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CHALITA JOBSOONGNERN : MINIMIZING ENERGY CONSUMPTION OF ON-BOARD
BATTERY SYSTEM OF LIGHT RAIL TRANSIT BY SPEED PROFILE OPTIMIZATION
USING DYNAMIC PROGRAMMING. THESIS ADVISOR : ASST. PROF. TOSAPHOL
RATNIYOMCHAI, Ph.D., 115 PP.

Keyword : Light rail transit, Dynamic programming, Optimal speed profile

This thesis presents minimizing energy consumption of light rail transport
systems with only on-board batteries as the only power source by speed profile
optimization using dynamic programming. This case study uses the route of the Korat
light rail transit green line, Nakhon Ratchasima, Thailand, with a total distance of 22
km and 21 passenger stations. The light rail vehicle recharges the on-board battery
after round trip service. The route has a specific path and mixed traffic section with
public roads which find the optimal speed profile, only the specific path section where
the light rail vehicle has a constant speed will be searched and to get the most suitable
speed profile. Dynamic programming uses energy consumption as an objective
function by limiting the velocity, acceleration, and running time for the service
efficiency of the transport system. A light rail vehicle movement model and a model
of the battery on the train for use in the calculations are presented. The forward and
backward approaches of dynamic programming are calculated to compare and find
the best solution. For the simulation using MATLAB, the result of the minimum energy
consumption was 64.12 kWh, representing a 12.31% energy savings which are

calculated by the dynamic programming backward approach.
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fnanuaneUssmanledaliu3nns segradu fdleseden Ussmaawu tngluduniedils
Lmdqwé’qmummwmma‘%ﬁamﬁpﬁmmi 5 @011 S88¥N19 2.2 km (Boris, 2018) 1Un
TusnsU a.d. 2007 é’agﬂa‘?‘i 1.1 wasfiflomunuds Ussinadu szeeme 7.65 km flaand

flavans 13 anndl [elsu3nst A 2014 (Becker et al, 2021) fagudi 1.2

JUN 1.1 szuvrudesnan Wewwlen Ussimaaily

ﬁmmw: (lan, 2017)

PN | & a =
EUV] 1.2 SLUUYUAITINUN IUDINUIUAY UTeinAu

Fanan: (Becker et al., 2017)

Jagtulssinalng Wesuassvdun Faduiledilnglududvassvesussina 1o

FSNATINTIZUUIUANANSITUL T2 UUTIUN Korat LRT (Korat Light Rail Transit) ane@lden



=

Aaguil 1.3 diewdlyninisesas wazuleuienisvudidu q lneidulasinisssuuuudssng
WANHwrasd e ukuaL eI UUTUIUSe tTaellsnuiuantianua 21 aa1i Tiusn1saaus
anrdnataeNIunsaa Ui uisadan Wuszezn1esiuvill wazvindu 22 km

(Jobsoongnern et al., 2022)

5U# 1.3 Tassnsszuuaudesnaiun Korat LRT anefifien Wleauassadun Ussmelne
Fannn: https://wekorat.com/2017/07/30/korat-lrt-light-rail-july-2017/

ndadle 4 wwneu 2565]

a

NuITeaduidaladnduniavedlasenis Korat LRT a@ediden unimundueidy
= a Y 9 = P = ! Y ° P =
Anwingtundsnunlelunisiafeunvesssuuruds L UINlaIINN1sIaeINIsAGou
WAZSTUUNISTISAUUALADTBE1NTIAS NN Tvaizaensullagdais Turuideadulllafnw
HansEnUMAnTuAUNSsunlglunisnaeunaiIn sseeR1 e A u Y L IgaYIsa

B P ) 3 N d‘ s = a 3
wual 3 tneglauusdnundu 6 sl Ao NN 1 915990 9 @01l nsdli 2 ¥sann 9 2

= A s = N 3 = N s A =
a0l NN 3 W15AN 9 3 @andl NN 4 ¥15aNN 9 5 @andl NN 5 ¥Fananluaenng
A s a Y v a = = Y LY
waznIdiN 6 ¥IFann 9 mMaEunely-nau InglanasundTeusundaanunldlung
4 . o 4« 44 2 - d o v
\ABUT (Energy consumption) W uUAYAUUANBIEDAUAANITHUN AN TgATINY
(Recharge energy) Wagnasnuusengalaainnisiusn (Regenerative braking energy) uag
fdwangiiteagadudiauoiuIninsannaulun1sAfauNveIsEUUTUAITINLUT A9
a a a [ <@ o a aa o [y .
nswinysegdninmmanvazanuiilunisiadeuilagisnivuanisnadn (Dynamic
. =% & adda % A o v o | I
programming) & duisNHeuldlun1sundymindanududeumenisuislaynieenidy

Ugeoe



1.2 IngUseaAvaInisidY

1.2.1 Anwnazdiasnsindeuiivessalwihmaufifdunassadusunneiuuuiy
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1.2.2 Wisuifsundsnuildlunisiedeuiivessaliihmaufiinennavessumis
MIWSaNUANARY warndsnudildannisiusn

1.2.3 Anwimsannisldndsvlunisadouiilnenisiiuussans nnanwazausa
Tunsipdsuiivessalniinsauisiedsimuanisnatn wazuioudisundsnudildlung

LARDUNNBULATARIN TN UTZENTAIN

13 @UNAFIUVDINITINY
nsldndsulunisiadsuinvessalnidisravianaailelidnwuyainusilunnsg

LARDUNNL AL L AL

1.4 dHeanaadedu

1.4.1 n1591809n15AAeuRiveesaliiis19un Tnen15AIUINBUUSIaBINIg
AMAAIEANSA8LUSLATY MATLAB

1.4.2 si’fazgamiai”laaamim?{auﬁialw%iwLmiﬁﬁﬂi’f@;ﬂaLﬁumwaﬂmﬂmi Korat
LRT ge@ide) Wesuasswdun Useinedlng

1.4.3 $rassnsiadeufivessaliiihsaundunuunisiedeuiilu-ndusiuu 1 vuiu

1.4.4 LLME%QW’@%WU“UEJ\‘I?OVLWW’WNLU’]L%ULLU‘ULLU@LG]@%UWUU']uiﬂWhﬂu

1.5 YIULIAYDINITIVY
1.5.1 Srapsmsiadouivessalilinsauiduvdmsnudununimneiuuruiuse
1.5.2 Wisuitsundsnuilflunsindeuiidlefivunisgamsafiunndnaiiu
1.5.3 aandenuiildluninedoudilaoninifiudssansamdnvuzauilunis

d' Ay ado )
LANBDUNANIYITNTINRUANTTINAIN

1.6  Uselewinaininazlasu

1.6.1 lowuudiassnisinasuinvassalufisiauininasaneduwunnesuuIuIuse



1.6.2 SinrwidiAeafuszuuililunisdiaesnsindeuiivessnliisauniifiuvasding
HununneIuLIUILTY

1.6.3 aunsndmdnnisvesnisatasanisindeuiisaliiiisaunlulszgnd uaz
W ldiunsvudanatuszuudu 9 19

1.6.4 finudifemdnmaissydvsamdnuazanuiilunsindeuivessaseis

Mvuan swain wazdszenaldivlymau 9 1a

Y] 1 a a -4
1.7 msaﬂgﬂl,am'ma'mwuﬁ
IngdnusUsENoUMY 7 UN 2 AANUIN F9ils1eazidansana bul
uni 1 unidn lananfaiuiwaganudidyveslyni Tngussainvenisive

AUUAgIUNITITE Tannadleedu 39UAYeINITINe tazUszlaguiiaininazlasuves

[
a

ANeANUSLAUT

N a o 3 av a A 1% [ = ¥ 1% o
UNN 2 UINAUITTUNTIN LAZIIUIENNEIVBI LUUNITANY AUAIT WASEIIID

awv o v - =i

mATeRnTeslueinififidnwunuda Weluuumsdunsfnuuagianyssgndldiy
miAdevesineinudidud Tneuvaiu 2 ade ¥un mssiasninadeufivesszuuauds
solnihsaudlalldfiuaiiung (catenary free) Ineiuma g ena 9 IUULILINTG wAZNNS
Timdsmilunsiedouifitiosfigalaonsmanunsanuilunisiedouifimvangay

unil 3 namidmguififadestiunisidevesinendnug lnsuseneusie szuuine
Tniwesszuvrudssauilutegiu waluladunaafninunasuuuIuILSe Lagnsiusn
FUAUNRIY

unil 4 nanianisiiassninndouivessaliiiuvituvasseulunneivy
yurusa Inglduuudtaninisadeudivessalu uasiuudiassweuunneiogieiliiiy
uvdsTIendsuuuIUILIn wonand IiinsRansandunddunisnfafiunndisty 6
n3dl MaUsEndamdsnuainniniusn warnmsifislvuenisuauludnuagsiedeuiiung

undl 5 n1slindenulunisiedeuiidesfigndionismdnvazainmidlunis
\Reuiifmnzaslaeliismuanisnatn Ingldnandmguivestmuaniswate dunou
nsafrsveutnaudy wazsdiumilunisiedeuiinigldfoulanaiidaie eleld
w¥slumaindouiiduilsiduingusvasd lnawFeuiisuiamadsumuuuludamd uas

LUUEDUNAY



unfl 6 nanfwmanisunLazieginansAnyvesnslindsnulunsiadeud
fitfosfiandensmdnuazaruilunsadeudifivneaulagl§35muansnatn s
AakuUlUTmiT wagwuugaundy

unil 7 uunasuuazteiauouugresinendnudiaud

anArin 0. waveardsliidisaluihsaulflunsiedeud

AARLIN V. UNAUMAIPINMIALATuNsAtamimewnsvaregluseninsinm
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USNALITIUNTIURAZINUIYNNYIVD

2.1 UM

FLUVVUAILIATUITZUUTNARUASINAIULUUAN 9 19U LUUFIUILATAUNT WU

' (%
aa v o o

WA NLAUNSIUUUIVIUTD LAz bUUNTTIAIILATUIS AL LA N AUNE I UULIUIUY

vy P ) Ql' A P aa 1 ' ! v o
5o ledin1sAneinisaanasunldlunisiedounlagdsais q egrsunsnany unilladiiaus

[y

US1Aa550uN 50 1aguddeineItaeiunsinaeInIsinasuiivedssuurLaITsuUs g
wasaneduwnasininunasnuuueiusalagldiluwunned Jansounguiiswnainiiy

o o v & i ° « A Y
wasuAldluura@iguuuIuse wuudiasaisiadeunvessall waznslindanulunis
U d‘

indeuNNtesnanvetsruvvLdunaruszuuI e lngladnwiUsvinlissunssuuasnuifedn

Netarausiafnduislagtu Felauunuseyndldluanidevedinerinusiauil

2.2 A1591899N15AAIUTNVDITLTUUVUEIUIATUTEUUT 1N Tunasaedu
LURALADTUUIUIUSE

Tutlagiuwuldunisifvlavesdiosegredaiion wazarnudnduvesssuuaudand

t4 d‘ﬂlﬁl

UszAnSaw Woedale wazdetu dwalminnisiunszuusalningsaun suafudedndaau
u Y

W Tunasndsnunusiaannislaesuaiiy waznisduasulagiuninugdiuynnaily

o w o

iSeseuianas uienaildediinddniidesiionsan fe sansevusenivimivesdledlasnis
fadaneiiumiodsey seonaldlisuniseentuantnanadaies wavasisausud iy
Sesiitinvieadisn vielmuddasugunisamans uazsalanmnisnoatrsigrndiuan
WU Mawen wazannituiduuay lunsaisdesiansandeszuuildilansiumiedses
Tneflaossyuu Ao ssUUTendsunussfian wasssuuiiiuasdiendsnudussuuin
AUNSIUULIUINTA (Hussain et al,, 2015)

N3ARRasISRENY (third rail) vurusaagldsundsnulunisiuindeusteeiiios

- v v .

