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CHAIYUT SUMPAVAKUP : PEAK-CUTTING STRATEGY FOR
REGENERATIVE ENERGY MANAGEMENT INCORPORATING EDLC
IN MASS RAPID TRANSIT. THESIS ADVISOR : ASSOC. PROF.

THANATCHAI KULWORAWANICHPONG, Ph.D., 217 PP.

DC ELECTRIC RAILWAY/REGENERATIVE ENERGY MANAGEMENT/ON-

BOARD ENERGY STORAGE SYSTEM/PEAK DEMAND REDUCTION

This thesis presents a new strategy for regenerative energy management
incorporating on-board energy storage system (OBESS) in DC mass rapid transit.
Using MATLAB, a DC mass transit system with on-board electric double layer
capacitor (EDLC) is developed. A peak demand cutting strategy uses regenerative
energy stored in the OBESS to minimize train peak power during acceleration and
overall energy consumption. The Bangkok Mass Transit System (BTS)-Silom Line in
Thailand is used to test and verify the proposed strategy in comparison with three
strategies from previous research: 1) peak shaving control strategy, 2) proportional
control strategy, and 3) SOC control strategy. The results show that the proposed
strategy is more effective than the other strategies. With peak demand cutting
strategy, the thesis also presents a study on the optimal energy saving in a DC mass
transit system with OBESS by using Genetic Algorithm (GA) under the three methods
of different trip time controls: 1) deceleration control, 2) coasting point control, and 3)
deceleration and coasting point control. The proposed strategy under the deceleration
and coasting point control gives the best results. Compared to a case without OBESS,
15.56% energy saving is achieved by the proposed strategy, peak power is reduced by

63.49% and the number of OBESS modules can also be reduced by controlling the



trip time of the coasting motion together with the deceleration control. Additionally, a
catenary-free operation of the BTS for changing the track at the last station is

introduced as a case study.
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usaau Idhuasgiudmsuszuonelvvesse Tiihinszuansed 4 seau
AIWVIATFIU EN 50163 150 TEC 60850 181N 600 V, 750 V, 1500 V 1ag 3000 V (51 ade,
2557) naasaagli 3.2 szauuseauiihaulndvesszuunisnie I 1dso lddamasgiu
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max2

v 9
ASEUAATINNNITT regenerative braking 134U 11U Iuvaziue vy Ui 1dina

max2

Fooniulaseenliuseauiiagaldne 1000 v lunsdivesszuuaie I 750 v uaz 800 v Tu

asdiveeszuune 1l 600 v Tasiiing 600 V 9219115501 tramway 1130 trolley bus

Electrification | Lowest non- Lowest Nominal Highest Highest non-
system permanent permanent voltage permanent permanent
voltage voltage voltage voltage
Urninz Ursint Un Umaxt Unaxz
v v v v v
400 400 600 ° 720 800
de. 500 © 500 750 900 © 1000
(mean values) 1000 1000 1 500 1800° 1950
2000 2 000 3000 3600 3900°
ac. 11000 12 000 15 000 17 250 18 000
(r.m.s. values) 17 500 © 19000 © 25000 27 500 © 29 000
Special national conditions for France, see Annex B.
*  Future d.c. traction systems for tramways and local railways should conform with system nominal voltage of 750 V,
1 500 % or 3 000 V.
* Special national conditions for Belgium, see Annex B.
® Special national conditions for United Kingdom, sae Annex B.

519 3.2 ussdumaspiudmiuszuune llvesso Tiamanasgiu EN 50163:2004

NN : (BS EN 50163, 2004)
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Ay 1500 v uag 3000 V azihgiluuumisvieldiuszvudanihdudanaeiniau 1y
N aeiaee1elugili 3.3 ¥) msldseiiawe: immnzauiiennszeziiszninganives
suimunuellndnwnull MmldRadamiGesmsiauanliih msnemesshamia
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minznuszuuitiundine wu szunso Wi ldaulug Tued dudu mseielwag1¥ms
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uilagllanaoriiGesnszuea Tasna ldsetiannaodn 1-10 MW szuu Idinscuaadun
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Fonvziuegnums lhvestosnungliszounetas idhnszaunssaumla dmsy

seuuso I BTS uag MRT 1¥5zauusaduihunaian 69 kv voams liuasvana

Drop wire Messenger wire

Third rail

) NIUT NN

517 3.3 Tassadumsnellifhinszuanss
N7 : www.charoensuk4.com Ua g http://en.wikipedia.org/wiki/Ueda_Electric Railway Bessho Line

[0 16 0.¢. 2560]

750V

DC rectifier substation

Secondary

Primary

3-phase
AC input | A
C output

P

al

Second ary

Remmuenngrl: THE —HBG

YyYyy

51 3.4 29935 0anszuanuy 12 wad dmsusaliihinszuansanuasgIu IEC 60146

PPN : (BYAY, 2557)

o v J [ o
TIUIUNAE (pulse number) VOINITIFHINTLUAVLUHANDANNITIVUDITLAY

o 4 4 % 1
Lli\‘]ﬂuﬂﬁgllﬁﬂiﬂLGTWvgﬁL!agmHTQﬂJ@\iﬂﬁxllﬁﬂﬁglﬁ@1] (ripple current) @Qﬁﬂﬁﬁ@ﬁgu‘ﬂ
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o A 4 = g a 2 Y v A
Jundouuemes WiuuvuINTe saudewaveInszuaasuelind nAUnsELTadUNE
a 2 v o v Ja A 2 ° Y Y A 2 '
MaURIe Suwadimunuh lddunuuesanifesnszuagaiu uaaussauzeq
Y 2 v Jd o {
aoil i ludenszudaserg@vudie 19asiFoanszuanuy 12 Wad aeudaclugdi 3.4
% ] 9 1 1 A [
Are19m s I wu szuvse lddinssuansevudaiary BTS voslszmalnefnszau
@ < ! { a
useau 750 V szuvuso lihanugagaumn g lvdnszuaase 3000 v velszmadad
9 @ I J o S|
@aiuldgndsudyuiluszunaeldiinszuaad 25 kv 50 Ho) iudu n502993i509
v o { a 4 o
nszuauuy 24 Wad szgnmimnlluauneneznalyniseesdemruanuasguves
T % <3 A v o 1
unaene Il Feevaziluaimauinnszun lihvesnms Idihiesduld sz vunssausming
A o o Y a A J a J . ' 1 J
nen i ldinalyv15e9815ue1nd (harmonics) v¢danansznuaogUnIaiaig q luszuuy
1 a a Ao g 4 o A J { o
Tl iu misimaanusewnundunuilszy nsesnuiia lih nienemes Il uniieniy
msnaadosnInvesasudasdumas lilih mafadygiasuniuinsaiuguuegs

4 I v s a o 1 o | ¥ 9
’t?ff)fﬂ‘i L‘]J‘Ll@l‘hl ﬂﬁﬁﬂwaﬂigﬂiﬁlﬂﬂEITﬁJ’E]uﬂ’dleﬁNiZ1J1Ji]181Wﬂ1ﬂ5$&£ﬁ¢]5\1ﬂ1]‘l@I@ﬂslﬁ]ﬂ\ii]i

v o w AA o o 49! A a g}/ J a v @
uﬂmwumaﬂwﬂmummuwaﬁqwu HIDNITAANINITNTOIFNTUOUN (FUAYY, 2557)

3.2.2 szuunenszua lWvhémSunszuaaay
svvunenszud llihdmsunszuaaduiidnvaradienuszuunisse
A =S 1 1 (%3 U %
puunszuaase Ao aoiinienszua liihdesz sunszua lidussdugenszuagduanszuy
gememads i sihmsdsuaausadu lvihasneutleurhszuuaie Invessa lifruszuy
aedunilonive usaau lld ey g lulegiiu Ae useau i 25 kv Single Phase 619
d‘ d’ o Q/ 1 gj 1
ueraslugdi 3.5aamasmszuuminenszud e slszimeniu q 15 16 2/3 Hz
fluszuumstenszualiihadeTunalunilglslaeunarsiedaiildauegludiniu s
Yszmer 1Aun o311 pednTe adasaiuaud Hosd nazaday 25 Hz WuszuumIng
aszua Il ludsemaanigowsnm vratlszmalsd 50/60 Hz fludu gunsalsunszuald
v v v Y
UUAI5NIEeN i Inns vl (pantograph) 9317 3.6 n) Aaaseguunasnisn lwszenauli
duAanueeuafiutg (catenary) #3317 3.6 v) tivesunszud i ldouse nszualdhe:

Inanauasulees laeseds
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517 3.5 30 TlihuuulFszovae v 25 kvac nuu l¥medaniloai vyl semeaeo 537y

G

N http://pictures.4ever.eu/tag/26102/high-speed-train?pg=2 [leaﬁﬁﬁlﬁﬂ 16 N.8. 2560]

) pantograph ) catenary

JU%N 3.6 twu Innsmuazdonanug
ITRRRIT http://en.wikipedia.org/wiki/Pantograph _(rail) 101

http://www.tekki.co.jp/english/products/shinkansen/shinkansen product02.html [H’ﬁﬁmﬁﬂ 16 N.8. 2560]

iWesnnszuuse iduuunszuaadumauiussdu Tilihge aorfisne
9
nszua lldhindenisaelnldlna Jeawnsodaasgasienszua i 13viienu1d Taeina
v Y
yantenszud Ilihuranilsszansonenszua i 18 1na 20-60 km Ausgnuszuumsne
S A ) ' A =2 o q9uy a ¥
nszue lihidenlduazanurumivvesvuiusalumads seh lddununsaansz oy
° 1 4 Aa Z, 1 1 1 <
Hounszualdiidinimunldnszuaasilosmnaansaniiinie lifosndi eg1alsng ns
A 9 A ] A v W 1A a o Y]
donldszuumsausa lihuunldnszuanswsenszuaaduineginmsnszaNugN Y
Tagn s Taena ldszuvvudalasuindnms@usaruiuun wu szuusa Wi BTS

= 9 o a 92 ] 1A A A =)
“]f\?'ﬁ]'f)ﬂLLUUGh’iﬁTll'liﬂﬁf]\iﬁﬂﬂ']ﬁlﬂujﬂul@ﬂﬂ 40 %U?u@@“]fjiu\iﬁﬂﬂﬁﬂ'm NIDLIYNIU
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' ' A A 2 Ay 5 ! A D)
52ULHNILUNINVVIUTD (headway) 90 U7 szuuaziidunulassiudiniiminaenly
d’ a v A a 1 Y 1 1 =\
szuv linszuaase luvaznma@usonia lnalnivuiuso@uruiniuiiosnin mu 3
[ 1 =1 ddy A 9 [ d' [ =
52OTHNTENINVVIUID 5-10 WIF nsaitnmadenldszun lwinssuaaduiuseaugeezdl
ANUANNUNINAN
@ a [ ] I ] < o
so T 1d5uanuiisnunivatsednasiacsa Uszmanaaiunayse Toa
9 1 L= 3’; a d’ a t:'d a a 1
31nm3 1¥5a Iiherasedadeszoumaausa lWidunens@usa Iaddszansam egra'ls
da A = a <=1 o I o v Y A W
Aateannma TuTagnswannszua Iihninmssannudludisudle dsemanisssanis
Y Y [l
aagaszuu@usn liaesueuna TuTadluvaziivuls diomaTulagnsnaa luda
{ < ~ ] ~ a ~ 1 < [ $
alasuuilasllfervrzdeaimsdsulasuszuumaausa i udelnivseduriuinlaeu
1 [I~1 @ . o
udr'higuarnazdeseenuuuse I ldawnsosunszua i Idvaressuy Falagaiu
0o Aa (BN 1 < o ~ 9 A ]
antums 'l ligeon wu so'lianuEage TGV veulsemadTuaaNde 19 uszUDNS
o Iiuana1anu 3 szuv ae szuulidinszuaase 1500 v szuvlddnscuaady 25 kv

AN 16 2/3 Hz uazszuu Iihnszuaady 25 kv aud 50 Hz

3.2.3 Tassadrevesvauselilih
o <
Taseardvesuausnsn fweniuuneeniudesgiuuuauglunyues
1 4
7¥UVVAINYI (traction system) 1&un TTVVATNIIUUTINGUY (centralized traction system)
1 @ @ 1 < < @ o w A e,
sunuutiez 1950903 1ol (clectric locomotive) agaioenilgailudiduiainansszuy
Jd o 4 @ [ a 2 ]
VOIABSTUIAAD UL UTINGUE HIT0TNTVLYNAAAIDININAIUNI UV UIUTDHT DAY
o I g’/ 9J o [ v A gj A g’/ Y 1
wasgan 14 unsservz ldiasadnsdesiaaaasiiareniaesdin ¢ Ineesserananaitas
1 Y 4 i I [
luliszvunowmesduaaou JuuvidouiluszuuaInguBIENaIU (decentralized traction
dy @ @ 9 I ~ a &yz Y A Y o A
system) 3UUUVTAIVVIUIDIZTA TASIAT1INUTUFANMIAAAINDINILAUHI DR OIAUTUT
2 @ 4 4 a & 1 1 ] o '
UYarensdosiu szuuTUIABUAIBNBIABS Iz gnARAINTE 18 Tawd e q Tuswniuey
v v 4
g msediuladiunilamilousduuuusn Senszuuiin 5019519 (Blectric Multiple

: . y 2 4
Unit: EMU) AWLana sz nanglununsaesiinaas 13 lugii 3.7

L =
=
—— ——r

o w1, S0
G s B SR B

) Locomotive v) EMU

=]

51N 3.7 Tﬂi\iﬁ%ﬁ\‘lﬂTﬁFﬁ’ﬂigUUﬁ1ﬂiNl,L‘1J‘U Locomotive L0 EMU

U U

AN : hitps://voith.com/aut-en/1981 e _g1570 en_digest_schiene 2016-09.pdf pdd il 16 n.8. 2560]
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1) Locomotive 1) EMU

A o 1 Y] @ .
51/7 3.8 §29619¥1250903 MWV Locomotive tiag EMU

U

NN : http://www.eurorailhobbies.com/erh_detail.asp?ca=2&stock=R-72615 L1ag

http://kockice.hr/forum/viewtopic.php?f=40&t=6268 &start=40 [géﬁﬁﬁuﬁa 16 n.8. 2560]

324 SZTUUAIVYNVUIUINONTUIA
@ A . . < =
izuumuﬂmmumamium (Automatic Train Control: ATC) WumnaTulay
) @ a 1 < @ 1
dmsunuaumsauvuuse llvudawrasuiazso ldanuGrgeaislm ATc Tuilszmst
% = a @ A o é’ A Y A 9 1
89N HNIWDY 5TUVAIVANMSALUYDIUT0OR TudaNiaYwie IMaouauause Tnnowu
UMINAUITLVVIAOUOA 1WA (Automatic Warning System: AWS) 1@ 1UBINTNL U8 9
a A o [ Y] { Yy ' @
uwanalumsarugumsauvuausa ladelvl dweaaalugali 3.8 1dun nquszuilesnu
YUIUT0OA TUIA (Automatic Train Protection: ATP) NGNIZVUNITAUIVIUIDOA IULR
(Automatic Train Operation: ATO) Lm%ﬂtjiﬁ%ﬂ‘ﬂ‘u?‘ﬂﬁﬂﬁlauiﬂ’S A luia (Automatic Train
9
Supervision: ATS) #4171 ATC TuszuunIugumsauyUIUNTadie InyTauenw
=2 Aq Yo Y a = a A '
39109 ATP ATO Uy ATS 53U1 ATC Nlgnuegnalan erslisisazivealandgesiuanaig
v Y 1 o < Y Y @ Y g { o
A ua Taenanmana ludinszadiendsnulaeezdlszneudlesz oy ATO Wuszuuih
Y A o ' ' o A
Wihaugumstauas g vesvuause Wi wu msdumasusa ldh nsaauqu
< Y Y
anuisvessa I nsaauaunisiinde n1sveasa lid vazmssieaiuaniuzves
. @ o 3 3 { q ¥
glnsaiang q ludase Tl lddsgueniunu szuu ATP dluszuunneesniugu lildsa v
9 3 A o < 9y Ao 2 Ao o Jo 1 1
ldnnuisunummrue aruguaNuEITa ey lunnanNuE NN TN UIZEL1I9TLHIN
9 9 a a a < Y Yy o v ? o
sollihdhamih mnimamaAalnd szuu ATP sgdamsnindesa Tula uennniidniugy
I 9
manasudvesse llihinaoiiisa T Taenindszgsa liihuezlseanuanumnaidiila
(= 9 1 Y A (3 A
Tuiseuses szuu ATP 92 lieygaldsn ldduadeudlreenaindniil awnnszuy ATO

AsINlANNBATZANNY NTANTZVY ATO Tad04 Ao lFnunIugunIsiALsD 1Az sz UD ATS
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< { a d < a !

ihuszuuinesarugumaduse lihmsszun i ldawarsemsause Tasezdedoya

1 1 < ' a o ' =

A1 9 U AEve9s0 Ilihuaazvuiu Aaaunazuaasdumisessa Tldinvuaui
9 1

pglusz D naztamsouTUADUAIE 9 TUNISAILANNITIAYSD BT UUMTIAUTD T

MATATDI (UAT, 2555)

Automatic Train \ Automatic Train Platform Screen
Protection System (ATP) Operation System (ATO) Door (PSD)

_

Communication
System

Automated Fare
Collection (AFC)

Station Facility Supervisory
Control and Data Acquisition (SCADA)

Disaster Monitoring
Equipment )
Disaster Monitoring Automatic Train
System Supervision System (ATS)

Power Supply B
Depot Control System
Control System P! y!
Power Distribution _
System ) Depot Equipment )

319 3.9 szvUAIVANUVIUIDOR TR

N http://www.kobelco.co.jp/english/products/traffic/index.html LD aide 16 n.8. 2560]

% v d
3.2.5 Wasedns lihuazsemesaings

o A Y A o a X ' A ot '
msvunasusa lidqelihdesuiiavuuinewaseeudasaLIUNINAIN

v Aq ¥ 43 v o v 2 qu %
an1358 szuuangese i lduuamesitluuvastiendsnnldGunaasstuldaunss

~ A 4 [ [ a = A
HINNBAANUNDTA (Davenport) NATFUUA 1YY d1i3gom3ni 1ud) a.a. 1837 uaziliog
a o . < J @ = T

PIATY (Davidson) @NoALALA aHI1¥0181905 1Y) a.a. 1838 Uszuiar 40 Tmoun 520U

{1 ] a { Ia
anganne limme I laemsanaieli luawsedgnansanmisldaundewuesau

] 4 o 4

(Berlin) Usemaensiulaeg No5iues FUd (Werner von Siemens) 1l a.¢1. 1879 wag ludl
Y 9 . A ' sa ' A P s
A.7.1881 1aNN15 85198185 00NT Y (tram line) I¥BUTLHINVUBS A UUATEIUAKIABS W AR

(Lichterfelde) ta U 1u il o i Az Juanoeld Tudl a.e. 1883 Taan (Volk) unalusdu
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@ 1 a I Z‘, o o
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Idhonmene ldihnszuaasaussaudr Yofvesnisaieldzluuviinonnudelums
<3 Yo Y o &Y A 4 1 9
auguanuE lagldadumu Wanmsszuudunaouuewmesaingslugaaouwiums
14 1 1 1
Twemosnszudasaualduuiniamsae i 2 guny fo msldszuunelinszuans
[ o w 4 4 4 19 [ { o
USIAUMTDIAAD UNBINDINTZIAATI LAz 15z DU N sz naadunsIAugInND e
v
uvaztiuilszmalunidglsdaounarald hldhnscuaady 16 2/3 Hz ausgowsmldau

a

A A o A o A s v A A A A & s
#1170 25 Hz) TUIAG0ULBIABSADUNAANDI NTZUTAAUNI 0T INDNFONIII VoIAD Ty
o & A 4
D3 UED ADITDIUNTENINAITTHN 50 (A.A. 1950 — A.7. 1960) ioma TuTadue 11993584
9 Ia A 4 2 o o o a 4 Yo
ATLUTAINBSAIIVITN (mercury arc) laza1snadigman laleauas Insawes 1asums
Y] Ay o w 2 ) [ 4 o a
wann ldinnamasgeaiudmsuldluamuemes lhaingald nmsse IS waaldymdn
Y} ] A 2 9 I A 3 a a a
a519519 199181 A01u8 so Hz v ¥ uAaTusnna1e 1A uFeU-Aoedda
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U MITMsaIunesne S 11 aI918nTZIE (Current Source Inverter: CSI) dM 51U
solWihuudanarunszuanss aeunsa319g1nsaian 1o (Gate-Turn-Off Thyristor: GTO)
wazgUnsal 1o (Insulated-Gate Bipolar Transistor: IGBT) awdsy 18i/deugdunums
auauszuuTundenlfunldeunesine Sundet1ou5ai (Voltage Source Inverter: VSI)
Fudouuomesiieni1 3 tla (VSI-IM drive) iomsianniaeiionniuf@imassy
i 80 (7.41. 1980 .41, 1990) 2esVUIATEU IR UMIHALINT AR FMsmVAuITILYVeY
Wadaeuneswes (pulse converter) ﬁmmumiﬁmmmu 4QC (four-quadrant control) Ml
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KV 50 Hz #3035z uuae Winszuaanss 1500 v 159 3000 v 18
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L W |
(a) Wayside installation of regenerative power absorption system (b) Regenerative power absorption system installed in train

CHP: chopper FL.: filter reactor FC: filter condenser VVVF: variable voltage variable frequency MM: main motor

517 3.15 MWTIWMTIANTNAIUAUNGUIINMTIVT

AVAIN : (Shimada et al, 2010)

<
3.5 FTUUNVALANNAINY (Energy Storage Systems: ESSs)

o F) { 1 ia a o w 3
Magtiuanummihin laanuvesgilnssio@nnseindiduazinaluTagnsny
o Yo [ 1 o Yo ' ' A o 4
azauwasnu ldsunmsseuiuiluegiann uazgminnldnuedaunsiaeivoingl sz an
Avarnnatgluszuyliihmas dvsunmslFanlusalild Bsss Huszansamioziiun

A o A Aa A o [ o o A
sty ldilseansamgs Taenalisagiszasdvesns1d Esss Tumsduiivan
Y 1] )

5o lvlhdsell 1) esavradesansIduvesszuY 2) tieaamas lWimeeaserinamsse

<3 4 o w I o o 4 o o I
AN 3) Wi l¥mas liihansa lwdluumaanesing1d 4) e lgmas linnse Tvilu
unasdrenan luyguuesvesnmssamsnasnulumsauiuausa il Esss arsezaanis 19

@ o A ad o < o o A o 9. ] 1

navnudunaeu lagdtmstamuuaziimasnuaunavu 1y vt naznisisaluns

o A o { ] . . I (Y o o [
auumsnuniesn 1l 1419 W (Masamichi, 2010) ESSs nanailudaudonidinn lunisia

