 5.22 43.02 8.90
28 46.04 30.16 7110.68 | 523.74 | 80.59 5.28 43.30 8.99
29 46.77 30.20 7113.63 | 526.09 | 80.68 5.24 43.04 8.89
30 45.72 31.48 7111.51 | 523.46 | 80.54 5.27 43.33 9.04
Standard deviation 1.75 1.35 0.06 0.02 0.15 0.07
Average 7113.41 | 525.28 | 80.62 5.24 4313 8.96
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A5 1.3 nan1smduisssuliifigavesinnuUszqiedn nsdi 3 damalia PSO

Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 46.13 35.87 7157.56 | 524.59 | 81.16 4.65 43.21 8.34
2 45.88 35.41 715555 | 523.79 | 81.12 4.68 43.29 8.39
3 46.56 34.92 7157.16 | 525.84 | 81.20 4.66 43.07 8.30
il 46.35 35.02 7156.55 | 524.55 | 81.17 4.67 43.21 8.33
5 46.82 34.97 715830 | 525.82 | 81.23 4.64 43.07 8.27
6 46.11 35.00 7155.54 | 523.32 | 81.14 4.68 43.34 8.37
7 4591 34.77 7154.19 | 523.71 | 81.11 4.70 43.30 8.40
8 46.63 35.10 7157.85 | 526.20 | 81.21 4.65 43.03 8.29
9 46.69 34.62 7156.97 | 525.88 | 81.21 4.66 43.07 8.29
10 45.71 35.28 7154.56 | 523.19 | 81.10 4.69 43.36 8.41
11 46.02 35.43 7156.16 | 524.03 | 81.14 4.67 43.27 8.37
12 46.78 3591 7160.24 | 527.08 | 81.24 4.62 4294 8.25
13 46.20 34.32 7154.31 | 524.26 | 81.14 4.70 43.24 8.36
14 46.70 34.91 7157.69 | 526.11 | 81.22 4.65 43.04 8.28
15 45.79 35.75 715593 | 524.77 | 81.12 a.67 43.19 8.39
7418.28
16 46.51 35.39 7158.04 | 525.89 | 81.20 4.65 43.07 8.30
17 45.87 35.55 7155.83 | 524.44 | 81.12 4.68 43.22 8.39
18 46.21 34.35 7154.41 | 524.16 | 81.14 4.69 43.25 8.36
19 47.00 34.79 715859 | 526.96 | 81.25 4.64 42.95 8.24
20 46.00 35.08 7155.28 | 523.68 | 81.13 4.68 43.31 8.38
21 46.38 3591 7158.65 | 526.34 | 81.19 4.64 43.02 8.31
22 46.51 35.39 7158.04 | 525.89 | 81.20 4.65 43.07 8.30
23 46.18 35.34 7156.61 | 524.07 | 81.16 a.67 43.26 8.35
24 46.95 35.67 7160.39 | 527.77 | 81.26 4.61 42.86 8.23
25 45.74 35.74 7155.70 | 524.20 | 81.11 4.68 43.25 8.40
26 47.00 34.69 7158.35 | 526.92 | 81.25 4.64 42.95 8.25
27 45.90 35.18 7155.11 | 524.16 | 81.12 4.69 43.25 8.39
28 46.90 35.03 7158.76 | 525.52 | 81.24 4.64 43.11 8.25
29 46.21 35.64 7157.39 | 525.56 | 81.17 4.65 43.10 8.34
30 46.86 34.93 7158.37 | 525.87 | 81.24 4.64 43.07 8.26
Standard deviation 1.69 1.24 0.05 0.02 0.13 0.06
Average 7156.94 | 525.15 | 81.18 4.66 43.15 8.33
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A5 0.4 nansduissssuliihsiaavesiunuUszqiedn nsdii 4 samaila PSO

Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 45.76 40.93 7187.98 | 513.13 | 81.58 4.25 44.45 7.87
2 46.89 40.56 7191.53 | 514.89 | 81.72 4.20 44.26 7.72
3 46.72 40.13 7189.58 | 514.58 | 81.67 4.23 44.29 777
il 46.08 40.70 7188.63 | 513.03 | 81.62 4.24 44.46 7.83
5 45.80 40.62 7187.24 | 512.86 | 81.58 4.26 44.48 7.87
6 46.26 39.85 7186.95 | 512.40 | 81.61 4.26 44.53 7.84
7 46.82 40.24 7190.29 | 514.85 | 81.69 4.22 44.26 7.74
8 45.86 40.43 7186.92 | 512.32 | 81.58 4.26 44.54 7.87
9 46.85 40.75 7191.93 | 515.70 | 81.72 4.19 44.17 7.72
10 as5.77 39.75 7184.64 | 510.44 | 81.55 4.29 44.74 7.91
11 46.22 40.07 7187.38 | 512.41 | 81.61 4.26 44.52 7.83
12 46.93 39.77 7189.44 | 513.92 | 81.69 4.23 44.36 7.75
13 46.62 39.85 7188.41 | 513.56 | 81.66 4.24 44.40 7.79
14 46.15 40.02 7186.96 | 511.43 | 81.60 4.26 44.63 7.84
15 45.75 39.29 7183.27 | 509.79 | 81.53 4.31 44.81 7.93
7418.28
16 46.25 40.41 7188.48 | 513.83 | 81.63 4.24 44.37 7.81
17 46.05 39.83 7186.02 | 510.97 | 81.58 4.27 44.68 7.87
18 46.57 40.14 7189.00 | 514.29 | 81.66 4.23 44.32 7.78
19 4591 39.06 7183.29 | 510.01 | 81.54 4.31 44.79 7.92
20 46.38 40.97 7190.66 | 515.25 | 81.67 4.21 44.22 777
21 45.79 40.86 718791 | 512.96 | 81.59 4.25 44.47 7.86
22 46.03 40.71 7188.46 | 512.92 | 81.62 4.24 aa4.47 7.83
23 46.28 40.32 7188.33 | 513.53 | 81.63 4.24 a4.4 7.81
24 46.89 40.76 7192.12 | 515.62 | 81.72 4.19 44.18 7.71
25 46.52 40.75 7190.59 | 515.32 | 81.68 4.21 44.21 7.76
26 46.08 39.39 7184.92 | 510.32 | 81.57 4.29 44.75 7.88
27 46.41 39.35 7186.16 | 511.88 | 81.61 a.27 44.58 7.83
28 46.96 39.65 7189.22 | 514.09 | 81.69 4.23 44.34 7.75
29 46.31 39.85 7187.15 | 512.53 | 81.62 4.26 44.51 7.83
30 45.98 39.44 7184.65 | 510.38 | 81.56 4.29 44.75 7.89
Standard deviation 2.36 1.74 0.06 0.03 0.19 0.06
Average 7187.94 | 51297 | 81.63 4.25 44.46 7.82
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A3 0.5 nan1sd@uissuliimgavesiunuUszqiean nsdi 5 demalia PSO

Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 4593 45.12 7212.28 | 495.51 | 82.02 3.92 46.35 7.37
2 46.51 44.57 7213.15 | 495.74 | 82.07 391 46.33 7.32
3 46.27 44.19 7211.09 | 494.33 | 82.02 3.94 46.48 7.37
4 46.08 45.61 7214.19 | 495.69 | 82.06 3.90 46.34 7.33
5 45.85 4537 7212.62 | 495.83 | 82.02 3.92 46.32 7.37
6 46.08 45.18 7213.07 | 495.54 | 82.04 3.91 46.35 7.35
7 46.68 44.14 7212.63 | 495.73 | 82.07 3.92 46.33 7.32
8 46.25 45.65 7215.04 | 497.28 | 82.09 3.89 46.16 7.30
9 46.19 44.68 7212.18 | 495.15 | 82.04 3.93 46.39 7.36
10 45.79 44.25 7209.26 | 493.34 | 81.97 3.96 46.59 7.44
11 46.07 44.11 7210.03 | 493.28 | 81.99 3.95 46.60 7.40
12 46.09 45.58 7214.18 | 495.73 | 82.06 3.90 46.33 7.33
13 46.52 45.15 7214.81 | 497.85 | 82.10 3.89 46.10 7.29
14 46.31 44.13 7211.08 | 494.40 | 82.02 3.94 46.47 7.37
15 46.33 45.80 7215.75 | 497.68 | 82.10 3.88 46.12 7.28
7418.28
16 45.80 44.72 7210.63 | 493.81 | 81.99 3.95 46.54 7.41
17 46.98 45.79 7218.40 | 500.00 | 82.18 3.84 45.87 7.19
18 46.94 44.17 7213.78 | 496.50 | 82.10 3.90 46.25 7.28
19 46.46 44.04 7211.44 | 495.43 | 82.04 3.93 46.36 7.35
20 46.68 44.92 7214.84 | 497.90 | 82.11 3.89 46.10 7.28
21 46.36 45.02 7213.80 | 496.69 | 82.07 3.90 46.23 7.32
22 46.49 45.42 7215.42 | 498.22 | 82.10 3.88 46.06 7.28
23 45.74 45.47 7212.42 | 495.23 | 82.01 3.92 46.38 7.38
24 45.78 45.30 7212.14 | 495.71 | 82.01 3.93 46.33 7.38
25 46.02 44.50 7210.93 | 493.33 | 82.01 3.94 46.59 7.39
26 46.99 45.86 7218.62 | 500.27 | 82.19 3.84 45.84 7.19
27 46.94 44.54 7214.83 | 497.08 | 82.12 3.89 46.18 7.26
28 46.58 45.62 7216.32 | 498.45 | 82.12 3.87 46.04 7.26
29 46.66 44.94 7214.81 | 498.27 | 82.10 3.89 46.06 7.28
30 46.08 44.78 7211.97 | 494.73 | 82.03 3.93 46.44 7.37
Standard deviation 2.26 1.85 0.05 0.03 0.20 0.06
Average 7213.39 | 496.16 | 82.06 391 46.28 7.33
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A15NT 1.6 nan1sd@sssulisanvesiuiuUszeBaean nsdifl 1 sewmalln GA

Av,.. Energy | Waste | Loss

Iteration , Fuan Foue Enoste Fios saving | saving | saving

Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)