A a a Y o & d' I a &
9819UUTLENTAIN WALV mmumsmlﬂﬁﬂ A8 izU‘UTN‘VIﬁ’]QJVL'J@E]ﬁQﬁﬂ‘Uﬁﬂ AINUTU

wardiuy 919V 1TYINNANIUUTEANS ANVDINAIIUIINAITHUSA UBNAINT SLUUTNEL



sodldsunugdlunsindauaziigsinulasaineiugiu feanufimaneluladves
uwnasinAundsnurilramnsoiulfduunasielituauiusaliinme dsldusinglu
EUN1919 9 Turaneusena 1w Wowuiude Usemalu seaens 7.65 km 13 @il lag
Huszuusalwihsiaundt 90% veadumadunislduunneivinaifou losou (li-ion) 1Hu
wasndsnulasusalniinge wasdiniseenmsanunmesansithuafiundiuumuusuly
(pantograph) ﬁamﬁgﬁmami Faflaue1s 90 m AaBALLIYILYAT (Becker et al., 2017)

o Uszimadlu U East Japan Railway lédiamnszuusolilaudauuuumasdng
FuAT LS LAz LI LA UNSSIUULIUILTE [ieanNanssnUADAWInEaNaINSEUULAT

<

Huszuuiiea wagldfinimeaeunisyifaedesniia Tasldisunisaaeunisvieudu
anvedauddud a.e. 2011 Tnsruauseliiunnedsiindidon-looouruin 70 kWh 600 V
Guunaadroiervugiisludunstasilifiniuaiiung Insvugieglutisnisvianuid
A A3 e SUNaIUaINTEUULTIAY 1500 VDC uazuUauiu 600 V deduuasiu
Iwihnszuansadunszuanss (DC/DC converter) tileluuvasinglifuuunined uoinesan
81N UATMLIENAIULESY (auxiliary power unit) fagURl 2.1 uazvaizoglurieilaifisnd
wafiund fudasiuluinnszuansadunssuanssaznganisviiny wazvuiusnazialagld
nFauliianuunnoduiidy wagndsnufiairsduannsusnassfandsnunduiug
WUAAD3 wazanelviumhendsnuasusnane (Hiroshi et al, 2012) é’fﬂgﬂﬁ 2.2 lnglaainly

WWunuudiaedlun1s918na 99Ul Y1 S ANA UYL UALA T M TN USTae

catenary

Pantograph

VVVF DC/DC
Inverter peeooy | Converter | DC1500V

Traction
motor

Traction
motor

Auxiliary power unit

Storage battery

a o o d' N o a A
E‘U‘Vl 2.1 AUV DITEUUYULARDUUUSUAIULLANIUT

ﬁmwmw: (Hiroshi et al., 2012)



catenary

Pantograph
Traction VVVF |

motor Inverter DC600V | Converter

Auxiliary power unit

Traction
motor

Storage battery

] o v 2 o o I =)
E‘U‘V] 2.2 MIMULBIsEULTUIRdouvazlufif AU

Fanamw: (Hiroshi et al., 2012)

nsirdouivessaliiisraulyinendnugd 18ldund e duiunmesvuruiuse
%a%méuﬁa (Ghaviha et al., 2019) iﬁwﬁmswmaaume"waawaqmema%uuuﬂ"alﬂ
(Generic battery model) figiadldArnisiinesMiiunuandfionizvasuunneilunig
AU WATLUUTIA00IRUALADI WULBEN41E (Simplified battery model) 7iflifips
wassenassiuniunely Tnowssudloutunismeansass saduntsmaassludiunds
yaadumaudnaiies ludloneawnd Ussmadangy laesaludild fe Bombardier 4 car
Flectrostar Class 379 EMU fiwin 185 du wazlduunnesiuumassnediaseuusuiusa
YR 550 Ah szaEnslunsnegeu 34 km nandildlunsiiunig 2200 3und Tnsuunmes
FeNTEUAGIEAUTENIN 1300 A WAZNTELAYITIINNSIUTNAIAAUTEUIM 900 A UALLIIAY
gegauszunad 820 vimamuanaﬁﬂaﬂuL%aqqqm 100 km/h HAUBINITNAFBUNUIN

(%
| &y a

LUUINR89UDILUARBSHU LT lULazLUUDE1991819Y datnseualndn usesulndn way

4

anuzUseq (state of charge) YBUUMABDY HAAMINALABITUNINAUNATDINITNAHBUITI |

=3 A 14 o .«.:4' 1 1 [ ‘:l' Q{'q o a e":l'
wrisdaientd wuuTReIBLUALMBIUUUBENIY AIFUT 2.3 NTLUUTIRRINAdinAEnTH
TANUTUTDULBENITWUUINADIVBILUALABDILUUNI M Aaauni1sy (1.1) w1 lglun1s3nasenns

WABUNVRIAN WwumeuRINedwusiautdanly
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p— Ey

[ Batt

JUT 2.3 Luuinaesveauunineiuueg1adng

v, R (1.1)

Batt

= EO _IBaz‘t '
NAUNSN (1.1)
Vaar 79 b599UNA009b UM 0T
Ep A9 w59oulii129950nun9munios
Isar A9 NzLalNANvBILUAHDS

R A9 Anudumunigluteawusines

1NUNAINL (Mwambeleko et al., 2017) lain1531a09n15ARaUNVBITa TS5

aa o I a | | < Y @
W H WAL T UL UALADTULTUIUSE 1A8T29015:59A213657 saluds1aunagldnasanu
ndiafiung vibiaunsaaniddniigsganldanuunneslavuzsinnuis e

A A < & | < all Y o
LAROUNTIYIAIUTEALAZAIN T TUYIIANLTIA Tnesaliihsiauiagldngsau
A ' a o ° P Pl
NUUANBTIIEIREINAYT Teuuddivgagnalunisdiass 12 km andilagans 8 annd
AMMSIgIgatun1sliuIng 40 km/h uaglduummeiviindiBeulnniun (LTO) ndnlay
U¥W Altairano u1n 24 V 60 Ah FeijusalanaanuuuAluaneIunAuuIn 348 V 60 Ah
Tunnsanassnisedaunuessabnilnsaun wesmgszuusalnidisiauivesdasanis Korat
LRT @188087 loin15a15anlmdunnass e wuuAnAauuuuIuse 39n15taunasnineiu
NEIUUUTUILTAIULaIRNisg1Re) SToidy A wasunlglunisiadaunnanne
g1vvibiadyniiesnnivanilaeas Ussdnsamuazanuiideienanas 3s0eeing
DONLUUTUINVDILNAIA NLAUNE I UUUTUIUTA LA R INDABNITITIIU Lazn1TRANTUN
Aunelunis¥Fasendnemsliusnis wu nsysanandilagasvazsuglagansiuudas

A011 F99nUIluUNITTISANLANAINUY @A VUIAVDINIAIUNITVIS LIATUNITINSD
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LALUUIATDILRAINNLAUNSIIUVUTVIUSOUANANSA UG8 (Jobsoongnern et al., 2022)
ety msfinsanlunsnisnaieasndsniililuninadouiifitosfigaisddydmiu
szuvsaliihsaunfifundsse fuuvdsinifundsouuuruiusaiiosegiaien Tne3sns
mnslindsulunisiedeuifidesiignuesszuurudunarussuussaznaniduinde
dnly
23 mslimdsnulumanfouiiidesfignuasssuurudeanaruszuus
nsldndsnulunisindeudifitosfianvessz UUILAINIATUTEUUTIY @10750
Wi ldannnisusussuuvudddinzanlnemiddadefiiedos wu asaman uaz
mnudessvesilagans Feladedu q fanunsntivannislindsnuldlaense Ae ussqad
Tituedeuruiuse lnevildannsrumdnvazenndlunisiedouiifngaudian lng
nagmsil iunamdnuazaufivinzaniian neldveuindisnda Wy svegmdluns
indouil mnuEIgean mnuEngn waganlumsiadeudl Wudu (Yin et al, 2016) Tavly
varguideinnslisaneifiulunsduandumdnvuzanunilunisiedeuifvuan
WeNA19AY

NNUITBVIELAY (Lu et al, 2013) lenanIn nslesanasiuNwananeiuaIuise

Y

Frelunisnnadnsnananle lnegudalalddanasAueturiiauun (Ant Colony
Optimization: ACO) Fulludane3iunsrsdunanngfinssuvestaun Tudanesiiuldyaun
a a a A v aa Y Y] A a o .
Wenlaenisdearsnieiilsluwiioauniizuityml wazdana3iudaiugnssy (Genetic
Algorithm: GA) &alganng@nssuvestastuley aavielalddanesfinmmuanisnain Fudu
sanesfunuuslaymidudoulmdulymees Inenaudanadnuildndnvasainusn
4' o =~ d' d' 9] Y oA I3
Wnzay ieaandsuildluniswdeunvsssalil laldnisadisdandanainusa (speed

. = Y] & a Y] A o cav v A Y] a
candidate) Wilon1dnuagAITIMMNIZaN AI5UN 2.4 uaznadnsila As danaiiiu
muuantsnain Tinadwsvesdnwagauilunisiedounfvinlinislanasulunis

d' Ay A ) & av va a ' a Y} ac
wndeuNtosian wavdnwarausilelianuusey liinssunumiloudane3fivenan

UAuLALALdaNesNUTIuENITY
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Speed

Max speed at each

Speed preset position

limitation
- @ Candidate speed
Flat out running

speed profile A Preset position

Distance

v A

JUT 2.4 fdonanudinuiinisindeuiiluszesnig

fnnm: (Lu et al., 2013)

YN F99UITeNUIToUgUNIS I oanasNuNIRuAnNIsTNaTn oanasny

Gradient Method wagdane57u Sequential Quadratic Equation Programming (SQP) Tng

=

Ausia (Miyatake et al, 2010) laldvanndanesiivlunismanvauzanuinmunzay lng

[
L v A W

NA1277 AINHABNSIUNITAIUINY NUILAAEDaNDSNNIToRLALYIaLAufal 0ano3y

)

AMUUANITNAIALALDANDS 7Y Gradient Method In15AUIMNYN TuvazRoanasiy SQP I
ATAIUINTNEINTT LAZTANDSAUAINUANITNATH TNITAIRUASNBULAMUEINTIVTUNIN

[y

Fanasiiu Gradient Method kagdanasiy SQP uena1ndl danasiufivuanisnaindu
Fanosnunnelunisdanisiutedinnvesnlsaniuy wu ausilunisieaaunnains
v & aa £ [} 2 A av o | ‘:’ll
wazdudundeulun1sionidnwaraus Mgy nvateauldeasnalull
ANSUNITNIEN WAL AL ITINLIZALAEN1SAIMUANE TR d1uSuTzuUsainddl
Lma'afdmlﬂmwmma%‘agjummum Buse (Noda et al., 2017) TAn18nwLAI1ULSIT
winzau lneldanusszquuanediluilsiduinguszasd Felauludnslandeaulunis
a Ay a a 1% o A < 1
indeuNNteunandnme lnensinassseuusalindanusiaean 80 km/h seeen1asening
a0l 3 km Ieglrnadnsnasnunldlunisiedsuianadain 6.394 kwWh 1y 6.629 kWh @4
Antdundaunuszudald 3.5% uanand Jadeduiaiuisatnuifiansanlunismaneue
AILTITIINIZEY AD NEIUAINNITUIN IABLYITINGIUNTUAUFUUARMDITUUTUIUTH

danalyinshsnaaanulagsiunanunanasniy (Gil et al., 2013)
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uananil MadnuazeuhiIzaud e vuanInan Sansofivua,
ANLILAzAANILs Nz auTignluusagiumisvean nindouluseninaaaniingld
vounnalunsliuinsiidivun iedansndanuvesszuusaliiifissuuinifundany
%”Jﬂinﬁaﬁaﬁuﬂiwﬁwam (Electric Double Layer Capacitor: EDLC) (Miyatake et al .,
2010) wara1NWIILLAgLuAa (Ankan et al,, 2019) Falgfinsiauemsutsaifisiialy
mMsmdnuaizenifimngauiian lnowvadunariirarnedeuainiu 5% way 10% 1
Tilsnadwsunnaeiulagdassssuusnliiiniiagean 80 km/h Gsanunsoanndanuly
nswadouilld 7.6% fa 21%

desteinrdnusiduiijudunslindsnuiitosfianvosszuusaluinaundd
unasieidunusimeiuuruiuse wazananuidedisiuiingnunisaldsanediuimunnis
wain lignidenlflunsménvazanuiiiuenzauvesalifisauinudioisunsvans
MnauAdedrefuiilénanun fafu Ineinudisuddslduszendlisanaifuimunnis
wadn Tnesafunmsanndanulunisindeudivessaluliihsaulidesdign Ingldndanuly

nsndeuiiluilsiduingUszasd nslgdanesiunvuanisnaiail laldnsadadaiden

AuS7 TnaUszendannaiuidde (Huang et al ., 2018) WAy INITMIANBULAIIUEIN

(%
1Y

wineas wazszeraUTeuiailoutuneu (stage) uazailunisindouiasdesgniivualy

WALINUU

24 g5

L]

UNlAsIUTINUITENABITRINUN1TT1a0INS AR UNYRITa AT a9 e du
LUALADTUUTUIUTD BAZINUIFYIINNANITNAZDUISIVDINIIARDUNVBIVUIUTONTLNAIDY
WURUAMBSUUTUIUTDTINAMDIUUIARTATDILUALADT N1SLEDNITLUUINADIVDILUALADS

Lazan Uz UAWRIYraglulnuar SN s uLar AT ewa U ieuUssendld

'
a

lun1sasrsiuuTiasnisiadeunvessalninsnauivendunie Korat LRT a1edien
wenanil Galesrusimanuiteniieadesiunmsldndanuntesiigalnanismanuasaanms,
Munzay Fananfedanaifiuie q fududenanraiewidedenld suuiatendeide

waglpaguindanesiuminendnusiauillaiennazussyndld A Mvuanswain
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3.1 uni

Tuunilldmusmguifisadestuszuuaudssalifihnau fadussuuilliluns
$raesmavasinerdnusiau laonanfsszuuielihuasmeluladumassondsnugiiuy
A9 9 10953 UUTAbINANSI90UT tazvaluladnnaiae na U U UUUIUIUTAE IS UTZUY

sl TnsiuluSotunmes wasnguMineITeInIsuININEAUNSIN

1 ° g 1

3.2 szuvdnglwihdwsussuuaudesaliisaun

szuudngllduniuanarnilunielussuud 1Ay vean1suudimnesie nauraIuaY
Aean1siugiiviAdvesan uiviewied n1sidenisnisangliinimunsauiudnyusve s
Euvne wazwaunsiutdadinnudduselasanisvudaniass luteqtussuuvudssali

Aaa ' o as A i ) Y, W = A
1uETEMsRe i mdnanads fie n1sdngliuuudiiiuaiiung fegredagui 3.1 wieg
suamainy Uszmeluisesiaus wazuvaigliuuuniaiuaunriesana fmegdedaguin
3.2 wasdnglvuuunisldaunsalinfiundenuuuuuiuse deg1edsguil 3.3 Weuwden

Usewnaaidu (Jin., 2021)

JUN 3.1 salifhsauniilleduanasay Ussmaunsasiaus
U1NIN: https://en.wikipedia.org/wiki/Trams_in_Amsterdam

[ndaile 25 Awinan 2563



U A [

UM 3.2 salwihsnaunidewndld Sgliemiiad Ussimaoaansidey

Y

fsnaam: https://en.wikipedia.org/wiki/Light rail_in Sydney

[Fasle 25 ey 2563]

JUN 3.3 saliihsaunidlessden Ysemaauy

fisnnm: https://en.wikipedia.org/wiki/MetroCentro

[Wdasle 25 damau 2563]
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syuvdelindmsusalniisaun agldssuvinglniinszLanssfidalsenu 600 V
way 750 V iwuieatuiussuvouadudiedu 9 wu ssuusaliihaudeanadlunies uax
seuusaliiléau Judu Tneszuuieliiinszuanss asduduananndlvihsesuiisu
Ininszuaaduluszauussiugs wazudasussiuruniouvadiduszduusaiudiunans
WedeliruaniiiFesnszualniin (rectifier substation) niaunitandlniinduindou

(traction substation) Ingaintuazulaslmdulniinszuanssanelidusisdidinaiuuse

aneftuauiiung (Naasnllyne, 2561)

AT 3.1 WsafuLmIgIuNIIeliinLnsgIL EN50163 %e IEC60850

Electrification Lowest Lowest Nominal Highest Highest
system non- non- voltage permanent non-
permanent | permanent voltage permanent
voltage voltage voltage
Umin2 Uminl Un Umaxl UmaxZ
(V) V) V) V) V)
d.c. 400 400 600° 720 800
(mean value) 500° 500 750 900° 1 000
1 000 1 000 1 500 1 800° 1950
2 000 2 000 3 000 3600 3 900°
a.c. 11000 12 000 15 000 17 250 18 000
(r.m.s values) 17 500° 19 000¢ 25000 27 500 29 000
Special national conditions for France, see Annex B.
. Future d.c. traction system for tramways and local railways should conform
with system nominal voltage of 750 V, 1 500V, 3 000 V.
e Special national conditions for Belgium see Annex B.
¢ Special national conditions for United Kingdom, see Annex B.