1 Y Y
msnaanunldannisisnlusa 1wl (Gonzalez-Gil et al., 2014) ESSs auisanaaalana

Y 1

VUUVIUTD 19 (on-board) HTOAAAIUNNIZIANIUNIII (stationary or wayside) N1TLADN

< 1% ) [ 2 "o 1 ] Ao
L‘VIﬂI“L!IﬁﬁﬂTﬁlﬂUﬁSﬁNWﬁ\iﬂuﬁTﬁﬁU ESSs ﬁuagﬂmmw’f@qwﬁmmgmazﬂsﬁ LBU NNA



31

K = Aa o ' o
mm"h/\lﬂmaswawm NAIMIA VAU UInin Usuu HAZRMUUYUNINIUY LLG]I?IEI“I’I'J]’l‘]Jﬂﬁ

Y
wnlgnuse I lwiesazinsanliliguauiaasi Ao soueignisldanugs Anamas Tl
Y

i

Ao v & [ [ 11w o [ ° @
(4§ Wﬂﬂﬂ'l'ifﬂﬂlﬂilwa\i\11u5$ﬂﬂﬂﬁ1\‘]ﬁﬂlluﬁ1uuﬂ1%%3@1@ﬁ1ﬂ3ﬂ53ﬂﬂﬂuﬂlﬂ?u5ﬂ HINUNLUDS
3 =q 9y 9 1 @ = v A
ﬂ']u'Ju‘ﬂalcb'uf]EJT@EJLQW”IZ?”‘HTUiZU'UTJ'L!GU‘]J'J‘Hiﬂ ﬂ‘ﬂﬂﬂulﬂﬂjujﬁﬂﬂaﬂﬂﬂ@Uﬁuﬂ\‘]ﬂ'ﬂll
Y J dyd v I A 9 v 9 ] Aa
ABDNNIIVDTUAD ﬁ?!ﬂﬂﬂigﬂﬂ\w?ﬂ (EDLC) 530N UADBILT (flywheel) HazlUaeDIa

Fou-looou (lithium-ion) 139 Ni-MH (Nickle metal hydride) (Vazquez et al., 2010)

3.5.1 malulagvues ESSs dwsusa lnlih
~ . < T @ ~ =1 g
1) LUAADT (batteries) 1 UQUNTUTANUNAINUANLINATAUFIUNIINMSG

4 4 g 1 4 \ )
uaanasnunil ﬂf,uaﬂymzwugmﬁeﬁﬂ'mJ‘Viumuuwawmgqmmmﬁmmwmuuu

o w

masTddsai ldgmsldnaisalszquin nuamesazninga (lead-acid) nuuna T
= <3| Y Aaa . . a
msAnazeonuuuNuiuszeznanu Tagpiuuuamesason looou (lithium-ion) agil
a @ 4 I 1 o [ o v 1 4
ma-wialalas (Ni-MH) Huma TuTag Inddmsunmsdszgnd lsnunussuuvudailown
= [ o 1 ~ o = ) A Y ' Y
tanunuiunasuganuuamesazninsa Imsiwaaes i 1dauegendeuns

el5ulgalseanimmmanasnuluszuvvuasamsisue Taomngogiagasn Tdh mu

[

. =1 a ) d‘ﬁ % o
UNTY (tramways) uaxm"l“vxlmim (metro trains) JIUIVYVIUIUNINNANHAS WA UINITUN

(K]
T A

1 9 9 v
puaaed 1l 1FuTasmsaansuuaisa lduseaaasediunnaniil i deeinwanis
v 9y
ATIEAOUNINATO VAN 1Fueswansliifiuluuamesiuamisnaans lswaean
w0930 Iuazmsundsuessean llihiaieaies uazdiieldsn Wil Tag hiliunasie

L 4
Meuon luunui

A @ 1 o a .. a ¥ A = .. . A & (%
51JV| 3.16 AIDYNNITUNLUANDT Li-ion AANINTDIU Hiraizumi INDINUFSTUNAINU

U

NN : http://www.gsyuasa-lp.com/content/gs-yuasas-240kwh-lithium-ion-storage-battery-system-installed-

hiraizumi-station-tohoku-line [L‘l’ﬁﬁﬁ!ﬁ’e} 16 N.8. 2560]



32

PN < ¢ a = Y Y < o A
2) deowaeus e iluginsaliFenaivyuld gnldlumsinuazaundsaun
a ds! Y 1 =\ 4 A 1 A v o o X J Y A
INAVUINNNITUYN aaﬁmmwmimuuﬁmmmaﬂatmuuﬂmﬂtycmﬂamuﬂmﬂaﬂumJ’cN
< 2 o A <] Yy I o 1 v o w
ﬂlﬂﬁﬂ31wliﬂiuﬂ15ﬂ3§.u 1J'ﬁllT’Ll!"ll’ENW@\NTL!“VlQﬂlﬂﬂqﬁUﬁﬂ%ﬂﬂlliﬂlﬂuﬁﬂﬁﬁuﬂ”UﬂTG’NﬁEN
< @ 1 v Y 1 9 1 A 2 d
ElJfNﬂ'JUJ!'i’JGlUﬂWiﬁyu Wﬂ\N'lu’1]$QﬂflWEJIE)L!thENﬁ’0‘If'JEJLL'i\?vlﬂiﬂﬂﬂ15€lﬁllﬁﬁﬂﬂc]5\uﬂuw]ﬁ
A < Yy Y Y < o
LWiJﬂ'NiJL‘i'JGluﬂWiWHHEU’ENﬁfJGB'JEJLL'ﬁQ Llﬁﬁﬂﬂﬂlﬁﬂu%\uﬂuﬂ1§!W3Jﬂ15ﬁ$ﬁ3JWﬁ\‘l\ﬂu (1'11!1/11\‘]
v 9 Y 1 ' o A < 9 9 a A
AIINUUVIY ﬁEJ“If'JEJLL'i\‘l%3ﬂ'ﬁﬂﬂﬁ@EJ“W?;’I\‘NTL!ﬂlﬂﬂqﬁﬂjﬂﬂﬂTiiﬁlliﬁJﬂﬂ@I“l’i’ﬁﬂ“l’i'ﬁ@ﬂTig‘VIN
=2 d <3 Yy o dyd o w
ﬂ'ﬁ“]NHJuﬂWiﬁﬂﬂ'NiJli'Jcluﬂ1§ﬁ3§ﬂﬂlﬂﬁﬂﬂ%'§ﬁl!tﬁﬁuulﬂﬁ ESSs ﬂiglﬂﬂuuﬂ'lﬂ\‘lhlV‘lﬂTQQ AT
1 o o o < ' {2 1
TUWHUNAINUGN ﬁ]TH'JL!3@’Ufﬂi‘VINTL!GllfJQﬂTﬁLﬂ°U°]J'i$@LLﬁ%ﬂWﬂﬂﬁ%i}LlﬂUqﬂﬁﬁﬁu@!ﬂ 159]
A o A A o £ 1 ~ A 1 Y o [ I g Ay
L“L!'E]\ﬁ]'lﬂﬂ1iﬂ'lL‘L!‘L!\?'l‘LlLﬂEJ'JﬂUcﬁuﬁjuﬂmﬁﬂu]lﬁﬂ ﬂ'lclf]ﬁ]'lElcluﬂ'liﬂ'l'éxﬁﬂ‘ﬂ'llﬂu‘ﬂ‘igmu‘ﬂ(ﬂﬂﬂ

NTAUBENNANDINUNY ESSs ¥ADU

7101 3.17 edredemenssdmsuldaunusa Tl
N : http://rail.ricardo.com/en/Blogs/Articles/September-2015/Ricardo-flywheel-technology-could-lead-

Y = A
to-DMU-fuel [1U1D9LUD 16 N.8. 2560]

=] 2 A A 2 A . A . 3
3) GI’JLﬂiJ‘]Ji%i]ENEJ’m 11391589NDNYD I supercapacitor 3D ultracapacitor 11w
R [ Ao o Yo ] Jd a dyd A A
gunssinuazaundsa livhidasldsuarmauleodiann gunsalatiailiquaianey
A . =] A = A ¥ o
asanfin1n1wy Wil (capacitance) ganndunuilszou 9 ¥IND9 100-10000 1111 BNNAIGT
o Y 3 Y o < ~ a A A o AAaa
awnsnoalszyliaulanelunaisusiasudies 1-10 i eununuawmesasen leoou
& Y 9 = =1 < o 9 a | @
FadoaldnarTasmae 10-60 u1f nazmsmedszanamisorilanelunal 1 Jufiwunu
T A v A A ~ [ Y '
yamudnlszmsuesdunuilszyeeen e iansofzoanazaelszy 1ana1 500000 sou
VNN NANVANNTDVOUUAANBITADEV 190D UDI 100 1911 LAZUINAIMUANDTYTIANZNINTA
1 o < A o ] { o Aa
1000-10000 111 4o NN HANAVY 5289820890519 100 kW N6 (US$25-50/kW) (3393,
Y ' = a o A Y Y
2556) tazdainuaomsnldsunasvesguiigl usenszunnuazmsdudziiou 1daonale

[T

wa A 1 1 4 o Ao @ v v a3 A { o
Meamantan laaeusuil SnsuItenaziaauaniavewunulszoeianmad



33

] < o <3 o a g Iy 1
a1 led1e5aa52 T v nsalinuazaundsnu Tihadiail 185uanuauleediaunn
) [ ) 1 o [ < o
mumitszgad IFnudwsoin Il Tmsily1¥ed1snhenedmsumanundsnuiu

] 9
ATUNNMTIUTN TUMTVUTITFTITUL Lﬁaiaﬁ'@amiﬂmﬂmmaz"lummmﬁmawm

] @ 1 ] 4 a a v < A
TWdhaunauldumasnensosavuiuduiniseguinulndifes Aunuilszygerndinin
<3 o A [ Y A a v ’q Y o A =
MUNAINUAUNEVINNISIUTN A Haudtenaznsdszgna liiuauuIniinsAny
v A a a
ANITOULVDIAANUYTZYBIBIAINNTATIN@OUNIITNATO NS IFIuas lumsIduTns
[ v A Aa
A lagd1s vangiumsanaunulszysserndunsonansluzlvesunanumaimnmsuag
’q Y o [ a Yy [ v Ao
M151U52gna lF lugAaIMnNITN ST VUNAINIBINT 1AL NITIHELNS 1aetinideTu
v Aaw @ = Y% Ao A o A [ 79 ¥
donfulteassaztazaoItumMsany1 lunenaunuussnnhnunenumslsegnald
v A ° a @ P 1 @ A A A a
Nuannulszyseininaus lugluvumaasusinuananuiemylszansninue
so' Tl pouSEnldduiunmsitonaziauilaelin13as219d0UNTNATOUUUTO 3 1D
A o A o ¢ o 1 Aa ° Aa 9 ]
PUGUTUTIOUZVOIWAAN N 2981911101511 EDLC modules NiogluitosaaialyIdau
1@1A MITRAC Energy Saver Y9 94UTHN Bombardier Transportation, SITRAS SES VDIUTHN

Siemens Transportation Systems 8¢ Maximised Energy Efficiency Tramway System (STEEM)

VOIUTHN Alstom Transport

EDLC enclosure

517 3.18 @1ee19m 311 EDLC 1119145051919 (Light Rail Vehicle: LRV)

Y

R : http://www.edn.com/electronics-blogs/powersource/4413126/Ultracapacitors-in-light-rail-

regenerative-braking-system LD aile 16 n.9. 2560]



34

s o ' S o o A . .
4) Qﬂﬂimmuwawmﬁ'ammmaﬂmuwwm (Superconducting Magnetic
o <3 @ [ I~ o o A Y] < @
Energy Storage: SMES) 52UUMIIAMNUNSINUANIHANA11898IA9danUna a1 T
1 <3 { 1 o o A .
aummimanignadiulaems lvavesnszuaasaluuaaind11i189e9a (superconducting
. [ ; 1 Aa A 1 Y] ) [ o
coil) FRWAIUAWINUAY TZANTMNUAZANUHU MU UNAIUGS dnTunTszgna 19
1Y o 4 a3 1 [ [ { 1
fuso T sMES Imsviaveis l9iluurasnendsnunan i i msizanumumiy
@ ° 13 n v = A o o 1< [ v o (=
wasruawan L ldadlududeninaulsdmsumunasauninmswsn Jegtiudsluiing
o 9 a % @ 1 1 a v
i ldaueseanuse Tl dsegludiuvesnuide

A A Y
1

9
nsanad Esss Tuszusn Tl ldiulszdulniuamaidoniiafigald

'
' =

v J a & o [ = v Ay a
mmzfmﬂ?U’ngﬂizmﬂmmmmﬂmmmulﬁ}iummﬁu% MW@T&ﬂﬂﬂUﬁﬁﬂ\?Wﬂ’liﬂ!’lﬂﬂUﬂ
9 v
ilmﬂﬁuﬂl% U YUAVDI ESSs YUUIANNA a‘ﬁmmﬂmuazﬂ161,6195}%wclumia\mu Gl’li’]\iﬁ 3.1
@ ] 9 a 1 < v Ao o A A 1 Y1
ll;ﬁﬂ\i@')f]fl’l\?"llf]EQ‘V]'NWW]U?]GU@Q ESSs ’E']EJ'N]liﬂ9’]'lll‘]jfﬂfﬂfnflﬁ’]ﬂiyﬂt:f@ﬂ@ﬂ’lﬁl{’]fﬂ'lﬂsluﬂ’li

= Y a 4
U G]Nﬂ')ii]%ﬂizi]’]mﬂ’lﬁi@ﬂsl“]fﬂ‘ﬁﬂ'lﬁﬂiglﬂu'i/]’l\‘llﬁﬁ‘ﬂﬁﬁ'lﬁﬁi

A ~ v L @
A1TWN 3.1 L‘lﬁiEI‘UL‘i/]EJ‘]Jﬂmﬁil‘]JGIﬂJ’EJ\‘lQ]JﬂiﬂMﬂUﬁ$ﬁ3JWﬁ\N']H

Type Energy Energy Power Cycle life | Life time | Discharge time Suitable

efficiency | density density (cycles) (years) storage

(%) (Wh/kg) (W/kg) duration

Lead-Acid 70-80 10-35 25 200-2000 5-15 sec.-hours min.-days
Li-ion 70-85 100-200 360 500-2000 5-15 sec.-hours min.-days
Ni-MH 50-80 60-80 220 <3000 - sec.-hours min.-days
Flywheel 95 >50 5000 >20000 15 millisec-15 min. | sec.-min.
EDLC 95 <50 4000 >50000 >20 millisec-60 min. | sec.-hours
SMES - 0.5-5 500-2000 >100000 >20 millisec-8 sec. | min.-hours
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Technology Brand name Company Features Applications in railway
EDLC MITRAC Bombardier PC: 300 kW Mannheim LRV (2003-2007);
SC: 1 kWh Rhein-Neckar-Verkehr GmbH
W: 450 kg tramway (2013)
Sitras MES Siemens PC: 288 kW Innsbruck tramway (2012)
SC: 0.85 kWh
W: 820 kg
ACR CAF PC: N/A Seville, Saragossa and Granada
SC: 0.8 kWh tramway systems
W: 800 kg
STEEM Alstom PC: N/A Prototype tests Paris tramway
SC: 0.8 kWh (2009-2010)
W: 800 kg
Flywheel Citadis Alstom&CCM | PC: 325 kW Prototype tests in Rotterdam
flywheel SC: 4 kWh (2004-2005)
W: 1600 kg
Ni-MH LRV Swimo Kawasaki PC: 250 kW Prototype tests in Sapporo
SC: 120 kWh Municipal Transport network
W: 3200 kg (2007-2008)
Li-ion LFX-300 Kinki Shayro PC: N/A Prototype tests in Charlotte (2010)
streetcar SC: 40 kWh
W: 3200 kg

NU8LYe PC = Power capacity, SC = Storage capacity, W = Weight
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Technology Brand name Company Features Applications in railway
EDLC Sitras SES Siemens SV: 600/750 V Madid and Cologne
PC: 700 kW (2003); Beijing metro
SC: 2.5 kWh (2007); Toronto rail transit
(2011)
EnerGstor Bombardier SV: 600,750,1500 V N/A
PC: 650 kW
SC: 1 kWh
NeoGreen Adeneo SV: 750V Lyon tramway (2011)
Power (Adetel) PC: 300-1000 kW
SC: 1-4 kWh
Envistore Envitech SV:500-1850 V Warsaw metro;
Energy (ABB) PC: 750-4500 kW Philadelphia transit system
SC: 0.8-16.5 kWh (2012)
Capapost Meidensha SV: N/A Hong Kong metro
PC: 2000 kW max

SC:

N/A
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Technology Brand name Company Features Applications in railway
Flywheel Powerbridge Piller ~ Power | SV: 400, 1000 V Hannover and Rennes
Systems PC: 1000 kW metro system (2004, 2010)
SC: 5 kWh
GTR system Kinetic SV: 570-900 V London metro (2000); New
Traction PC: 200 kW York City transit system
Systems SC: 1.5 kWh (2002); Lyon metro (2003-
2004)
Regen system Vycon SV: N/A Los Angeles metro
PC: 500 kW
SC: N/A
Ni-MH Gigacell BPS Kawasaki SV: 600, 1500 V New York City Transit
PC: N/A network (2010); Osaka
SC: 150-400 kWh City Subway (2007)
Li-ion B-CHOP Hitachi SV: 600/750, 1500 V Kobe transit system (2007)
PC: 500-2000 kW
SC: N/A
Intensium Max | Saft SV:700 V Philadelphia transit system
PC: 900-1500 kW (2012)
SC: 600-400 kWh

NU8LYA SV = Supply voltage, PC = Power capacity, SC = Storage capacity

3.5.3 STULNUAZANNAINIUI NN

< @ a A o o 1 ]
53UULﬂUﬁgﬁilwa\1\111!51]VnQ'J\TlﬂUwa\?qquauﬂaﬂ%’]ﬂﬂ'ﬁlujﬂﬁulilﬁ'llnjﬂ

1 1gnunnulaluszuy uazaandu ldmeauioanudeamandsanu I wu deovuu

solWfazssamus luusnalndifes wasnuinu13lu TESS aunsasieaamas liian

goalurransa limidussanusnazervaztuuvnasoie Ildsa Isias 1 lunsaif

1 1 [ % 9 [ gﬁ a dy [ = T 9 1Y 9
LLﬁﬁ\‘l‘ﬂWEJ%WﬂiZ‘U“UVlWﬂWﬁaﬂﬂlﬂﬂl’ﬂfi iPNL!u3$°U‘]JG])'uﬂuul‘JJLWfJ\‘l!m‘]ﬂ‘c’JGlﬁﬂWiﬂﬂﬂTﬁﬂﬁ'GlGD'

wasnuedlszansmnuadunuanuasalumssnunadesnnveszuuldonale

Y
uﬂﬂﬂ1ﬂﬁﬂ'li“]jﬁ'\‘liﬂ‘]el'ligllﬂ*ﬂ%”luﬁfmﬁﬂigﬂﬂﬁﬂﬂ151ﬁjﬂiﬂ'}ﬁ (Gonzalez-Gil et al., 2014)

o [ 1% < (% a A X 1o
Glu‘vmmﬁﬂwﬂ}mm‘i%ﬂmﬁwawmmeQizumﬂuﬁzﬁmwmﬂmmmnﬁuagﬂumiﬂmﬂm

o = ' A o A X
fniﬂﬁ’mil!aﬁWaQQTUQﬂJLﬁﬂﬁluﬁ"]fJ?Nﬂ$’E;Nlﬂﬂlll@ﬁgﬂgﬂqﬂsﬂ1ﬂﬁﬂuh"lulﬂﬂ\i TESS t(WyUU




38

i
a wvada o

v H 9 ] H
M13199 3.3 uaasriaved Ess il 1¥lumal §iiaiih l@edssuneds EDLe dusiiaf
¢ = g <

HouTurantiygunnnga uazd i MIUMIAAAIT LU LI DAL ANNAINUTUNI

A I dy A A 9 [ A [ =y d’ﬂl 1 4" AN
NMTztununnszuuansa lwasnuaunau ludsnaniessnnnunou

w W
3.6 msdamsnasnuluszuuselvih
o 1 [ I { o 1
msaams Iswasnuuazmidaaasenia co, Wi Tiunddnylussunauds
osnnany liudusuveamslamas Ifwazndsnuluszuvuse i assansngaanu
I S Ao o Aw aw 1 1 o [ A a A
Audszdundiagninitediulny scuumatamsnainuansamulseaninimves
o A a 1% ] <3 [
msauiiumsauqumaausa lmeldmanaumumsldndsnu e lsnauszuunsda
I Y = o A 1 [ J v 4 = o 9y @
MINAINUABILNMTAUNUIIUT WA UHAOWINFULAZ HAe99A 152NV ITTZUUNSIA
[ gj < A o 9 A (% [ P
MINGINUBUAUTZDUNFUFOU MINVUVANNINAINITOVDINITIANINAIY 1nsaliny
[ 1 ~ 9 A v A 33 9 o
ALTAUNTINY FY HUAIADT A01U AUNVYTZBe9 Hudy ewsosmysainislu
a g a g‘/ 9 A k4 Y
szuusa lihlugduoudaasuuauiusouag jlnuuaaadnanie iesinanunmiing
= ‘a3 a o w o o 9 S I o =
malulagvesginsasiaannsetindniadludegiium viginsannuazaundsnuian
A ' A A Y} X ] Y1 Ay o = 3
gavguuazn1¥ene lauInlTu uaalsiienaoaf1iiaues ESS nagszuuaiuny il
A Ao w o [ a A o Aa oA A
Joulvidaydmiumsnnsaniethunldlumal jiaes
@ Y [~ < { o { (% 1
Tuszuvso llihmsdsendandsnudulssmundidguazinerdesnuszuudos
nanea I 19y szuUe I vuausa v MITAMIRUID HAaEHUBNUNSUAASD UM TIAUTD
9 A an Aa a A @ o w @ A Y
AauaszuunereNzmIsavlszansmwlumssamsnias ez wasnunldlusz oy
= A v AY a 9 A o o =
ualivaredou luuazdatoNdesinsan Aremaiiesszuumsiansnasanulusa i 3
lasumswannTaelinhmneNzysanmsduiumsiayaaunyns I9nasnued1 Mz ay
Y
Nunanvesmstaminasnulusa llihAemsaumums ldwasnunagmsniuaunans
o A 1 1 Iy dyw o =2 = 9 1 =
guiumsuazuratntg veaso Tvld Idauunu uenanigaditiadanis lFaus g1l

UszANTMWUDINAINUAUNAVUAZ WAINU YUY



39
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Vehicle Control Function

Transport Planning Power Supply Planning )
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- Energy-saving speed profile > - Energy storage plan > )
) ) ) setting & control
- Energy efficient timetable - Renewable energy generation plan
A A m—————————— e — ]
Control results Control results I |/
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- Disturbance y y I Train Operation
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- Condition change > Train Traffic Control | | |- Speed profile change
- Operation change : - Energy storage control
I
|
1