(%) (%) (%)
1 45.76 28.56 7080.84 | 535.49 | 80.24 5.67 42.03 9.38
2 45.76 27.34 7077.38 | 533.46 | 80.23 5.72 42.25 9.40
3 46.65 27.46 7081.67 | 536.23 | 80.34 5.66 41.95 9.27
4 46.89 26.85 7080.95 | 534.83 | 80.37 5.67 42.10 9.24
5 45.37 28.56 7079.12 | 533.38 | 80.18 5.70 42.25 9.45
6 47.84 2791 7088.07 | 541.59 | 80.50 5.58 41.37 9.09
7 46.57 27.37 7081.06 | 535.97 | 80.33 5.67 41.97 9.28
8 46.33 28.34 7082.77 | 536.64 | 80.31 5.65 41.90 9.31
9 46.19 27.74 7080.48 | 535.25 | 80.29 5.68 42.05 9.33
10 46.76 28.05 7083.84 | 537.57 | 80.37 5.63 41.80 9.24
11 46.39 27.61 7080.97 | 535.23 | 80.31 5.67 42.05 9.30
12 46.15 28.72 7083.02 | 536.08 | 80.29 5.65 41.96 9.32
13 46.93 27.55 7083.15 | 536.94 | 80.38 5.64 41.87 9.22
14 46.84 27.60 708291 | 535.80 | 80.37 5.65 41.99 9.24
15 46.42 27.50 7080.78 | 535.26 | 80.32 5.68 42.05 9.30
16 46.51 27.61 4R 7081.49 | 535.69 | 80.33 5.67 42.00 9.28
17 46.46 27.98 7082.33 | 537.62 | 80.33 5.65 41.80 9.29
18 46.59 28.27 7083.72 | 537.69 | 80.35 5.64 41.79 9.26
19 46.27 28.81 7083.80 | 537.01 | 80.31 5.64 41.86 9.31
20 46.50 28.96 7085.21 | 538.74 | 80.34 5.62 41.67 9.27
21 46.63 27.27 7081.03 | 536.04 | 80.34 5.67 41.97 9.27
22 46.23 28.15 7081.79 | 536.68 | 80.30 5.66 41.90 9.32
23 46.88 28.45 7085.49 | 538.04 | 80.39 5.61 41.75 9.22
24 45.89 27.83 7079.37 | 534.25 | 80.25 5.69 42.16 9.37
25 46.90 27.74 7083.57 | 536.46 | 80.38 5.64 41.92 9.22
26 46.90 27.78 7083.69 | 536.38 | 80.38 5.64 4193 9.22
27 46.62 27.41 7081.39 | 535.94 | 80.34 5.67 41.98 9.27
28 46.07 27.45 7079.09 | 533.56 | 80.27 5.70 42.24 9.35
29 46.48 27.81 7081.93 | 536.74 | 80.33 5.66 41.89 9.29
30 46.54 27.57 7081.51 | 535.71 | 80.33 5.67 42.00 9.28
Standard deviation 2.14 1.65 0.06 0.03 0.18 0.07
Average 7082.08 | 536.21 | 80.33 5.66 41.95 9.29
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Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 45.84 32.13 7112.92 | 524.02 | 80.55 5.25 43.27 9.03
2 46.32 31.55 7113.99 | 525.24 | 80.61 5.23 43.14 8.97
3 45.76 31.28 7111.37 | 523.79 | 80.54 5.27 43.29 9.05
4 47.31 30.57 7116.33 | 528.57 | 80.74 5.20 42.78 8.82
5 46.86 30.34 7114.22 | 525.90 | 80.68 5.23 43.06 8.89
6 45.70 30.22 7109.55 | 523.11 | 80.55 5.29 43.37 9.04
7 46.12 30.50 7111.57 | 523.51 | 80.60 5.27 43.32 8.98
8 46.64 30.35 7113.38 | 525.66 | 80.66 5.24 43.09 8.91
9 46.89 31.14 7115.63 | 526.34 | 80.69 5.21 43.02 8.88
10 46.07 31.66 7113.16 | 524.30 | 80.58 5.24 43.24 9.00
11 46.29 30.92 7112.94 | 525.15 | 80.62 5.25 43.15 8.96
12 46.77 31.11 711512 | 526.39 | 80.67 5.22 4301 8.89
13 45.72 30.43 7109.87 | 522.88 | 80.54 5.29 43.39 9.04
14 45.72 31.89 7112.09 | 523.63 | 80.54 5.26 4331 9.05
15 46.64 30.69 7113.94 | 526.15 | 80.66 5.23 43.04 8.91
7418.28
16 46.82 30.58 7114.47 | 526.44 | 80.68 5.23 43.01 8.88
17 46.45 30.82 7113.41 | 525.44 | 80.64 5.24 43.11 8.94
18 46.25 30.64 7112.33 | 525.13 | 80.61 5.26 43.15 8.96
19 46.98 31.56 7116.60 | 527.35 | 80.70 5.20 42.91 8.87
20 45.80 30.46 7110.24 | 523.39 | 80.55 5.28 43.34 9.03
21 45.96 31.72 7112.80 | 524.24 | 80.57 5.25 43.24 9.01
22 46.01 31.73 7113.02 | 524.51 | 80.58 525 43.22 9.00
23 46.36 31.03 7113.39 | 525.16 | 80.62 5.24 43.14 8.95
24 46.43 30.65 7113.05 | 525.55 | 80.63 5.25 43.10 8.94
25 46.39 31.12 7113.64 | 525.53 | 80.63 5.24 43.11 8.95
26 46.33 31.78 7114.36 | 525.85 | 80.62 5.23 43.07 8.96
27 46.72 31.47 7115.46 | 526.52 | 80.67 5.21 43.00 8.90
28 46.36 31.12 7113.52 | 525.15 | 80.62 5.24 43.15 8.95
29 46.62 30.17 7112.99 | 525.87 | 80.66 5.25 43.07 8.91
30 46.93 30.85 7115.34 | 526.98 | 80.70 5.22 42.95 8.87
Standard deviation 1.73 1.34 0.06 0.02 0.14 0.06
Average 7113.36 | 525.26 | 80.62 5.24 43.14 8.95
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Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 46.71 35.33 7158.69 | 526.40 | 81.22 4.64 43.01 8.27
2 46.12 34.90 715535 | 523.58 | 81.14 4.68 43.32 8.37
3 46.28 35.15 7156.57 | 525.27 | 81.17 a.67 43.13 8.34
4 45.82 34.92 7154.18 | 523.37 | 81.11 4.70 43.34 8.41
5 45.93 35.16 7155.18 | 523.97 | 81.12 4.68 43.27 8.39
6 46.30 34.76 7155.75 | 524.89 | 81.16 4.68 43.17 8.34
7 46.87 34.61 7157.66 | 525.62 | 81.23 4.65 43.10 8.27
8 46.66 34.95 7157.63 | 526.06 | 81.21 4.65 43.05 8.29
9 46.72 35.69 7159.53 | 526.94 | 81.23 4.63 42.95 8.26
10 46.92 35.46 7159.82 | 527.05 | 81.25 4.62 42.94 8.24
11 46.85 35.03 7158.56 | 525.60 | 81.24 4.64 43.10 8.26
12 46.70 35.36 7158.72 | 526.36 | 81.22 4.64 43.01 8.27
13 46.74 34.71 7157.38 | 526.15 | 81.22 4.66 43.04 8.28
14 45.72 34.27 7152.23 | 522.25 | 81.08 4.72 43.46 8.43
15 45.73 35.38 7154.87 | 523.03 | 81.10 4.69 43.38 8.41
7418.28
16 46.79 34.57 7157.25 | 525.50 | 81.22 4.66 43.11 8.28
17 46.32 34.44 7155.07 | 524.21 | 81.16 4.69 43.25 8.35
18 46.03 35.71 7156.81 | 524.31 | 81.15 4.66 43.24 8.36
19 45.86 35.15 7154.88 | 523.79 | 81.12 4.69 43.29 8.40
20 46.84 34.41 7157.06 | 525.58 | 81.22 4.66 43.10 8.27
21 46.36 35.81 7158.36 | 526.00 | 81.19 4.64 43.05 8.31
22 46.60 34.66 7156.71 | 525.57 | 81.20 4.66 43.10 8.30
23 46.82 34.53 7157.27 | 525.45 | 81.22 4.66 43.11 8.27
24 46.88 35.40 7159.53 | 526.23 | 81.25 4.63 43.03 8.25
25 46.84 34.43 7157.11 | 525.53 | 81.22 4.66 43.10 8.27
26 46.17 35.76 7157.49 | 524.99 | 81.16 4.65 43.16 8.34
27 46.02 35.22 7155.68 | 523.99 | 81.14 4.68 43.27 8.37
28 46.95 35.60 7160.24 | 527.88 | 81.26 4.62 42.85 8.23
29 45.83 34.93 7154.25 | 523.33 | 81.11 4.70 43.34 8.40
30 46.06 35.61 7156.72 | 524.55 | 81.15 4.66 43.21 8.36
Standard deviation 1.89 1.32 0.05 0.02 0.14 0.06
Average 7156.89 | 525.12 | 81.18 4.66 43.15 8.32
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Av,.. Energy | Waste | Loss
Iteration , Fuan Foue Enaste Fios saving | saving | saving
Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)
(%) (%) (%)
1 45.98 40.15 7186.60 | 512.09 | 81.58 a.27 44.56 7.87
2 45.94 40.20 7186.57 | 512.43 | 81.58 4.27 44.52 7.87
3 46.10 40.31 7187.55 | 512.15 | 81.60 4.25 44.55 7.85
il a5.87 39.54 7184.47 | 510.50 | 81.55 4.29 44.73 7.91
5 46.53 40.71 719051 | 515.14 | 81.68 4.21 44.23 7.76
6 46.97 40.50 7191.67 | 515.98 | 81.72 4.20 44.14 7.71
7 46.59 39.15 7186.32 | 512.29 | 81.63 4.27 44.54 7.82
8 4591 39.25 7183.82 | 509.96 | 81.55 4.30 44.79 7.91
9 46.25 40.68 7189.28 | 514.18 | 81.64 4.23 44.33 7.80
10 45.76 39.24 7183.17 | 509.81 | 81.53 4.31 44.81 7.93
11 46.88 39.36 7188.09 | 512.67 | 81.67 4.25 44.50 777
12 45.76 39.11 7182.80 | 509.73 | 81.52 4.32 44.82 7.94
13 45.84 40.19 7186.14 | 512.24 | 81.57 a.27 44.54 7.88
14 46.57 40.38 7189.69 | 514.94 | 81.67 4.22 44.25 777
15 46.19 39.93 7186.90 | 512.43 | 81.61 4.26 44.52 7.84
7418.28
16 46.61 39.51 7187.42 | 51294 | 81.64 4.25 44.47 7.80
17 46.33 40.56 7189.25 | 513.69 | 81.65 4.23 44.39 7.80
18 46.55 40.00 7188.53 | 513.27 | 81.65 4.24 44.43 7.79
19 as.77 39.97 7185.24 | 510.96 | 81.55 4.28 44.68 7.90
20 46.45 39.12 7185.67 | 511.32 | 81.61 4.28 44.64 7.84
21 45.83 39.62 7184.53 | 510.58 | 81.55 4.29 44.72 7.91
22 46.97 39.06 7187.6 | 513.44 | 81.67 4.25 44.41 777
23 46.19 39.93 7186.9 | 512.43 | 81.61 4.26 44.52 7.84
24 46.85 39.76 7189.08 | 513.11 | 81.68 4.23 44.45 7.76
25 46.47 40.14 7188.59 | 514.21 | 81.65 4.24 44.33 7.79
26 46.04 40.95 7189.21 | 513.1 | 81.63 4.23 44.45 7.82
27 46.27 40.5 7188.82 | 513.84 | 81.64 4.24 44.37 7.81
28 45.98 39.21 7184 | 509.88 | 81.55 4.3 44.8 7.9
29 46.73 40.29 7190.07 | 515.01 | 81.69 4.22 44.24 7.75
30 45.8 40.62 7187.24 | 512.86 | 81.58 4.26 44.48 7.87
Standard deviation 2.27 1.69 0.05 0.03 0.18 0.06
Average 7187.19 | 512,57 | 81.62 4.26 44.51 7.83
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Av,.. Energy | Waste | Loss

Iteration , Fuan Foue Enaste Fios saving | saving | saving

Inbound | Outbound | (kWh) | (kwh) | (kwh) | (kwh)

(%) (%) (%)
1 46.13 45.10 7213.07 | 495.42 | 82.05 3.91 46.36 7.35
2 46.32 44.87 7213.22 | 496.43 | 82.06 391 46.26 7.33
3 45.89 44.56 7210.55 | 493.32 | 81.99 3.95 46.59 7.41
4 45.90 45.38 7212.85 | 496.21 | 82.03 3.92 46.28 7.36
5 46.64 45.03 721497 | 497.81 | 82.11 3.89 46.11 7.28
6 46.36 44.28 7211.72 | 494.53 | 82.04 3.93 46.46 7.35
7 46.19 44.76 7212.40 | 495.96 | 82.04 3.92 46.31 7.35
8 46.58 4594 7217.15 | 499.32 | 82.14 3.86 4594 7.24
9 46.62 44.85 7214.40 | 497.53 | 82.10 3.90 46.14 7.29
10 46.58 45.23 7215.28 | 497.98 | 82.11 3.88 46.09 7.28
11 46.94 45.96 7218.67 | 500.50 | 82.18 3.84 45.81 7.19
12 45.86 44.61 7210.57 | 493.72 | 81.99 3.95 46.55 7.41
13 46.23 44.38 7212.88 | 496.37 | 82.05 3.92 46.26 7.34
14 46.51 44.90 7214.09 | 497.42 | 82.08 3.90 46.15 7.30
15 46.23 44.72 7212.43 | 495.00 | 82.04 3.92 46.41 7.35
16 46.09 45.02 4R 7212.68 | 49551 | 82.04 3.92 46.36 7.35
17 45.81 45.18 7211.94 | 495.47 | 82.01 3.93 46.36 7.39
18 45.76 44.21 7209.01 | 493.41 | 81.96 3.97 46.58 7.44
19 46.54 44.24 7212.34 | 495.48 | 82.06 3.92 46.36 7.33
20 46.33 44.75 7212.93 | 496.06 | 82.06 3.92 46.30 7.33
21 46.78 45.87 7217.79 | 499.21 | 82.16 3.85 45.95 7.22
22 46.59 44.20 7212.44 | 495.72 | 82.06 3.92 46.33 7.33
23 46.67 45.41 7216.13 | 498.68 | 82.13 3.87 46.01 7.25
24 45.99 4533 7213.10 | 495.96 | 82.04 391 46.31 7.35
25 45.81 44.62 7210.39 | 493.87 | 81.98 3.95 46.53 7.41
26 4591 44.70 7211.04 | 494.00 | 82.00 3.94 46.52 7.40
27 45.76 4591 7213.65 | 496.49 | 82.04 3.91 46.25 7.36
28 46.61 45.69 7216.62 | 498.68 | 82.13 3.87 46.01 7.25
29 46.33 45.80 7215.75 | 497.68 | 82.10 3.88 46.12 7.28
30 45.84 44.00 7208.75 | 493.21 | 81.96 3.97 46.60 7.44
Standard deviation 2.45 1.94 0.06 0.03 0.21 0.06
Average 7213.29 | 496.23 | 82.06 391 46.28 7.33