TOMNUATDILTIRUINAINTZUENTININNINTFIU EN 50163 38 IEC 60850 lng

seavwsenulun1syinauunfvessruuIelninaeinsaiueglugawssiu U 89 Unae
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Dulumunnsgiu #1n15199 3.1 1neszaunsanulutag Uy 89 Up, dosdianldifiu 5
= 1 o U % 1 = v s 1 a = a0
PIIUYINITHUY WAL TEAULTIAUTIE Uy 89 U 92A098A LAY 2 wnii o aandlane
il wazinawsenulninl3lnanvesaaniisvansewalndidndmsussuusalnindaadianluiu
Umnaee W088208AUEMSUSEUUT NN T2 LERSINTN1SIUTATI8AUNG Y (regenerative
braking) @unsadlA1finaussaulane 1000 V Tunstlaesszuudanglndn 750 V uay 800 V
waznsAveIszuuIeliii 600 V Alga1ususzuusas1siinsesalaeasinilnsad

(NasNyne, 2561)

FaunnsndlunisiaenszuuIngluirdnsusaludisiaun Auegiuanuvunzaud
= a v 1 Qj' dy a 1
WWoniansaun laen1suAdgynin1521958 U Il UUT I NENAINN LAY @1u1sarieuile

U o a dd‘d 1 a o & v QI v v 1 o‘d‘ ¥ VY

HANTENUVBIMUUFIwATIUNS NTdaniiimta1udwinaouls wigunsainielianalasu
NANIZNUBENUINIINAWINd T szuuelnuuussnani@ndudedinisysuly
A99118ANLATAINKATNITTEUIBEIANKLIYIE InellAldaneiigs weanaindl seuuel

all % [ LY o d'd 1 1 QI 1 -dl' :é o VY
wuusiaudadusninseualnihnianuesulvisiodsanysn du wagdu o 39019y lill
HasaUseansnnlunisiusneAundwiu iazdaunugslunisindauazinsedne (Zhixin,
2013) weilun19nsaiudIy sEUUNTLMaITIENGIUVUIUILTD TLATIEF1aNUgIUNAINT
dlafisuiuszuudu iesndnsldliiiiedlinue wu luaanddlaeans Judu vuiuse
szuulldaunsaldsiunuszuvangliuuuduls wazdvilrnisdaiundssnuainnisiusni
UszdnSnimunduiiiesainiigunsaliniundasuuueuiuse wasdendnuszn1smils fe
Tneszuuiianunsaldsaluihsisunlndduaniunieeulmdenissuniunaimvantnii wu

a v = = 4 dl

lsanguavsedudidenldaunsalniinnuazidengou willteldy Ae AuuTaNaITuLaL

dminsefiiintudosningunsalinfiundsny venanidudidvigednyiiuduienin

a1gn1slduidinvesnisdaiunaanu (Klohr et al., 2013)

3.3 UWRAIIIINWAINUEIMSUTTUUSA IWRIS19 UL UUULIUIUSA
331 LUAWIBS (Battery)
salindesalufrsauiiduindeusionunnedtiundmiadenlugi
Fusznaunssalnuisseidentd Tnsianizedneds British Rail lelsuinnssaluiiduinden
FEuUAAE3RzAINTAINT WA 2501 §9 2505 way Deutsche Bahn Ausznaun1ssalily
wosudl lerfunsTiumssalniidundeumenunnednsiansaguiu Tud we. 2498 s
2538 wialulaBuunimedldfumsuiusegrannainuuanedngmnsaduwunineidnia

da a & aa = aa ' o Aa 1
LLagﬁnﬂLL‘UmL@@iLlﬂLﬂaLﬂuaLﬁleIl@@@u YILUALADINATITUR UL UUYBINAINTUNA LA
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muwuveamdsiian vinlilimunzdmunisvifanaznisaieussgedisania wily
welulafuunmeitagtununneiaiBoulooou AilUssansnmila engnisldaugnumas
anuadesaadl desmaluladuunneddBoulymiun (LTO) Iénanaifusidendniy
n15¥15908 195 maznsidudunIsininunasnuluniagaanssusalni loy
wmaluladuunimeidiBeulumium gnlélusasns ForCity Classic (28T) vagUsznounis
Skoda Tulilesnauegn Useinagsi uay tramlink v4 v83gUsznaunis Vossloh luilleswiu
Tna Ussmausda weldaelnihssninadundudiliddniuniiung vieldlunsd
anidu wu Iy 1Wudu (Mwambelek et al., 2017) weluladvoswunnesvinmg 9 4
seaudenfiuandeiu dwoluil

tnifawanden (N-Cd) JDunaluladuunmeindonenisldnueniuig Wedels was

'
al

1n15A18UTEUBIVBILUAABIA HAMUNUNUGS A1U13aNURDTIIN TN UNIUNYTNTNS

9 Y

[ [ A a

winilsludediniiddsy fe nansenuainuibeanuduasuandlsuduianndudunsie
\ a ¥ = o W = A & i '
medawandey Fan1sidnuaadlsndeindutywnnlng

IntAawiialalasa (N-MH) Wumeluladuuamasnleaaninsativinkasdidning

a IS

ladwuuiienduinifawaniiioy wilalasugnldlutiauunuwanden aewgluumnnes
tnifawiialalese Felineliindunseseduwindeuduneinuwunim osdniawanliuy
wanaINt wusmasinifawrialalase JAUMUIMINVRING I URAENATUTUNIENFIN T

v A

warfiddnyiian uwunmedwmdrdhildTunansenuainmieauiilussduiioafununnes
dnAaunsiieon dedriandndmsuuunmesinifamsialelase laun n1svrsandesuunn
Auluorailiuuninedfigungiinfouiuly wazanunsavseslalasiauld Fsaznelifa
Summrsanllvifiouss fady Fededlinnnsnsvifaiifianududou uonaini iedne
wasuiszRunsruage WU nsvudssunalng) Wudu azilforgmsldauveaunne’
anaIeENUIN 200 §i1 300 50U

AiBeulossu (Li-on) Yagtuiifumeluladuunneifildsumiudonniigadingu
gunsalBidnysedinduuunnm fensanduyunisnanuaziusgdlogdlunisairsnisvudsd
Buaiy waluladuunmedidanaredufiiouesiannlunyduinsasudlnin ieaain
usesulvlihveeadas AL mAINUgs o1gnsldau (life cycle) iemunu Tae
Liflnansznudenitsamnuduazdgyidsuindeusiomalulad dnvaznisaeyszqi
gaumgfisndibon uazuunmeivindSoulossuvindiSonlnniuneenled [Guidoy
iesananuasalunsviseedsnauardisgumgiinine uazdunuaimedluussn

wunmeIaiseulaeauiivaandeiian (Meyers et al., 2012)
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3.3.2  faiudsedeenn (supercapacitor)
AafvUsyBwiniinuaudfnaiuisauszq (Charge) wazauUsezq

(Discharge) laiSadlawfisuiununaed Inefinunuiuiuweamadseiugs wilaunuiugy

wasuives wazduiulszqdeeindaliuszdnsningsds 84% v 97% wazilongnisldau

'
a

a3 Ineflongnisldanugatia 100000 58U (Luo et al., 2015) MmefuiuUszqdeininnauda
flanunsauszquazaeUsaldedesinigs vilviiiiuuszadeanldsuauden ety
dwsuiniundsnuaInAsiusnlusEuuILEs (Ratniyomchai et al.,, 2013) §wmsussuuang
lflwessalwihiifesnisnmsdssquasanausyaiinevauosszerdulugag 10 Judt fa 1 widl
vlinfuuseqenaifinudnuaznsmevauesiisiniiiiinudidyannnitnumuiuiy
YoINFa31 (Okui, et al,, 2010) uonaNd FufuUszaieendsdsmansenureduandausi

widardauTeundn lown AUngesne wmdn wazduyudmiunsvudssnaugIgs

a v &

Tnesfvdseabesnanfundanuliluduliiliedaesiu uasdlefisuiuuunned faufu
Uizﬁ;?jwmﬁﬁﬂé’qmuﬁﬁLW'}z%qm’jwmﬂﬁa 500-10000 W/kg windaus Izt
117 0.2-5 Wh/kg Tunsldsumunisauds drulvgjazlddmsussuutisdsnasiuszning
A15L3IANUEILAT T karmsinfiundsuainmsiusn warlussuvaudauuleusa
ffudsegdewinagldsiudugunsaldniundsanudu q Wy wumeeIidudu (Ghavina et
al,, 2017)

3.33  &onunias (flywheel)

1Y

anumadlagnihanyssenaldinesmgesedunssiulihanlussuuingli

De

Yoesnliil wagdniAundsuainnisiwsniiauIndvuidnendsulisaln vsawadu

o w (%

wvaedgluinsinlifiuvadisanaieuen lnedesuidgasaundenuluglvaandany

q

a1 uenand aeguiduninzdmsunsidnuidenismadlniigedudiiaidu q

Ay Y

Wasndenumaslinnudlunisazauuaritendanugs kaglunsalndenuiideieuly

univavaundsny denumawzyinuduiawmesuazlsnesvosdonumdasiinnus,

aay o w o o w o

gy drulunsdindenuidwinnululmuediendsanu deauidwsinuluniosiuia

q
[

Il wazlswesiinnuisianas (Dutta et al,,2018) uanani AIINLTINITRYULAZAIY

ReyvptdenuiardmaiaUsunandnuiiivazanludonuids Flavesdonumduus
Y v o a I ° a @ ° 1 o o w a

paniiludeguiidsriinadnuiian Inedad1ussn37 6000 rpm wavdenuninaevila

AISIE tnefiaauisagsdis 100000 rpm (Luo et al., 2015)
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1 =) L4
3.4 NMFLUINLLUUITYAUNAINIUY

1 & (% . . [ a o

N1TLUSARUUIILAUNG U (regenerative braking) LTUNMTIUABUNITYINIUYBY
wawosirduindauluwasasnndalniluvasisaliiviaululnuawsn dadu
walulagduindeulusalnihealva wazdrenszualiilnadeunduiingsednimany ay
ftuafiuns viogunsalfniiundasuuueuiuse leatlialiinn1siusniuuaefundsy
vossabii dwsussuudnglissitfiauaraedniuaiiu Maslnindedngssuy
Ilhanunsadnglvfusalnihvuiulndifgeniaululnuaduiedeuvauzduls awisadiy
Jestuszuulwihauwmaniesnniaslniaifuvainmsiusnuuuinehundanunsillvan
Tnihdadesdlofianisiusn wazdwiuszuuniiuvasdteidugunsaliniundsuuuuui
dll a ! P [ Y PN & v < [ =

0 Waianisiusnuuudteaungsy nszkaliiazlvandulungunsaliniundsny @4
Jumsvisandanuliiugunsalininundsnuuuruiuse viliauisasessudmsulvan
Alagansiunsdianidu lInen1susNiUUIIEAUNANILITYINNUTINAUNITUTALUUNE TR T
Junsihmadsliihdruiuannmsiusnanglitduisumiunisiusn wemdandsanuli

daumiuaniulimelvluguvemasnuanusou (Mavinfiane, 2561)

3.5 &3
Tuunillanamianaluladais q vesszuvinglwidmsuszuvaudssaluiisaun
Tutagtu waluladundadnendsudnsuseuusa i s uIMuUUNIUILTD kaENISLUIN
' & (% = [ P4 A a ¥ [ a v [ a Ao o
wuudtgAundany aduanuiiiuguiineiteiunuidy uazilusivazideand1dey
dmsunmsvhmnuidilanisdaesnisieaeufivessalvinsaunffiuvasinadulunneivy

UIUsa Tuunanld



Ui 4
o dl o aa 1 1 @, o
ﬂ'ﬁﬁ]"l's’l'e)ﬁﬂ']'iLﬂﬁ@U‘Vl"UENﬁﬂlWﬁ'ﬁ'NL‘U"I'VI?JLLWﬁQﬁ]"IfJL'U‘NLL‘UGIWI@ﬁ

UUTUIUIA

4.1 U
Tuunilnandinisanassnisedaunveesa irs1wntwrasedukunnasuy

YUIUTOVBITEUUIUEITIUULATING Korat LRT aedidien lagldiuudiassnisindouiives

(%
[

sl LAZLUUI1899903LUALNDI 08199181 UN TN WTINGANTTUVDILUALADT UanaINd 833
nsuaueNansynuInELrLslunsesaTiuanasiu tnsutadu 6 nydl aell nsdlfl 1 Ae
N15¥159N 9 1 @il N3N 2 Ae N15YISANN 9 2 @il NN 3 Ae N1SVITINN 9 3 @andl