517 3.20 szuumMstamswasauluse T

5109 3.20 naaaldimiudeszuumsamandsau lusa v § 2 Tedsundn Ao

Ll

Jd o { a Jd o .
WINFUNITAIUANNIANUAY (ground control function) Az WanFUN1TAIUANTD 1 (vehicle
. 9 dy a @ dy a dyd Y Ao a [
control function) TUAmUMANUAY WINFUMIAILANAANUAUTNHINTUNAYOLNITIANIS
J @ I o 1 . . Jd o

52UV TA85 T MAVNINTUNITNWHUNITUHE (transport planning function) WaNFUNI59
1 Jd v a

UHUNT5918 19 (power supply planning function) uazﬁaﬂﬁnumiﬂ’mﬂnmimum (train traffic

[ Y] = Ao A
control function) #71AIU50 T WenFunisarugusn llinihnsuraveunsaaugusn I
X 9 a = A o o= o=

HAZIZUUVUVVIUTDVUAUFIUToYaINMTAIIANMTIAUTDuaz a0l I edied g

MItanInaInUNllseansamvesnasnuannszuy Il nduAundunnmsiusn
J @ = J < @ o Yo

pazunaInasnunyuiow gunsainuazauwasuanind’ il ldnuszousa I Taons

9
a (%

9 v
AAAILUUVVIUTONI DAAATS NN (Miyoshi, Takeba, and Miyatake, 2012)

37 apl
dy Y o aa A 9 v A a c’g = 9 v 9 [
TuuniildiauenguiMinertesnuinetinust aeilsznev lide 5 Waidondan
k4 [
1aun anuidesduneanuszunse I szousa Tifinszuaasaudaiaru wasauau

o < o o [
NAVINNITLUTN 33UUlﬂﬂﬁ$ﬁ'JJWa\i\i']uuagﬂ'ligl]ﬂﬂﬂlﬁwa\i\nunlL!ﬁgUUiﬂllwﬂ’]



UNH 4

o d'! d' L
gmumamﬁzuumimaaummm‘lw%ﬂﬁz!mmwummaw

4.1 UNIN
@ Y Y [ Aas A 1 9
MINrUMIIamIaumstsendandsnuluszuvusa T 1350920 1d a0
] o 1 L @ { 3 1
Uszndandsnulanainia1eds wu nagns lumsaudso ldihamdeyaniuiivesso lild
d' 9 [ A 1Y 1 Y v o d' d’ '
mzauiga N3 1FNanuANNauINNMIUINUINIe RN UTTDDTUIAA B UIND B8N
o o ~ Y 1 ] 1 9 < o
madldiindestioninurasinentouen M3 195z VUM DAL AUNAIU NITAIVANNIS
A A ~ ~ <3 Y [ 1 dyl Ao Y 1
waounvessn dhimungnga Wudu dadeans  marlldiwaNFusouasnsauny M3
[ o a 2=} d’ 42‘ 1 (I}
pRNUUULAEMITAMT U911 nouwiaesNaussouzlumsdseuranangeyunianou
~ o A o v & A A o '

110 Yennusna wsav lsiuwaseaue lumswaui ldsunsusrelunsesnuuy
a 4 Y] o a 4 [ o ]
MWHULAZIATIZHUINNIY AITWAUINITUIADUNIADS WIFIGAIUIUAIUAIT I
° ' R v Aq ¥
puuaeweszuy lunmswselidoonuuuiumusz oy laawanmmsesosildau

A A Ay v N Y v Ay o 2, ) °
sansemuumud ldaanisal atanii luunit Idivaustuasumsadauusiao sy
d' d' 1 é Y o [ A
mandeunvessa IinszuaassvudalIary $alsenouaienuuiasazdnyusaula
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gahelminauemsnagouiazlsuiuanugnaesvesuiiassmsnaouiuesa luih

Y
aag1azDeane 1l
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4.2 nuUasazanrazaNIamnasunve s lnlvh
msnenasnuliduvviuse IdduielHsaldso i uadounuuumadula
4 ; T v g : . .
51929 TagnmanasuinFaduvesvuiusa iniuduraniainnisse i ¥ suuewmes
I ad1ausadia llvudesa v 1913918 ma901u AN NILID 1P UL LT IA UM TIATDUN T
1 ] v JA A o w A ] A Ay '

supuan q 18 useawsimaesznszinuvuiusaosalnsa Tiduadeunidrenuss

9 o (% . . . A Y [ a
18 mssmuammianainvessn Il (train vehicle dynamic) SUAUIINUAUMNIADEATZ VO

4 { 1 1 a a 3 o . .
MIAaBUNYBIT09ns Ishnlaseansnavesinmingn 1wl (effective vehicle mass:

M ;) fsgu 4.1 saTvduadeud luusnada e imsTnszdeglugunalsedeesgn
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Y 2 [ [ U Y Y J = ' A td'dy Y ' a
ﬂﬂiﬁ!@ﬁl\i“ﬂ']igllﬂﬂlm’lﬂﬂ mwaiwLmTuumwwaﬂamimaaumuma D1VISFIYLATUNIT

A 4 a4 g A4 dayy
Lﬂﬁ@uﬂﬁﬁ@ﬁWUﬂﬁLﬂa@uﬂﬂqﬂ

d o A 4 d
5UM 4.1 ununmingoaszvesmsnaounvessn luih

1z 4.1 fualdsa Tlddduadoun ldawsiaaaniBesiiyu @ dunur

FEAU MIOANWIGTY o 159N NNGITBI AD 1T INAVDIRITOINT (tractive effort: F, ) 1ag

ussdumsinaounuessn 11 1aes2u (overall resistance force: R) a59AIUNITIARDOUN

¥o950 TWli1152noud10159@1UN1UNI5I9 (running resistance force: F,) HTIATUNIUINT

4 . . . @ g’/
AU (gradient resistance force: Fg) HAZUTIAUMUNMI AN (curve resistance force: F.,) AqUU
j‘ A ~ a Y A Ay A A o

aumsnugiumanaounvesso liiimnsandiengmsndoundon 2 veaiiafu (Newton’s
Second Law) AaaUMTN 4.1)

F=F, -R=M

& 4.1)

R=dintond (4.2)

UIIRAUDINITAINT
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anBuzYesIRAveInITaInsudnd 13 lug il 4.2 Fusegaiinavinusedaves

o w 1

g1 4 LY YA { 1 [ [
vowmesasmasiuszuuileameaie ldude useganadns lugii 4.2 mumsisugudas
nawwda i ldmngnezih ld g uiamsmaounvesvuiuse I 14 nsmlusenaves
=\ 1 I A o o 3 A A a 9
yuruso lihiiviedutiodu (V) wulsduamanusi lumswasunFaduvesuuiuse
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Tunine m/s w3e kmvh Tag liaulamaluTaduomesvumasuuazdunosimosnlsuuvuiu

4
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D ﬁ’JiJTNL“I/IﬂIuIaEJﬂTi%']EJVlWﬂi%uﬁﬂ‘ﬂﬁﬁﬂﬂﬁ%uﬁﬁﬁ‘ﬂ 1Ue9INTIVIAINA IV AINATNT
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Y

[ 3 A ' v KR o = % A ' a
LL‘Ngﬂﬂummlia‘wLmﬂmdﬂuﬁuuﬂumﬂiuiaEliz”UiUﬂJ‘ULﬂﬁ’eluuazmim&lllw% ATUUTY
o 1% @ <] < <
Ltgf}uﬂ’51Wuﬁﬂgﬂﬂaﬁﬂﬁ]ﬂimmgmﬂlm UIC muﬂ‘iﬂﬁnmiagm (base speed: v,) 13 uAs?
Y A o o Y A A <3 Y] ] [ <
Q'ﬂﬂ']flﬂﬁﬁﬁﬂﬂﬂﬁ%511’”&5\1%@?]\‘]1/]14?”@'\1@@ WBAINULIIVIINITRINTNINNIIATINITNLIIZIU
v o { { . I o w {
139RAZAAAT UAMITINUIIUAOUINUTINAAIN (constant force region) LI UMAINUAIN

(constant power region)

Tractive
effort | | Constant force region |
I
Frma ' |C0nstant power region
N
N Reduced powgr region
A, /
N
\\
b7 V2 Velocity
319 4.2 AnULANTAVDIUTIRAVDINITOINT
HIIATUMIUNT I

A A = 9y = a =~ =) 1 Y o

ﬂTﬁLﬂ’dE)ll“l/l"’ll?)\‘]301Wﬂ1ﬂ$mt‘i\1ﬁ1u%%ﬂﬂ%Wﬂﬂﬁl’c’fﬂ@ﬁiz“ﬁ?%‘]a’ﬂﬂ‘UiNLmMLN

Y Y a @ [ a 1 = Y A ~ [ 9 = A
ATUBDINIA HNAAYITDINTHINTSUAULTUTIANTUATUNITIAADUNTINNULIIATUDINIA HIND
=] o Ay L o 9 a ~ ' 9 A
mﬂuaﬂymzmwwmmmmumﬂmuﬂmaumdmum L‘i‘(’JﬂIﬂfJ'i’JJJ’N UIIANTUMUNIT N
o Y o w . . A A '
ﬂJfJQﬂlUﬁUiﬂthﬂT ﬁ?iﬂiﬂﬂWH’Jﬂ!ulﬂ%TﬂﬁiJﬂ15ﬂ1’d\‘1’dﬂ\1 (quadratic equation) ¥1391380731

#uN151A7 (Davis equation) AIVINENNITN (4.3) (Lu, 2011)
F = A+Bv+CV (4.3)

Taef v Av ANuEvesa 11 (km/h) a4 (kN), B (kNhkm) wag C (kNh/km?)

[

Ao du1lsz@nDia3 (Davis coefficients) ¥aNAA UL UAIAIA (Rochard, and Schmid, 2000) a3

Y Y Y
Hwau1yulag von Borries Formel, Leitzmann Formel, Barbier (121 Davis aunsildannis

[

¥ curve fitting 91neyanadovvosszuusa I n1sseliiszmaais 9 Mlanldwaun
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A o Yo Y A Aq ¥ v Y a a
mJmigmmaumﬂ%mmmuﬂmumﬁma@u‘wGlmwuwﬁuﬂumﬂﬁmmimuﬁamm

9
Usemanu 9

Y = J
UIIAUMUINT AU
=2 o~y o 2 a ¥ 9 Y 1 o

msanvuausa Ildhadiiminunduiuiudedddussanedraun Tagna 'l
9 a ! [ = Jd A v 9 S
duniamsiauso ldihaudeaiasy szaunsifouduioauduazidos nazazinig

= @ ] a EY = Jo & Y o =
agunlaiszaunnuFuLos (Lu, 2011) MIHITUIMIIAIUNIUNTABUATUTUADIAINY
sUnuvvesvuausal Unduvuiiaesnisndeunvesso ledrsiwrzsiaoe Ingauuald
] v A IS a a

Y1us0 Iviilugania (mass point) uariie 1d Indidesnuiuaiearsiosanvuiusa lulu

1 g 4 90’ v 1 Q (9]’.1 o ‘9111 4
sUnUDUHLE1 9 1Ry T1MITNNgZ1eMT 9 NUARBANIVLIU AIHUAIINATUNIUIID

d’i d' 1 1 9 1 1 1 d’ 1 % s 1 1 1 w a
5o Iindounriusosaoue IdUNINTZHIIFEdDIFINBgARN UIZTA TRy Na15an
. @ A o Y ~ o

YUIUT0 1D Homogeneous strip #9317 4.3 fvualidso Ivlianuennsouagusuiu
[ ] ] 9 = 1 1 = ] '
FI TLYZUDWAASTIWNUAY S, ....S, FaAazFINANUFTU 2, wraveesn TWnszarem
7 NUAABATINTZEZ S, ANV IUID Irlunudie L, anwevesdauvesso ey
o 1 1 1w 4
AUBI S, UNUAIY L, TAOHATINUDY L +... +L, DANNINY L, UTIAIUNIUINTROUANT 0115

y A a 4 A Yo < < =
ATUIUBIIINAITNUATALDYIVBINTTLAADUN t’f'liﬂﬁﬂ“l’ﬂul)ﬂﬂ\‘iﬁllﬂﬁﬂ (4.4) Taon m, wWunia

YoIduUeIvLIUID IWAnToUAgNITLEZMG S,

HiL[4>

Train

Li L; L

/

S[ Sz 53 Sk

=\ = .
307 4.3 msnnsanvuause Idwun Homogeneous strip

F, = gmn, +gmn, +...+ gmn, (4.4)
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m. =M (L /L) (4.5)

Y Y
L!ﬁ\?ﬂ1u°ﬂ1u‘ﬂ1\ﬂﬂ\1
Y Y = Y A ~ 4 I
uﬁamumumﬂﬂmJu’muwuwaummumumima@uwmm"lw HUNABDLLI
Y A a Y ~ 9 A 9 A ' 'Y
mumm‘wummmmimgwumaam"lfv\lma'lvhwmmwuzmammaﬂumummmﬂm

v A

A y A 2 Vo v A v v v
PUNIM LTI UTIZVUDINUTALNIG IAIUDIN1I r(s) LL'H’\T@1H°VH‘H‘VI1\‘11?]\‘1?”“']331’?']1{91

u

910 Roeckl’s formula A9aUNI5N (4.6) (Nash, and Huerlimann, 2003).

6.3
,-(S)—_SSMW ;fOI'I"(S)Z 300 m

F = (4.6)

¢ 491
ym—_mM(ﬂ. ;for I"(S)<300 m

1 =) a 90’ -7
m1szanswavesimiinga lvlih
A 9 ?x‘l 9 o o A '

HIINDIINNTUYUVBIR0TD INTTUIZADIgNIIIA DN MIAUIT DT D T
d[ a o o 2 o A 2 %} %
FanAainagyimamina1sznoumsnyu (rotary allowance) ¥50A21/5no i ming laoas

1 Aa a Y @ . '

(passenger mass factor) 19110 Tumsduraailsz@nsnavevimiingo lide Fean

a a 901 ] A
Uszanswaveaiminge lihausom Idnnaumsn 4.7) (Lu, 2011)

M,

=M, (1+4,)+M, 4.7)

. . , T
Taof M, Ao siviinsnial (tare weight) A, A0 rotary allowance 1az M, Ain H111invos

Eﬁﬂ ge13 (passenger load)

421 msmugumsmasuiivesseluvh

d’ d’ d‘ o 1 1 = =
manaeunuessn lluiesuded lasassznineaniiid lnoasaosannil

g’/ =\ A A @ a9 9y < . .
uuaglisduuumsndouimuansuzauiaduIfen21m59-19a1 (train’s speed-time curve)

4 ] 1
Tnuamshauiugvvessa lligmaouinaeld lvuanisiau 4lvua 1aun Truaisg
2 . < { .. '

A1UL57 (acceleration mode) THyanNNISIAIN (constant speed or cruising mode) Tvuauay
FenuIn 08 (coasting mode) uaz IMuANISIITH (braking mode) (Kulworawanichpong, 2003;

v Y
Kim, 2010) aanaaslugdi 4.4 Tasussgavviuso i luuaas Tvuaduednumaiinnis
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v 1 3 o

AN 1Y (Sumpavakup and Kulworawanichpong, 2014) 8614 13na1u n15vi191uvessa 1l
[ o [ s . '

pnaziimsaay Tnuarmaullin'ldamiaglseasandesnis(Bocharnikov et al., 2007) 15U

WINAINTUszrdandsaue1nvz 19n15A1UAUNAI0Y coasting mode AAUNY accelerating mode

=

A 9999 o 4 Ay g ¥
el ldwasnulumandountiosnga Huau

Vo b *V,, : maximum operating speed

Speed

Accelerating Cruising Coasting Braking

mode mode mode mode

Time

510 4.4 Tuwamsvhauvesse T

' g A ' 3 T Ao
THUATIANNGEIZETUISTIANNGEI00N NN T HAI8ANUTINAHUAIUDIN

] o U ' (]
ANLTINNNU (service speed) Iﬂﬂﬂ1ﬂ31ﬂlﬁqmﬂ\15ﬂ]‘17\lﬁ1ﬂ$ﬁﬂuﬂuu’)ﬂ (a ) HAZHIIRA

acc
o { 4 3 2 o 3
vuuse ihaunsadnnaldamuaunsi 4.1 WweanuEiueesn IdhdsanuEaiiaun
¥ o £ E < v g o 4 =
21919 Truanu59a90 Tnuaiiagsny1anus2 13Mau5219190 (@ =0) IUnT2NID
° 1 A 1 A = ] A 2 =
duniisyTruamsuay Wede Tnuamsuaudlsanumos Tvuatnsagavuiuse lrliheedl
13 4 1 ] = B~ 1 1 <3 ] N ] 9
antlugud (7,=0) nagamanuisaziiauiluay uasde lstawaausemmnsolianiuuin1a
{ A w { 2 & 4 3 A
lunsainavivaiasy uazeznlasuilulvuanisusnnaoiion AN NEI1NdoUUINAY
Vg A =R A 9 ~ ' a L. .
anusuiluay (a,,,) WioDeszezNIzAIUIN 39071 5282 INGANITIUTN (Critical Braking
Distance: CBD ) tiipazidvoaianiiif laga1s udasasgdi 4.5 Taea1 CBD awisonila
r DA ey 4 A - D 4 A
VINAUMTN (4.8) (Lu, 2011) uariie 1¥n1sseananig lasarsinnuududuiionnsuing
) Y Y] A = = o & Y
YoInNNFULazANY IAe ud U1 Isneudaniig lasas Suiludesnsinaeuszeziusn
= %o Y ° A d’ ) Y A )
onasanouzdng Inuawsn Tasmsmurunsinaouivesso I lddrenid memszezisu

WSNNUUUEGT NIIAIVYUMIINNUVD THUAM T NUAAIAIFUN 4.6

CBD =—-05x—— 48)



A /Current speed

Speed

Current position Station

>
: : >
<— (Critical Braking Distance —®  Distance

JUM 4.5 uHUMINMIMUIUTZIZINGANIIUIN

Calculate CBD

D2NS-s <CBD?

Calculate train movement forward

No

Yes

A

Braking mode signal = 1 Braking mode signal = 0

End

71U 4.6 MImuguMIHaILve THNAMSILUIN
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ao 2 44 p ” A
Tuaidetinyusiaessmsmasunvessa ihezdlumsairemsnaou
[ I~ A 1 <3 {
w930 IlfhmsemsaFruduTngei19n159 (speed profile) 1 39mumdusiaanuizinla
ponuUU 13 (design speed profile) uaasaazli 4.7 Tasldnannisaruauuuudadiu
. : I o ' J J 4 < a
(proportional control) #9921 HUMIMUINAINNUITINNAINNUAAIAAADUVDIAINIFTIVII
[ S Y a o A Y o A A [
Y9950 1AUAMF191999 AsgN 4.8 mIadunuiimesmaadeunvesso lihzmiams
o I~ 1 A . . {
Waueenilu 3 Tvua laun T1uA29 (running mode) T1uALLTA (braking) taz Tnuangan
2
@011 (station stop mode) A3518aIBEAAD 11/1)
2 [ Y 4 Y o Y o @ <
1) Tnuade smihnGudulumsduiaag lddmsunisaiuguaiiug?
2 A 4 < - SR A A A S 5
yuzAsownaou Tasmsnruauanuiilulvuaiuiailu 2 Gou'ly Ae WoeanuEading
< { 1 1 < ' <3 1 < {
AN Ideenuny 131450 Tvdhg Tuuaisannus s uadinnudaganianuEanld
[ <3 {
ponuuy 131ds0 lvidg Tnuanruguanuiiinei

o Y A < A 9 A =
2) I‘Villﬂn_lﬁﬂ ‘Vnﬁuﬁﬂaﬂﬂ:]nﬂi3%@35317\“7‘@?[“%@@%?7'5”“

A A o Y A o A aq ¥ .
3) IWN@WQ@VIﬁﬂTH 1/1mumuunamqwﬁmuiwmmm dwell time

Speed
A Design speed profile

£}

AN

Actual speed profile

Distance

{ 1 <
U 4.7 myadradulassseanusEa

ot

Train speed control

Proportional | ¢ Tractive effort
control check

Speed
command

A < o 1 o @ ]
ETJVI 4.8 ﬂWﬁﬂ'J‘Uﬂllﬂ'ﬂiJlj'JLL'U1Jﬁﬂﬁﬁuﬁ']ﬁ'i‘]JﬂTﬁﬂ?UﬂﬁJﬂ'ﬂNli?ﬁﬂﬂV‘lﬂT
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422 masannamadinihnsellflumsinasun

drge I nlFdumaouvuiuso v (train power consumption: P )

A o w

[ o w <
Usznouade 3 @au fe maeIililhaings (ractive power: P,) maalWdhanszuumuazawy

wasu Ildhwuvuause (ESS power: Py ) wazias Ivliuesu (auxiliary power: P, ) Mifa

aux

MINTLUULEIAIN 19T e9lS UM szuudaana tazdu q Asaunsn (4.9) Tasimas luih
Y
v <] a a
anazunuamsanavuIuse i (£,) anusivessa ldiuazlsz@nsammsunlas

(% < @ 14 1% { 1 1w
wasnunalundsau lidhvewemeiainge () Asaumsi (4.10) nag Py azliauniny

o w

§ < @ =3 i a &
masIihiidseguesssuuiuazaundaanu (ESS charge power: Py,..) NAvilioAnaIsz Ul

< @ '

muazaunauUvUIusonazeg Iy Tnualszy 1 (charging mode) naz vzliauninuauy

o w

1 <] [ S 4 a ?x‘a
maQ"lfv\l1}’\11ﬁmaﬂs$irumszumﬂuazﬁuwawm (ESS discharging power: P, ) nAoLiioAnna
< o 1
szunnUdzaunasuuyuIusanazeglu Tnuameszq Il (discharging mode) taz vzl
1T a3 A " Ya 3’; < o o ~ & 1
antlu 01 lulaAaAesz ULINUALAUNAINIUDUVDIUTD AIANNITA (4.11) FINTHIA
P

charge

uaz Py, sziinauesivaziogn luumaa li

P =P +P +P (4.9)

ESS aux

F .
—Lxv ifE >0
P =17 (4.10)

nk,xv ;if F, <0

P, . ;if with the ESS and charging mode

charge *

Py =1-P, ;if with the ESS and discharging mode (4.11)

0 ; if without the ESS

423 msdSudeanandaezdumiemsnaoui

=) =

o <3 o T o [
ﬂ1§ﬂ5Uﬂ§Qﬂ31NL§3LLa$@1LLWUQﬂ15lﬂa@umellﬂ\1§ﬂ"lw1ﬂ1ﬁ1u1ﬁﬂﬂ1u3ﬂ!]1§9]}ﬂ\1

! o w { <] [ ' [
aumsh (4.12) uag (4.13) mua1au Tagh v uaz v, Ao aAnusasn dmduagneudSulss

At 70 time step 5,18z s, a0 dwnisa lihvawaznoulfulss

v, =V, +0At (4.12)