NMANUIN U

UNAMUIBINTITNEASUNISANUWLHE LW S LUSZII19ANEI



S18YDUNAIUIBINITN LASUNISANUW LN LS MUSZIRINANEI

K. Chatwongtong, T. Kulworawanichpong, and T. Ratniyomchai, Energy Saving with On-
board Supercapacitors in MRT Purple Line, Bangkok, Proceeding of
International Conference on Power, Energy and Innovations (ICPEI),
2021, pp. 77-80.

K. Chatwongtong and T. Ratniyomchai, Energy Distribution and Loss Mitigations in DC
Mass Rapid Transit by Using On-board Supercapacitor, International Journal

of Intelligent Engineering and System, 2022.



137

2021 International Conference on Power, Energy and Innovations (ICPEI2021)

October 20-22, 2021, Nakhon Ratchasima, THAILAND

Energy Saving with On-board Supercapacitors in
MRT Purple Line, Bangkok

Kittapon Chatwongtong
School of Electrical Engineering,
Institute of Engineering,
Suraneree University of Technology,

Thanatchai Kulworawanichpong
School of Electrical Engineering,
Institute of Engineering,
Suranaree University of Technology,

Tosaphol Ratniyomchai
School of Electrical Engineering,
Institute of Engineering,
Suranaree University of Technology,

Thailand Thailand Thailand

e-mail: game kittapon@gmail.com

Abstract— This paper presents an on-board energy
storage for reducing energy distribution from the
substations and reducing energy loss in the conductor
transmission lines of the mass rapid transit system by
using supercapacitors as energy storage devices. The
power distribution and the train movement of the MRT
purple line in Bangkok, Thailand, which has 16
passenger stations, 10 substations feeding by 750 V DC
power supplies through its third rail, and a total round
distance of 20.94 km, are simulated and calculated in
MATLAB. The total energy consumption of the MRT
purple line services is 75.432 MWh per day. For this
study, installing the on-board supercapacitors can
effectively reduce the energy distribution by 22.10%
and energy loss in multi-conductors by 73.91%.

Keywords— multi-train, multi-conductor, on-board
energy storage, regenerative energy -management,
supercapacitors

I. INTRODUCTION

Nowadays, the mass rapid transit system or the
MRT purple line in Bangkok, Thailand has a total
passenger station of 16 stations (PPO1-PP16) from
Khlong Bang Phai to Tao Poon and feeding by 750 V
DC power supplies through its third rail [1], where the
train systems are an intermittent electrical load. In
general, there are three operating modes of a train
movement, including acceleration, constant speed, and
deceleration. The energy is consumed by the train
during acceleration or motoring mode, on the other
hand, the energy is capable of return back the power
terminal with the regenerative braking during the
deceleration mode. Generally, there are many ways of
regenerative energy management applied in the MRT
system, for example, on-board supercapacitor that is
able to store the regenerative braking energy and then
supply the train during the acceleration mode, which
presents the advantage of the energy loss reduction in
the conductor’s transmission system [2].

The study of the train movement with the model of
the multi-trains running and the power flow
calculation is applied in this study using the current
injection method (CIM) [3], which is widely used in
the railway systems to calculate the energy
consumption, energy distribution, and energy loss in
multi-conductors [4]. The algorithm of the previous
methods applied with the and supercapacitor model
are calculated by the MATLAB. The supercapacitors,
which is often called as electro-chemical double-layer

978-1-6654-0216-3/21/$31.00 ©2021 IEEE
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capacitors (EDLCs) or ultra-capacitors, is currently
discussed as a high-power storage device [5]. The
supercapacitors are designed by realizing performance
charge and discharge energy management.

The remainder of this paper will address the method
of the calculation in II, consisting of the train movement
calculation, power flow calculation, and supercapacitor
model. The procedures and system parameters are in IIL
Finally, the simulation results and discussions, and
conclusions are in IV and V, respectively.

II. METHODOLOGY

A. Train Movement Calculation
The force applied for the train movement can be
described with the free body diagram as in Fig. 1.

M.yg

Fig. 1. Diagram of the train movement.

Forces acting on a train motion consist of the train
traction force, F (N), the tractive effort, 7E (N) and
friction forces. The friction forces consist of the train
resistance, Fr (N) and the gradient force Fgras (N) as in

(1).
F = TE—Fa—Fyrad (1

The movement of the train is caused by the
frictions between the wheels, rails, and air resistance
called the resistance of train movement or Davis
equation [4] as follows:

Fr = A+Bv+Cv’ )

Where, v is the train’s speed (kph), 4 (kN), B
(kNh), and C (kNh%km?) are constants, referred as the
Davis coefficients [4]. The Davis equation is
developed for the wvehicle’s resistance calculation.
This paper applies the Davis equation of the MRT
purple line from JIS E 6002 Japan standard [1], which
is expressed as follows:
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Fr= (1.65+0.02473')Wr,+(0.7 8+0.0028v); 3)
+0.0078(n—1)v"
Where, W, is the motor car mass (ton), W is the
total mass (ton), and » is the car number of a train.

In general, the metro train line's gradient or slope
is very small. The gradient force is generated by the
slope is shown in (4) and (5).

Fg,-ad = M,//gsinH =

M.zg0h
== @

My = M (14)1,)+M,; (5)

Where, h is the height (m), L is the length (m), g is
the earth’s gravity (m/s?), My is the effective mass
(ton), M; is the tare mass (ton), /4y is the passenger
factor, and M; is the passenger load (ton).

Essentially, the instantaneous distance and speed
of the train have to be found and updated every
iteration of the simulation as shown in (6) and (7).

V(t+At) = v(t radt (©6)
s(t+A1) :5(1)+\'(t+At)AH—§aAr2 7

Where, v(1) and v(t+4¢) are the current and updated
speeds (kph), s() and s(t+4¢) are the current and
updated positions (km), « is the acceleration (m/s?),
and At are the simulation time and time steps (s).

The power consumed by a train corresponding to
the train moving includes the auxiliary power used for
lighting systems, air conditioning, signal systems, etc.
and the power used for driving which depends on the
traction of the train and the instantaneous speed is
shown in (8).

B = f]—‘m ®)

Where, Py is the train power consumption (W), »
is the efficient, and Py is the auxiliary power (W).

From station to station, there are three operating
modes of a ftrain movement: acceleration mode,
constant speed mode, and deceleration mode as shown
in Fig. 2.

<.‘ 00 50 P 0 > " W
Time (s)

Fig. 2. Operating modes of a train movement.