~a 44 ¢ =~ A - ¢ ~ A =
AU 4 AD ﬂ’]i“ljﬁf\ﬁqﬂ 9 5 @07 AN 5 A N15V1TAINEDUUAUNIT LWALNTUN 6 AD

' '
A =

N3N 9 N1saungil-nau Teedinisiansudisuisunmslandsnulunisiegeu

LazAldI18Y0ILUANDTUALIATEIYIFA WBMINSENmMINEanlneRaTanandadeniey

WardnISRAITUINITUTENTANTIUIINNITIUTAKUUINEAUNG U waglaulauans

wasunluluusnau lneazlanadnsidudnumuzaiusilunisindauniialdsnedsdunisun

Y A

anwazANUSNzaieannisldndulunisindeunfides igaluundaly

4.2  LUUINADINISIAAIUNYBISAINTNSILUN
memﬁléjﬁﬂm LLUUﬁ"Iﬁ@\?ﬂ’ﬁLﬂg@u‘ﬁm'EN?OVL‘V\JW']TNL‘U"I Iﬂaiwmm‘imﬁ'auﬁsuaﬂ

solninsaiundl 4 Inue loun Trunisannusa (Acceleration mode) s N1sAsaluingna

'
a

= N < a v oA < v A Ql'
wwiMsiinANsIINAMEneatisrasALLTBiuAI e i T e Geun
audnwazANivessaliil lnsAiadusaziiauinninaug nunaiusined
(Constant speed mode) A nssalwiisauiiinisiadouiisneniudinilnenuised
Anduaud Imuanisiadeufinienauaee (Coasting mode) Aa nsisalufinsnaund
< dl v = = = [ s
ANLLSIANAUTBRINKIIRIUNISIAGoUTIvRsTa Il Laziusaavassa i duaud way
Ausalianduau uazanvine lawn uawusn (Braking mode) Aa n1siisalniisnsunan
< 1% 1 A | aa I P v PN = [
ANULSIMAIEANNIS oAU sdA L TuaY Wateaniaanlilneans lnednuus

< a o A = [ [ a
ﬂ'ﬂllLﬁ?lﬂﬂ'ﬁLﬁﬁE]UV]LllE]W]EJUﬂUL'Ja']LLﬁGNﬂQEUV] 4.1
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Speed A

Acceleration mode}  Constant speed mode f Coasting mode : Braking mode

Maximum

speed

Time

JUN 4.1 Inuenisiedeunivessaliingaun

wuudnaesnIstaaeuivessaliilngaun fasanleeldngnisindeundenassvesids

o

=V yva & = a v 44' a = Y
Au BILANITUINTS Frr 7D WILASAMNUNATUNITIAAOUN Farag AD WIIIHNE A Fag

B WIPURINNA fagURt 4.2

JUN 4.2 wuudnaesmsiadeuivessaliiisisun

1P8AILNI0AIUINAMUSITUNITIARDUNLAE T2 8ENNTARADUNAAINANNTTN (4.1)
Ly (4.2) auafu @runsamAimastiiuazusgansaliisauinldlunisndounla
INAFUNTTN (4.3) wag (4.4) MUAIRU I98WUUINaBINTITARBUNvaIsa s utndnnng

IURIUN 4.3
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v(t+At)=v(t)+ax At (4.1)

s(t+At) =5()x At +0.5x ax (At)? (4.2)
LGOI JF. 20

Brain - ngnmni (43)
ﬂgnmniFTv([ + At) + Bzux > FT <0

a1 (4.1) 79 (4.3)

Ao AU vesaliiisaul (km/h)

%
s Ao szeenansalndisrsunedauile (m)
t Ao nasunsaiisraunldedsunvaua (s)
At Ao nansalisaunliedaun (s)
a Ao ANULsIvassalningIaun (m/s?)
Poain 719 WA UNGIUNSARBUNVRISD TS9N (KW)
Fr  #9 us@aisadng (N)
P @ a £ a ¢
Ne AB ANFNUTEENDYRINYS
& @ a £ &
Nm Ao AduUsLANSVILBLS
ni Ao AdNUTEANSURIDULIOMDS
Pux A8 Aasln#lidu 9 (Auxiliary power) (KW)
F, =M a+F, @.a)

mﬂammiﬁ (a.4)

Meﬁ"
Fr

Fy=Fy+F, ,+F

v
= o v

Ao Umtnaessaluiisiaun (ke)

a v A ~
A9 LIINUNITLAADUN (N)

grad drag

AU (4.5)

Frr

& a a v A a
A9 LIILFYANIUNAIUNITLAEDUN (N)
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Faraa 09 W33l8023 (N)

Farag 0D 390711817771 (N)

Fop = [l (4.6)

Fgrad = iMeﬁ‘ g sin 6 (47)
1 2

drag = E paircd AFVair (48)

NEUNTT (4.6) B9 (4.8)

fer Ao duUsvAvSvesusadeavi
w Ao dminTvanvesnuiundou (k)
g A9 AULTILTILUNA (M/s?)
0 fio Ay TuTeIi (degree)

Pair 0D AUMUILUUYDIDINEA (kg/m°)

9 AdUUSLANTHIINUBINA (N/m?3)

o))}

Cd

[ '
A =

Ar A9 NuNA1LMNYe9saluisauIRsRINAURANI9NS MaTeseIne (m?)

3

A @ o @ 6 = [y <
Vair fio AnUSELISnsiravesenAisuiuaASIsalninsIau (m/s)

anwarAuauURvesisadnsinihdeuvsousagaiisadnsiuii (Tractive force: Fr)
Annusstinvesuamasivinduindoundwiuilemn lnawswaiisadnsluiiazuysiu
2 dll A a v | I ' ° [ ‘:l'
AuANUSAfaugady Tnsanuisautseanidu 3 ¥3an199191u laun 92945990A99
(Constant force) 929n189971UAIN (Constant power) WAZYI9A1A1UAANOU (Reduced
power) Tut14A18991uAN Lssdnuesusinasazanaslnedsaunsadnemasnsililnanle
wardemaIuanneu fe Faefiusslnanasiaennduiunnudiniasaes dusunisidou
Tnuan1syinauludiemng o azduduanusilunisiedeuinidlesalnilisnauiianiiumsa

UINNTANATITIU (ver W0 ve2) A93UT 4.3 (A5 Tlumad, 2561)
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— I mata
F =

E VetV

— max

T 2
\

Constant force Constant power Reduced power

Tractive effort

BB

r
el 2

Speed

N

JUT 4.3 dnwazanauiivessmamsadnsliihiuanuudadu

fisnam: (Sutphrom, 2019)

salfssuzisudignisvihaululuuniusnidiessggriniunisvessasatee
nIMUIBIIAUITEEIngAnisiusn (Critical Braking Distance: CBD) vian1siU1aanfiandl
Alnea1slavgeusiugl Ingunun1nszeEIngANSIUsNLAAIReIUN 4.4 LaganansafiuIn

SLELBUUINERNEUNST (4.9) (FundzaUs, 2560)

9

Current speed

Speed

|
|
|
|
|
|
I
|
|
|
|
|
|
]
|

. —— Critical Briking Distance _’l

JUT 4.4 UHUANTEEEINGANITUSN

(3

fanam: Funagaud, 2560)

2
CBD =—0.5x—~— (4.9)

adec
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AN (4.9)

A <

v AD ANLTIVDITOTINVULUU (m/s)

Qdec A9 ANMUMUNTANTUAU (M/s?)

(4.10)

train

&
Il

S C— ~
v
S3

NANNTT (4.10)

E Ao WasuNsalglun1seaaun (Kwh)

4.3 WUUAADIVDILUALADS

Tun1ssrasanisiedsufivessaliiisisuiveineinusiandl agldunasaeidu
wummaslaeusuluurasitenssuaiiusuudiaeiedsing (naisndansy, 2561) Aagun
4.5 FIAMMITITLADTAN ¢ VOIUUALADIIZAAMUAUINUS Asannsi (4.11) (4.12) uaz (4.13)

' o [ = 3 a o a
LAZANUTOMANSEAUNTNUUTEANTONTANVOIULUALADS AsaNn1sh (4.15)

Ipo Rpy § Vio

JUT 4.5 LUUTR0IVBIUUALABT

BO = kI (4.11)
36007,
R, =20 (@.12)
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Vo = Rypo x(Lpo-1,) (4.13)
Nnaus (4.11) fa (4.13)

Iy o mugnszudliiivesundssionumnned (Ah)

kWh @8 mwmmamumma%’l (kwh)

Rgo e avwiumungluveaiunine’ (@)

Veo Ao wsssulnivesunmes (V)

I Ao nszualniinluan (A) Funalldainaunisi (4.14)
P .

Id - train (4.14)
VBO

mﬂammsﬁ (4.14)

Poain 78 masluldinnsalndrsraunldlunisiedaud (kw)

At
%SOC(t +At) = %SOC(1) + [ C{—ddt =100 (4.15)

t bat

INANNTN (4.15)
%SOC o szAUMSNUUTZNEENISYISALNVDILUNAST (%)

Coar  A1D VUWIAANIUFUDILUANBS (AD)

. 4 A
4.4 ﬂ"liﬂ"laa\‘lﬂ”liLﬂaaumﬂlaﬂiﬂ‘l‘l’\lﬂ’ﬁ"lﬂL‘U”I

= o d‘ dl v v

AnwIN1591a09N19 A UNVBISa A1 U tneltiduniavaalasenis Korat LRT

A a & v ° & Ao o ~ Y a & | A
aneden Wudeyalunisdiaes Falldruuannidvianue 21 anil laglausnsaawsanidi 1
ALY DeaaTN 16 UnuunSaia@n Tun1591809u 991809015 AUN19n 9 luazu1nau
SEEENNTIUNINUAUTEU 22 km Iagazigransaludlisraunldniesiuiuauuaisnsue
9 P ~ d, A A P ' ~ ' ) Y ~

waelEaanIy F99EAU51RasTUNSIARIUNLARL AR IULANANINY WALLAUNIN b bid

NSLARBUN kaRIIFUN 4.6
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MY AISISI0S wadnuniinaieo USRI g 125 wdnlas uAssTBdLY vf’
zj

Wi

iAuyy
E c:mcq:‘.uns@

Tsowenuna

rlScmWS?uﬁm@ @T-\@ Mall Korat GL-10 GL-11

e T W@ mHtuAea )
aulUs upssiuay 2 a i 17 .
widalaauy \ GL. 1-2 19

G > withuns
w8 GL-05 GL-06 nay 2 GL-]I.B @ e
i (£ MU A TS Ty
o - T Tsowenuaa Uiuwni 2
-19
1 km
& ysay g3
a
iy 10 2 GL-O. 3
iy [s) i o0t Hij 1
: o w2 Upakay A
GL-0 - Y & e e
aaowMIY L-02 = 2 3 _AUILE
& CIt] Tud 3atan

JUN 4.6 LEUN9INSIAUTAYRLlATINTT Korat LRT angdien

fisnnn: (Jobsoongnern et al., 2012)

< A P ' Py} ~ < Y a ' PR

AN lunsiedsunvesazaaItuy azdanuslunisliusnisumazanid A
50 km/h 35 km/h wag 30 km/h lasnfazan1tinli1usiadslunisiadsunnaneiu
d‘ v 1 = £ 1 %) =3 1 £
Wasnuisdunisseninsanisalniissuildnesinduanuasisaedsliaunsaldsey

< a 1 v @ d‘ d‘ 1 =1 [ = P
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M13199 4.1 AnuSiasgatunisindeunvnluveusazani

dandl Yosnnii A1U159 (km/h)
GL-01 pataau I -

GL-02 AANPAATAIN 50

GL-03 2L nde 50

GL-04 dnaunudsengi 30

GL-05 aunisny 30

GL-06 Wasal 30

GL-07 IMAUIAUATIITENN 30

GL-08 AALINIALAS -
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donil Fosand A1L32 (km/h)
GL-09 panalAulfNLe -
GL-10 ausn -
GL-11 wenUszun -
GL-12 lsaSeuasuns 35
GL-13 3789 35
GL-14 FNVUIAY 35
GL-15 UIULLART 35
GL-16 Truun3atan 35

A15°9% 4.2 AuSigsdalunisiefounuInauvetudazaniil

dandl Yosanil A114L57 (km/h)
GL-16 truunTatan -
GL-15 U1ULLAAT 35
GL-14 PRLPINGT 35
GL-13 314 35
GL-12 lsaSeuasun3 35
GL-17 henUseun 35
GL-18 ausn -
GL-19 ANAINAIITINIA -
GL-20 panalALiulAuLe -
GL-21 FALITINLAY -
GL-07 WMAUIAUATIN VN 30
GL-06 wsalw 30
GL-05 auniisny 30
GL-04 dinaunudsengi 30
GL-03 2L Tnde 50
GL-02 AANPAATNIN 50
GL-01 paaLel i 50
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Parameters Value
Acceleration (dacc) 0.7 km/s?
Deceleration (ddec) -0.7 km/s?
Effective mass (Mep) 44000 kg
Rolling resistance coefficient (fzr) 0.006
Aerodynamic drag coefficient (ca) 0.6
Air density (pair) 1.225 kg/m’
Frontal area (4r) 8.4 m?
Gearbox efficiency (7,) 0.93
Motors efficiency (7m) 0.9
Inverter efficiency (7,) 0.9
Auxiliary power (Paux) 20 kw
Maximum tractive effort (TEmax) 50 kN
Maximum braking effort (BEmax) 50 kN
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4.5 Naﬂ'ﬁ"ﬁ']aaﬁﬂqﬁLﬂa'ﬂuﬁ%ﬂQiﬂ'lWﬁ'ﬁqﬁL‘U']
nan1siaesnsiedeuiivessalifiisau fdnvuzvesnnuiilunsiadeuiivly
(Forward direction) Lazu1ndu (Backward direction) luusazannil fsgudl 4.8 1fisuiy
szpzmslnefienuiiagean e 50 km/h uazszasynaTImTuAUSEANA 22 km Snuneved
mnusdlerisuiunan uansfaguil 4.9 nuindlelivuiusarensuglasasudaraaniifu
1181 20 Aurdt vildsrezinanlunisfunsiimundu 3094 Funfl uazanguil 4.10
Adsliihsalaifisauldlunsiedeudiiisuiunan agfiuinismafisalwiihnauiss
A21152970 0 km/h auisannaniansdl anvesdsiiinludisnanduasdanfiniulaed