1
s, =8, +V.At + 5 aAt’

a2 v
LTUAU

Tadeyavesvuauso lvldh doyaniaia
waz@eu lumsiause uazmruan
FUANA1 9 Tumsaum

Y

‘

° oA 9
ATUIULLIINTENININYIUDI

HATMUIULTINAVDINITOINT

AIANMIN (4.1)-(4.7)

Psuigennui ez uniiavesvuau
so'lvldh dvaunsi 4.12)-(4.13)

;

i hihnga i1 ums
IAADUN AITUNITN (4.9)-(4.11)

11
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(4.13)

cal

+ At

t

>t

cal = "stop
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o T

4.3 !!‘]J‘]J‘Tﬂﬂﬂ\‘lﬁ%‘].l‘ll‘ﬂ1ﬂulwﬂ1mﬂﬂiﬂqwﬂ1ﬂ§$!!ﬁﬂiﬁ

usaumIasgudmiuszuunie vessa liihnszuansaliauilu 600 v wie 750
vdmivio lWdhavudaaasuluiios 19szquuseau 1500 v dmsuszousn Tl
nIzuansNwies uaz ldszaunssau 3000 v dmsuszuuso Iiihnszuanseszniadios
wioszuusa llanuEage manelidressiawezlflunsalvesszuusa llihyuas

A A v Ao 1 Aa = <3 Y a 1 o A o

wrayuntuseauing ldnu 750 v uazianusa lunis Idusms liganniin ieszau

] Y
usasu Trlduinaudiu 1500 v uaz 3000 v azihstuuumsne liueaedanileaiyzin s

e

au m3lFsenaivez lumngauiio 19105202 1193211962119 1N INR U199 1048

]
[ a

fudnll hldaaTamiseamsinuan i mssedressiiawsanuetussuuii
fhufisrda gy szuusa i daulug Tued Wudy mssrelilazldmsmlasilanaaniizes
N3ZUA (rectifier substation) 520y TnszuaaduiliFoudesz duegiums ihwestosdy
Tagfiszuusieiidallihissduussdumila wu szuuse'lilih BTS uaz MRT veallssins

Tneldseaunseaulni 69 kv vpams i masvars Wudu

TSS. 1 TSS. 2 %
A 4 A 4

—1— Conductor rail

Running rail

517 4.10 Megraumunmaie Iihwesszunso Idhnszuaassuudwiaru
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—_—,— e —_—— — —

TSS. 1 : Conductor rail | | Tss.2
g (i): dxR,., |©(L’55 —d ) xR :(I:D J
I MV

3

U1 4.11 2vsauyaszuvaeg lnihvesszuvsa ldihnszuaas swudaasu

msauasziszuuseliihuesszuose ddnszuaassvudanasudagii 4.10

autiums lalagerdonisiinsiziiaes IWihnszuansesdae35 Tua (node analysis) Aalugali

[ < 1 1 @ 4 [
4.11 azutiaeoniu 3 d2u Ao druan1il lWd 9 uaaeu (traction substation) daueetlon

] v 9 £4
(feeder) G?Q‘ﬂi%ﬂi’)‘]J@%}’JEJiNG]’Jﬁ'ILLaziN’N !,Laxmusa'lvmw (train) Tagnsauaiuiiog

a ° o Y ° Yt A ' A 2
NWANTUINITATUIULIIAUTNAIY uazﬂmmﬂ‘wma"lwﬂnmg‘uuswm"lﬂmﬂmmu (up-

track) ¥ilavuau Tdunusiaes Inanso Il lugdvesnseua vz Idauns Tuaieduow

ugasu IWihn Tuaana o daaunsi 4.14)

54[G] uaz[I]aunsomd

LN _
Ry dxR,, R,
L L, r, 1 G
Ry Ry Ry dxR, 2
0 0
[¢]=
0 0

[v]=16] 1]

[

&
IU

0 0
ond x
0 0
1 1
L 4
Rsz (med)XR d R
_1 L., G
R.\ RS?_ RYE (Lm d)XR il 2
_ ! 0
(Lo —d)%R, g dxR
0 _
(L =) xR,

. (La—d)<R.,,

(4.14)
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[I]:[ITSSI _Irsm ITSS2 _Irssz _Itr Itr]T

Tagn  d e dwrtanvuIuse Ieguusad (m)
L. o szezvingszrananiil idhdunaou (m)
R

cond

R

A MANUAMUNIUTINEN (conductor rail resistance) (€2 /m)
il A0 AANUAMUNIUININ (running rail resistance) (€2 /m)

R Ao A1nua uniudnlsesiao i Iddduinden (substation short-circuit
resistance) (Q)

I Ao anszud Irlihiian1iinie vl (substation current) (A)

I, Ao mnszua Ildhvessa i (a)

A 1 Y a d' = Cd tﬂ' . .
R, 00 Arnnudrumuaunaodl i dunaeu (traction substation ground

resistance) (QQ)

G 10 A0 o953 19 eUA DAY (rail-to-earth conductance) (S/m)

v o 9 ~ 1 o 9
1 Ry awnsadn ldonnaumsi (4.15) waga Lo awnsadu ldnnauns

7 (4.16) #9 v, Ao awgaau'l3 Tnaananitiaie (no-load substation voltage) Py Ao M

| _tss

[ o w

wnaniaelideSedarsosnanifisns il (substation short- circuit capacity) azf1 /Ao

' v A a1 h . 4 o Y v A
mﬂmmamwwﬁmumﬂ"lw (substation short-circuit current) mmmmmm”lﬂmﬁumw

(4.17)
2
v
R, :M (4.15)
Py
%
.. =] 1S (4.16)
7SS N RS
P,
I, =— (4.17)
nl _tss

daua 1, dunsosiwaaldninaunisi 4.18) Taen ¥, e Awseauldihnian
asouvuIuse Il 910310 4.11 @wnsanldnnawssau i Tuad s apdousedu

Tuafi 6 (V,-7,)
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P
[ =" (4.18)
4

7

mamuranamasusaau Tdf luszuusa lddezautiunisedieneriios 14
F19RLIUND 9 0.1 i dwntisvessa liihuaz hdsan dihnse Trldhsuldnnae
1 H o 1 1 I~ o <
eazlasunla Il Tvuamsauvessa W wu TrnuaannuE Tnuasnuinnus)
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System data

- Train service information

- Train model and its parameter
- Infrastructure characteristics

- Power system parameter

- Simulation parameter

- Initial condition setting

- OBESS parameter

Single train simulation (main program)

- Train movement and performance calculation
- Call network capture

- Call the power flow calculation

Network capture Power flow calculation

- Define power network configuration - Perform the power flow calculation

- Bus numbering v' Current Injection Method: CIM

- Create bus data and line data - Calculate bus voltage, substation power, etc.
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Station code Station name Position (km) Dwell time (sec)
AVAI National Stadium 0 -
CEN* Siam 0.565 30
S1 Ratchadamri 1.777 20
S2%* Sala Daeng 3.184 30
S3 Chong Nonsi 4.204 20
S5* Surasak 5.403 20
S6 Saphan Taksin 6.219 20
S7* Krung Thon Buri 7.446 20
S8 Wongwian Yai 8.254 20
S9* Pho Nimit 9.270 20
S10 Talat Phlu 10.432 20
S11* Waultthakat 11.346 20
S12* Bang Wa 13.009 20
STY Stabling yard 13.649 -

wuema * vanens aoil lWvhdunaou

A a ) o o A A
MITNNN 4.2 W15WMLG]’EJiﬁ'T‘HﬁJﬂﬁinai’NNaﬂﬁmf‘]ﬂu‘ﬂﬂl@\ﬁﬂqWWW BTS

Specific data Information
Train parameters
Weight tare weight 153 ton
payload AW3 75 ton
Movement Feature max. speed 80 km/h
max. acceleration 0.87 m/s’
max. deceleration 1.00 m/s’
Efficiency gear, motor, inverter 98%, 88%, 98%
Auxiliary power constant load 270 kW

Train resistance

A =4025,B=118.67,C=0.871

TE and BE curve

Jin 415
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S_start (m) S end (m) 7 (m)
0 850.6 0
850.61 1110.61 2611.32
1110.62 1340.62 250.02

1340.63 2040.63 0
2040.64 2540.64 1416.78
2540.65 2770.65 0
2770.66 3170.66 361.14
3170.67 3820.67 0
3820.68 4120.68 97.23
4120.69 4370.69 0
4370.7 4670.7 111.12
4670.71 5970.71 0
5970.72 6170.72 152.79
6170.73 6970.73 0
6970.74 7670.74 1527
7670.75 8420.75 0
8420.76 9020.76 1722.36
9020.77 9620.77 1222.32
9620.78 10120.78 0
10120.79 10620.79 1055.64
10620.8 10830.8 0
10830.81 11380.81 500.04
11380.82 11660.82 0
11660.83 11960.83 500.04
11960.84 12807.84 541.71
12807.85 13649 0
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Survey Window - [Survey Window]

Cle=|e | E=8 S )

Azimuth & Elevation Window - [Azimuth & Elevation Window]

Al Navigation Window

e =]a

Latitude
Longitude:
Altitude:

N 00° 00.0000
E 000° 00.0000
0.00 m

LatN 00" 000066 LonE 000" 000071 Distance = 31.04m

{ { v 0 1 < 1
519 4.18 g1lnsal GPS module N iaA1TAT9T19AMMG WAz HINATUTUNTY VisualGPS

A15197 4.4 Y0329 1MIZU09 SKYLAB GPS module J14 SKMS55

Parameter

Specification

GPS receiver

Receiver Type L1 frequency band, C/A code, 22 Tracking / 66 Acquisition-
Channel

Sensitivity Tracking -165 dBm
Acquisition -148 dBm

Accuracy Position 3.0 m CEP50 without SA (Typical Open Sky)
Velocity 0.1 m/s without SA

Acquisition Time Cold Start 32s
Warm Start 23s
Hot Start ls
Re-Acquisition | <I's

Power Consumption Tracking 30mA @3.3V Typical
Acquisition 35mA @3.3V

Navigation Data Update Rate | 1 Hz

Operational Limits Altitude Max 18,000 m
Velocity Max 515 m/s
Acceleration Lessthan4 g
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Conductor rail
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| 'Q TCU : Traction Control Unit
1 OBESS r ACU : Auxiliary Control Unit
BR : Braking Resistor
OBESS : On-Board Energy Storage System
Energy Management System !

Running rail
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409 OBESS 1o v ti)szd@nTnmms ldwasnuuniga nelditeou lvvesnsaatiaslah

1 1 J v & Y { o 4 o w '

Aeaavosn Il lugruse duiuluiideilszinauenagnimsaamaslihaieon (peak
. 1 o I [ Aw A an 9y 1

power reducing strategy) v9350 11510 OBESS 1ilundnvinaiuideinium 333 1aun

4 @ 1 o w
ﬂﬂq%‘ﬁﬂ’sﬂﬂuﬂﬁ@ﬂﬂ"m@ﬂﬂlﬂdﬂ”IENlIWV’\h (peak shaving control strategy) (Grigans, and
4 @ U
Latkovskis, 2010) NagNTAIUAUUDUTATIU (proportional control strategy) (Grigans, and
4
Latkovskis, 2010) u,azﬂaqmmuquﬁmuzmmmsﬂizﬁ; (SOC control strategy) (Barrero,

. = I a o w 1 g’z 1
Mierlo, and Tackoen, 2008) #4921 UA15NI1TUURNIZAT Iaveaniaa W un1aiy Tu
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[

v H '
maslwih B galiaumdy 2, Taen /Ao dudszansdiuqa B, @aldau 1 P, Ao

peak

' o

o o & o w J 3 1%
ammaslihgegavesso i duiumaslwihaelszguesginssimuazaundanu (P,

wliawnnuanuuanasznanmas lihaesse ldh (P) AU A, dsaumsi 5.1)
By =6~ 4 (5.1)

5.2.2 NagNEAILANIIUTARIY
a Y o 1 4 I @
lLu’JﬂﬂWﬁﬂ"’ll'fNﬂﬁq%ﬁﬂ'lﬁﬂ')ﬂﬂh!&ﬂﬂﬁﬂﬁ?u ﬁ'ﬁ] !ﬁ@mﬂWﬁﬁQWUﬁﬂﬂﬂ’]i!‘Uﬁﬂ
J @ Y o 1 o a £ A 1 1 a
pazaedszyangunsalinuazaunasnualodaaiudulszans « @arlimu 1) veq

madIfhtumaousalv P,

trac

(traction power) AdguNIN (5.2)

Pu'is :kXP

trac

(5.2)

5.2.3 NagnsnIuRNanIUzeInsiszy
a o s A y A < o

lLu’JﬂﬂﬂaﬂGUENﬂaq%ﬁﬂﬁﬂﬂﬂﬁﬂ’]ugﬂ]@\iﬂ'ﬁﬂigﬂ A9 NIBDUNIZINUNAINTU

o A o g Y A a3 Y A o w 9
NUIUVINNNMTLUT LB I NY U LlagGlGIf‘Wﬁ\1\111!1/]lﬂllul,ﬂw\l@aﬂﬂ1a\1hh"lﬂ']g\‘]q@%']ﬂﬁgﬂﬂ Glflf
(% 1 1 % a Qa‘ tﬂ' [ [ d' ! v d’
ﬂ’liﬂ')'llﬂu!!fll‘l]ﬁﬂﬁ')uWWHﬁNﬂﬁgﬁ‘ﬂ‘ﬁ KlW’f]ﬂ’Wiu@ﬂ’]anlwﬁ']ﬂ‘ﬂ']ﬂIﬂﬂ EDLC a4 un1sn
R o & = a A 1T A <3 o w ~
(5.3) Familana 3 Bunn Ao A1vsean1Uzlsz9Ues EDLC ANuEavessa li uazmas I

suiludealdlumsiaaoun

P,, = K x(SOC ;. —SOC) (5.3)

KIXEKinetic ag E

Iﬂﬂﬁ SOCyy = Kinetic :%XMXVZ

SCmax
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p Total

|

SOC Pus s0C
e “% SC System

\J

ﬂﬁ 5.2 LLI‘N‘L!ﬂ'I‘Wﬂﬁﬂﬂ‘ﬁﬂ’)ﬂﬂﬂﬁﬂ'luw‘lmﬂﬂ'ﬁﬂi 9

EpLC Wugnsalifvazaundanuiifidedazarumnzauiivzthin g uszuy
salwihnssuansavudararumnnnglnsalifuazaundinusudai 18nan 15 Tuund 3
ANuIANANIR M ANTALasHAasuaives EDLC Tugaiildsuiyalszdnsamuesssuy
so'ldfhgninaueTasnasuIindnaasialszime dae19ve9 EDLC Tugaiifioglu
#o4na1a 1aun MITRAC Energy Saver YPIUTHN Bombardier Transportation, SITRAS SES
YBIUTEN Siemens, STEEM ¥84UTHN Alstom Transport 1Judu 119113981800 MITRAC
Energy Saver Y0913 EN Bombardier Transportation LgﬂuQﬂﬂiﬂflﬁﬂﬁxﬁwwﬁﬂﬂ1uﬁﬂ$ﬁ1u1
AARIUUYLIUT I 891N T AN NI 11 (Whikg) do Tugamniigaieifisudiy
Yo N (Ratniyomchai, Hillmansen, and Tricoli, 2014) Tﬂ&li‘]i’l’agawmmﬁﬂﬁqgﬂﬁ 5.3

v H Y
Faveyaluduilsziludoyaililuanuided

Installed energy (KWh).- d 11 11,17

Max output power (@4 300 1300 100
Cooling forced air ! forced air ! natural
cooling 1 cooling convection

I |oooling
Weight (kg) 477 : 428 :466
Dimensions (mm) 1900x950x455 I 1700x680x450 . 1800x1500x250

(partly 550)
L=

ﬂ‘ﬁ 5.3 MITRAC Energy Saver UYOILIHN Bombardier Transportation (Bombardier, 2009)
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Jd Y] o w
53 nagnimsaannufeansiadlliinmigea (peak demand cutting

strategy)
I Yo o tdy < I A 9 @

nagnsngivorinauetazilunagninwauniveldnugumsdailszguazaelszy
w99 OBESS 1o 1¥ddszaninmmsldwasuunniga meldteulvvesnsaadias vl
Aeaavedso i lugiause (Sumpavakup, Ratniyomchai and Kulworawanichpong, 2017) 85119

Yo = A o o v & To R = A
1aaagU7 5.4 Taginsaunnizms lnavestias Iddunniu ludildaoesniomsaiugu
nudiannseiindmas nsluavesdideldiateluszuusalihaazsaliiegl
H 4 v
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wasau lliheTas oBESS liiisswenaziieldsn lihdmiunisss wasau i
Y S U o 1 v o = 1 o w 1
Apamatuazgnie Taouasiie lilildusisdni Faneanundadiihaeeaves
uvassglilihezgnaawediendsan liliinuldeinnisiusnues OBESS urumwmsia

[ d’ o = % = 1 Yy 191’1 % d'

msnasnuvesszuuse ldhiminaue Taaieununsal li'laaans OBESS udaasgili 5.6
Fanavazso lrliuseazas ldhonuvasiieldriusedninezvazso ldduusnee
mvualdwdsouaundun lannusnizgnateldnusz vy ldduas uneudiuwasau i

1 Y
nmavazgnivanyllluzvesnnudoulasdaiduniumswsn v



Energy saving in DC electrified railway

[~ Conductor rail

TSS. 1

TSS. 2

Collector shoe

Running rail

Regenerative

Energy recycling
braking energy

f—

- — —
Motoring: Cruising Coasting (:Brakingj {' Motorin'gz‘{ Cruising
|
|
|
|

Train power

Coasting :Brak in%

*TSS : Traction Substation
PS : Passenger Station

PS 1 PS 2
Peak demand

cutting strategy

PS 3 Time
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Third rail
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Running rail BR Running rail
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1 <
) VULIUTN V) VUSLITININLT

Y

e lihaoon

A o w A o @ A v Y 4 o Y
51U 5.5 ﬂ'ﬁ]lﬁasl]ﬂ\iﬂ']a\flw%“ll@ﬁ]ﬂﬂnﬁwa\ﬁTUﬂuﬂaUﬂfJﬂﬂaq‘ﬂﬁﬂTi@]ﬂﬂ?TNﬁ@Qﬂ15



72

Without OBESS

| Accelaration | | Braking |

v v

Draw power from Supply AUX
power supply

Dissipate power in
BR

| Accelaration |
v

Supply AUX by
conductor rails

Supply AUX

Full charged?
No

Ready to use the
OBESS for cutting the
peak power?

No

A

Draw power Dissipate
Discharging from power || Charging power in
OBESS supply OBESS BR

=i ~ o v =~ n ya 3’; a ?x’l
gﬂ‘ﬂ 5.6 LLW‘L!ﬂ”I‘WHEleIL‘V]fJ‘]Jﬂﬁi]ﬂﬂ”li‘WﬁQx‘ﬂuﬂimllllllﬂﬁﬂ@]\mazmﬂﬁﬂ OBESS

53.1 suudiaesnsnILANMIOalszy

Tuuansiauvesso lldhezdesgnasrndeunou Tasazdrguunsiaes

@ < d‘ o [} [ g’/ [
minugumsealszynaeiionisiiaiuvessa IiegluTnuamsn vaseiniusgsiinms
g [ AUAUINNITIUTA (regenerative braking power) 11AAUNITN (5.4) Tash

A a a @ = é’ [ a a 4
Mg 10 UsEANTMIMVOIMIBALTEY FaazTudvsz@nTinimvesnenei(sy,,,)
a a = 4 a a a 4 14 a a

Usz@niamvoudos (n,,,) Yiganinimuesduneiiaoi(sy,,) tazlsz@ninimuog

édwdg! 'W‘]_IWQQ wﬂWQQ
OBESS (77,55) $an9zUU0grulse@n5amued chopper (77, ., ) Haz1lss@nTamved EDLC

° Y o A [ g 1<
(Mpprc) AUV IAAIAUNITN (5.5) uag (5.6) wasaunInmsiusnuuszgminuazanly
OBESS munsamuia lanaunsi (5.7) iesnnanil ldihdundeuvesszuuse Tl
a I a . . o v v
nosantuaonil IihsiiaSeanssue (rectifier substation) ¥ 1R WaIUALAGDINMITILSTA
' ] '

Lignnsolvadoundu lnszuvtiemas i la aniudieanugwasan Wi lu oBESS
I @ A @ dy Ao 9 A o w 2
@y wasnuAundunnmawsnileg lva lundadumumsiwsn ldduiemvanluglves

ANUFOU LHUANNTZUIUMSTNUVBILDUTIA0IN IRl uansasgli 5.7

P._=P =F, xvx M eharge (5.4)

reg charge

ncharge = nmotor x ngear x 77inv x nESS (55)



Mess = Mehopper X MEDLC

Epg (t+At) = Epg (1) + P At

reg

Calculate regenerative power (Pg)
and determine power consumed by the
train (P,) = auxiliary power (Px)

Preg>Pmax,ESS?

NoO |

P reg — L max,ESS

\

Calculate storing energy (E,)

Esto = EI?SS(t) or Preg*dt

v

Evm >Emax,ESS ?

/

Update power and energy of ESS
Epss(t+dt) = Epaxrss
P ESS( 15 +dl) =0

Update power and energy of ESS
Egss(t+dt) = Eo
PESS(t+dt) = Preg

End

9
Qo

ot

19 5.7 FuaoUMIAILANNMIDAYTEUDI OBESS
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(5.6)

(5.7)
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[Reuluisudunisnieszques OBESS Ao iemdeldihaingeaiidesnisdsaz 1dvinns
Auraannthinunninnuuanaesgriemad lihaeeauazaimas ldimedsey
A 9 o A o Y J @ Y o
gagaia1e'ldv1n OBESS Asaun137 (5.8) ¥aa91n1in OBESS vz d1gnasau T 1dny
soTldhasiissaunsenstliadinadmgaves SOC Tasmmuatiamsoalszquazaioilszy
Y99 OBESS M1 20 < %S0C < 95 mas lWihaeiszguazwasau luihaz auvos OBESS
o ) A o A A Aa A
ansadia ldnnaunsi (5.9) uag (5.10) mudran laeii g, Ao YszAnamves
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msnedszy aunsasiuanldninaunisn (5.11) eg1elsnaiudr oBESS luaniniie
wasu Il ldnumssiauvesse Tl e so lvdhez SunasanTdihonunasone Tuie

usnanitwemiuayumsiauvesso Wi nszuaumsihauvesuTiassnsAILgY

Msmesequaninagilin 5.9

P >P

tr peak — * dis,max

(5.8)
I)dis (t + At) = (Ba (t + At) + I)aux N\ Ijstart ) / ndischargc (59)
Epos (14 A1) = B (1) — (P, (1 + At)x At) (5.10)

ndischarge = nmotor x ﬂgear x ninv x nESS (51 1)
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Py

>
Time

~ A A g
Eﬂﬂ 5.8 l\jauhlél]ﬂ’]iw'lﬂﬂlﬁuﬂu P

start

Calculate power used by train for
accelerating (P)

v

Determine the condition of ESS
discharge start

"’UfNLL‘]J‘Uﬁﬁa’E)x‘lﬂWﬁﬂ’J‘]JﬂiJﬂﬁﬂ']El“lJiZﬂ"’ll’éN OBESS

Start to
discharging?