The acceleration mode starts with the constant
accelerating from the departure station. When the train
reaches the limit speed, it turns into the constant speed
until the braking mode before stopping at the arrival

station. The train's speed profile was designed under
the condition of running time, dwell time, and distance
between stations. The train power consumption of
each mode can be expressed as follows:

%'— + P ,a>0
B, =Punx ,a=0 9
£y, B ,a<0
n

B. Power Flow Calculation

In this paper, the current injection method (CIM)
is used in the power flow calculation and taken into
account the multi-conductor systems, which obtained
substations voltage, trains voltage, power distribution
for each substation, and energy losses in the system. A
node analysis consists of rectifier substations and
trains as the model shown in Fig. 3 and the solution is
shown in (10) and (11).

Rowis

Rous Outbound

Fig. 3. DC traction system.

N
2 -V, 7 G, (10)
Vi i=1
[71=[G117] (11)

Where, I is the short-circuit capacity (A) of the
substation at bus &, Vxis the voltage (V) at bus &, Pyx
is the power consumption (W) of the train at bus £,
Gy is an element ki of the bus conductance matrix,
and Ry and Roy are the combined of conductor
resistance and rail resistance (Qkm). The bus
conductance matrix G can be formulated as the bus
admittance matrix Y [3], [4].

C. Supercapacitor Model

The supercapacitor has generally two operating
modes: discharging mode and charging mode. The
supercapacitor is discharging energy when the train is
in the acceleration mode to support the train motoring
and charging energy when the train is in the
deceleration mode to store the regenerative braking.

The simplified model of the on-board
supercapacitors is shown in Fig. 4. The power of the
supercapacitor depends on the charging current,
discharging current, and leakage current as presented in
(12) with disregarded the internal resistance. The state of
charge of supercapacitors at each time step is calculated
in (13). In this paper, a supercapacitor was designed
under the condition of maximum regenerative braking as
a power charging, discharge time, and the amount of
power used from one station to another [5], [6].




139

2021 International Conference on Power, Energy and Innovations (ICPEI2021)

October 20-22, 2021, Nakhon Ratchasima, THAILAND

Fig. 4. Supercapacitor equivalent circuit.

= R<0

I =< Dieakage ,0< B, <Py (12)
= 80 2
Vie

At
%SOC(I+AI):%SOC(I)+J'CI—ddr*100 (13)

Where, I; is the charging/discharging current (A),
Tleaage 1s the leakage current of supercapacitor (A), Rsc
is the equivalent series resistance (), %SOC is the
state of charge (%), and cs is the capacity of
supercapacitors (Ah).

III. PROCEDURES AND SYSTEM PARAMETERS

The procedure of the simulation in this paper starts
from setting parameters and calculation of various
values in the system by steps iteration shown in Fig. 5.

Sct paramelers

Update trains movement
by (6), (7), and (8)

Check mode SC
Charging/Discharging mode
by (12)and 13)

Update power flow
by (11)

Iteration update
1<t sim =4

1>1_sim

Fig. 5. Operating diagram of simulated system.

The simulation is performed with MATLAB to
configuring parameters, calculating the train movement,
checking the operating mode of the supercapacitor,
performing the power flow calculation [3].

The train parameters of the MRT purple line, the
station and substation parameters, and their location
are presented in TABLE I - III [1], [7]. The
supercapacitor parameters are also presented in
TABLE IV obtained by the design of charging and
discharging power drawn by the train movement. The
tractive force and the braking force of the train

depends on the weight and the speed of the train,
which characteristics are shown in Fig. 6. The gradient
of the running routes of the MRT purple line is shown
inFig. 7.

TABLEL TRAIN PARAMETERS

Parameters Value Unit
Accelation 12 m/s*
Decelaration 0.9 m/s®
Max. Velocity 80 kph
Train mass 153 ton
Passenger mass 75 ton
Max. Tractive effort 228.8 kN
Max. Braking effort 168.8 kN
Power aux. 270 kw
Efficiency motor/inverter 0.86

Trctive effict

Hraking offet

50 o 120

Fig. 6. Tractive effort and blallcinlg'eﬁ"m‘t characteristics.

" 2 ¥ o ¥ 0 PR T R TR TR
Distance (km;

Fig. 7. Gradient profile MRT purple line.
TABLE II. STATION PARAMETERS

Station Substation
Code Name Position Position
I [km] . [km]
PPO1 Khlong Bang Phai | 0.00 0.00
PP02 Talad Bang Yai 127 127
PP03 Sam Yaek Bang Yai | 283 2.83
PP04 Bang Phlu 4.40 -
PPO5 Bang Rak Yai | 560 5.60
PP06 Bang Rak noi Thalt | 6.85 -
PPO7 | SaiMa | 810 8.10
PPOS | PhraNangKlaoBridge | 957 | -
PP09 Yaek Nonthaburi 1 | 1120 1120
| PPI0 | BangKmsor T 1246 | -
PP11 | Nonthaburi Civic Center _L 1336 1336
P12 l\{uns;?e':hf]:)ubhc 1515 R
PP13 Yaek Tiwanon | 16.35 16.35
PP14 ‘Wong Sawang | 18.07 18.07
PPIS | BangSon | 1936 | 1936
PP16 Tao Poon 2094 -

TABLE III. SUBSTATION PARAMETERS

Parameters Value Unit
Short-circuit capacity 10 MW
No-load voltage 750 v
Contact resistance 0.007 Q/km
Rail resistance 0.0175 O/km
Earth resistance 0.1 S/km




140

2021 International Conference on Power, Energy and Innovations (ICPEI2021)

October 20-22, 2021, Nakhon Ratchasima, THAILAND

TABLE IV. SUPERCAPACITOR PARAMETERS

Parameters Value Unit
Mass 12 ton
Charge current 2000 A
Discharge current 2000 A
Energy storage 100 kWh
Rated voltage 750 v
Efficiency Charge/Discl 09 -

IV. SIMULATION RESULTS AND DISCUSSIONS

The MRT purple line starts the departure time
from 5:30 a.m. to 0:00 a.m. with the total time service
of 18.5 h per day and 20 trains in service which are
performed in the simulation. The train would stop at
the passenger station with a dwell time of 25 s. The
headway of the peak time from 6:30 a.m. to 8:30 a.m.
and 5:00 p.m. to 7:30 p.m. is 6 min and the other
times of the off-peak time are 9.50 min [7].

The traction energy and regenerative energy are
affected by the train’s speed profile and the track
gradient. The train’s speed profile inbound and
outbound directions of the MRT purple line within the
speed limit with train positions are shown in Fig. 8.
Inbound and outbound train’s services are simulated
by the multi-train simulation in MATLAB, which
taken into account the conductor rail, running rail, and
earth conductor, obtained the energy distribution by
the substations and energy loss in conductors. The
power consumed of the round-trip train service with
the train positions can be shown in Fig. 9.

% 1 12 1 £ 18 n
Position (km)

4 o ¥ " 2 1 D
Position (km)

Fig. 8. Train’s speed profiles.

=
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Fig. 9. Trains power consumption.
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Fig. 10. Operation of supercapacitor.

Fig. 10 presents the power and SOC of
supercapacitors with the time service. The SOC was
starting from 100% and down to the lowest SOC of
10% and charging energy up to 100% at the terminal.
Regarding a day service of the MRT purple line, the
total energy of trains, substations, supercapacitors,
charging energy of supercapacitors at the terminal, and
losses of the system case study and based case in with
and without the on-board supercapacitors are presented
in TABLE V.

TABLE V. SIMULATION RESULTS

Energy Base case | Case study
Y [MWh] [MWh]
Trains | 7385 73.85
Substations | 7543 35.63
Supercapacitors - 38.63
Recharge at terminal stations - 23.13
Total losses 1.59 041

From TABLE V, it is obvious that the energy
supplied by the substations are reduced by 52.76%
which is supported by the on-board supercapacitors.
However, supercapacitors need to be charged at the
terminal substation, the energy consumed at substations
can be saved by 22.10%. The total energy losses in
conductors have been eventually reduced by 73.91%.