' I~

ANgEn fie 566.80 kW waglutisaiisaliihsnauedeuicnenimsind ardaaliin

a
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b4 ! ' A < A ! d' < !
AVLANAILUADUBDYNINYIINLIIAINULIININ Lll@ﬂ\‘i“U'N‘VliﬂlWﬁ’]iW\?LUﬂ‘U%ﬁ@ﬂ’J’]ﬁJL'i’JF’]’W

o w =

maslniasiiddnaulneiiatesiign Ao -256.60 KW wagainguil 4.11 Landdeusemnves

a0

yuausalaglunisindeunludisiisalniisauildnisanis Avensignazialubrinsg
angaanl 50 kN wagluyieisalwihsrsuildssivauuanssagaziinusmgagan [Weein

lauisanrvauausalvfiamuiiivuald wagangui 4.12 uansdandaulung

imdeuiaauvassalnihsuowdeununfsanitagaving daiidu 70.60 kWwh
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451 wwaveUmAsslulsaznIdiuazHaNTTINaIMARaulneTuvssang

\Juuunines

nssaesilidutansdidnuesndu 6 nadl liun nadldl 1 arsann q anndl
n3dlfl 2 wifann 9 2 anndl n3dlil 3 vrfann 9 3 @il N3l 4 viann 9 5 @l nedi 5
yafiaanduaen wagnsdil 6 v%ann o madumalu-ndu fansei 4.4 Faudaznsdl
wiasansindeuiivessaliiiisaunlaenslduunnesluga 24 V, 70 Ah finaalagusem
Altaimano  faguil 4.13 Tneilrnsiimesvesuuameiluga famsnad 4.5 1lunisdaes
ieduundmdsnuliiusalulingan Swmevesuunmeiunaildlunsiiassazunnsing

i) YUIAVBIRUALABTHNALUUTHUANUTEEEN 190990 F L unsazn Sl

altairnano

sU# 4.13 uummeslugaildlunissnass wanlae Altaimano
fisnnm: https://altaimano.com/products/battery-module/

[Wdadle 25 dsmeu 2563]
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A15199 4.4 NSAANIVRIRLUUIlUNN5YN5D

nsa ANLLAUINITVISD

—_

Y150 9 @il

YISANN 9 2 @il

5N 9 3 @il

5N 9 5 @ondl

Y159naandua1enng

N | AW DN

15990 9 N5HUNIY - Ny

M15197 4.5 Arnnsdneiveduganunmeinlilunisdiaes

Parameter Battery module value
Nominal Voltage 24V
Nominal capacity 70 Ah
Nominal energy capacity 1.68 kWh
Maximum continuous charge/discharge 500 A
Maximum pulse charge/discharge (10 s) 900 A
Weight 28.4 kg

° a A v o ' v

NIAIUINNVUIAVDILUAABS LB T sananon1sTaueessalninsraun Tu
uAdeiiiasananiadlniigsanlusasisaliiisiauildisinugs wasndanui
sabisauildlunisiedesunainanidusnisaniindgassennluvesudasnsal Fausas

= Y o oA = ¢ o X 2o & w Y]

nsdlazlindenulivirduiionn WenvFregvinseenluuindu Adndudeddndanuly
N9 UN19UNINERgavIsanInTuduiuy Tun1sdnassildeanisiidseduuseques
LUALABTISNAUT 100% Wasalnihsaunadeunluisanlaavoudifadiamaniusyes
Uszamaeaguszanal 30% A1MTdmesvesunnastnoantuulagldriainnised 4.5
Y a A a ! Y] a A a i
auniseunsulugawunnesiiiaiiuALsInulii wazrurulugawunnesiieiue
Nzl anusamuluA1vesLuanesilesrnulaainaunisy (4.16) Jobsoongnern et
al,, 2022) F9UVUINYDILUALADILNAN LY IUNITINRDIALLANANNAY VUIAVDILUALADIUNADY

wUsHuUnUTEEEIUDIRYT T luAaEn Al
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E,, =k xmax E, (4.16)

i=lin—1 Litl
NANNIN (4.16)
Eop 9 A1AIUINAIUVBIMUANADT (KWh)
Eiin  fo wdanulunisinfeuiudazanindigausa (kwh) leeiti = 1, 2, ., n
ki Ao AENUSTENDNITBRNLUY

n Ao IuuanllaganTNInYIsa

ki ﬁ]z"l,é’mﬂmiﬂﬁzmmmmmamé’ammmLL‘UG}Lma%ﬁﬂauﬂﬁﬁ (4.16) Fuduilen
Wity 1 Tnevhnisusuanuiewiiu & ileldrnaniusUszauasnummedideliudnssuly
uazvnduveslsiaznsaiialndiAss 30% 1nfiga uALlsaNAIAIINNEILYBIUURNLADS
AMuIMINANNITT (4.16) vaansdlR 1 Gansdlfl 4 lesnlwfinnsuiaensfafianni
favanssneidslilingsanvesuunmeiannnisiuialianansayssgndsaulmaldluus
azgarn§a FaldAnugndanuresuuamesGufudaiuiunsdil 6 Ae 70.60 kWh uawdl
nMsUfuie & ilammnzanlundagnsdl ludiuvesnsdd 5 ndsnulunisindoud
sewinegav$afiunniian de 35.80 kwh uagusuliimanzansae & ildldamsfines

YDILURLADI LULARLNTUANLEAAIAIANS N 4.6

o ] a ¢ a PP 1 ~
MN19719N 4.6 F’]']ijqllLG‘IEJT;UENLLUWL@@?LLW@IUﬂimﬂﬂU’]MQ 6 N7

Parameter Case 1 | Case 2 | Case 3 | Case 4 | Case 5 | Case 6
ki 0.5 0.9 1.1 1.4 3.8 2.1
Nominal Voltage (V) 528 456 552 696 648 696
Nominal capacity (Ah) 70 140 140 140 210 210

Nominal energy capacity

(kwh)

36.96 | 63.84 | 77.28 | 97.44 | 136.08 | 146.16

Maximum continuous
500 1000 1000 1000 1500 1500
charge/discharge (A)

Maximum pulse
charge/discharge (10 s) (A)
Weight (kg) 616 1064 1288 1624 2268 2436

900 1800 1800 1800 2700 2700
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A1519% 4.7 M5 USIUIBUNISUTENTANEIIUINNNITIUTABUUIIGAUNAIU

Recharge energy (kWh) Regenerative | Recharge
State of
Without With braking energy
Case charge
regenerative regenerative Energy saving %)
(o]

braking braking (kwh) (%)
1 71.26 57.26 13.99 19.63 90.11
2 71.69 57.56 14.12 19.70 87.77
3 71.99 51.77 14.22 19.75 71.11
a4 72.28 57.98 14.31 19.80 62.46
5 72.95 58.44 14.51 19.89 51.45
6 73.12 58.56 14.57 19.93 48.96

9Ne51991 4.7 MSpuiisundsuiivsendaldainnisiusnuuudieundsey
WU wraznsdiindsnuannisiusniuenansiu Tnensdlf 1 fndsulunisssandudn
LUALMB3anA39TN 71.26 kWh LWde 57.26 KWh 183910 8nd391ua1nn151usn 13.99 kwh
Andunisuszndandsnulunisnsauunnedld 19.63% uasisziuuszquosuunings
gy 90.11% nsdlit 2 fndsnulunsydanduduunneianasmin 71.69 kWh e
57.56 kWh Iagflwdea1uainnisiusn 14.12 kwh andunisuseudandsaulunisensa
LUAAEILE 19.70% warflsdulsyavesuuninedifintuiiu 87.77% nsdli 3 fndenuly
ANYISANFUTILUAMTAna9n 71.99 KWh Wide 57.77 kWh Tasfindsauainnisiusn
14.22 kwh Aaidunisusgndandsnulumsviiauumnoild 19.75% wazflszduuszques
wunmedtinT iy 62.46% ndit 4 fndanulunisusanduduunnelanasann 72.28
kWh 8o 57.98 kWh lagfindeauainnisiusn 14.31 kwh asdunisusendanagsauly
nssauumaeile 19.80% wasdseduuszquosuunmediudulu 62.6% nsdd 5
waslun1srsandudnuunmeIanaan 72.95 kWh 1wae 58.44 kwh Tnedndsauain
151N 14.51 kWh Andunisuszndandanulunisvisouunnasls 19.89% uazilszau
ﬂszﬁ;ﬁuauwmmaﬁﬁuﬁuﬂu 51.45% wansdifi 6 dndsulunmsmsandudnuumnedana

211 73.12 kWh a9 58.56 kWh Tagfingdaa1uainnisiusn 14.57 kWh aadunisuszudn
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nasulunseIsunneILa 19.93% Feusendalageanidievisudiunnnsdl uaslisedu

Uszuasuunmesiiutuiy 48.96%

M19197 4.8 MsilSeuiisundsnulunsiafeuniasaunuiosiuluusaznsdl

Energy Battery Battery Charger Chargers
Case | consumption capacity price power price
(kwh) (kwh) ($) (kw) ($)
1 71.26 36.96 37,144 496.8 (*21) 4,530,556
2 71.69 63.84 64,159 820.8 (*11) 4,099,075
3 71.99 77.28 77,666 1036.8 (*7) 3,294,950
a4 72.28 97.44 97,927 1252.8 (*4) 2,275,085
5 72.95 136.08 136,760 1749.6 (*2) 1,235,606
6 73.12 146.16 146,891 1879.2 (*1) 663,566
TR ITeC R AR SCRPID AT R

mseenuuuiutdlunsmslaenisiddamdnuildlunsedeuiivazuuiaves
wunweITiiesmesemsldruduiindy dmiudununsteaaimunduiadoddod
Fesfinsfinnsanluniseenuuuidendundsiivanzaulunsansauiy Ineninudiduise
Ihauenisiunsunudewuremunneiuasaiostsauunneiluudaznsd Tnesian
ToIURMBIUsEMnN LTO fldlunissiass s1a1 1005 S/kWh LaYIAATEINST 454 S/kW
Imaﬁmmﬂmﬁﬁ’mqaqmmLLUmLmaéﬁmmsmaﬁuﬁﬂé’w’l%ﬁﬂﬁ (Battery university, 2021)
TnemsUSeuisundsnuiildlunisedoud :1A1904UAAES WagTIANATBITISAUARINS
3197t 4.8

d' a ~ o a d' A Y%
dawSsuisundsnunldlunisiadsuivessaliiisisuiduduyuvessiag

'
a

LUALADSLAZLAS 915D AziuTAlaUI1 nawulunsieaaunvassalnirsiaurluwsaznsdl

L2 ¥

Hdedfgytesun aeyn 9 nsdlilA1Uszana 71-73 kwh WeaiTeuiiguiugunuuessian

o

d' d' s i ) I aaa d' A a
LURLADILASLAIDIVITAVDILLANASNTEU %Qﬁ?ﬂl@’ﬂﬂimmuﬂ'ﬂ’]&lL‘Vilngﬁll‘m?j@lLN@Wﬁlqimqﬂqﬂ
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A

a A H =~ \ o a a o & NS a
8@ 8299 6 N5 wunasuNsaliitsraultlunsweasuNe 6 nsaldu JAn
Thamesnuunlnedauseana 71-73 kWh wagiwnialunisensanwananany vinlvaedly

Aaa ' ) A o | ¢ = ~ & ° X% ] Aala
WUALABINLVUINA19TU Taedeainnuansatissoen1aitnaundy vinlseduunimnasng
PNAMYTY 4aZTIAVDIUAMBITUVLIATIVETY 51ANBIFWINTY uilumanduiusian

A & aa a A i a o A & G
YDUATHIITIUANBILTIANNA tosaInAudluNMAARLATEWSAanAe IAgAELAUIN
S1ANVBILATDIVISTILALIIANVDILUALA DS LUTIS A ALANA13TLNN Yinliiulaag19tmanI
H o Aa Y} | Y | v | Iy} P A a oA
YNV UAMDINANN UL LA NS MUY AINALYUINABNAINUT T IUNTAADUN LALID

a

= A ¢ 2 1o« ' ) | o P )
NINTUITIANVDILUALA DI AZLATDITITALLTUINTAIULANANIA UBE19TALAU FaTuade
drAeyNdmalundvasnisamuasissruuruds s IiuasdnaidununmeIuuruIuse e
RTUIMEINUINNTUIN NuINsusnglilsendanasnulaussana 19-20% asula
1 dn" d' a dn" [ a U q" o d'
1 nsifvangauiian A NN 6 9139 NN 9 MsAUNeU-NaU Fearldlunisdnasnadu
o Tuangntinusiant
4.5.3 NISNAITUIAILAUIVDNUANITARDUNAILANULRDY
A a v A ] = = P
PUANSARDUNPIEANULRBEUNT I UINLAN1SPARUN VRIS LHHN$19LUN
FINFAULAUANITARDUTNAYAIULRYAINTAYIEAANAINUTUNSPADUNLA TaeaIu1sD
a - a a A Ay A 9 A a v
fsaudenyanisaliiisisuisuluuanisinfs unnieaudeslaainyansuinuauaid
Y a v ~ & & ~ o v a
nsldndsnundesiian lneveulun fie szeziiailunisiafsunvessaliiisisuigndring
10% lagidouszerlunssulnunnsiadeunimemiuiesfiay 0.1 W fegun 4.39 lnuwa
° o Ay A a ) o a °
NMsPaedlnunNISARBUNAIEANNRRETIBUAUTEEENNLARIRITUN 4.40 Lasnan13d1aes
Inuen1siafeuiimeaIuReeisuiuIalandsanagun 4.41 lneldsvezianlunisinfioud