Calculate discharge power of the ESS
Pgis = (P e DN .vmrl)/ e]jfdixchar'ge

Py =P, max,FESS

S U——

Calculate power and energy Calculate power and energy
consumed by the train consumed by the train

Ptr(lurdt) =P+ Pan Plr(t+dt) =Pia + Pan Pass

Ep(t+dt) = Ey(1) + Py(t+dy)*dt En(t+dl) = Ey(t) + Py(t+dy) *dt
Update power and energy of ESS Update power and energy of ESS

Egss(t+dt) = Epss(t) Epss(t+dt) = Epss(t)-Pais™dt

Prss(t+dt) = 0 Puss(t+dt) = -Pas

A
End

9
QU

U7 5.9 TuapUNIAIVANNIAI81TE U0 OBESS

ot
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minadevzihwmadeunuszuuse ihnszuaassvudanaruvealszmalneg
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7 a01il Fa5wazdeaveIszuuadna lauana 13 luunn 4 viadon 4.5.1 e lvvesszuy

NATOUTIMTUMITIADINALAAIAINITIN 5.1

A519N 5.1 ﬁau'lwmizuumﬁauﬁmi"umiﬁmawa

Specific data Information

Train parameters

Voltage nominal voltage 750 V

Weight tare weight 153 ton
payload AW3 75 ton

Movement Feature max. speed 80 km/h
max. acceleration 0.87 m/s’
max. deceleration 1.00 m/s’

Efficiency

gear, motor, inverter

98%, 88%, 98%

EDLC, chopper

86%, 95%

Auxiliary power

constant load

270 kW

Train resistance

A =4025,B=118.67,C=0.871

TE and BE curve

Jin4.1s

Power system parameters

Traction substation

no-load voltage

rated power

790 V
2550 kVA (CEN, S02, S05, S07)
3300 kVA (S09, S11, S12)

Third rail and Running rail

third rail resistance
running rail resistance

conductivity to earth

8.23 mo/km
40.46 mo/km
0.1 S/km

OBESS parameter

MITRAC Energy Saver

10 modules
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aofi dhdveaeu (E,,) taslidhgegevesso v (2 ) wazamfilwddunaou (

7, max

Py o) B398u Tliis ool (7)) wasaon i lddidwndon (V,,) ussdusia (V)

) wasa lihgudelaesu (£, ) wasaw Iddhgapdeludadumu
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nszuasilva (7

stray

win (E. ) Meudual SOC i3uAY (initial SOC) Adue 20-95% Haminaaauilszansain

waste
1 4 [ A
ﬂlﬂﬁlma%ﬂaq’ﬂ‘ﬁuﬁﬂﬂﬂﬂgﬂﬂ n.1-n.40 Kluﬂiﬂﬂuﬁﬂ N
o o
ﬂaqmﬁ 1: Peak shaving control strategy (Myualdt 1=0.1-1)
o o
ﬂaqmﬁ 2: Proportional control strategy (mﬁuﬂiﬁ) k=0.1-1)
o o
ﬂaqmﬁ 3: State of Charge control strategy (Mruald K =0.1-1)
P . an A o
NAYNDN 4: Peak demand cutting strategy (IFNUUTUD)
3’, o <3 Y o1 A A '
NNITNATDUNN 4 NAYND 50&1’71!1@'31?”@1\1 9 %$3Jﬂ'llﬂaEJULL‘]JQQTIJ@TNﬂWﬁLHJﬁﬂT
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was lihnaoril lwihdundeutesngavesuaaza initial SOC oS euieunay
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ﬂizmuﬂizﬁmmwmmxmamaqm UAAIAIAIT NN 5.2 L!ﬁggﬂﬁ 5.11-5.20 ¢uaay

Wh)

(
N
D
()

T

W)

Train's peak power (M
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na
an ﬁ» soc, E,, E, B, E, e sibmas | Pormas sub,min 1r.min rail, max straymax
‘ﬁ (kWh) (kWh) (kWh) | kWh) | MW) [ (MW) V) W) V) A)
U - 297.02 282.05 14.97 68.70 3.03 2.83 728.85 614.21 135.73 12.89
20 262.73 252.45 10.28 2.03 3.03 2.83 728.85 614.21 135.73 12.89
30 261.84 251.77 10.07 2.05 3.03 2.83 728.85 614.21 135.73 12.89
40 260.92 251.08 9.84 2.05 3.00 2.82 729.63 621.10 130.37 12.43
50 260.10 250.46 9.64 2.15 1.87 2.80 752.33 656.45 95.10 7.13
: 60 260.10 250.46 9.64 3.15 1.87 2.80 752.33 656.45 95.10 7.13
70 259.45 248.99 10.46 2.03 2.11 2.82 747.20 655.75 95.59 6.63
80 258.57 248.29 10.27 2.02 2.11 2.82 747.20 655.75 95.59 6.63
95 258.24 247.26 10.97 2.03 2.20 2.83 746.72 655.75 95.59 6.79
20 263.09 252.45 10.63 2.04 3.03 2.83 728.85 614.21 135.73 12.89
30 262.28 251.77 10.51 2.05 3.03 2.83 728.85 614.21 135.73 12.89
40 261.35 251.08 10.27 2.06 3.02 2.83 729.24 617.56 133.13 12.67
50 260.40 250.38 10.01 2.04 2.07 2.81 749.35 655.75 95.59 8.57
? 60 259.50 249.70 9.79 2.06 2.07 2.81 749.35 655.76 95.58 8.57
70 258.57 249.00 9.57 2.04 2.07 2.65 749.35 665.64 90.24 8.57
80 257.88 248.46 9.42 2.26 2.07 2.51 749.35 673.13 90.24 8.57
95 257.46 247.26 10.20 2.02 2.00 2.82 749.57 655.75 95.59 7.32
20 268.99 255.49 13.50 6.44 3.03 2.83 728.85 614.21 135.73 12.89
30 268.26 254.80 13.46 6.44 3.03 2.83 728.85 614.21 135.73 12.89
40 267.47 254.11 13.36 6.44 3.03 2.83 728.85 614.21 135.73 12.89
50 266.65 253.42 13.22 6.44 3.02 2.83 729.24 617.56 133.13 12.67
’ 60 265.84 252.73 13.11 6.44 3.00 2.83 729.63 621.05 130.41 12.43
70 265.04 252.04 13.00 6.44 2.98 2.83 729.98 624.40 127.79 12.22
80 264.24 251.35 12.89 6.44 2.97 2.83 730.31 627.47 125.40 12.01
95 263.04 250.31 12.73 6.44 2.76 2.83 734.77 639.61 116.03 11.12
20 263.32 252.71 10.61 2.42 3.03 2.83 728.85 614.21 135.73 12.89
30 262.35 252.02 10.33 2.42 241 243 742.38 649.75 108.33 10.24
40 261.45 251.33 10.12 2.41 2.00 2.43 750.89 673.30 90.15 8.50
50 260.60 250.64 9.96 2.42 1.75 2.43 755.96 680.80 717.75 7.06
* 60 259.78 249.95 9.83 2.42 1.75 243 755.96 680.80 77.75 5.99
70 259.01 249.27 9.73 2.43 1.75 2.43 755.96 680.80 717.75 5.99
80 258.22 248.57 9.65 241 1.75 243 755.96 680.80 77.75 5.99
95 257.08 247.52 9.57 2.39 1.75 243 755.96 680.80 77.75 5.99
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6.1 VNN

NAUNNN 5 1dna1189MIIANITNAINUAUAFTVIINNITWTATINAY OBESS g
o 4 v 9 o w ' I S A A
dnauenagninisaaaudesniinias liiawea unagninlianumuzauuas

a A ~ A =} [ s A A o dy )
Ysz@nimmnnigamomeununagnsou o Niudue Tasunilaginauenisnageuuas
pamsnadoumslszndanadsnumzigadivszuusn ldihnszuaassvudaiasy
1 [ 9 4 o Y o [ 1
s2uny OBESS Tasldnagninisaaniiudeanisniaslviinreoa (Sumpavakup,
9 4 '

Ratniyomchai and Kulworawanichpong, 2017) 8nna1ita@uensaianeinmsausanlasuniaie

Y
Taelsunasnielnoin OBESS desivazideasns 111l

=

62  msmuuadarimsdssndanasnurnzaunga

U

d o d
6.2.1 Wanvuingilszaan

Y
IS o

mstaesnamilszndandsnummnzigaluauisel wwdmuateddu
agdsvasaitlummsdsyndandsan i Taoswildaaoril lihdunaeu () dosunn

d‘ d' o v d‘
mqﬂmaimau"lwmwuﬂ AITUNITN (6.1)

NTSS NTSS )
Maximize ¢=1- z Ey ./ Z E;." (6.1)
i=1

i=1

Y
A A %

Tagn E . uaz E7 ao wasnu'lvihnldnaoil Indvumeaen i vesnsaiaads OBESS

sub,i sub,i

"n Yya 3}/ o w =) o = Y d’i
oz 1i'laAARY OBESS mMud1al uag N,y Ao s1uavaoil lvhdunaou

6.2.2 dulsniugu
o Yo o ' = do o 4 FY
ausmuaulsdmsumanningavesianyuiagiscaen dsenoudie 4

amis 1aun $1uIuue9aves (V) SOC I3UAUVDI OBESS (SOC,,,) #115uamvoInis

start
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AIUAUNITLUITN (gain of deceleration control; k,,.) uamﬂfﬁuiwu ANTIAY (coasting point;
L,..) ¥4k, wag L, s l¥dmsumaaugunainse lldhldaanganiia lyagaie (rip
. . . L a 1 @ o

time) TA8N15AIVAY trip time nuwiu 3 35 Av MsnrvqumsInHIUAILS UM £, N3

AANYAEY THUANITHAUNIY L, H8EN1TAIUANNITIITATINAUMIAIUANYAITY TR

MSUAUFIY ky,, TINOY L, ADBAUENIAIVANUARZ IDUAAIAIFUN 6.1

A Lc oast

/ Max. deceleration

ko *Max. deceleration

Speed

Motoring | Cruising ! Coasting | Braking

Y

Distance

~ Y] 1 [~ 1 . . 1 Aas
517 6.1 anwmez 1931995290950 WA UMIAILAN trip time uARID

d‘ w U

6.2.3 1oulviledy
-d' YY) 1 d' [~ [ A d‘ v @
Jouluisaumsmanvunzigaundaily 2 du fde Noulvilidueauns

1 F4
(inequality constraint) vazivou lviisAuaums (equality constraint) 3 TazIvIARIl

ﬂ' v U

N’ejull"lj‘mﬂ‘u%]ﬁllﬂ”li:
SOC < SOC < SOC™ (6.2)
Nt < Npoo < Ni (6.3)
Piss < Pos < Prg’ (6:4)

kKt <k, <kT (6.5)
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mn < o= (6.6)

coast — “—coast — “coast

IS % 1

Tagh  SOCL waz SOC,™ fio YaT1nAa 1Az UUUDY SOC
= o v 9 A

Npvuaz Npe fio 3a910adosigauazunigauees uiunegaved OBESS

£) q
v

Pin yay Pe e datinadsefigauazuinigavesmas lnives OBESS

o2

kit uaz k= fe Iasinaosiganazuiniigavesdiliugunmsniugumsiusn

o]

™ yaz [™ Ap Aasinatiosn

4 4 :
min e gauazuIngavesgaisy Inuamsuau
d’ % QU
Rou lvaiadueaums:

nominal
7;rip = 7;rip (67)
SOC,  =S0C™ (6.8)
SOCend = SOCstart (69)

Taoh 7, Ao nariisa 1439 nganiiaTlyagaie Gui)

soc,,, nag SOC,,, iv A1 SOC wnAgauazA1 SOC gaiie

end

4
Aa o dGlSI =\ o

T2t 1952108 UITFINUETNTTN (Genetic Algorithm: GA) W13381un3
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. o o o o v o dqud
Wiz Agavesdulsaugudmsuainsdszudanasau Tldh Taeswnldnannil

Tdhadueasumnigaludunismslaniueaue

as A U

6.3 52 DgUIBIBIRUEN T
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. . : o I { @ a A o L
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1N 6.3

San

Input:

- Train service information

- Train model and its parameter
- Infrastructure characteristics

- Power system parameter

- Simulation parameter

- Initial condition setting

- OBESS parameter

o 9 [ A Y w o
"’IIHGI’EJuﬂTTI/IN1u°VI’Jl11J6UfJ\‘1 GA nums¥eu Teainnu lsunsuvan

310

: koL Optimization Constraints
Train speed
7 control TR A
(GA) Objective
function
A
y Output:
T - Train voltage
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» ‘/u\ Peak cutting DC Power T
[NV strategy flow >
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M1TNN 6.1 N’au"lmmimamwmmazﬂim

9
N3 ol N1TAAAN OBESS MIAIVAUY trip time
n ya ?x‘a
31U liilanans Max. deceleration
9
1 FAIARN k... * Max. deceleration
9
2 AAAY L., + Max. deceleration
9
3 AAAY L t k0 Max. deceleration

F) ax

M99 6.2 mmnniimeidmsumsudtamauninz igadieis GA

a

dulsniuau VOUIUATDINAVDIAT [Min, Max]
UIUNDAAVDI OBESS (V) (8, 14]
#1S0C i5udu (SOC,, ) 20, 95]
anlfugumsniuaumasn (k) [0.8, 1]

a5y TvuamMsuay (L

Q coast

) (tun13) [200, 2000]

a Jd o v A
WITUADIT1HIVUIT GA

Generation Nvar x 20
Population Nvar x 10
Crossover probability 0.9
Mutation probability 0.1
Function tolerance 1x10°

WA Nvar Ain 11ud1)5A709)

6.6 Nan1Inaaeu
d‘ 1 9 9 % d‘ d‘ [ d' é
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o_ v A Y1 Jo o d 1w
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~ E E
A Etr Esub Eloss reg watse RC (% )
kWh) kWh) kWh) kWh) kWh)
U 298.95 314.20 15.25 87.55 71.13 -
| 260.90 271.11 10.20 72.15 0.33 5972
[12.73%] [13.71%] [33.07%] [17.58%] [99.54%)]
5 256.08 266.29 10.21 66.94 0.63 71 58
[14.34%] [15.25%] [33.03%] [23.54%)] [99.12%]
; 255.13 265.30 10.16 66.29 0.12 7376
[14.66%] [15.56%] [33.34%] [24.28%] [99.83%]
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Tunmsnaoud wasaou Ilihnaodl Ildhadumasuuniga 7 14.66% uaz 15.56% aud1ay
1 [ = 9 d' d' [} A [ dd’
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99.83% 1ofeununIaigIv MdulseansmIaunasnunay (RO) Wuanniamuin laa
~ = ) 3 [ ~ A = ~ ~ 1
AuM3If (6.10) FINNHAMIMUINILAUNNTAN 3 2TANNgaN 73.76% wu1eA1NI

A =~ 9 [ A [ d’ 9 [ A = o d’! A
NIUN 3 NﬂTﬁslGIfWa\i\ﬂUﬂuﬂallLW?Jaﬂﬂ"l'ivhﬁ/‘la\‘]\‘ﬂu'ﬂﬁﬂﬁluulWﬂTmULﬂﬂ@uNTﬂT]q@

d' = ' o w d' ! S
AITNN 6.5 Wﬂﬂ”lil‘].'%ﬂﬂmﬂllﬂiﬂ?ﬂ\?]lWﬂ"li;’Nq@Tl TSS ¥9INITNATDUUAASNTU

N5 iﬁ PTSS 1,max ])TSSZ,max })TSS3,max PTSS4,max })TSSS,max PTSS6,max PTSS7,max
MW) MW) MW) MW) MW) MW) MW)
91U 3.04 2.00 2.23 2.19 2.18 2.16 2.48
1.74 0.73 1.75 1.31 1.45 1.56 1.22
: [42.68%] | [63.49%] | [2139%] | [40.05%] | [33.62%] | [27.74%] | [50.89%]
1.74 0.73 175 1.31 1.47 1.59 1.22
? [42.68%] | [63.49%] | [21.39%] | [40.05%] | [3281%] | [26.12%] | [50.89%]
1.95 0.73 1.75 131 1.48 1.56 1.22
’ [35.85%] | [63.49%] | [21.38%] | [40.06%] | [31.99%] | [27.74%] | [50.95%]
winee [x%) fio mwesidudanuamanaewiisuiuns @y
a3 6.6 wamaFenifeuamsaiu llihdmgai TSS veamsnadouunazndl
ﬂjiﬁ VTSSl,min VTSSZ,min VTSS3,min VTSS4,min VTSSS,min VTSS6,min VTSS7,min
\% \%) %) %) \%) \%) %)
g 72885 | 75095 | 74613 | 747.02 | 74576 | 74629 | 73930
75622 | 77620 | 75596 | 76483 | 76123 | 75894 | 76597
1 [-3.75%] | [-3.36%] | [-1.32%] | [-2.38%] | [-2.07%] | [-1.70%] | [-3.61%]
75622 | 77620 | 75596 | 76483 | 76086 | 75822 | 76597
? [-3.75%] | [3.36%] | [-132%] | [-2.38%] | [2.03%] | [-1.60%] | [-3.61%]
75198 | 77620 | 75596 | 76484 | 76049 | 75894 | 766.00
: [-3.07%] | [3.36%] | [132%] | [-2.39%] | [-1.98%] | [-1.70%] | [-3.61%]
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A1319% 6.7 wamsFeuevaussouzueasn i usedu ldihnsanaznszua T va

VOINMINATOVLUAALNT

MW) MW) %) %) V) A)
31U 2.830 0.652 614.21 790 135.73 10.67
2.517 0.569 680.82 790 78.45 6.11
1 [11.06%] | [12.74%] | [-10.84%] [0%] [42.20%] | [42.69%]
2.517 0.559 680.82 790 78.45 6.11
? [11.06%] | [14.35%] | [-10.84%] [0%] [42.20%] | [42.69%]
2.514 0.557 676.37 790 87.78 6.85
’ [11.17%] | [14.67%] | [-10.12%] [0%] [35.33%] | [35.80%]
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A‘ 1 ' Y g}u 1 d‘ d‘ = v IS d‘ [ A [
au ayuawsaau lihgegaiulunlasunmlasiiomevudunsgigiu itiesnnnasauaunduy

Y
vinmswsnianuane lu'lvalUdasedani Tasazgnianisdie OBESS tazaaduniums
wsn Mlduseaulwihnanasouso ldihiiawnnuaniiz 13 Tvaa usesaulviinangege
dtﬂ' = J v tﬂ' 1 l:tﬂ' = tﬂ' = v 1<)
YoInN3AN 1 1az 2 IA1aaaunnui 42.20% drunsain 3 anauiied 35.33% eeununs ol
a 3 9 A A A o oA ' A A
g dnnanszua i lvavesnsaln 1 uag 2 Taanauninui 42.69% daunsain 3 anaq

=} ;dl = 4 =
WYY 35.80% LUBDINIUNUNTUZIU

AR a d' :; A a Yo o v o
6.7 nsaldnmaausalasumadaglymsausasuulsmriauna
a a A A A ~ Yy 2 g
msnadevUIzinsamsmusalasunsisianiidlaeas s12 (i) Fuiu
aoiiflasarsganevosso lvh BTS aedan szozniesanli-na 600 m sz 6.561ag
£911MIMITIUIU OBESS Andaniinzand msumsiausouun 15aiduie (catenary-free
operation) oAU o UNaIna1 Id areldnslsumanuE$1Aa1n 10 km/m auda

Y
40 km/h wamsauiuauamsndgl Idaei

vy e s G -
o | e o e s - pro
u walndighew




128

A a A A 9y a Yo o o w da!
M3 19N 6.8 Nﬁﬂﬁlﬂu’imﬂaEJL!‘VIN’NI@ﬂi“ﬁﬂ?ﬁlﬂﬂiﬂlmﬂl’lﬁﬂﬂlﬂﬁhNﬁ V1UU (up-track)

Up-track
) N | E, Evi | Evue | Pome | Prowas Trip time
(km/h) %S0C,,,, | %SOC,,

(kWh) (kWh) | (kWh) (MW) MW) (sec)
10 43 | 11.5055 | 0.14995 0 0.99658 | 0.27 95 58.3878 114.4
15 34 | 93293 | 0.347 0 13747 | 0.30637 95 58.6841 80.3
20 31 | 8.644 | 0.61803 0 1.7474 | 0.50259 95 59.4079 64.1
25 30 | 8.597 | 0.95774 0 2.1161 | 0.69285 95 59.7264 54.8
30 31 | 8.9447 | 1.3659 0 2479 | 0.84533 95 60.5791 49.0
35 33 | 9.5628 | 1.8254 0 2.829 | 0.97046 95 61.6198 45.8
40 35 | 10.1873 | 2.3414 0 2.8287 | 1.1157 95 61.8376 413

A1319% 6.9 wamsausalasunaie Tasldmsausauuu 15anhduiea v¥1aee (down-track)

Down-track
Vservice
N ESS E r E reg E waste P tr.max P sc,max Trlp tlme
(km/h) %S OC\'tart %SOCend

(kWh) (kWh) | (kWh) | (MW) MW) (sec)
10 43 11.642 | 0.18004 0 1.0022 0.27 58.3878 21.6890 115.4
15 34 | 9.4441 | 0.40287 0 1.3765 | 0.30806 58.6841 22.0413 80.4
20 31 8.846 | 0.71618 0 1.7354 | 0.50456 59.4079 23.2081 64.4