V. CONCLUSION

This paper presents the reduction of energy
distribution and energy losses in the multi-conductor
system in the MRT purple line Bangkok, Thailand by
applied the on-board supercapacitors. As the results, it
can be concluded that the energy consumption is saved
by 22.10% and the energy loss reduction in the
conductors is significance achieved by 73.91%.
However, the on-board supercapacitor sizing and cost
are not considered, it would be included in the further
study.
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Abstract: In general, the train has consumed energy from the traction substation via the conductor during acceleration
or motoring mode. This mode consumes most of the energy. However, during deceleration or braking mode, energy
can be returned to the power terminal by regencrative braking management. This paper presents the encrgy loss
reduction in the conductor transmission system and energy distribution mitigation from the traction substations by
using the on-board supcrcapacitor, which is a storage device for storing regencrative braking encrgy. The results
include the first case without a supercapacitor and the second case with supercapacitor operated on piece-wise linear
state of charge (SOC) control. They are obtained by the single-train simulation on MATLAB and the power flow
calculation by current injection method (CIM) on the peak time of the DC Mass Rapid Transit (MRT) Purple Line in
Bangkok, Thailand. This research can effectively save energy distribution, energy loss and energy waste by
approximately 3.5 %, 10 % and 20 % respectively.

Keywords: On-board energy storage, Piece-wise linear, Regenerative energy management, Single-train simulation,
Supercapacitor.

Issj is the short-circuit capacity of the traction
Notation list substation at bus j,
i is the passeafPhactor |1] is the vector of current in th'e system,
A, B, C are the Davis coefﬁcie}lts Le oy the e efmperamiton :
- is the accol SR g Ve uds is the maximum current of supercapacitor,
2 E is the route’s length,

Eqs  1s the energy of traction substation,
FEuain  is the train’s consumption energy,
Fuss  is the energy loss in conductor,
Fuase  1s the energy waste,

My is the train’s mass effectiveness,
M,, M; are the train” mass and train’s payload mass,
Md, Mc are the slope of discharge and charge,

Edischarge1s the energy discharge of energy storage A S thie T et e
discharge S gy g gy & NS is the number of traction substations,
device, B : ; 5 ; g :
N7 is the simulation time with updating every

Fenarge 18 the energy charge of energy storage device,

F

Fjiciion is the train’s friction force,
Fr is the train’s resistance force between wheel,

Fewa  1s the resistance force by gradient,

0.5 seconds,
NP is the number of the next passenger station,
OF is the objective function,
Piain is the power consumed by the train,
Py is the power of traction substation,
Pross is the power loss,

is the force action on the train,

rail and air,

€ st gravittional, P, is the power of supercapacitor
Gryi 1s the conductance matrix k at busj to i, ""' ; POWel Iperoap % 2
: : : . s is the position train of round-trip service,
[G] is the matrix of conductor in the system, ; 5 3
; 3 : Snp is the position of passcnger station number
Ah is the difference of route elevation, NP
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SOCen is the state of charge at the end of round trip,
TE is the train’s tractive effort,

t, At are the simulation time and time step,

v is the speed of a train,

Virain s the train’s voltage,

Vi is the voltage at bus 7,

4l is the vector of voltage in the system,

Vsc is the voltage of supercapacitor,

AV is the voltage deviation between train and

supercapacitor,
AVamin 1s the minimum discharge voltage deviation,
AVgmax 1s the maximum discharge voltage deviation,
AVemin is the minimum charge voltage deviation,
AVemer 1s the maximum charge voltage deviation,
Vimirnp 18 the speed operation limit of passenger
station number NP,
W, W, are the motor car mass and trailer car mass.

1. Introduction

The worldwide demand for public transportation
is increasing steadily in modern-day. Particularly in
Thailand, where there are plans to extend the existing
public transit system [1]. Generally, the electric train
has three operating modes consist of motoring or
acceleration mode, constant speed mode, and braking
or deceleration mode. The mass rapid transit is
characterized by frequently motoring and braking,
which results in high regencration power. The most
energy is consumed by the train motoring and the
energy can be regenerated by the train braking.
Though regeneration energy is a waste product that
must be removed from the system. An on-board
supercapacitor deployed on a train is a viable solution
for storing the regenerative braking energy during
deceleration mode and supplying energy back to the
traction system during acccleration mode. [2-4].
Therefore, the main advantages are the saving of
energy consumption, energy loss and energy waste
from braking reductions. There is a lot of paper
involved in the management of regenerative braking
cnergy, for example, determining the optimal sizing
of an on-board energy storage device with a focus on
reducing CO; emissions or determining the optimal
installation location of an energy storage device |5-
6]. According to the results of the paper, the
installation of wayside energy storage devices can
reduce energy consumption. However, there is a
limitation on power loss in transmission lines.
Therefore, this paper focuses on the purpose of
energy saving and loss minimization in MRT Purple
Line in Bangkok, Thailand, by controlling an on-
board supercapacitor to reusc the regencrative
braking with a novel approach in applying the
simulation model of the piece-wise linear SOC.

International Journal of Intelligent Engineering and Systems, Vol.15, No.5, 2022
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The train’s movement is calculated using a
single-train  simulation, and the power flow is
calculated by using the current injection method
(CIM) calculated by MATLAB [7], which calculates
the train voltage, current, and power using a model of
the multi-conductor. The clectrochemical double-
layer capacitor (EDLCs), also known as
supercapacitors, have negligible chemical reactions
at the clectrodes, offers very low internal resistance,
and thus has a very high cfficiency of around 95%,
making it the most ideal for the train’s power
requirements both in accelerating and braking modes.
The main advantage of a supercapacitor is faster
charge/discharge than battcrics, and higher cfficiency
[8-11]. Bascd on the stationary flywheel used in the
New York City transportation with DC system and
the technology for recharging and discharging energy
storage, the goal of this regulation is to lower peak
power demand in the power supply while
simultancously saving cnergy through regencrative
braking. Technology has advanced significantly in
recent years. On-board control state of charge (SOC)
is becoming increasingly popular. On-board state of
charge control for storage devices in DC systems has
many ways of management |2, 12|. The notion of
picce-wise linear state of charge control is
investigated in this paper. It is a discharge of the
current if the train voltage is lower than the energy
storage device. If the train voltage is more, it is
charged current. The variation of the charge and
discharge current is slightly controlled by the linear
equation. The charge and discharge area are
developed from current regulation control method
[13]. The five-zones piece-wise lincar divide the
working principle. There are two active energy
storage zones and three non-active energy storage
zones. There is a discrepancy in train voltage during
operation. With an active slope, the current has been
charging and discharging.

Consequently, this paper provides a technique for
optimizing the best deviation of cnergy storage
voltage for minimizing energy distribution
coordination with considering the different voltages
between train and energy storage. This problem was
solved using the particle swarm optimization (PSO)
approach. The initial energy can be any value, but the
final energy storage must be full in 100% of SOC,
and the voltage deviation must be in the device's
lowest to maximum range.

In this paper, section 2 presents the methodology
for calculation including train movement, power flow
analysis and picce-wise lincar state of charge control.
Section 3 proposes the concept of particle swarm
optimization and optimal energy distribution in a DC
railway system, as well as the problem formulation.

DOI: 10.22266/ijies2022.1031.34
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Figure. 1 Free-body diagram of the train movement

Section 4 describes the procedure of simulation and
system parameters. Section 5 and 6 include the
simulation results and conclusion, respectively.

2. Methodology
2.1 Train movement

Fig. 1 shows a free-body diagram of a train
motion, which can be represented as the force acting
on the train. The tractive effort and the friction forces
operate on a train’s movement, as in Eq. (1). As scen
in the diagram, the friction forces are comprised of
the train resistance and the gradient force as in Eq. (2).

F'=TE - Ffrictian ()]
Ffrictiun =Fp+ Fgmd (2)

The train resistance, commonly known as the
Davis equation, is the friction that occurs between the
wheel, rail, and air while the train moving as in Eq.
(3). The Davis equation was created particularly for
each train model, and it was utilized in Eq. (4) by the
JIS E 6002 Japan standard [14].

Fr = A+ Bv + Cv? 3)
Fr = (1.65 + 0.0247v(t)) Wy,
+(0.78 + 0.0028v(t))W;
+0.0078(n — 1)v(t)? )
The gradient or slope of the metro rail linc is
frequently quite small, the force induced by the
slope’s grade is computed as in Eq. (5).