3704 U
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A15199 4.9 MslSeuiisundsnuluniseasuidiedwar il vunn15AaauUNn8ALR e

State | Regenerative
Energy Saving | running | Delay
of braking
Case consumption | energy | time time
charge energy
(kwh) (%) (s) (%)
(%) (kwh)
No coasting 73.12 - 3494 - 48.96 14.57
Coasting 64.97 11.15 3704 6.01 | 56.37 13.30

dawiulnuanisuaulneAledsgasuduredlnuanisuaunvinlalandanulunig
:1' Aay a i = v U o a '

WwRsuNNtaeNgaratrazanill aglanadnsamisen 4.9 lnglnuan1suauaiuisoan
wawulunisiedasudilaain 73.12 kwh wae 64.97 kwh Jedmdunisussndanasau
11.34% Fadna1n1sindeuiliinuann 3494 Junit \u 3704 Junit lneAndu 6.01% Jsog
lureuaninmuall wagszaulsequeskunmesilosalniisiauadounianifigaving
WNTUAN 48.96% LU 56.37% WANEWIUIINNISUINANGIIIN 14.57 kWh wide 13.30
kwh dnvazausalunisinaeunfaslfidumiusasieddunisnisldndanuntdesiian

InamanwarAusnvgauiiaaluundnly

4.6 @y
Tuunillananfinisinasenisiadsunvessa i saunTunassnedulunmaIuy
YUIUTNINBUVIIADIN5LARBUNVDITA AT IUILAZ L UUTIAB9VDILUALADS wasla
WIgUgUNaauluNIs Ao UL TR LIl UNNSYITANBANAIAY WU taswrlaly
nsu1sabnasanluyilvnaaanulunisdouRAn u1INTY LH9991nTa MH1519UIADINT
‘:l' r-:ll |.«.§ r-ﬂl % U d‘ = 1 -d' d' U o 1 4 v
wunteIvuInfngTuielrlandinuiiis imesenisindeuntludeiunuinisvisadaly
WALUBNINNT N1FNATAUINAIIUINNNISUTN N lnaaaunlgluniseasunlagsiuanaddn
A8 WALONATUITINUNUVBIRUALADS LATBIYITA kavnasunulunsndouiveusiag
~ P A a ~ & A I3 A ~ ) v
nsdl aguladn nsdliwanzauiign Ao nsdin 6 ¥15aNN 9 N1sAdEUNIN-NAU wazgaYng
THUANISARDUNAIYAIULRDEAINITATIAANT I UTUNTLARDUN LA ML MU ANAINS U
anwarAuslunmsedeuiiieliidumugadnds wiensdgiu ievanvasaanmsai
A o v DY A a v ~ ' P
wnzauilinisldndsnulunisindeunivessalniiisauidesnan Ineagnandduun

dalu
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51  unmi

hww'fa3ﬂa'nﬁqmwﬁsuaaﬁmummiwai’w% Dynamic programming 7illunas
ydnwazanuslunsiadouiveadune Korat LRT a1ediden fldnuazanuiadnsded
Iddansmaluunil 4 smdnwaranuilunisiedeuifivmzan Avilinnsldwdanuly
nMsindeuiitosiian lnsegnieldveuiunninuiiisnsds uaznaluninedeuiilidsma
nsEnUReUsEANSAMYBITEUUILAS IABALIENIINNNTANUATEULIAALLSIgIARLAY
aranswhaelunisiadeud Mntussidunisaiufidonarududioldlunismaanusai
wangay wazaevnelduismasuiunsmdnvazanuifimnzailagisimunnisnaie

TRen15AWIALUU TN LA WUUERUNAY

[] % " .
5.2  mMuuan1IwaIn (Dynamic progralmming)

Muuan1snaInduisnisiayssansnmaunann1sueInumINZaNNgaNiue
1ne Bellman Tul 1950 (Réveillac, 2015) lnsilunisuuslayminiainugenuazdudou
Tnouanfutyuides nsaidudunau (stage) Insurazdunsuisiuiudunaudy q 7
ety wazdnduseadnisdnduladuleusnivss@nsamiedenlasiuduneusely
& ¥ [d A o ! ¥ a d' o (%
Punaun sk dynidunszuiunisninlddmsaumulevigimuzauiigadimnsudym
lgsau (Nadsnliyney, 2562)

AsINNUSEANSALUULSEng (Recursive Optimization)

anwasgmlUludunougavingvedlsmmuanisnadn As MINawInszuIunsUsUlA

= T o2 v X oA J v =~

WangaNLUUEENgY Feaiduiiewnlatymlunn 9 duneu leesiunisuidymnuuiiae
FupauaUaITy wagTiuuAaztuneuiy AunuAumIzaNlaeTN Tuneutlenatueiu
NITUIUNMITAIANLUUGDUNAU IneTunBULINNNLTATIEN e Tunaugavinevastdym uay
Yaymazlasunisunlafiaz tuiiaguauninassInTunouiavtn - 8nonils  AITUIUMULUY

Sungioraldnisannauulitimin Tnetuseulsniazinly Ao Tussuiuauueslym
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wazdgymiazlasunisunlefiazdy AUNIN9EIINTURDUNINUA NUFIUTVDITUADUNITLIY
UszdnSamuuuisendn Ae nann1sienitanumagandlasunisseylivas nsdndula

Mnzauneuninazdmasenisindulanmunzauludagdu

Decision Decision
dn dn,j
Stage Stage n Stage Stage n-1 Stage
S I, dm S”) Sp-1 L / (dn-[,Sn_ ]_) Sp-2
Return Return
.f!;r(dn"gn) jr.:'—f (dﬁ—x"sn-x')

% 1

U7 5.1 $I9819N1SATLIUNINRUANITINE IR

€aN

= al a v a & )~ s W ¢
N3UT 5.1 anudindinszuaunisindulasvurateduneulaeiiisiduingUsyasd

Keaunsi (5.1)

f,(d,.s,) (5.1)

Wie dn Ao n1ssinaulanyiliilanduingUssasiiiananga awsadentainies

D, MIulIA au Tuneu s, vseau1saiauladn Da(s,) auuiinduiuduneuilianun N

v a

UMDY LAYTUNDUYDINTLUIUNITHIUNDUNADIAILTUNITIN 1 TUABU TURBUNIZARAULD

'
a o

Mihlidanatuavasilesiduinguszasanmuivaudnluvanszuiun1sueg iutunouns

v Aa

anaulalutagiu Tnefmueli s, TuneuvenszuIunsid n tupeundululd waztuneou
dnluvenszuIunis Ae Junouil (n— 1) Aty daruzvesdunouiiilugmsudulunis

Y

fnaulavearunaudallanusaleuwnualeauni1sn (5.2) (Bertsekas, 2015)

Sn—l :tn (dn’sn) (52)
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53 ﬂ'ﬁﬂi'N‘UEJUL"Uﬂﬂ’J’mLi’ﬂumima‘au‘w

Walinarlunisiaasuin il AU UM INAAINUA F9TIN1TARAIILLSILATAIIULTS

' '
1 [

muszauliegiAmaaiiaitunisedeunagliifudnimun lunisdtaesiilaldveuin
3 ¢') o d‘ d‘ I a 1 = v
AMUSIAnan neivuanatlunisindeunlidiiy 10% veuiangegaluwdazaniil azle
[ @ d' d' ::l' a [ a U [ al'
anwazAUluNsIRRaUTLE UAUNAALIBURUTEEENG AITUN 5.2 108 Vimay kA
Vimin £19 AUL5IZIEARATAUGINER udru Iaglddnuazainusidnedainnsding
TMuANSAaaUNAeAINWReY T Ao atnsatndisisunltluniswasudleilnunnis
LARDUNAILANULRDY WY Tmax AD LIA1NSDMMAIT1 U T LN AR UN L ABEININIAIUNR
10% Y2IN15AABUNUNANDULNISHANIAUANITLAFDUNNIE AU BEVBILAALENNT harka
% < d' d‘ £y d' o [ -dl' d'
N5857190ULNANLLSITUNNSLARDUN VIV LULERIAIA15197 5.1 Ward1rnSuUNISARDUNAYY

NAUMIANSIN 5.2

Speed Speed

Vlllﬂk Vlﬂﬂ)&

.............. Vmin

Distance Time r Tinax

A 1% < = -
E‘U‘V] 5.2 M3@319P0UWAANMSIUNSIAR U

=] < o =]
M1919N 5.1 SU'E]ULSUGISUENW'J']?,JL'ﬁ"JGLUﬂ']'ﬁLﬂaGUV]SU']VLU

a0l Ymax (km/h) Ymin (km/h)
GL-01 - -
GL-02 50 a7
GL-03 50 a7
GL-04 30 28
GL-05 30 28




A151991 5.1 Yaunvasnuiiilunisiedauiiunly (se)

Glag Ymax (km/h) Ymin (km/h)
GL-06 30 28
GL-07 30 28
GL-08 - -
GL-09 - -
GL-10 - -
GL-11 - -
GL-12 35 34
GL-13 35 34
GL-14 35 34
GL-15 35 34
GL-16 35 34

o I dl' d‘ v
A15199 5.2 99Unve9asiilun1siAdeunuInau

Glag Ymax (km/h) Vmin (km/h)
GL-16 - -
GL-15 35 34
GL-14 35 34
GL-13 35 34
GL-12 35 34
GL-17 35 34
GL-18 - -
GL-19 - -
GL-20 - -
GL-21 - -
GL-07 30 28
GL-06 30 28
GL-05 30 28
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A151991 5.2 YaUnUIANisalunIsiAAasuiuIngU (Aa)

Glag Ymax (km/h) Ymin (km/h)
GL-04 30 28
GL-03 50 a7
GL-02 50 a7
GL-01 50 a7

54  nsadessauannudiluveulnainusadiniviun
nsadedndenainua (candidate speed) Winidudaidenlunisdndulalunis
furestuanisnate luauddedldfansanudsseduanudasudud 6, 10, 15, 20,
25 waz 30 s¥du mMuasu Wieldlunsfinuszansnmdnvazasminuds Tnefinsuvady
mMsfualnunnsndeniinne q fe Tnuaserinunds mueauseed nuaniswdeud
FreauEey waslnuaiusn fad
IMM@LfQﬂ’J’]&IL%QLLﬁ%IMN@@?’]@JL%’JmﬁﬁﬁWJ’mL%’JQJWﬂﬂ’j’l@uéﬂ’lm’liﬂﬁ’M’Jmiﬁﬁﬂ
aumseelud
(s.,)—Av, x(k —1),0} (5.3)

Vk =max {V

max

Tnuan1sAaRUNAIsALAssLas lrualusNAdAMuLT L Tuavannsamuaale sadl

k
v =max {v, (s.)+Av, x(K-k),0} (5.4)
el k=1,2,.,K
W fe mnusafiszau k (km/h)
AN9295EAUVRIAUTIVIN Vimax D Vimin INFUN 5.2 A10150UU969AT AR

aunisealul

Avd = vmax (SiJrlI){_ Zmin (SHI ) (55)
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naunsi (5.3) 8 (5.5)
Ave  fB AN299835EAUANMST (km/h)
K Ao SuausEAuYeInsl Ine K = 6, 10, 15, 20, 25, 30
si Ao suvdsdaluluniswdeud (m) Tnefi i- 1, 2, ., n

Vmax A8 A5IE9EN (km/h) 9n3UT 5.2
Vmin  A© AT (km/h) 9MnFUN 5.2

n Ao Autsgavingluanniiuy «
o o 1 Y3 d‘ d‘ ldl J o
ANSATUIULIANUNNTTIADY ANULTS hAaTNAIIUN LT IuNISPABUR dmSunis
AL UUTUT19 T A alS U NSAT LI T LA LU IS NV DA TAINITAAIUIULR A4
aunisealul

TV (5.1 =TIV ()] +dT[v" (s,.0)] (5.6)

vk (SHI) 0 vk (Si)

, 0<a<0
AT (s, ) =1 ) 57
(S[-Ll)-(si), a=0

v (Si+1)

(v (5, )2 - (5 (5,)"
)= : (5.8)

) (-5

B[V (s,,)] = E" [V (s )]+ B[V (s,,,)] (5.9)

ANSATUILIATIUNTTINADT AIULT WATNAINUNLTIUNITPADUN F1NSTUNNS
Aulnwuudaundulagsuannisawaludunisgarinevesaniiarunsaawinls A

aunisealul

TV (s, D)1= TV (s )]+dT[V (s, )] (5.10)
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v (5,.)- v (s,)

, 0<a<0
dTp (s, =1 4 (5.11)
(Sn—l)_(si) :0
vk (Sn—l) ’
k 2 k 2
a(snil): (v (Snfl)) '(V (Sn)) (512)
2 X ((Sn—l) - (sn ))
E"[V(s, )= E"[V(s)]+ E"[V(s,_,)] (5.13)
naun1sh (5.6) 89 (5.13)
T Ao nadldlumsindeuiiazauvianun (s)

dT  f9 nalgluniseaaud (s)
a Ao ANULSa (M/s?)