25 30 | 9.0217 | 1.1197 0 2.1134 | 0.70109 59.7264 23.4308 56.6

30 31 9.3991 | 1.6129 0 2.4793 | 0.89766 60.5791 24.7307 493

35 33 | 10.2476 | 2.2018 0 2.8225 1.0942 61.6198 26.2332 46.2

40 35 | 11.4294 | 2.8834 0 2.8223 1.2908 61.8376 26.0975 45.6
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M35NAN N.1 KANMINATOUVBINAGNTAIUANMIAAMITEAYDITAL I (D)

e || aww | avw | aw | awn | awn | ow | ow) | ) % V) A | @ | (seo)
0.9 | 291.288 | 277.5625 | 13.72547 | 70.20993 | 39.40592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 299.16 2839817 | 15.17829 | 70.20993 | 48.70243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
40 0.1 | 264.5123 | 251.0677 | 13.44463 | 70.20993 | 2.034838 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.2 | 263.9344 | 251.0548 | 12.87965 | 70.20993 | 2.016088 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.3 | 263.3271 | 251.0667 | 12.26041 | 70.20993 | 2.033312 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.4 | 262.6661 | 251.0503 | 11.61578 | 70.20993 | 2.009592 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.5 | 262.1105 | 251.0621 | 11.04833 | 70.20993 | 2.026755 | 2.828583 | 3.026601 | 615.8429 | 729.0363 | 134.466 | 12.77922 95 1538.7
0.6 | 260.9198 | 251.0809 | 9.838916 | 70.20993 | 2.053975 | 2.824868 | 2.999584 | 621.0994 | 729.6296 | 130.3683 | 12.43319 95 1538.7
0.7 | 265.3308 | 255.4847 | 9.846091 | 70.20993 | 8.43178 | 2.430481 | 1.996011 | 673.5327 | 750.9693 89.971 8.487504 95 1538.7
0.8 | 279.7263 | 267.8735 | 11.85285 | 70.20993 | 26.37379 | 2.430481 | 2.325824 | 654.5431 | 744.1002 | 104.6288 | 9.887696 95 1538.7
0.9 | 291.288 | 277.5625 | 13.72547 | 70.20993 | 40.40592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 299.16 283.9817 | 15.17829 | 70.20993 | 49.70243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
50 0.1 | 263.6901 | 250.3487 | 13.34139 | 70.20993 | 1.993491 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.2 | 263.1093 | 250.3693 | 12.74001 | 70.20993 | 2.023425 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.3 | 262.4633 | 250.3557 | 12.10762 | 70.20993 | 2.003613 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.4 | 261.7788 | 250.3589 | 11.41994 | 70.20993 | 2.008242 | 2.827713 | 3.021153 | 616.869 729.156 | 133.6665 | 12.71166 95 1538.7
0.5 | 261.2388 | 250.3954 | 10.84342 | 70.20993 | 2.061111 | 2.824313 | 2.994254 | 622.1867 | 729.7466 | 129.5201 12.3616 95 1538.7
0.6 | 260.103 | 250.4601 | 9.642968 | 70.20993 | 2.154807 | 2.802497 | 1.872963 | 656.4492 | 752.3341 | 95.09536 | 7.132616 95 1538.7
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M35NAN N.1 KANMINATOUVBINAGNTAIUANMIAAMITEAYDITAL I (D)

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) l (kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
0.7 | 265.3308 | 255.4847 | 9.846091 | 70.20993 | 9.43178 | 2.430481 | 1.996011 | 673.5327 | 750.9693 | 89.971 | 8.487504 95 1538.7
0.8 | 279.7263 | 267.8735 | 11.85285 | 70.20993 | 27.37379 | 2.430481 | 2.325824 | 654.5431 | 744.1002 | 104.6288 | 9.887696 95 1538.7
0.9 | 291.288 | 277.5625 | 13.72547 | 70.20993 | 41.40592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 299.16 | 283.9817 | 15.17829 | 70.20993 | 50.70243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
60 0.1 | 262.9231 | 249.6877 | 13.23541 | 70.20993 | 2.036297 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.2 | 262.2871 | 249.6786 | 12.60855 | 70.20993 | 2.023002 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.3 | 261.6163 | 249.6847 | 11.93161 | 70.20993 | 2.031864 | 2.829585 | 3.021153 | 616.869 | 729.156 | 133.6665 | 12.71166 95 1538.7
0.4 | 260.8895 | 249.6529 | 11.23664 | 70.20993 | 1.985862 | 2.825796 | 2.996029 | 621.8229 | 729.7076 | 129.8039 | 12.38555 95 1538.7
0.5 | 260.3408 | 249.6955 | 10.64527 | 70.20993 | 2.047517 | 2.819125 | 2.113646 | 655.7529 | 747.2019 | 95.58558 | 6.633847 95 1538.7
0.6 | 260.103 | 250.4601 | 9.642968 | 70.20993 | 3.154807 | 2.802497 | 1.872963 | 656.4492 | 752.3341 | 95.09536 | 7.132616 95 1538.7
0.7 | 265.3308 | 255.4847 | 9.846091 | 70.20993 | 10.43178 | 2.430481 | 1.996011 | 673.5327 | 750.9693 | 89.971 | 8.487504 95 1538.7
0.8 | 279.7263 | 267.8735 | 11.85285 | 70.20993 | 28.37379 | 2.430481 | 2.325824 | 654.5431 | 744.1002 | 104.6288 | 9.887696 95 1538.7
0.9 | 291.288 | 277.5625 | 13.72547 | 70.20993 | 42.40592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 299.16 | 283.9817 | 15.17829 | 70.20993 | 51.70243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
70 0.1 | 262.074 | 248.9724 | 13.1016 | 70.20993 | 2.000319 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.2 | 261.419 | 248.9845 | 12.43455 | 70.20993 | 2.017769 | 2.829585 | 3.022982 | 616.5245 | 729.1158 | 133.9349 | 12.73435 95 1538.7
0.3 | 260.7307 | 248.9919 | 11.7388 | 70.20993 | 2.028514 | 2.829585 | 2.997805 | 621.4604 | 729.6687 | 130.0866 | 12.40942 95 1538.7
0.4 | 260.0002 | 248.9481 | 11.05209 | 70.20993 | 1.965122 | 2.825796 | 2.969432 | 627.4255 | 730.2906 | 125.4302 | 12.01631 95 1538.7
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M35NAN N.1 KANMINATOUVBINAGNTAIDANMIAAMITEAYDITAL I (D)

e || aww | avw | aw | awn | awn | ow | ow) | ) % V) A | @ | (seo)
0.5 | 259.4542 | 248.994 | 10.46022 | 70.20993 | 2.031617 | 2.817899 | 2.113646 | 655.7529 | 747.2019 | 95.58558 | 6.633847 95 1538.7
0.6 | 260.103 | 250.4601 | 9.642968 | 70.20993 | 4.154807 | 2.802497 | 1.872963 | 656.4492 | 752.3341 | 95.09536 | 7.132616 95 1538.7
0.7 | 265.3308 | 255.4847 | 9.846091 | 70.20993 | 11.43178 | 2.430481 | 1.996011 | 673.5327 | 750.9693 89.971 8.487504 95 1538.7
0.8 | 279.7263 | 267.8735 | 11.85285 | 70.20993 | 29.37379 | 2.430481 | 2.325824 | 654.5431 | 744.1002 | 104.6288 | 9.887696 95 1538.7
0.9 | 291.2880 | 277.5625 | 13.72547 | 70.20993 | 43.40592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 299.1600 | 283.9817 | 15.17829 | 70.20993 | 52.70243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
80 0.1 | 261.2312 | 248.2767 | 12.95456 | 70.20993 | 1.992713 | 2.829585 | 3.02827 | 615.5134 | 728.9996 | 134.7227 | 12.80085 95 1538.7
0.2 | 260.5699 | 248.2937 | 12.27623 | 70.20993 | 2.017337 | 2.829585 | 3.003145 | 620.3813 | 729.5515 | 130.9284 | 12.48045 95 1538.7
0.3 | 259.9068 | 248.3123 | 11.59448 | 70.20993 | 2.044396 | 2.829585 | 2.976529 | 625.9008 | 730.1351 | 126.6210 | 12.11689 95 1538.7
0.4 | 259.3131 | 248.2944 | 11.01871 | 70.20993 | 2.018379 | 2.825092 2.2152 655.7529 | 746.4192 | 95.58558 | 6.792638 95 1538.7
0.5 | 258.5681 | 248.2935 | 10.27457 | 70.20993 | 2.017165 | 2.817899 | 2.113646 | 655.7529 | 747.2019 | 95.58558 | 6.633847 95 1538.7
0.6 | 260.1030 | 250.4601 | 9.642968 | 70.20993 | 5.154807 | 2.802497 | 1.872963 | 656.4492 | 752.3341 | 95.09536 | 7.132616 95 1538.7
0.7 | 265.3308 | 255.4847 | 9.846091 | 70.20993 | 12.43178 | 2.430481 | 1.996011 | 673.5327 | 750.9693 | 89.97100 | 8.487504 95 1538.7
0.8 | 279.7263 | 267.8735 | 11.85285 | 70.20993 | 30.37379 | 2.430481 | 2.325824 | 654.5431 | 744.1002 | 104.6288 | 9.887696 95 1538.7
0.9 | 291.2880 | 277.5625 | 13.72547 | 70.20993 | 44.40592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 299.1600 | 283.9817 | 15.17829 | 70.20993 | 53.70243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
95 0.1 | 260.0153 | 247.2748 | 12.74043 | 70.20993 | 2.041836 | 2.829585 | 3.001363 | 620.7396 | 729.5906 | 130.6489 | 12.45686 95 1538.7
0.2 | 259.3043 | 247.2591 | 12.04519 | 70.20993 | 2.018993 | 2.829585 | 2.974756 | 626.2799 | 730.174 | 126.3250 | 12.09189 95 1538.7
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M35NAN N.1 KANMINATOUVBINAGNTAIUANMIAAMITEAYDITAL I (D)

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) l (&kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
0.3 | 258.6667 | 247.2667 | 11.39998 | 70.20993 | 2.030081 | 2.828164 | 2.228918 | 655.7529 | 746.1324 | 95.58558 | 6.862664 95 1538.7
0.4 | 258.2373 | 247.2633 | 10.97398 | 70.20993 | 2.025182 | 2.825092 | 2.19818 | 655.7529 | 746.7239 | 95.58558 | 6.792638 95 1538.7
0.5 | 258.5681 | 248.2935 | 10.27457 | 70.20993 | 3.517165 | 2.817899 | 2.113646 | 655.7529 | 747.2019 | 95.58558 | 6.633847 95 1538.7
0.6 | 260.103 | 250.4601 | 9.642968 | 70.20993 | 6.654807 | 2.802497 | 1.872963 | 656.4492 | 752.3341 | 95.09536 | 7.132616 95 1538.7
0.7 | 265.3308 | 255.4847 | 9.846091 | 70.20993 | 13.93178 | 2.430481 | 1.996011 | 673.5327 | 750.9693 | 89.97100 | 8.487504 95 1538.7
0.8 | 279.7263 | 267.8735 | 11.85285 | 70.20993 | 31.87379 | 2.430481 | 2.325824 | 654.5431 | 744.1002 | 104.6288 | 9.887696 95 1538.7
0.9 | 291.2880 | 277.5625 | 13.72547 | 70.20993 | 45.90592 | 2.54664 | 2.671515 | 634.7816 | 736.7522 | 119.8747 | 11.35369 95 1538.7
1 | 299.1600 | 283.9817 | 15.17829 | 70.20993 | 55.20243 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.88610 95 1538.7
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A1519% 1.2 HANIINATDUUBINAYNTAIUANLUUTANTIU

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
20 0.1 | 284.5747 | 271.6258 | 12.94887 | 70.20993 | 29.80807 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.2 | 270.3028 | 259.2699 | 11.03286 | 70.20993 | 11.91371 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.3 | 263.088 | 252.4541 | 10.63388 | 70.20993 | 2.042644 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.4 | 263.7779 | 252.4229 | 11.35504 | 70.20993 | 1.997432 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.5 | 264.457 | 252.4407 | 12.01633 | 70.20993 | 2.023249 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.6 | 264.9032 | 252.4231 | 12.48012 | 70.20993 | 1.997748 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.7 | 265.2701 | 252.449 | 12.82108 | 70.20993 | 2.035307 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.8 | 265.5847 | 252.4665 | 13.11823 | 70.20993 | 2.060626 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.9 | 265.7729 | 252.4182 | 13.35463 | 70.20993 | 1.990746 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

1 | 266.0151 | 252.4349 | 13.58013 | 70.20993 | 2.01493 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

30 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 29.83889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 269.4277 | 258.5674 | 10.86029 | 70.20993 | 11.89622 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.3 | 262.2841 | 251.7698 | 10.51428 | 70.20993 | 2.051665 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.4 | 263.0202 | 251.7561 | 11.26408 | 70.20993 | 2.031811 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.5 | 263.6968 | 251.7584 | 11.93842 | 70.20993 | 2.03511 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.6 | 264.1575 | 251.7572 | 12.40029 | 70.20993 | 2.033369 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.7 | 264.5127 | 251.7555 | 12.75725 | 70.20993 | 2.030862 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.8 | 264.8239 | 251.766 | 13.05792 | 70.20993 | 2.046118 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
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A1519% 1.2 HANIINATDUUBINAYNTAIUANLUUTANTIU (919)

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
0.9 | 264.9913 | 251.6881 | 13.30318 | 70.20993 | 1.933308 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

1 | 265.2781 | 251.7478 | 13.53031 | 70.20993 | 2.019802 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

40 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 30.83889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 268.5291 | 257.9315 | 10.59761 | 70.20993 | 11.97535 | 2.430481 | 2.376491 | 654.9775 | 743.0329 | 104.2591 | 9.897921 95 1538.7

0.3 | 261.3523 | 251.0837 | 10.26855 | 70.20993 | 2.058026 | 2.827155 | 3.017514 | 617.5614 | 729.236 | 133.1269 | 12.66607 95 1538.7

0.4 | 262.106 | 251.0461 | 11.05987 | 70.20993 | 2.003544 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.5 | 262.8461 | 251.0635 | 11.78258 | 70.20993 | 2.028801 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.6 | 263.3277 | 251.0527 | 12.27498 | 70.20993 | 2.013084 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.7 | 263.7122 | 251.0686 | 12.64354 | 70.20993 2.0362 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.8 | 263.993 | 251.0408 | 12.95218 | 70.20993 | 1.995901 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.9 | 2642185 | 250.999 | 13.21951 | 70.20993 | 1.935385 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

1| 264.5203 | 251.0645 | 13.45579 | 70.20993 | 2.030265 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

50 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 31.83889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 268.5291 | 257.9315 | 10.59761 | 70.20993 | 12.97535 | 2.430481 | 2.376491 | 654.9775 | 743.0329 | 104.2591 | 9.897921 95 1538.7

0.3 | 260.3978 | 250.3829 | 10.01492 | 70.20993 | 2.042999 | 2.813874 | 2.074512 | 655.7529 | 749.3465 | 95.58558 8.5674 95 1538.7

0.4 | 261.1953 | 250.3686 | 10.82669 | 70.20993 | 2.022317 | 2.825268 | 3.003145 | 620.3813 | 729.5515 | 130.9284 | 12.48045 95 1538.7

0.5 | 261.9338 | 250.3616 | 11.57212 | 70.20993 | 2.012286 | 2.828776 | 3.02827 | 615.5134 | 728.9996 | 134.7227 | 12.80085 95 1538.7

0.6 | 262.4547 | 250.3559 | 12.09882 | 70.20993 | 2.003979 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
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A1519% 1.2 HANIINATDUUBINAYNTAIUANLUUTANTIU (919)

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
0.7 | 262.8584 | 250.3701 | 12.48827 | 70.20993 | 2.02458 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.8 | 263.1823 | 250.3558 | 12.82658 | 70.20993 | 2.003755 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.9 263.45 | 250.3308 | 13.11915 | 70.20993 | 1.967627 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
1| 263.7197 | 250.3536 | 13.36609 | 70.20993 | 2.000662 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
60 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 32.83889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 268.5291 | 257.9315 | 10.59761 | 70.20993 | 13.97535 | 2.430481 | 2.376491 | 654.9775 | 743.0329 | 104.2591 | 9.897921 95 1538.7
0.3 | 259.498 | 249.7046 | 9.793371 | 70.20993 | 2.060737 | 2.813263 | 2.074512 | 655.7576 | 749.3465 | 95.58396 8.5674 95 1538.7
0.4 | 260.2796 | 249.6609 | 10.6187 | 70.20993 | 1.997472 | 2.822347 | 2.217549 | 655.7529 | 746.3701 | 95.58558 | 7.318541 95 1538.7
0.5 | 260.9953 | 249.6534 | 11.34188 | 70.20993 | 1.986593 | 2.827497 | 2.994254 | 622.1867 | 729.7466 | 129.5201 12.3616 95 1538.7
0.6 | 261.5723 | 249.6778 | 11.8945 | 70.20993 | 2.021892 | 2.829585 | 3.017514 | 617.5614 | 729.236 | 133.1269 | 12.66607 95 1538.7
0.7 | 261.9737 | 249.6678 | 12.30595 | 70.20993 | 2.007409 | 2.829585 | 3.033256 | 614.5362 728.89 | 1354841 | 12.86497 95 1538.7
0.8 | 262.3847 | 249.7031 | 12.6816 | 70.20993 | 2.058498 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.9 | 262.6265 | 249.6383 | 12.98822 | 70.20993 | 1.964672 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
1| 2629212 | 249.6749 | 13.24632 | 70.20993 | 2.017647 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
70 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 33.83889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 268.5291 | 257.9315 | 10.59761 | 70.20993 | 14.97535 | 2.430481 | 2.376491 | 654.9775 | 743.0329 | 104.2591 | 9.897921 95 1538.7
0.3 | 258.5725 | 249.001 | 9.571492 | 70.20993 | 2.041684 | 2.651686 | 2.074512 | 665.6357 | 749.3465 | 90.24419 8.5674 95 1538.7
0.4 | 259.5652 | 248.9811 10.5841 | 70.20993 | 2.01287 | 2.821423 | 2.198956 | 655.7529 | 746.7584 | 95.58558 | 7.318541 95 1538.7
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A1519% 1.2 HANIINATDUUBINAYNTAIUANLUUTANTIU (919)

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
0.5 | 260.1238 | 248.9779 | 11.14592 | 70.20993 | 2.008276 | 2.827497 | 2.228918 | 640.9037 | 746.1324 | 105.8674 | 6.778941 95 1538.7
0.6 | 260.6619 | 248.9685 | 11.69336 | 70.20993 | 1.994728 | 2.829585 | 2.988934 | 623.2863 | 729.8632 | 128.662 | 12.28918 95 1538.7
0.7 | 261.1231 | 248.9972 | 12.12591 | 70.20993 | 2.036176 | 2.829585 | 3.008506 | 619.3141 | 729.4338 | 131.7605 | 12.5507 95 1538.7
0.8 | 261.4828 248.98 | 12.50282 | 70.20993 | 2.011315 | 2.829585 | 3.024819 | 616.1812 | 729.0755 | 134.2024 | 12.75696 95 1538.7
0.9 | 261.7573 | 248.9261 | 12.83125 | 70.20993 | 1.93323 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
1| 262.0936 | 248.9826 | 13.11103 | 70.20993 | 2.015065 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
80 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 34.83889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 268.5291 | 257.9315 | 10.59761 | 70.20993 | 15.97535 | 2.430481 | 2.376491 | 654.9775 | 743.0329 | 104.2591 | 9.897921 95 1538.7
0.3 | 257.8821 | 248.4623 | 9.419803 | 70.20993 | 2.261542 | 2.507092 | 2.074512 | 673.1278 | 749.3465 | 90.24419 8.5674 95 1538.7
0.4 | 258.8228 | 248.3064 | 10.51637 | 70.20993 | 2.035798 | 2.82052 | 2.002866 | 655.7529 | 749.5733 | 95.58558 | 7.318541 95 1538.7
0.5 | 259.3154 | 248.2967 | 11.01876 | 70.20993 | 2.021689 | 2.827497 | 2.228918 | 655.7529 | 746.1324 | 95.58558 | 6.735245 95 1538.7
0.6 | 259.8306 | 248.2839 | 11.54664 | 70.20993 | 2.003216 | 2.829585 | 2.542263 | 640.9037 | 739.5179 | 105.8674 | 6.820609 95 1538.7
0.7 | 260.2465 | 248.3017 | 11.94474 | 70.20993 | 2.029024 | 2.829585 | 2.983618 | 624.3985 | 729.9798 | 127.794 | 12.21592 95 1538.7
0.8 | 260.6325 | 248.2982 | 12.33433 | 70.20993 | 2.023875 | 2.829585 | 3.003145 | 620.3813 | 729.5515 | 130.9284 | 12.48045 95 1538.7
0.9 | 260.8959 | 248.2308 | 12.66503 | 70.20993 | 1.926356 | 2.829585 | 3.017514 | 617.5614 | 729.236 | 133.1269 | 12.66607 95 1538.7
1 | 261.2466 | 248.2781 12.9685 | 70.20993 | 1.994791 | 2.829585 | 3.02827 | 615.5134 | 728.9996 | 134.7227 | 12.80085 95 1538.7
95 0.1 | 283.6672 | 270.9566 | 12.71059 | 70.20993 | 36.33889 | 2.573627 | 2.695139 | 635.4612 | 736.2443 | 119.3288 | 11.32857 95 1538.7
0.2 | 268.5291 | 257.9315 | 10.59761 | 70.20993 | 17.47535 | 2.430481 | 2.376491 | 654.9775 | 743.0329 | 104.2591 | 9.897921 95 1538.7
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A1519% 1.2 HANIINATDUUBINAYNTAIUANLUUTANTIU (919)

SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (&kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
0.3 | 257.8821 | 248.4623 | 9.419803 | 70.20993 | 3.761542 | 2.507092 | 2.074512 | 673.1278 | 749.3465 | 90.24419 8.5674 95 1538.7

0.4 | 257.4632 | 247.2591 | 10.20413 | 70.20993 | 2.018993 | 2.815439 | 2.002866 | 655.7529 | 749.5733 | 95.58558 | 7.318541 95 1538.7

0.5 | 258.2279 | 247.2463 | 10.98157 | 70.20993 | 2.000475 | 2.826152 | 2.218336 | 655.7529 | 746.3537 | 95.58558 | 6.735245 95 1538.7

0.6 | 258.6272 | 247.2542 | 11.37306 | 70.20993 | 2.011907 | 2.828164 | 2.228918 | 655.7529 | 746.1324 | 95.58558 | 6.820609 95 1538.7

0.7 | 259.0681 | 247.2615 | 11.80662 | 70.20993 | 2.022505 | 2.829585 | 2.542263 | 640.9037 | 739.5179 | 105.8674 | 6.871842 95 1538.7

0.8 | 259.3334 | 247.2484 | 12.08507 | 70.20993 | 2.003468 | 2.829585 | 2.971207 | 627.0422 | 730.2517 | 125.7296 | 12.0416 95 1538.7

0.9 | 259.642 | 247.2006 | 12.44145 | 70.20993 | 1.934248 | 2.829585 | 2.988934 | 623.2863 | 729.8632 | 128.662 | 12.28918 95 1538.7

1 | 260.0323 | 247.2676 | 12.76471 | 70.20993 | 2.031329 | 2.829585 | 3.003145 | 620.3813 | 729.5515 | 130.9284 | 12.48045 95 1538.7
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2) wam‘smaeunaq‘nﬁﬁ 2 (Proportional control strategy)
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Maximum rail potential (V)
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Energy losses (kWh)
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SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)
20 0.1 | 287.693 | 273.7285 | 13.96443 | 70.20993 | 32.85332 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7