. M, Ah
Fgrad = Meffgsma & +9 (%)
Mepr = My (1 + Aw) + M, (6)

The movement of a train can be calculated and
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Figure. 2 DC distributed system

modified every time steps of the simulations as in Eqs.

(7) and (8). The train has three operational modcs
throughout the route between passenger stations
including motoring or acceleration mode, constant
speed mode, and braking or deceleration mode. The
train accelerates from the passenger station in
constant acccleration. When the train gets the
operation limited speed, the mode switches to
constant speed until the train starts braking at the next
passenger station.

v(t + At) = v(t) + adt (@)
S(E+A) = 5(8) + v(t + A)At +3 aat? 8)

The train’s power is composed of auxiliary power
for illuminating, conditioning systems, and
communication, as well as traction power for driving
the train, which is determined by traction force and
instantancous speed. The power of a train in
deceleration or braking mode can return to storage in
the on-board energy storage as cxpressed in Eq. (9).
The train’s speed profile includes the train’s running
duration, dwell time, and distance between passenger
stations.

Fu(t+At)
n
Prain = P‘l"—’f a=0 )

+.Piiiv ,a>0

Fv(t+ At)n + Pyyxya <0

The power consumed by the train has been
adjusted by on-board energy storage in order to
calculate the energy traction substation has to supply
as calculated in the following section.

2.2 Power flow calculation

The current injection method is generally
regarded as a tool for solving electrical power
networks in DC railways |1, 14, 15]. It is utilized in
power flow calculations that is considered the multi-

DOI: 10.22266/ijies2022.1031.34
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conductor and single-train systems. The rectifier
traction substation is modeled by Norton’s equivalent
circuit as shown in Fig. 2, which the solution is
calculated in Eq. (10) and Eq. (11).

Issj + % =TS, G Vi (10)
[11 = [G1[V] an

The bus conductance matrix G in DC system can
be used to express the bus admittance matrix Y in AC
system. The matrix G consists of the resistance of
conductors and rail.

The energy conservation law can describe the
total energy in the bascd casc as in Eq. (12), in which
the braking power of the train is disposcd of the waste
energy expressed in Eq. (13). The distribution energy
has some power supplied from on-board device in the
case study calculated in Eq. (14). In this case some of
the regencrative cnergy is capable to store in the on-
board energy storage device as in Eq. (15). The waste
energy will be reduced by stored in energy storage.

Based case: Without on-board cnergy storage,
?,:S'l Esup,i = Etrain + Z{\/:Sl Eioss,i (12)

Ewaste = Etrain,a <0 (13
Case study: With on-board cncrgy storage,

Zliv=s1 Esubli = (Etrain = Edisc//arg e) + Zliv=sl Elass,i
(14)

Ewaste = Etrain — Eci arger@ < 0 (15)

2.3 Piece-wise linear state of charge (SOC) control

The state of charge control in this paper, as a
relationship between the voltage deviation of the on-

. Disharging zone
Non-active zone

Md |

Current (A)

Charging zone

Deviation voltage (V)
Figure. 3 The characteristic of the piece-wise linear state
of charge control
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board and the current of the energy storage shown in
Fig. 3.

The difference between the train’s voltage
and energy storage voltage is the voltage deviation as
in Eq. (16). A piece-wise linear function with five
zones has this property. Actlive on-board cnergy
storage is divided into two zones, whereas non-active
energy storage is divided into three zones. The active
zone is defined by the voltage deviation's minimum
and maximum valucs. As a rcsult, the on-board
energy storage is activated when the voltage
deviation is positive exceeding the minimum
discharge voltage deviation. The on-board energy
storage current incrcases lincarly with slope Md
larger valuc of voltage deviation until the device’s
maximum current is reached as in Egs. (17-19). When
the voltage deviation is negative and exceeding the
minimum charge voltage deviation, the cnergy
storagec has been recharged. Until the device’s
maximum current is reached, the current increases
linearly with slope Mc as shown in Egs. (20-22).
When the current is not in the above conditions, the
on-board device will not work as in Eq. (23) [13].

AV = Vrain — Ve (16)
The characteristic can be described as follows.

Discharging zone: the current is positive,
If AVd, max g min

Ise = Md(AV — AVqmin (17)

Md = Iscmax (18)

=2 (Avdmingmax
clse if AV = AVgnax

lge = lsc,max (19)

Charging zone: the current is negative,
If AVc, max.min

Ise = Mc(AV = AV min (20)
Mec = Isemax 21
€= (AVe,mingmax @

else if AV = AV jpax
Isc = Iscmax (22)

Non-activated zone: the current is zcro,
If AVd, ming min
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Ls=0 (23)
3. Problem formulation
3.1 Optimization problem

When the train leaves the passenger station, it
must use a large amount of power from the traction
substation powering it’s to achieve the operating
speed. The power supplied via the conductor rail to
the train has some loss depending on the distance
between the traction substation and the train. If the
train is located far from the traction substation and
uses power for accelerating speed, the traction
substation is heavily burdened to supply power. This
paper studies about reducing energy distribution from
the traction substation by installing an on-board
supercapacitor and operating by state of charge
control with the piece-wise linear method. The
objective function can be expressed as follows:

Minimize: OF = Y%, Eqyp; (24)

Where,

‘ Start |

‘ Random X with limit boundary ‘

| Train movement calculation |

!

Power flow calculation J

Objective function calculation with subject to
constraint and find pbest and gbest

Tolerance and iteration checking

| phest and ghest display I

'

‘ End I

Figure. 4 Flow chart of PSO
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E?El Esupi = Zg;o.s Z?El(Psub‘dr,i) (25)

NT NS _
dt=05 Li=1 Psub,ati =
ZQIZ:o.S((Ptrain,dt + Pscar) + Z?J:Sl Piossati) (26)

Pse = IscVse 27)

Isc =
Mc(BV = AVpin) > BVemin < AV < AV,
MA(AV — AV min) AV min < AV < AVgmax
0 AV min < AV < AV min
(28)

Subject to the constraint,
S0Cepng = 100 (29)
The coordination constraint,

0 < AVd, maxgmin 30)
The operation train constraint,

S = syp (€2

V = Viim it,NP (32)
3.2 Particle swarm optimization technique

Particle swarm optimization (PSO) technique is a
well-known method of optimization. One of the
strategies for achieving results quickly is to use the
work of particles in the dispersion to identify the best
value [16-18]. The PSO approach is utilized in this
paper to optimize the minimum discharge deviation
voltage to manage the energy storage operation,
which uscs on-board cnergy storage to reduce the
train’s power consumption. The proposed technique
computation is shown step by step in Fig, 4.

Step 1: Random initial position of the population
matrix (X) within the limited boundary in Eq. (30)
with 50 swarm size.

X = [AVd, maxq min) (33)

Step 2: Calculate the train movement and power
flow to achieve the power consumption, which the
power consumption has been adjusted by power
discharge from energy storage by substitute X from
Eq. (33) in Egs. (26-28).

Step 3: Repeat step 2 with an update time step
cvery 0.5 seconds, checking the train’s position using
the constraint in Eq. (31).
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Step 4: Solve the objective function from Eq. (24)
subject to the constraint in Egs. (29-32).

Step 5: Find the pbest that is the particle best and
gbhest is the global best of the objective function.

Step 6: Repeat steps 2-5 until the tolerance is less
than 10 or the iteration reach to maximum.

The optimization approach is performed in
MATLAB on the computer specification of Intel
Core 15-10300H, NVIDIA GceForce GTX 1650 and
Ram 8 GB DDR4 Bus 2933 MHz.