E A9 WAINUNIGLUN5AARUNA (KWh) TneA1uIaanaun1si (4.10)
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Case consumption | energy time
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Energy Saving Delay
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Energy Consumption Study of Rapid Charging of
Catenary Free Light Rail Transit

Chalita Jobseongnern
School of Electrical Engineering
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e-mail: chalita jobs@gmail com

Abstract— This paper presents the energy
consumption study of catenary free light rail transit
system using an on-board battery system as a main
motive power source, This paper proposes a case study
of energy consumption which has 3 sub-cases of
charging peints: i) charging at every stop, ii) charging at
every 5 stops and charging once after one round trip.
The charge is conducted by a rapid charge at the
charging stop with dwell time of 20 seconds. By using
the route of Korat Light Rail Transit Green Line
project in Nakhon Ratchasima, Thailand that are 20
passenger stops and a total round-trip distance of 22
km. The total energy consumption for one round trip of
the route is 136.866 kWh, For the different 3 cases, the
different charging point effect to energy consumption,
battery size and the cost of the battery. The longer the
distance between the two consecutive charging points,
the larger the kWh capacity of the on-board battery for
the vehicle.

Keywords— Rapid charge, Catenary free, Energy
consumption, On-board battery

[. INTRODUCTION

Nowadays, electric train is one of the best
solutions for public transportation. In such a case, the
transportation of long-distance between the
acceleration to the maximum speed, electric trains
need to use very high power from a battery. To reduce
the power used from battery, therefore, if it is hybrid
energy sources that accelerate to the maximum speed
using power from a catenary, then the constant speed
uses battery power. This will be recommended for
long-distance high-speed trains with few stations [1].
When talking about traffic within the city, the
interesting thing is the low-floor light rail transport
(LRT) which has low running speed and can be seen
in many cities. The LRT has energy sources
technology both catenary and catenary free in some
sections of the route. In the catenary free section, the
LRT should have on-board energy storage. Which the
LRT scheduling and charging time while catenary free
operation can save energy [2]. Moreover, the LRT
having on-board energy storage source, there are no
overhead electrical installations (catenaries) that will
not hide the beautiful view of the city, also reduce the
complexity of construction and zero-emission. For
energy storage systems that must be stored whether
braking energy or charging during stop [3]. The
important thing for the catenary free LRT is the size of
energy storage that has to design by realizing
performance and function requirements, identically,
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the charging system such as a converter, a power
conversion system, and a charge/discharge energy
management [4]-[5].

The construction of electric rail tramsit with
catenary cables is difficult. Both must obtain consent
from the citizen and town planners because that can
change the original lifestyle and the catenary cables
might also decrease the value of the cityscape.
Therefore, building a catenary free train is more
likely. This happened in Nanjing, China since 2014
that demonstrates the sustainability of the catenary
free operation, using Li-ion batteries as energy storage
sources, with the concept of having a catenary free
operation part between stations. The catenary
operation part is throughout the station's platform to
recharge energy. The changes during these 2
operations are all automatic [6].

Electric light rail transit is another option for
traveling by public transport in the city with heavy
traffic. In most cases, there are many stations or
service points and have a slower speed than intercity
electric trains. Curmrently, electric rail cars are available
in many countries. There are both external energy
source and internal energy storage source. This article
demonstrates the simulation of the light rail vehicle
(LRV) movement with an on-board battery energy
storage. In which this simulation considered braking
energy.

The remainder of this article will address the
problem formulations in II, consisting of a light rail
vehicle movement model and a battery model, III
routes in simulation and case study, the simulation
results is in IV and Conclusion isin V.

II. PROBLEM FORMULATIONS

A. Light Rail Vehicle Movement Model

The movement model of a light rail vehicle (LRV)
from Newton's law of motion considers Fre is the
friction resistance to move, Fena is the force of gravity
and F is the air resistance as in Fig. 1.

2 Fimg
gl
Fyz
F,
&red a qugg

Fig. 1. Model of the movement of light rail vehicle
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The power of the LRV movement is given by:

v
e,

+ By (n

From (1), Prain is the LRV power used in the
movement, Fr is the locomotive traction, v is the
speed of light rail, 1, is gearbox efficiency, 7. is
motor efficiency, 7 is inverter efficiency and Pauw is
the auxiliary power.

F,=M_a+F, @

From (2), M.y is the effective mass of LRV, g is
the acceleration and Fk is the fractive resistance.

Fo=Fp+ Fgmd + FM 3

From (3), Fae is friction resistance, Fga I3
gradient force, Fine 1s air resistance, which all
parameter are calculated as follows:

Foe = Frd¥ )

From (4), fze is the rolling resistance coefficient,
W is the load of the driven axis.
F..=1M , gsing )

From (5), g is the force of gravity, @ is the slope
angle of a floor, shown in figure 1.

1
deg = Epmchvafr (6)

From (6), par is the air density, ca is the air
resistance coefficient, Ar is the area in front of the
LRYV that is projected perpendicular to the direction of
the airflow, vur is the airflow speed relative to the
speed of the LRV.

B. Battery Model

In this simulation of the LRV movement using an
on-board battery source as a simple model [7], as in
Fig. 2, where the battery parameters have relationship
as follows:

Fig. 2. Battery model

kWh
I, =—
B 3600x 7, o
V.
R, =—£ 8
=7 ®)
Vpo = Ry XL~ 1,) ®
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From (7) to (9), Iso is the battery current, kWh is
the battery capacity, Rg is the internal resistance of
the battery, Vo is the battery voltage, Iy is the load
current that is given by:

P
= (10
Vi ;

From (10), Pyawm 1s the LRV power used in the
movement from (1).

ITI. ROUTE AND CASE STUDY

A. Route

The simulation used the route of the green line
Korat LRT, Nakhon Ratchasima, Thailand as shown
in Fig. 3 with round trip distance of 22 kilometers,
there are 20 stations to pick up passengers and charge
the battery for 20 seconds, considering the route is a
flat road without gradient.

R
e
Fig. 3. Korat LRT green line route

B. Case Study

In this article, the case study is divided into 3 cases
which are i) charging at every stop, ii) charging at
every 5 stops, and charging once after round-trip. In
which each case simulates the movement of the LRV
by using a 24 V, 70 Ah lithium titanate oxide (LTO)
battery manufactured by Altaimano [8]. The size of
the battery pack used in the simulation varied by the
distance of the charging point in each case. With
different parameters of the batteries are shown in
TABLEL

TABLE L BATTERY PARAMETERS
. Battery Battery Pack Value
arameter value | Case | Case | Case
1 1] m
Nominal Voltage (V) 24 | 528 | 696 | od8
Nominal capacity (Ah) 70 140 | 210 | 280

i S00° | 1000 | 1500 | 2000

charge

Maximum continuous

discharge (A) 500 1000 | 1500 | 2000
Maximum pulse charge

105 (A) 900 1800 | 2700 | 3600
Ry e 900 | 1800 | 2700 | 3600

discharge 105 (A)
Weight (kg.) 28 1232 | 2436 | 3024

IV. SIMULATION RESULTS

The LRV movement was simulated in MATLAB,
the speed profile of the LRV compared with the
distance as in Fig, 4 shows that the maximum speed is
40 knv/h. and stop when arriving at station for 20
second. Some sections of the route, the LRV shares
the rail with public roads which have inconstant
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B. Casell: Recharge at every 5 stops

speed and some stop because of crown traffic. The
section of shared rail for the outbound is from station
810 14 and the return is 14 to 20. The parameters of
the LRV use in this simulation for each case are

shown in TABLE IL
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TABLE II. LRV PARAMETERS
Parameters Value Smodinlmtal
Maximum speed (v) 40 km/h J'
Maximum Acceleration (&) 0.7 m/s*

Effective mass (M5 44000 kg
Rolling resistance coefficient (fre) 0.006 i —— .
Aerodynamic drag coefficient (cq) 0.6 . ]
All' del'lsily (pa(’.) 1225 kmll.na » WO e 1A ,‘\n:v ‘-“f;:‘_;, SRR B T ]
Frontal area (47) 8.4 m?
Gearbox eff. ("a) 0.93 Fig. 8. State of charge of case I
Motors eff. (7 09
In:eril:re eff(( TJT)) 09 C. Case HlI: Recharge once after round-trip
Auxiliary power (Paw) 20kW 00
Sontnlsin Sl

A. Case I: Recharge at every stop

i

e

i
H Fig. 9. LRV demand power
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Fig. 10. State of charge of case Il

From all three cases, in Fig. 5, 7, 9, can be seen

Shaad 16 saion

that the demand power of the LRV is compared with

.

w
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L

Fig. 6. State of charge of case | the time, which is combined with the traveling speed
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in Fig. 4. The maximum power of all three cases is
around 619 kW, but there are a few differences by the
effect of battery weight. The LRV reaches the
maximum power when the LRV accelerating to a
maximum speed of 40 km/h. The power decrease to
around 67 kW when the LRV using a constant speed.
In some sections of the route, there will be a period of
inconstant speed during the shared rail with a public
road. The LRV consumes a lot of energy to travel, as
can be seen from state of charge (SOC) in Fig. 6, 8, 10
that reduced because there is heavy traffic then the
LRV has to accelerate, decelerate, and stop frequently.
For the case I, II, the LRV will park at the station for
recharge the battery for 20 seconds. For case III, the
LRV will recharge once after traveling round trip. The
charging will continue from the SOC of 10% until the
battery is full at the end of round-trip. In additions, the
case I and II also continue charging from the SOC of
25% and 32%, respectively until the battery is full at
the final terminal. Additionally, the battery also by
regenerative braking. To calculate the cost of battery
size that considers by the size of the battery in kWh as
1,0058/kWh [9].

TABLE IIL TOTAL ENERGY CONSUMPTION
Total Energy | The cost of
Case Charging point Consumption | battery
(kWh) ©®
I Recharge every stop 136.400 74,289
11 Recharge every 5 stops 136.713 146,890
1 Recharge round trip 136.866 182,347

TABLE III. shows comparing the total energy
consumption used for powering of the LRV that can
be seen when the charging points also have mere
distance from each point that affects the energy used
to service. In case I Total energy consumption is
136.400 kWh is the less than the others case that case
11 is 136.713 kWh and case 1II is 136.866 kWh. This
is a result of the larger battery size causing the weight
of the LRV that affects more energy to be used in the
movement. The total energy consumption compared to
case I is charged at every stop, when the distance of
the charging point changes to every 5 stops, the total
energy consumption increases by 0.23% and
compared to case III that the charging point changes
to once round-trip charging, the total energy
consumption increased by 0.34%. The cost of the
battery Case I is less than case II and case III
respectively. To consider only the total energy
consumption and the cost of the battery, there can be
seen that the frequency of charging gives a similar
result, but the cost of the battery is very different then
the first case is the worthiest.

The project of the Korat LRT green line route is
now on the study of details on the suitability and
feasibility of the system design and analysis.
Therefore, the results of the analysis of energy
consumption and battery cost that were used in
different scenarios of charging battery of the LRV
based on the Korat LRT green line route in this paper

16

are alternatively applied in the system of the Korat
LRT green line route in the near future.

V. CONCLUSION

The light rail transit is an interesting alternative for
public transport in cities with heavy traffic and ideally
more if the light rail does not negatively affect the
weather, both by air and scenery. This article presents
the simulation of light rail vehicles with an on-board
battery. The battery is recharged at the station when
picking up a passenger. There are divided into 3 cases
which are charging at every stop, charging at every 5
stops, and charging once after a round trip. From the
simulation results, it can be concluded that the further
charging point leads to larger battery size and higher
battery cost. Resulting in increased energy used in the
movement of light rail vehicles and the distance of the
charging point also affects the charging time when the
LRV having a full charge.
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Abstract

Electric power supply system planning is practically an important function of the modern light rail transit system with
catenary free operation and rapid charging. Installing a modern dynamic load of the traction power supply system with the
local electric distribution network needs to consider its capacity and feeder to support enough and efficiently. In this paper,
the design of the electrical power supply system of the pilot project of Nakhon Ratchasima Green Line light rail system with
11.6-km line length and 21 passenget stations operated with catenary-free and powered with an on-board energy storage device
has been proposed and planned to replace the old local transportation. The traction power supply of the light rail system drawn
power from the MV distribution feeder practically consist of receiving power substation, MV power feeding system power
feeder substation, charging power supply and service power supply have been designed provided the configuration circuit.
A rapid charge system to delivery high power to fulfill the on-board energy storage is considered to recharge at passenger
stations with an overhead conductor or wireless power transfer during a short dwell time. A number of charging station is
determined accordingly the capacity of the power substation and its positions. The traction power drawn by a train service
round-trip that related to the capacity of the power substation as a charging station has been calculated by the simulation of the
train movement. The regenerative braking energy during train operated in braking mode is also considered as a partial charging
energy the on-board energy storage device. From the proposed design, the motive energy consumption of each scenario charging
formations obtains the maximum charging energy drawn by the train between charging points, the capacity of on-board energy
storage devices, maximum charging power and the total charging points.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCB Y-NC-ND license
(http: //ereativecommons.orgflicenses/by-nc-nd/4.0/).
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1. Introduction

In the recent decade, several cities across the world have their own public transport system planning to serve
the population growth and to support some other policies such as tourism, solving traffic congestion problems, etc.
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Electric transportation is determined as a smart choice for moving people with zero emission impact. In tradition,
electric tram cars or light rail vehicles have been constructed and served several cities in such a way that overhead
contact lines cover every single street corner of the city. This old fashion approach to feed electric energy to any
moving vehicles has its visual effect to discomfort people sight of view or to interfere historical sites of the city
heritage.

To have both zero emission and no visual impact, a so-called wireless or catenary-free vehicle system has been
introduced [1-3]. A high-capacity lithium-ion battery is installed on-boarded a moving vehicle. The on-board energy
storage device can be recharged in various schemes. During dwell time at stops, battery recharging can be carried
out incorporating with a rapid charging machine equipped at that stopping platform. Up to date, this electric energy
re-filling can generate a peak charging power up to date up to several hundred kilo-Watts. It can lead to fully
charging of a 20-kWh battery with 500-kW peak charging power within 0.04 h or just 2.4 min. However, the peak
power and the charging time are adjustable due to the design.