0.2 | 281.0875 | 267.5928 | 13.4947 | 70.20993 | 23.9673 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.3 | 277.3126 | 263.9494 | 13.36322 | 70.20993 | 18.69071 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.4 | 274.7547 | 261.4439 | 13.31084 | 70.20993 | 15.06213 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.5 | 272.9281 | 259.6309 | 13.29721 | 70.20993 | 12.43648 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.6 | 271.688 | 258.3666 | 13.32133 | 70.20993 | 10.60549 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.7 | 270.7259 | 257.3771 | 13.34878 | 70.20993 | 9.172367 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.8 | 269.9974 | 256.6149 | 13.38257 | 70.20993 | 8.068489 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.9 | 269.4376 | 256.0044 | 13.43325 | 70.20993 | 7.184397 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
1 268.989 | 255.4932 | 13.49573 | 70.20993 | 6.444089 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
30 0.1 | 287.2295 | 273.3214 | 13.90805 | 70.20993 | 33.26377 | 2.824313 | 3.000172 | 616.4081 | 729.6167 | 134.0409 | 12.72528 95 1538.7
0.2 | 280.3498 | 266.9471 | 13.40268 | 70.20993 | 24.03211 | 2.825478 | 3.005947 | 617.2926 | 729.49 | 133.3579 | 12.66044 95 1538.7
0.3 | 276.5374 | 263.2709 | 13.26652 | 70.20993 | 18.70811 | 2.826891 | 3.015703 | 617.1559 | 729.2758 | 133.4635 | 12.67046 95 1538.7
0.4 | 273.9669 | 260.755 | 13.21193 | 70.20993 | 15.06445 | 2.828312 | 3.024819 | 616.0323 | 729.0755 | 134.3197 | 12.76532 95 1538.7
0.5 | 272.1583 | 258.9404 | 13.21795 | 70.20993 | 12.43641 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.6 | 270.9343 | 257.676 | 13.25828 | 70.20993 | 10.60534 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.7 | 269.9819 | 256.6865 | 13.29547 | 70.20993 | 9.172206 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
0.8 | 269.2602 | 255.9243 | 13.33595 | 70.20993 | 8.068325 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
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o || v | aww | aw | awn | awn | ow | ow) | ) % V) A | @ | (seo)
0.9 | 268.705 | 255.3138 | 13.39122 | 70.20993 | 7.184199 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
1 268.2628 | 254.8031 | 13.45969 | 70.20993 | 6.444661 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
40 0.1 | 286.8578 | 272.996 | 13.86177 | 70.20993 | 33.79248 | 2.813451 | 2.964386 | 618.6628 | 730.401 132.2999 | 12.55999 95 1538.7
0.2 | 279.6467 | 266.3294 | 13.31724 | 70.20993 | 24.13761 | 2.822404 | 2.972799 | 621.215 | 730.2168 | 130.3292 | 12.3729 95 1538.7
0.3 | 275.7938 | 262.6131 | 13.1807 | 70.20993 | 18.75537 | 2.823493 | 2.985614 | 622.3143 | 729.936 | 129.4804 | 12.29782 95 1538.7
0.4 | 273.207 | 260.0807 | 13.12627 | 70.20993 | 15.08789 | 2.824678 | 2.997805 | 621.4528 | 729.6687 | 130.0955 | 12.40942 95 1538.7
0.5 | 271.3702 | 258.258 | 13.11213 | 70.20993 | 12.44822 | 2.825694 | 3.006716 | 619.6188 | 729.4731 | 131.5253 | 12.52829 95 1538.7
0.6 | 270.1262 | 256.989 | 13.13713 | 70.20993 | 10.61039 | 2.826635 | 3.013898 | 618.0359 | 729.3154 | 132.7579 | 12.63387 95 1538.7
0.7 | 269.1634 | 255.9972 | 13.16624 | 70.20993 | 9.173987 | 2.827713 | 3.021153 | 616.8384 | 729.156 | 133.6926 | 12.71166 95 1538.7
0.8 | 268.4361 | 255.234 | 13.20215 | 70.20993 | 8.068639 | 2.828583 | 3.026601 | 615.7222 | 729.0363 | 134.5615 | 12.78553 95 1538.7
0.9 | 267.9002 | 254.6234 | 13.27677 | 70.20993 | 7.184386 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
1 267.4702 | 254.1127 | 13.35751 | 70.20993 | 6.444755 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 95 1538.7
50 0.1 | 286.5407 | 272.7207 | 13.81996 | 70.20993 | 34.39375 2.7883 2.928875 | 620.8951 | 731.1775 | 130.5762 | 12.39635 95 1538.7
0.2 | 278.9385 | 265.7102 | 13.22834 | 70.20993 | 24.24075 | 2.784796 | 2.920772 | 625.0706 | 731.3545 | 127.3521 | 12.09027 95 1538.7
0.3 | 275.0422 | 261.9543 | 13.08791 | 70.20993 | 18.80137 | 2.813301 | 2.943385 | 627.3893 | 730.8605 | 125.551 | 11.94222 95 1538.7
0.4 | 272.4384 | 259.406 | 13.03244 | 70.20993 | 15.11078 | 2.822528 | 2.972982 | 626.5985 | 730.2128 | 126.0838 | 12.06832 95 1538.7
0.5 | 270.5952 | 257.5771 | 13.01807 | 70.20993 | 12.4621 | 2.823343 | 2.983618 | 624.329 | 729.9798 | 127.8509 | 12.21811 95 1538.7
0.6 | 269.3479 | 256.3046 | 13.04335 | 70.20993 | 10.61913 | 2.824139 | 2.99248 622.458 | 729.7855 | 129.3107 | 12.34162 95 1538.7
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o || v | aww | aw | awn | awn | ow | ow) | ) % V) A | @ | (seo)
0.7 | 268.3837 | 255.3106 | 13.07308 | 70.20993 | 9.179603 | 2.824868 | 2.999804 | 620.8355 | 729.6248 | 130.5749 | 12.44981 95 1538.7
0.8 | 267.6478 | 254.5417 | 13.1061 | 70.20993 | 8.066104 | 2.827497 | 3.006716 | 619.6558 | 729.4731 | 131.4968 | 12.52737 95 1538.7
0.9 | 267.095 | 253.9345 | 13.1605 | 70.20993 | 7.186689 | 2.827497 | 3.012096 | 618.5112 | 729.355 | 132.3884 | 12.60161 95 1538.7
1 266.6455 | 253.4221 | 13.22337 | 70.20993 | 6.444608 | 2.827497 | 3.017514 | 617.5614 | 729.236 | 133.1269 | 12.66607 95 1538.7
60 0.1 | 286.259 | 272.4794 | 13.77954 | 70.20993 | 35.04432 | 2.763149 | 2.893955 | 623.1055 | 731.9393 | 128.8694 | 12.23432 95 1538.7
0.2 | 278.2328 | 265.0914 | 13.14148 | 70.20993 | 24.34457 | 2.746538 | 2.866435 | 628.8722 | 732.5385 | 124.4166 | 11.81158 95 1538.7
0.3 | 274.2919 | 261.2961 | 12.9958 | 70.20993 | 18.84812 | 2.813293 | 2.873135 | 632.2722 | 732.3927 | 121.7677 | 11.60594 95 1538.7
0.4 | 271.6667 | 258.7314 | 12.93535 | 70.20993 | 15.13371 | 2.814718 | 2.900793 | 631.5089 | 731.7903 | 122.2798 | 11.7145 95 1538.7
0.5 | 269.8143 | 256.8961 | 12.91821 | 70.20993 | 12.47578 | 2.817297 | 2.941779 | 629.0728 | 730.8956 | 124.1593 | 11.89456 95 1538.7
0.6 | 268.5632 | 255.6201 | 12.94317 | 70.20993 | 10.6278 | 2.822528 | 2.972982 | 626.6603 | 730.2128 | 126.0279 | 12.06679 95 1538.7
0.7 | 267.597 254.624 | 12.97301 | 70.20993 | 9.185214 | 2.82361 | 2.981846 | 624.7719 | 730.0186 | 127.5024 | 12.1913 95 1538.7
0.8 | 266.8538 | 253.853 | 13.00073 | 70.20993 | 8.068686 | 2.827497 | 2.988934 | 623.2863 | 729.8632 | 128.662 | 12.28918 95 1538.7
0.9 | 266.3033 | 253.2423 | 13.06097 | 70.20993 | 7.184225 | 2.827497 | 2.994254 | 622.1079 | 729.7466 | 129.5839 | 12.36456 95 1538.7
1 265.8384 | 252.7314 | 13.10696 | 70.20993 | 6.444292 | 2.827497 | 2.999584 | 621.0529 | 729.6296 | 130.4071 | 12.43381 95 1538.7
70 0.1 | 286.0038 | 272.2601 | 13.7437 | 70.20993 | 35.72676 | 2.739768 | 2.860643 | 6252947 | 732.6645 | 127.179 | 12.07384 95 1538.7
0.2 | 277.5403 | 264.4819 | 13.05847 | 70.20993 | 24.46186 | 2.740471 | 2.812305 | 632.6358 | 733.7139 | 121.5105 | 11.53569 95 1538.7
0.3 | 273.5455 | 260.6389 | 12.90665 | 70.20993 | 18.89625 | 2.813287 | 2.80287 | 636.9204 | 733.9184 | 118.1578 | 11.28691 95 1538.7
0.4 | 270.8994 | 258.0574 | 12.84194 | 70.20993 | 15.15772 | 2.814652 | 2.818155 | 636.4011 | 733.5871 | 118.5053 | 11.3529 95 1538.7
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o || v | aww | aw | awn | awn | ow | ow) | ) % V) A | @ | (seo)
0.5 | 269.0353 | 256.2153 12.82 70.20993 | 12.48985 | 2.817297 | 2.849244 | 634.5637 | 732.9123 | 119.9229 | 11.48871 95 1538.7
0.6 | 267.7763 | 254.9357 | 12.84063 | 70.20993 | 10.63659 | 2.820424 | 2.890426 | 632.124 | 732.0162 | 121.8052 | 11.66903 95 1538.7
0.7 | 266.8059 | 253.9374 | 12.86855 | 70.20993 | 9.190833 | 2.82361 | 2.937921 | 629.3024 | 730.9799 | 123.9822 | 11.87759 95 1538.7
0.8 | 266.057 253.161 12.89602 | 70.20993 | 8.06639 | 2.827497 | 2.971207 | 626.9808 | 730.2517 | 125.7806 | 12.04312 95 1538.7
0.9 | 265.5054 | 252.5513 | 12.95408 | 70.20993 | 7.183449 | 2.827497 | 2.978302 | 625.5231 | 730.0963 | 126.9159 | 12.14179 95 1538.7
1 265.0364 | 252.041 12.99538 | 70.20993 | 6.444476 | 2.827497 | 2.983618 | 624.3985 | 729.9798 | 127.794 | 12.21592 95 1538.7
80 0.1 | 285.8277 | 272.1132 | 13.71456 | 70.20993 | 36.51387 | 2.739768 | 2.828603 | 627.4633 | 733.3605 | 125.5045 | 11.91486 95 1538.7
0.2 | 276.9241 | 263.9317 | 12.99238 | 70.20993 | 24.66515 | 2.740471 | 2.758384 | 636.3627 | 734.8808 | 118.6327 | 11.26249 95 1538.7
0.3 | 272.803 | 259.9826 | 12.82039 | 70.20993 | 18.94579 | 2.81328 | 2.732618 | 641.3421 | 735.4369 | 114.722 | 10.98062 95 1538.7
0.4 | 270.1367 | 257.3843 | 12.75242 | 70.20993 | 15.18282 | 2.814587 | 2.735002 | 641.2978 | 735.3855 | 114.7274 | 10.99097 95 1538.7
0.5 | 268.2616 | 255.5351 | 12.72653 | 70.20993 | 12.50473 | 2.817297 | 2.755477 | 640.0945 | 734.9436 | 115.6558 | 11.07991 95 1538.7
0.6 | 266.9947 | 254.2516 | 12.74307 | 70.20993 | 10.64594 | 2.820175 | 2.787656 | 638.2002 | 734.2478 | 117.1173 | 11.21992 95 1538.7
0.7 | 266.0178 | 253.2511 | 12.76678 | 70.20993 | 9.196864 | 2.823281 | 2.827368 | 635.857 | 733.3873 | 118.9251 | 11.39311 95 1538.7
0.8 | 265.2627 | 252.4719 | 12.79076 | 70.20993 | 8.068493 | 2.827497 | 2.871928 | 633.2207 | 732.419 | 120.9591 | 11.58797 95 1538.7
0.9 | 264.7046 | 251.8605 | 12.84417 | 70.20993 | 7.182944 | 2.827497 | 2.919444 | 630.4012 | 731.3835 | 123.1344 | 11.79637 95 1538.7
1 264.237 | 251.3496 | 12.88735 | 70.20993 | 6.443097 | 2.827497 | 2.968684 | 627.4701 | 730.3069 | 125.3958 | 12.01302 95 1538.7
95 0.1 | 285.6164 | 271.9436 | 13.67279 | 70.20993 | 37.76838 | 2.739768 | 2.780887 | 630.6788 | 734.3943 | 123.0216 | 11.67915 95 1538.7
0.2 | 276.4011 | 263.4836 | 12.91752 | 70.20993 | 25.51616 | 2.740471 | 2.677856 | 641.8879 | 736.616 | 114.3664 | 10.85746 95 1538.7
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SOC Equp E, Els E E e Py e Pt max Viv.min Y submin Viaitmas | Lwvaymax | SOCeua | Ty
(%) * (&kWh) | (kWh) (kW) (kWh) | (kWh) (MW) MW) % V) V) (A) (%) | (sec)

0.3 | 271.6962 | 259.0001 | 12.69609 | 70.20993 | 19.02298 | 2.813272 | 2.627191 | 647.6083 | 737.7032 | 109.8587 | 10.52455 95 1538.7

0.4 | 269.0013 | 256.3761 | 12.62511 | 70.20993 | 15.22277 | 2.81446 | 2.609358 | 648.648 | 738.085 | 109.0566 | 10.4477 95 1538.7

0.5 | 267.1108 | 254.5159 | 12.59491 | 70.20993 | 12.52866 | 2.817297 | 2.612589 | 648.4597 | 738.0159 | 109.2018 | 10.46162 95 1538.7

0.6 | 265.8332 | 253.2265 | 12.60669 | 70.20993 | 10.66134 | 2.819931 | 2.629589 | 647.4684 | 737.6518 | 109.9666 | 10.53489 95 1538.7

0.7 | 264.8478 | 252.2223 | 12.62551 | 70.20993 | 9.206973 | 2.823281 | 2.655741 | 6459413 | 737.091 | 111.1448 | 10.64776 95 1538.7

0.8 | 264.0817 | 251.4364 | 12.64528 | 70.20993 | 8.068816 | 2.827497 | 2.688042 | 644.0518 | 736.397 | 112.6026 | 10.78742 95 1538.7

0.9 | 263.5139 | 250.8249 | 12.68902 | 70.20993 | 7.183207 | 2.827497 | 2.724482 | 641.9155 | 735.6124 | 114.2508 | 10.94532 95 1538.7

1 | 263.0432 | 2503137 | 12.72945 | 70.20993 | 6.442875 | 2.827497 | 2.763671 | 639.6125 | 734.7665 | 116.0277 | 11.11554 95 1538.7
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3) wam‘smaeunaq‘nﬁﬁ 3 (State of Charge control strategy)

Train's peak power (MW)

Energy consumed by substation (kWh)
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SOCsun | Eus E, Eipys By Brasie Prma | Pubma Vivmin Vasmin | Veaitmar | Lswasmax | SOCena | T
(%) (kWh) | (kWh) (kW) (kWh) | (kWh) | (MW) | (MW) V) V) V) A) (%) | (sec)
20 | 2633213 | 252.7138 | 10.60746 | 70.20993 | 2.418806 | 2.829585 | 3.034911 | 614.2142 | 728.8536 | 135.7349 | 12.8861 | 95 | 1538.7
30 | 2623512 | 252.0219 | 1032935 | 70.20993 | 2.416679 | 2.430481 | 2.407555 | 649.75 | 742.377 | 1083276 | 102422 | 95 | 1538.7
40 | 261.4495 | 251.3257 | 10.12373 | 70.20993 | 2.408506 | 2.430481 | 1.999745 | 673.3028 | 750.8923 | 90.14858 | 8.504256 | 95 | 1538.7
50 | 260.6015 | 250.6399 | 9.961599 | 70.20993 | 2.415242 | 2.430481 | 1.752448 | 680.7967 | 755.9582 | 77.75417 | 7.064368 | 95 | 1538.7
60 | 259.7825 | 249.9502 | 9.832274 | 70.20993 | 2.416387 | 2.430481 | 1.752448 | 680.7967 | 755.9582 | 77.75417 | 5.990228 | 95 | 1538.7
70 | 259.0051 | 249.2714 | 9.733692 | 70.20993 | 2.433373 | 2.430481 | 1.752448 | 680.7967 | 755.9582 | 77.75417 | 5.990228 | 95 | 1538.7
80 | 2582175 | 248.5656 | 9.651846 | 70.20993 | 2.411224 | 2.430481 | 1.752448 | 680.7967 | 755.9582 | 77.75417 | 5.990228 | 95 | 1538.7
95 | 257.0805 | 247515 | 9.565448 | 70.20993 | 2.389647 | 2.430481 | 1.752448 | 680.7967 | 755.9582 | 77.75417 | 5.990228 | 95 | 1538.7
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Train's peak power (MW)

Energy consumed by substation (kWh)
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4) wamwﬂaeunaq‘nﬁﬁ 4 (Peak demand cutting strategy)
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Energy consumed by train (kWh)

Maximum power at substation (MW)

174

253 T . T T T T T T T,
lower limit 4 upper limit

252 -

251

250 -

249 -

248 -

247 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Initial SOC (%)

51/ n.33 wams lgmdsau liihvessa lwihwile 19nagnia 4

u

3.2

T ..
lower limit upper limit

q

N
[e]
T

!

N
[e)]
T

!

N
~
T

1

N
N
T

|

N
T
|

18 -

o
O ©

[0}
[

16 I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Initial SOC (%)

511 n.34 mavesmas Ilihgegananil lwihidundewiie 1¥nagnsi 4



175

760

T ..
lower limit upper limit

o o o o O
A4 =4 S

755 e

~
(o)
o
T
|

745 - b

740 b

Minimum substation voltage (V)

~
w
a
T
|

730 [ b

725 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Initial SOC (%)

51/ n.35 wavewseau llihivaail liihidumaeudgaiio1¥nagnsn 4

U

690

T ..
lower limit upper limit

[0]
[0]
[0]

N
! .

680 [

670 [ b

[e2]
[&]
o
T
|

Minimum train voltage (V)
[« [«
B (62
o o
T T
L L

630 [ b

620 [ b

[¢

610 I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Initial SOC (%)

514 n.36 maveussau Tihvessa luihdgaiiednagnti 4



176

140

T ..
lower IimitG upper limit

130 - b

-
N
o
T
|

10 b

100 - b

Maximum rail potential (V)

[
[

o
& <

70 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Initial SOC (%)

~ o A q 9 2
STJ‘VI .37 Naﬂl@ﬂlliiﬂuiﬁq@qﬂm@i%ﬂﬂq‘ﬂ‘ﬁ‘iﬂ 4

G

13

T ..
lower limit upper limit

"

Maximum stray current (A)
©
T

(0]
(0]
h

5 I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Initial SOC (%)

514 n.38 mavesnszua I Inagegadiio 1¥nagnsh 4



Energy waste (kWh)
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Optimal Multi-Objective Train Speed Profile for Mass Transit Systems
Using Genetic Algorithms

Chaiyut Sumpavakup, Thanatchai Kulw orawanichpong*
School of Electrical Engineering, Institute of Engineering
Suranaree University of Technology, Nakhon Ratchasima, THAILAND
*Corresponding Author: thanatchai@gmail.com

ABSTRACT
This paper presents a movement planning of a mass transit system between two platforms
with the goal to minimize total energy consumption and total energy loss during the journey
with appropriate weighting factors. Train movement in this work is based on a sequence of
four mode operations: 1) accelerating mode, ii) constant speed or cruising mode, iii) coasting
mode and 1v) braking mode. The presented problem is one of optimization problems in which
train speed profile is optimized by controlling three parameters: i) acceleration rate ii)
deceleration rate and iii) location of coasting point. To achieve this goal the overall energy
consumption and energy loss of the proposed journey is minimized. This paper described the
use of Genetic Algorithms (GAs) as a potential tool to solve the problem. The test system
used in this work is a simple mass transit section between two platforms with the service
distance of 2 km and the maximum speed limit of 80 km/h. The results showed that solving
such a problem by using GAs with multi-objective functions can considerably reduce the

overall energy consumption and total energy loss.

Keyword: Train speed profile, Energy consumption, Optimization, Genetic Algorithms
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Abstract

This paper presents a movement planning of a mass transit system
between two platforms with the goal to minimize total energy
consumption during the journey. Train movement in this work is based
on a sequence of four mode operations: i) accelerating mode, ii) constant
speed or cruising mode, iii) coasting mode and iv) braking mode. The
presented problem is one of optimization problems in which train speed
profile is optimized by controlling three parameters: i) acceleration rate
ii) deceleration rate and iii) location of coasting point. To achieve this
goal the overall energy consumption of the proposed journey is
minimized. This paper described the use of Genetic Algorithms (GAs) as

a potential tool to solve the problem. The test system used in this work is

* fifuugFuRR¥EULIMAIIY (Corresponding author)

E-mail address: ¢c.sumpavakup@gmail com

a simple mass transit section between two platforms with the service
distance of 2 km and the maximum speed limit of 80 km/h. The results
showed that solving such a problem by using GAs can considerably
reduce the overall energy consumption by 28.17% compared with the

base case.

Keywords: Train speed profile, Energy consumption, Optimization,
Genetic Algorithms
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Movement Features max. acceleration 0.87 m/s’
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Abstract A problem of peak power in DC-electrified
railway systems is mainly caused by train power demand
during acceleration. If this power is reduced, substation
peak power will be significantly decreased. This paper
presents a study on optimal energy saving in DC-electrified
railway with on-board energy storage system (OBESS) by
using peak demand cutting strategy under different teip
time controls. The proposed strategy uses OBESS to store
recovered braking energy and find an appropriated time to
deliver the stored energy back to the power network in such
a way that peak power of every substations is reduced.
Bangkok Mass Transit System (BTS)-Silom Line in
Thailand is used to test and verify the proposed strategy.
The results show that substation peak power is reduced by
63.49% and net energy consumption is reduced by 15.56%
using coasting and deceleration trip time control.
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1 Introduction

Recently, the demand for public transport has rapidly
increased around the world. Many countries in Asia such as
Thailand, Singapore and India have plans to expand the
existing routes in their mass transit systems to cover all
urban areas [1]. Energy efficiency and management are
undoubtedly the big challenges in the railway systems [2].
In electric traction systems, recuperation of the braking
energy highly improves energy efficiency [3, 4]. Depend-
ing on the driving cycle and control strategy, energy saving
could be achieved by approximately 8% to as much as 25%
of the total energy drawn by the vehicle [5]. An urban rail
transit is characterized by many service stations with fre-
quent acceleration and braking of trains that increases the
potential of braking energy recuperation using energy
storage system (ESS). There are two main applications of
ESS in the electrified railway: (1) trackside energy storage
system (TESS) and (2) on-board energy storage system
(OBESS). With the OBESS, regenerated braking energy is
stored in the OBESS when the line is not receptive and
there is no adjacent train demanding high power. The
stored energy will then be used to support train acceleration
or within an appropriate condition. Gonzalez-Gil et al. [6]
explains that the OBESS has higher efficiency than TESS
and its energy management is simpler as there are no line
losses and traffic conditions considerations.