4. Procedures and system parameters

The case study of the Mass rapid transit Purple
Line in Bangkok, Thailand was provided in this paper.
With a total distance of 21 km between the first and
last passcnger stations, Khlong Bang Phai station and
Tao Poon station, the linc has a total passenger station
of 16 and is powered by 750 V DC via its third rail
|15, 16]. MATLAB was also used for simulation in
this paper. The scenario of the simulation has been
separated into two parts: the based case and the case
study. MRT Purple Line in Bangkok, Thailand, has
been used as a based case for the simulation.
Regenerative power from train braking mode for a
stop at a passenger station is waste power in the based
case simulation without on-board energy storage.
Some ways not listed will be used to dispose of such
power. As a results as based case, the distribution of
energy is calculated in Eq. (12). Besides, the
regenerative energy is wasted during train braking
expressed as in Eq. (13). In another case of case study,

Table 1. Traction substation parameter

Parameter Value Unit
short-circuit capacity 50 MW
no-load voltage 750 \%
contact resistance 7.00 mQ/km
rail resistance 17.50 mQ/km
carth resistance 0.10 S/km

Table 2. Train parameter

Parameter Value Unit
Max. speed 80 km/h
Mass 153 ton
Payload mass 75 ton
Acceleration 1.20 m/s*
Deceleration 0.90 /s’
Max. tractive effort 228.80 kN
Max. braking effort 168.80 kN
power auxiliary 270 kW
Eff. motor/inverter 0.86 -

Table 3. On-board supercapacitor parameter

International Journal of Intelligent Engineering and Systems, Vol.15, No.5, 2022

Parameter Value Unit
Mass 2.13 ton
Max. voltage 765 \
Min. voltage 705 \'A
Max. current 1000 A
Min. current 0 A

Energy storage 7.95 kWh

Resistance 0.9 mQ
Eff. 0.90 -

Height profile (m)

Position (km)

Figure. 5 Gradient profile

while the train is moving from the passenger station,
the on-board cquipment can supply power as
following in Eq. (14). Conscquently, the regencrative
power is also capable of being stored in on-board
energy storage, then the waste energy can be
calculated in Eq. (15). The behaviour of the device in
the casc study is bascd on the picce-wisce lincar
control described above.

Tables 1 and 2 shows the traction substation and
the train parameters of the MRT Purple Line. Trains
have supcrcapacitors installed on-board. To opcrate
with the train, the conncction configuration of the
supercapacitor modules would be 15 in series and 10
in parallel. The on-board supercapacitor parameter is
shown in Table 3. Fig. 5 depicts the station’s position
as well as the gradient of the running route [ 19].

5. Simulation results and discussions

The simulation result performs with a single-train
simulation of MRT Purple Line in MATLAB. The
train would make a 25-second stop at the passenger
station. The train’s speed profile is determined by the
service timetable |19], which may be seen on the
website. Each section of the transfer passenger to the
next station takes around 2 minutes to complete. The
only passenger stations with a maximum transfer
duration of 4 minutes are those from Nonthaburi
Civic Center station to the Ministry of Public Health
station. The train’s speed profile is set as shown in the
Fig 6.
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Figure. 6. Train’s speed profile, (a) Inbound, (b)
Outbound

The train started its traveling from the first
passenger station at Khlong Bang Phai station to Tao
Poon station on the inbound route. After that, the train
will start traveling again from Tao Poon station back
to Khlong Bang Phai station on the outbound route.
Throughout the train journey, power is consumed
from the traction substation only in the based case as
shown in Fig. 7. Therefore, power has a high rate of
usc. In which in the study casc, on-board cnergy
storge is installed to reduce power consumption in
travelling.

The picce-wise linear state of charge approach
previously described is used to regulate the on-board
cnergy storage performance. The voltage deviation's
boundary shown in Table 4. The maximum and
minimum deviations are determined using the
voltage diffcrence from Eq. (16). The maximum
discharge value is obtained by lowering the minimum
train voltage difference from the maximum on-board
device voltage. The X is the minimum discharge
voltage calculated from Eq. (33). The difference
between the maximum train voltage and the lowest
on-board device voltage is used to obtain the
maximum charge value. The minimum deviation of
the charge is set to zero. The on-board device's
activity is immediatc when the voltage difference
occurs.

The constraint in Eq. (30) is to find the deviation
of the discharge to discharge, based on the conditions
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Figure. 7 Train’s power profile, (a) Inbound, (b)
Outbound
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Table 4. Deviation voltage

Parameter Value Unit
Max. discharge voltage 91 \4
Min. discharge voltage X \%
Max. charge voltage 78 v
Min. charge voltage 0 \'

Table 5. Best value from PSO

Case A Lo
V] [KWh]
Initial SOC 100% 58.49 644.05
Initial SOC 70% 28.13 638.33
Initial SOC 50% 48.6 643.27
Initial SOC 0% 57.8 645.00

in Eq. (29). At the destination, the SOC must be full
in 100 %. The PSO optimization in simulation is
divided into four case studies based on suitability.
They are divided into simulations of the initial SOC
of 100 %, 70 %, 50 % and 0 %. From the simulation
results, four different discharging deviation values
are obtained as shown in Table 5.

The correlation can be seen in Fig. 8 through the
SOC curve, which is based on the results collected. It
can be shown that when calculated using the
optimization approach, it performs better in the range
of the SOC percentage of approximately 70 %.
Because discharge may be done cautiously at 100 %
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Tablc 6. Simulation results
Case Etrain [KWh] | Eas|kWh] | Saving [%] | Euwss|[kWh] | Saving [%] | Ewast|kWh] | Saving [%]
Based 661.16 665.64 - 4.48 - 85.34 -
I““l‘gtfoc 661.16 648.29 2.61 424 5.57 77.67 8.99
0
1“‘“;‘&3“ 661.16 642.40 349 4.07 921 68.81 19.37
I“‘“Saéuioc 661.16 647.49 273 422 5.93 72.61 14.92
'"“‘glu/soc 661.16 649.28 246 428 455 71.43 16.30
0
Inbound Inbound
100 | 1 | oo
| ;J | —_—r— —70%
80 L | i | | 50%
| | - 05 ‘ st
~ 1 d =2 = | E
o0 ey WL ] ’ '
Q | g a i 1 T |
2 40 J 5 I u [‘ i J er' N
‘ ~100%| c | ! '
0.5 | ¥
30—F— e ~
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|—100%] o v
20 [~70% | 0.5 '
50%
0% |
0 ‘ -
0 5 10 15 20 0 5 10 15 20
Position (km) Position (km)
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Figure. 8 State of charge curve, (a) Inbound, (b) Figure. 9. Current of supercapacitor, (a) Inbound, (b)
Outbound Outbound.

initial with the condition that the SOC endpoint must
be full. Whereas, with 50 % and 0 % initial charge,
it’s essential to be fully charged at the destination,
therefore, there’s only a small amount of discharge
along the way. Instead, the range of 70 % provides a
very flexible range that may be fully charged at the
destination during braking.

Fig. 9. depicts the thoughts and actions of the
devices in cach case. The discharge current is on the
positive side. On the other hand, the charge current is
the negative current. The results show that the train's
location during the route is at the four, six, eight, ten,
and twelve passenger stations, which are passenger
stations without a traction substation established.
Resulting in a significant voltage variation in the train
depending on the usage characteristics, the discharge

International Journal of Intelligent Engineering and Systems, Vol.15, No.5, 2022

and charge currents are relatively high.

According to the simulation results, total energy
consumption by the train's is 661.16 kWh. As shown
in Table 6. The energy of traction substation consists
of energy feeding in a conductor to the train and
energy loss in the conductor. In the case study, energy
traction substations can be saved by 2.61 %, 3.49 %,
2.73 % and 2.46 %, respectively, while energy waste
can be saved by 8.99 %, 19.37 %, 14.92 % and
16.30 %. At the same time, the energy loss generated
in the conductor may be slightly reduced, in which
case the initial SOC 70 % is the case with the largest
10 % reduction in energy loss.

6. Conclusion
This paper proposes the use of on-board
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supercapacitors to mitigate energy distribution and
losses in a multi-conductor system of the MRT Purple
Line in Bangkok, Thailand. Piece-wise linear SOC
control and optimal energy distribution by constraint
SOC and deviation minimum discharge voltage of
on-board supercapacitor is proposed in casc study. As
a result, the simulations in all of the presented cases
show that in the case of a 70 % initial SOC. The best
cnergy traction substation reduction rate is
approximatcly 3.5 %, reducing encrgy loss by 10 %.
In addition, it can be recharged from braking encrgy
to the device, reducing energy waste by up to 20 %.
However, the sizes of the supercapacitors used in the
paper arc solcly chosen based on cxperience. If the
right size is found, the better the results will be.
Which will be solved in the further work.
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