In a recent decade, many catenary-free tram or light rail projects were planned and constructed. Trams, so-called
Acumulador de Carga Répida (ACR) [4], in Seville, Spain have fast charging batteries, therefore they are not needing
catenaries along the track. This tram line gives a range of 6.4 km in North-South direction route. The battery is
partially recharged between stops by regenerative braking and at stops (13 stops totally), it is completely recharged
in around thirty seconds by current drawn via pantograph from a short section of overhead line. Newcastle light
rail, Newcastle, Australia, runs from Newcastle interchange in Wickham to Newcastle beach in the east end of
Newecastle [5]. The 2.7-km catenary-free light rail system without overhead wires was launched and recognized. In
China’s Zhejiang province, the 10.6-km line operates between Jiaxing South high-speed train station and the city
center [6]. 20 light rail vehicles were built and equipped with on-board batteries having the capacity to store 48
kWh energy after a 30-second rapid charge at each stopping station platform. The wireless or catenary-free vehicle
system is demanded increasingly and trending to be a transportation mean of a modern city in the near future.

Nakhon Ratchasima is considered as the second largest city of Thailand in population and now planned for
its own brand-new public transport system to replace the old fashion bus public transport system. Among cities
of Thailand, Nakhon Ratchasima or Korat for short has a population of approximately 2.7 million, and generates
about 250 billion bahtin GDP [7]. As Northeastern Thailand’s main transportation hub and economic center, Nakhon
Ratchasima can be reached by many means, including private car, public bus, and train. Once there, it may be easier
to get around with a private car, but there are standard forms of local transport available for visitors: i.e. songtaew
(pick-up truck), motorbike taxi, and tuk tuk. Local bus services in this city have been changed time by time. In 2018,
twenty local bus routes are still existed in this city [8]. Regarding to the Land Traffic Management Committee’s
resolution on the first meeting on 21st February 2018, the committee agree with Master plan and its feasibility’s
results presented by the Office of Transport and Traffic Policy and Planning (OTP) to precede Nakhon Ratchasima
public transport system under Public Private Partnership scheme (PPP). The committee also assigned MRTA (Mass
Rapid Transit Authority of Thailand) to implement the master plan one route at a time by selecting the green line
as a first project. Unlike other cities in Thailand, the Nakhon Ratchasima Green Line Light Rail Transit is planned
to employ a wireless or catenary-free vehicle system.

2. Nakhon Ratchasima green line light rail transit system

The Project alignment of Nakhon Ratchasima Green Line starts at Saveone Market (West-end terminal station),
runs on Highway no.2, turns right to Mookmontri road, then runs pass Nakhon Ratchasima railway station, after
that continues to Pho Klang road, trns left in front of Thao Suranaree monument on to Rajadamnern road, turns
right on to Highway no. 224, wrns left on Highway no. 205 through Rajamangala University of Technology Isan,
and end of project at in front of Baan Naree Sawat Protection and Occupational Development Center (East-end
terminal station). The return trip, alignment runs back on the same path except the operation around the area of
Thao Suranaree monument. While running on Highway no. 224, the alignment turns left to Chumpol road, runs
pass the Thao Suranaree monument, and turns right to Chomsurang Yat road. Alignment meets the same path at
the Huai Rot Fai 5-Way intersection, continues running along the path, and the end of Project at Saveone Market
as shown in Fig. 1. The total length of this route is 11.17 km.

Starting from Saveone market station GL-01 to Bann Naree Sawat GL-16, the LRT line moves toward east
direction passing 16 stopping station platforms. In the backward direction, moving from GL-16 to GL-01 passes
totally 17 stopping station platforms. The Nakhon Ratchasima Green Line is conceptually designed by using battery
or supercapacitor rail vehicles incorporating with rapid recharging at stopping stations.
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Fig. 1. Map of Nakhon Ratchasima Green Line Light Rail Transit.

3. Planning and design result

To obtain the electric power and energy drawn by the vehicle traveling on the running rail is related to the dynamic
variables of position, speed, and acceleration of its movement. The train motion with these variables pertains all
existing forces acting on its with unbalance according to the Newton’s second law of motion [9-12]. The train
acceleration is directly depended on the net force making upon the train body and the mass of the train.

Electrical power supply can be divided into two separated systems. The power supply for rapid charging system is
the first form to deliver electrical power to on-board energy storage device of vehicles by charging at four stopping
platforms as previously mentioned. The second power supply is the power supply for electrical service power
consumed at stopping platforms.

3.1. Power supply for rapid charging system

The Nakhon Ratchasima Green Line LRT Project uses on-board energy storage systems to supply the vehicles’
motive power. The electrical power supply system is designed to have four rapid charging stations located at GL-
01, GL-06, GL-11 and GL-16. A total amount of energy consumption for a rail vehicle movement for the Nakhon
Ratchasima LRT Green Line is calculated and shown in Fig. 2.

Bann Naree Sawat e ¢ 4

53.52 kWh e
4.86 Wh/m GLA1 GL-12 GL-13 @ GL-l4
690 m/stop e

3.35 kWh

GL-10
GL-17

GL-03 GL-06 GL-07 GL-08 GL-09

GL-18

GL-04 S =
GL-21 GL20 GL-19 56.99 kWh
Gl 5.18 Wh/m
! ; J
GL-02 5)20 my S:cop
GL01 Saveone market 3.37 kWh
Fig. 2. Calculation of energy ion for a rail vehicle movement for the Nakhon Raichasima Green Line LRT.
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A total amount of 53.2 kWh is spent for one rail vehicle traveled from Saveone market (GL-01) to Baan Naree
Sawat (GL-16) or 4.86 Wh/m. This direction consists of 16 stopping platforms and the average per-unit stopping
distance of 690 m. This implies that 3.35 kWh is used to travel for between two adjacent stops. There are 5 stops
between GL-01 to GL-06, between GL-06 to GL-11 and between GL-11 to GL-16. Therefore, in this direction,
a rail vehicle needs a total of 16.75 kWh to be consumed for traveling between any two adjacent rapid charging
locations.

In the direction from Baan Naree Sawat (GL-16) to Saveone market (GL-01) a rail vehicle spends a total of
56.99 kWh for its motive power. This summarizes that a total consumption of 5.18 Wh/m is used for this travel
between 16 stopping platforms of 650m/stop. This implies that 3.37 kWh/stop is consumed when traveled from
GL-16 to GL-11 (5 stops), GL-11 to GL-06 (6 stops) and GL-06 to GL-01 (5 stops). Therefore, the maximum
energy consumption between two adjacent charging location in this direction is 20.22 kWh.

As calculated previously, the minimum capacity of an on-board energy storage system should be sufficient to
cover the travel between two adjacent charging stops that is 20.22 kWh or rounded up to 21 kWh. This calculation
is based on the vehicle speed profile for both directions as shown in Fig. 3. This is a case of separate track that
any street cars are not allowed to use this LRT lane. When Considering with the use of partial mixed traffic (a rail
vehicle running on a street in the city) the speed profiles of this case are shown in Fig. 4.
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Fig. 3. Rail vehicle speed profiles for a separate track case. (a) Direction to Saveone market; (b) Direction to Baan Naree Sawat.
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Fig. 4. Rail vehicle speed profiles for a mixed track case. (a) Direction to Saveone market; (b) Direction to Baan Naree Sawat.

961




110

C. Jobsoongnern, T. Ratniyomchai and T. Kulworawanichpong Energy Reports 8 (2022) 958-965

Assuming that the dwell time is 40 s and the charger works in the constant power mode of operation. The rapid
charging power to energize an on-board energy storage system during this dwell time can be computed as follows

P, <l AWh kW == 2 W
cmge—m—w% A 2000 kW (2 MW)

According to the distance between the two adjacent charging locations is 5 stops and each charging platform can
deliver charging power to any vehicles in both directions, the maximum number of charging rail vehicles standing
on the same charging location at the same time is two (in both directions). This leads to (2 x 2 MW) 4 MW of the
maximum charging power per one charging location. The CTF rating is fairly 5 MVA (with 125% fairly designed)
at each location as in Fig. 5.

Ch4 pp ot

A Ch: Charger

— — LV cable for charger

S
‘.9 A
Ch2 L1 J Ch3
GL-17
GL-0S GLA06 GL-UT - GL-I8 GLAW
P GL-13

GL-04

GL21 GL-20 GL-19

GL-03

. - Notes: Chl.Ch2 & Ch4 are located close
Chip :::I to their charging transformers

Fig. 5. Rapid charging locations on the Nakhon Ratchasima Green Line LRT.

As described in Fig. 5, the charging position is typically located at a stop equipped with the CTF except GL-11.
The charging machine at GL-11 is connected to the CTF that installed in SUB3 which requires a 2300-m feeding
cable for this connection. Voltage and current rating of the charging machine is dependent on specific requirements
given on the detailed design. This is not included in the scope of this preliminary design. The charging formation
is left to be selectable in the detailed design. This can be either a rooftop pantograph charging system or a wireless
power transfer charging system. This preliminary design provides only 4 x 5 MVA charging transformers, one at
each of four MV substations (SUBI, SUB2, SUB3 and SUB4).

Distribution circuits from each CTF installed in a feeder substation to a position that the charging machine
installed can be shown in Fig. 6.

FSS | MV Bushar

Cabling Recommended by Suppliers

Charging device

LV Busbar

Feeding cable

Fig. 6. Diagram for rapid charging machine of the Nakhon Ratchasima Green Line LRT.
3.2. Rapid charging power supply

An energy storage system on-boarding a vehicle is vital in a contemporary or modern rapid rail transit system.
Catenary-free or wireless concept for power supply is new and still challenging. This can be simplified and split
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into two sub-problems. The first one is to find optimal sizing of the on-board energy storage device. However, it is
not the main focus of this study. The main focus of this study is the latter sub-problem. It is to design a charging
system working incorporated with the pre-specified energy storage device sizing of rail vehicles. The charging
system design is carried out with the concept of charge for moving. The main factor results in this design is how
often a moving vehicle is charged during its journey. The longest distance between two consecutive charging points
dominates the sizing of the energy storage device and therefore the charging machine rating.

Fig. 7 presents five charging formations (F1-F5) for Nakhon Ratchasima Green Line LRT. F1 is the first formation
that a charging machine is installed at every stopping platform. This formation requires 18 charging locations. F2 is
the formation that put the charging machine at every two stopping platforms. This formation requires 10 charging
locations.

Saveone market Baan Naree Sawat
F1
F2 GL-01 GL-02 GL-04 GL-06 GL-08 GL-10 GL-12 GL-14 GL-16
F3 GIL-01 GL-03 GL-06 GL-09 GT.-12 GL-15
F4 Gl1.-01 GL-05 GL-10 GL-15
F5 GL-01 GL-16

Fig. 7. Rapid charging formation.

Assume that a rapid rail transit line route has n charging location platforms. D; ;1 and E;; denote the distance
and motive energy required between two consecutive charging location platforms i and i+, respectively. The
required capacity Egp of an on-board energy storage device in order to travel between any two consecutive charging
location platforms can be determined by the following equation. According to this capacity and dwell time Dr at
stopping platform, the power rating of the charging machine can be calculated by (1) and (2). It notes that &y and
ky are arbitrarily design factors.

Eop =k x max Ei;y )
i=l:n—1
Eop
Peg =ky X —— 2
en =kex 5 @)

The motive energy that each vehicle consumes during its journey between two charging stations can be calculated
and presented as shown in Table 1 for cases FI-F4. Table 2 provides comparisons in some key aspects. The selection
of charging formation is dependent on several factors. Obviously, overall cost determination is dominated in many
design studies. Environmental impact and archaeological or ancient value are also important.

4. Conclusions

The electric power supply planning of the pilot project of Nakhon Ratchasima Green Line Light Rail System is
an important role to support the traction power supply system especially the rapid charge to the on-board energy
storage device of the catenary-free operation. The traction power supply system is designed to receive electrical
power from the MV feeder line at both end railway lines to support four-traction substations connected by the
underground feeding cable. The electrical power supply design results obtain the capacity of the power supply
for the rapid charging system. The total energy consumption of a train running upward and downward directions
are 53.52 kWh and 56.99 kWh, respectively, and the average of the energy used between stop stations are 3.35
kWh and 3.37 kWh, respectively. It found that the energy consumed by one train traveling between two adjacent
rapid charging stations is about 21 kWh for the case study of four-rapid charging stations with rating of charging
transformer of 5 MW. In addition, the rapid charging formation is also considered as five-scenarios according to the
number and position of charging stations, including charging every 1-stop, 2-stops, 3-stops, 5-stops and only one
stop at the terminal. Finally, the selected charging formation in terms of the total number of charging point and its
capacity is dependent on the overall investment cost determination.
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Table 1. Motive energy calculation for each charging formation.

Station code From To F1 F2 F3 F4
GLO1 GLO1 GL-02 29135

GL-02 GL-02 GL-03 43236 7.2371

GL03 GL03 GL-04 1.9875 9.2246

GL-04 GL-04 GL-05 2.5207 4.5082 13.4277
GL-05 GL-05 GL-06 1.6824

GL06 GL06 GLO7 3.1294 48118 7.3325

GL-07 GLO7 GL-08 4.2055

GL-08 GLO08 GL-09 1.1178 53233

GL09 GL09 GL-10 24935 7.8168

GL-10 GL-10 GL-11 1.6905 4.1840 12.6367
GL-11 GL-11 GL-12 1.3392

GL-12 GL-12 GL-13 1.9704 3.3096 5.0001

GL-13 GL-13 GL-14 3.1095

GL-14 GL-14 GL-15 2.9542 6.0637

GL-15 GL-15 GL-16 2.1885

GL-16 GL-16 GL-17 21328 43213 82522 11.5618

Table 2. Motive energy consumption for each charging formation.

Desctiption Charging formation

Fl F2 F3 F4 F3

1stop 2stops 3 stops 4 stops  1-Ch/round
Max. kWh btw adjacent charging stop 4.3 12 92 134 82.96
Designed onboard ESS/vehicle (kWh) 9 15 18 27 160
Max. charging power (kW) in 20 s 788 1303 1660 2417 No
Total charging points 19 10 i 5 1
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