In general, the purposes of the regenerative braking
energy management with OBESS are increasing energy
efficiency [7-9], reducing peak power of substations [10]
and stabilizing network voltage [11, 12]. The research
presented in this paper is devoted to reducing substation
peak power mainly in DC metro systems. In Ref. [10], a
25% reduction of the overall railway electricity cost was
achieved by reducing substation peak power during train
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acceleration. In Thailand, electricity tariff consists of 4
types of charges: energy charge (THB/kWh), demand
charge (THB/KW), service charge (THB/month) and power
factor charge (THB/kvar). The demand charge is defined as
the maximum 15-minute integrated demand during on peak
over the monthly billing period. Reducing peak power can
significantly reduce the total monthly bill. With the
OBESS, there are two parameters that affect energy saving:
(1) the number of the OBESS modules, which has impact
on the effective weight of the train and consequently
energy consumption and (2) initial state of charge (SOC) of
the OBESS, which has impact on the functional restrictions
of the OBESS. Therefore, the problem has been tackled by
finding the suitable parameters of the number of OBESS
modules and the initial SOC for optimal energy saving.
Several energy-saving strategies incorporating OBESS
have been presented in the literature, each of which has
some difficulties, such as the rule-based strategies (RBS)
[11, 13], the strategy based on the SOC [14] and the control
strategies based on fuzzy logic [15]. However, optimizing
the starting point of OBESS discharge is difficult in real-
time simulation.

This paper studies the optimal energy saving in DC
metro systems using OBESS with peak demand cutting
strategy. The aim is to evaluate how much an optimized set
can maximize energy saving under different trip time
controls. The operated design criteria of the OBESS, the
strategy of the power flow controller and the trip time
control are proposed. The Bangkok Transit System (BTS)-
Sky train Green Line in Bangkok, Thailand, is used for
testing and analysing the proposed strategy. The paper is
organized into six sections, and Sect. 2 gives basics of
electric train simulation, covering train movement and
performance, and DC power flow. The strategy for regen-
erative braking energy management with OBESS and
problem formulation for optimal energy saving are
described in Sects. 3 and 4, respectively. Section 5 pre-
sents simulation results and discussion. Finally, the con-
clusion is presented in Sect. 6.

2 Simulation as a potential tool

Electrified railway system is a complex system. Electrical
characteristics, such as train vehicle performances and
operation modes, as well as railway track characteristics,
such as curve and gradient profiles, are considered. The
single-train simulation (STS) consists of the train move-
ment and performance calculation and the power flow
calculation are described as follows:

@ Springer

2.1 Train movement and performance calculation

The performance of an electrified railway is calculated in
the STS based on the standard operating curve. The train
movement calculations are implemented using Newton’s
laws of motion, taking into account train resistance, track
curve, gradients, speed restriction and modes of operation
[16]. The net force applied to accelerate the train is as
given in Eq. (1) which relates to Egs. (2) and (3):

F = Fr—R = Moo, 1)
R=F +F,+F, )
Mer = Mi(1 + Ay) + M, @)

where F is the net force (N), M is the effective mass (kg),
o is a train acceleration rate (m/sz), Fr is the tractive effort
of a train (N), R is the overall resistance force of a train
(N}, I; is the running resistance force (N), Fy is the gra-
dient resistance force of a train (N), F, is the curve resis-
tance force of a train (N), M, is the tare mass (kg), A, is the
rotary allowance, and A is the freight or passenger load
(kg). With a sufficient small step time update, the train
performances are calculated according to the mode of train
operations. During any journey between two adjacent ser-
vice stations, the operating mode is simply determined by
four consecutive modes with appropriated speed control
strategy, e.g., hysteresis control, proportional control [17].

The running resistance force including aerodynamic and
the rolling resistance force or the frictional force of a train
are described by the Davis equation in Eq. (4):

F,=A+Bv+ O, (4)

where v is a train speed (knv/h) and the coefficients A (kN),
B (kNh/km) and C (kNh*/km?) are constants called Davis
coefficients [18].

A train is modelled as homogeneous strips with equal
weights. This gives a more realistic and accurate model for
simulation. Gradient resistance force of a train covering a
route section which may not have the same slope is given
by Egs. (5) and (6):

Fy = gminy + gmyny + ...+ gmn, (5)
my = Mett(Ly /L), (6)

where g is the gravitational constant (9.81 m/sz), my is the
mass of the train covering a distance S; which is deter-
mined by the number of different slopes throughout the
length of the train, ny is a slope of a distance (section) Sy,
Ly is the length of a train covering a distance Sg, and the
sum of L to Ly is equal to L; and L; is the length of a train.

Curve resistance force accounts for energy dissipation at
the wheel-rail interface due to sliding, creep and friction.
The force is inversely proportional to the radius of the
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Fig. 1 Proportional control method for train speed control

curved track. The empirical formula of the curve resistance
force is the Roeck!’s formula in Eq. (7) [19]:

6.3
r()—_SSMeff ; for r(s) > 300 m
Fo= g i (7
mMeﬁ‘ i for #(s) <300 m,

where #(s) is the curve radius.

Train speed is controlled by proportional control that
calculates acceleration rate from speed mismatch between
the actual feedback and the desired speed as presented in
Fig. 1. The speed control command is used to determine
train operation mode. In this paper, there are three oper-
ating modes in train speed control: (1) running mode, (2)
braking mode and (3) station stop mode. The provided
tractive effort depends on the applied speed control
strategy.

Power consumed by a train (P.) is a summation of
tractive power (Py,), ESS power (Pggs) and an auxiliary
power (P,.) as given in (8) [20]:

Py = Pq + Prss + Paus (8)
Fr .
—xvif Fr >0

Pm:{ g =t ©)
kT X v if Fp<0,

P page if with the ESS and charging mode,
— Pg if with the ESS and discharging mode,
0 if without the ESS,

Prss =

(10)

where # denotes the efficiency of mechanical output power
conversion at the wheels to the electrical input power,
Pnarge and Pg, are the charge and discharge power of the
OBESS, respectively.

2.2 DC traction power supply

In this paper, a computer-based simulation for a train
movement integrated with power supply interface is carried
out. The DC power network solver needs the locations and
the consumed power output data of the traction substation
(TSS). Locations data are applied to calculate a system
conductance matrix at each calculation step. The power
consumption of a train is used to determine the entire

J. Mod. Transport.

power demands of the DC power supply network, which is
defined as load bus in the power network calculation.
Generally, a solution of the circuit analysis is obtained by
loop equations or nodal equations. With the network of the
DC-electrified railway system, the nodal equations are
systematic and easily solved by a computer program [21].

Assuming a simplified Norton equivalent circuit of the
DC traction power network as shown in Fig. 2, where d is
the position of a train, L is the distance between two
substations, Frgg and I are substation current and substa-
tion short-circuit current, respectively, iy is a train current,
R, is a substation short-circuit resistance, Reong and Ry are
the conductor rail and the running rail resistances,
respectively. Rsg and Ggg are the traction substation
ground resistance and the rail-to-earth conductance,
respectively. A train model is presented by a controlled
current model, fy = Py/Vy. In this paper, the current
injection method (CIM) [1] has been applied in the power
flow calculation. The updated parameters are obtained by
setting up the nodal equations as in Eq. (11). The con-
ductance matrix G in each step of a train travelling is
updated by considering the positions of a train and the
power consumption is possibly changed according to the
train operation modes. An iteration is stopped when the
error of the pre-stepped voltage vector at the current iter-
ation is less than the criteria value.

L5 = Gexe Ve, (11)

where I = [Itss1 —~Irss1 Fisse ~Frss2 T Io]'

3 Strategy for regenerative braking energy
management with OBESS

3.1 Regenerative braking energy management
with the OBESS

In the viewpoint of energy management in electrified
railway operation, Energy Storage Devices (ESDs) are
supposed to reduce train energy consumption by recuper-
ating braking energy and supply it back to the train when
needed [22]. When a train is braking, the traction motors
can act like generators. As previously mentioned, regen-
erative braking system with OBESS is more efficient than
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Fig. 2 Equivalent circuit representing the DC traction power supply
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Fig. 3 Regenerative braking energy management with OBESS

the one with TESS due to absence of line losses. Currently,
electrochemical double-layer capacitors (EDLCs) have
shown great potential to be used as on-board energy stor-
age devices (OBESD) [4]. The characteristics of EDLCs
are fast charge and discharge capability, high power den-
sity, long life cycles and low internal resistance [23]. The
main purpose of the OBESS in this paper is peak power

@ Springer

PS3
Peak demand
cutting strategy

compensation by recuperating and resupplying train brak-
ing energy as summarized in Fig. 3.

3.2 Proposed peak cutting strategy
Peak power reduction during train acceleration is achieved

by controlling charge and discharge of the OBESS. Train
power flows when braking and accelerating are shown in

J. Mod. Transport.
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Third rail

Running rail BR

(a) During braking (charge)

Third rail ' 5

Running BR
(b) During accelerating (discharge)

Fig. 4 Power flow in the train equipped with OBESS

Fig. 4. The MITRAC energy saver unit based on EDLC
produced by Bombardier Company is chosen for the ESS
in this paper because it has high energy density (Wh/kg)
per module compared to the preducts from other compa-
nies [24].

Charge and discharge of OBESD depend on train power
demand and SOC of the OB ESD. When a train is braking
the OBESD is recharged if it is not fully charged, otherwise
the braking energy is dissipated in braking resistors. When
a train is motoring, auxiliary systems draw power from the
power supply via conducting (third) rail while the tractive
is supplied from a DC substation and from OBESS if

discharging criteria of the OBESS is reached. This means
that the peak power of the power supply is compensated by
the stored energy from the OBESD. The flowchart of the
energy management model is shown in Fig. 5.

3.3 Charging algorithm

Charging algorithm starts by checking if a train is braking.
Regenerative braking power (Py) is then calculated by
Eq- (12) thIOUgh Eq- (14)a where Hcharges Hhmotor Hgear Hinvs
HEss> Hehopper 20 HErDe are charge, motor, gear, inverter,
ESS, chopper and ELDC efficiencies, respectively. The
braking energy that is stored in the OBESS (Eggg) can be
calculated by Eq. (15). It is important to note that the
regenerative braking energy is not supplied back to a
substation, when the OBESD is fully charged and there is
no adjacent moving train, the regenerative energy is dis-
sipated by the braking resistors. The flowchart of the
charging algorithm is summarized in Fig. 6.

Preg = Paharge = 1 X V X Hopurge (12)
Hebarge = Mmotor X Mgear X Hiny X HESSs (13)
"tess = Hehopper X HEDLCS (14)
Epss(t + At) = Egss(1) + Preg A, (15)

3.4 The discharging algorithm

Discharging algorithm starts by checking if a train is in
acceleration mode. The tractive power during train
motoring is supplied from a DC substation via conductor

Without OBESS

‘ Accelaration ‘ ‘ Braking ‘

‘ Accelaration ‘

] }

I

Draw power from Supply AUX
power supply
Dissipate power in
BR

Supply AUX by
conductor rails

Ready to use the
OBESS for cutting the
peak power?

Draw power Dissipate
Discharging from power power in
OBESS supply BR
Fig. 5 Flowchart of the energy management model
@ Springer
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Braking mode?
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Calculate regenerative power (Prey)
and determine power consumed by the
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Preg=Proawuss?
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B Epss((HP oy

Update power and energy of ESS || Update power and energy of ESS
EESS(ﬂ’dt) Fona 255, Prss(rd0)=0 || Egss(tTd)=Ego, Pess(ttdfj=Pre

End

Fig. 6 Flowchart of the charge control for OBESS

rail and from OBESS if discharging criteria of the OBESS
is reached. Power is drawn from the OBESS when its state
of charge (SOC) is greater than the minimum limit and the
required train power is more than the difference between
the estimated peak power (Ppu) and the maximum
allowable discharging power from the OBESS (Pgigma),
see Eq. (16). Flow chart of OBESS discharge control is
shown in Fig. 7. The discharged power and energy of the
OBESS (Egssy are calculated by Egs. (17) and (18),
respectively.

Py 2 Ppearc—Pais maxs (16)
Puis(t + Ar) = (Pea(t + Ar) + Poux — Pstan)/’?d;scha[ge» (17)
Egss(t + Af) = Egss(f) — (Pas(f + Ar) X Ar). (18)

4 Problem formulations for optimal energy saving
4.1 Objective function

The optimization objective of the paper is to maximize
total saved energy at substations (¢), defined as in Eq. (19).

Nrss Nrss
Maximize ¢ = 1 - (Z Egn Z E‘:;’E?) (19)
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where EG . and EG are the emergy consumption at

substation I with and Wlthout OBESS, respectively, and
Nrgg is the number of traction substations.

4.2 Control parameters

The following control parameters are used to maximize the
objective function: number of the OBESS modules (MNgss),
initial SOC of the OBESS (SOCar), a gain of deceleration
control (k4..) and coasting point (Leeee). Trip time is con-
trolled by kgec and Leoas as presented in Fig. 8.

4.3 Constraints

The constraints of the optimization are given as follows:
Inequality constraints:

SOCITE < SOC < SOCERY, (20)
Ness < Npss <NES (21)
PEgs < Prss < PEgs, (22)
kg‘m < kgee < krd“eC ! (23)
L o Bl LT, (24)
where SOCIY and SOCE‘;‘:}? are lower and upper limit of

the SOC, Ngis and Ng& are minimum and maximum
number of the OBESS modules, PE§y and PEEE are mini-
mum and maximum power of the OBESS, &3.7 and k- are
minimum and maximum gain of the deceleration control,

and L2 and L7 are minimum and maximum coasting

‘coast ‘coast
point.
Equality constraint:
7, T (25)
SOET B SOCHEE (26)
SOCena = SOCstar, (27)

where T¢;, is the trip time, SOC,y and SOC,,q are the
maximum and final SOC of the OBESS, respectively.

In this paper, the genetic algorithm (GA) [25] has been
implemented to find the optimal control parameters for
maximizing the total energy saving of substations during
the proposed journey. The flowchart of the simulator is
summarized in Fig. 9.

5 Simulation results and discussion
5.1 Test system

The Silom Line of BTS Sky train used in this paper was the
first mass transit line to commence service in Bangkok,
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Finding a condition to start the OBESS function
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Calculate power and energy
consumed by the train
Po(t+df)=Pu+Pax-Pas
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Update power and energy of ESS
Egss(#tdf)=Frss(?)-Pais < dt
Prss(#+df)=-Pyss

Prs(t+d)=0
\

End

Fig. 7 Flowchart of the discharge control for OBESS

Thailand. The line has a service distance of 13.65 km, 13
service stations (W1-S12) and 7 DC traction substations as
shown in Fig. 10 [16]. A train service starts from station
W1 and terminates at station S12. The system parameters
for simulation are listed in Table 1, and the simulation is
done by MATLAB program on an Intel Core i5 2.53 GHz,
4.0 GB RAM computer. A train speed profile with the
speed limit of the southbound train (Based case}) is shown
in Fig. 11. Three cases are considered in the simulation and
compared to the base case (without OBESS) as shown in
Table 2, and kg and L qs are only considered when train
speed is equal or greater than 60 km/h (from S6 to S12).
The GA parameters used in the simulation are presented in
Table 3. The SOC of the OBESS is maintained between
20% and 95% to maintain the life cycle of the OBESS.
From the simulation, optimal parameters are given in
Table 4. It can be seen that the total number of modules
and the initial SOC of the OBESS for both Case 1 and Case

J. Mod. Transport.

Max. deceleration
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Fig. 8 Operating modes for the train

2 are 11 modules and 44.8%, respectively, whereas 10
modules and 40.9% of the initial SOC of the OBESS for
Case 3 obtains the best fitness function. Maximum SOC of
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Table 1 The system conditions for simulation

Specific data Information

Train parameters

Voltage Nominal voltage 750V

Weight Tare weight 153 ton
Payload AW3 75 ton

Movement feature Max. speed 80 km/h
Max. acceleration 0.87 m/s?
Max. deceleration 1.00 m/s®

Efficiency Gear, motor, inverter 08%, 88%, 08%
EDLC, chopper 86%, 95%

Auxiliary power Constant load 270 kW

Train resistance A =4025 B =118.67, C = 0.871

Power system parameters

Traction substation No-load voltage rated power 750 V

‘Third rail and running rail

OBESS parameters
MITRAC energy saver [26] Installed energy
Max output power

Weight

Third rail resistance
Running rail resistance
Conductivity to earth

2550 kVA (CEN, 802, 805, 8§07)
3300 kVA (S09, 811, §12)

8.23 mQ/km

40.46 m/km

0.1 S/km

1 kWh/module
300 kW/module
428 kg/module

Table 2 Conditions of simulation in each case

Table 3 GA parameters

Case OBESS Trip time control Parameters Values
Based Without Max. deceleration Control variables
1 With kgee® Max. deceleration Number of the OBESS modules (Ngss) [8, 14]
2 With Leoase + Max. deceleration Initial SOC of the OBESS (SOC . [20, 95]
3 With Leoast + kgec® Max. deceleration Gain of deceleration control (kgec) [0.8,1]
Coasting point (Legas) [200, 2000]
e Generation Nvar x 20
the OBESS and trip time for all cases are 95% and 1649 s, y
; Population Nvar x 10
respectively. 3 Dbt 05
Train speed profiles from station S6 to station S12 are Mmss‘_war Pr‘; abll X 0'1
shown in Fig. 12. Speed profiles for different cases are Eeggrprobaliity ’ .
Function tolerance 1 x 10

different according to the trip time control of each case.
Figure 13 presents the OBESS operation, the state of
charge is kept between 20% and 95%. The OBESS is
recharged during train braking and discharged during train
motoring. The discharge controls of the OBESS in all cases
depend on train power demand and SOC of the OBESS. In
the base case, train voltage drops rapidly from 790 to
620 V after leaving the first station whereas in other cases
with OBESS voltage regulation is improved as shewn in
Fig. 14. Figure 15 presents train power profile for south-
bound train direction, and the traction power of substations
decreases as shown in Fig. 16 because the OBESS cuts
peak power.

@ Springer

* Nvar is the number of control variables

Considering the peak power cutting at the first traction
substation (TSS1), the OBESS is unavailable because its
SOC is lower than the appropriate level to start dis-
charging. From the second substation (TSS2) and
onwards, the OBESS is capable of supporting train
acceleration power. In Table 5, the percentage of peak
power reduction at TSS1 for Case 3 is less than other
cases since the number of OBESS module and the initial
SOC from GA optimization for Case 3 are different from
Case 1 and Case 2, see Table 4. The trip time control only

J. Mod. Transport.
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Table 4 Optimal parameters

Parameters Case 1 Case 2 Case 3

Nesg 11 11 10

SOC,urt 443% 44.8% 40.9%

Kec ko7 = 0.80452 - kaee,7 = 0.95216
Kieeg = 0.84933 Kaee,g = 0.94633
Jigeos = 0.85840 Kiec,o = 0.99529
Kiee,10 = 0.92247 Kaec,10 = 0.97604
Kgee,11 = 0.8388% Kaee,11 = 0.98407
kgee,12 = 0.86245 Kiec,12 = 0.97851

8 - Leoase7 = 200.00 Loasty = 304.72

Looases = 202.89
Leousto = 269.95
Leoast.10 = 20068
Looast11 = 200.00
Leoast,12 = N/A

ELooastg = 218.39
Lecasto = 280.00
Leoast,10 = 209.32
Leasti1 = N/A

Lcoast,12 = 200.00

Fitness function (¢b) 0.13715 0.15248 0.15564
N/A is no coasting
Table 5 The maximum peak power at TSS of each case
Case Prss1 (MW) Prssz (MW} Prsss (MW) Prsss (MW} Prsss(MW) Prsse (MW) Prss7 (MW)
Based 3.04 2.00 2.23 219 2.18 2.16 248
1 1.74 0.73 1.75 1.31 1.45 1.56 122
[42.68] [63.49] [21.39] [40.05] [33.62] [27.74] [50.80]
2 1.74 0.73 175 131 1.47 1.59 122
[42.68] [63.49] [21.39] [40.05] [32.81] [26.12] [50.89]
3 1.95 0.73 175 131 1.48 1.56 122
[35.85] [63.49] [21.38] [40.06] [31.99] [27.74] [50.95]
[*] is the percentage deviation compared with the case that has no OBESS
Table 6 Performance index of the power supply network
Ttem (unit) Based case Case 1 Case 2 Case 3
Energy consumed by train (kWh) 298.95 260.90 256.08 255.13
[12.73] [14.34] [14.66]
Energy consumption at substation (kWh} 31420 271.11 266.29 265.30
[13.71] [15.25] [15.56]
Energy losses (kWh) 15.25 10.20 10.21 10.16
[33.07] [33.03] [33.34]
Regenerated energy available (kWh}) 87.55 7215 66.94 66.29
[17.58] [23.54] [24.28]
Energy wasted in brake resistor (kWhy 71.13 0.33 0.63 0.12
[99.54] [05.12] [99.83]
Recovery coefficient (%) H 602 71.58 73.76
[*] is the percentage deviation compared with the case that has no OBESS
J. Mod. Transport. @ Springer
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P Constraints
A g Optimization
Train speed control problem (GA) Objective
function
Input: l Qutput:
- Train service information - Train voltage
- Train model and its parameter Train movement - Traction substation
5 power
- Infrastructure characteristics and performance — | - Power consumed by train
- Power system parameter calculation - ESS charging/discharging
- Simulation parameter power and SOC
- Initial condition setting i
- OBESS parameter Frg DC Power flow
calculation
OBESS
calculation Ny SOC,
7T

Fig. 9 Optimization of the OBESS operation and speed profile to maximize total saved energy at substations
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affects the peak power at TSS5, TSS6 and TSS7 accord-
ingly, and the peak powers of all cases are very close to
one another. With the proposed peak cutting algorithm, a
63.49% maximum peak power reduction is achieved at
TSS2 (from 2 to 0.73 MW).

The simulation is based on a single train travelling a
single journey in the southbound direction of each case
compared with the base case (with no OBESS) as shown in
Table 6. Regarding the energy saving, the total energy
drawn by a train is saved by 12.73%, 14.34% and 14.66%
in Case 1, Case 2 and Case 3, respectively. This reveals

J. Mod. Transport.
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Fig. 15 Power consumed by train

that the motive energy saving is affected by the initial SOC
of the OBESS. The total energy consumed by the traction
substation is saved by 13.71%, 15.25% and 15.56% in Case
1, Case 2 and Case 3, respectively. The net energy losses
for each case are the same, which is 10 kWh, that is 33%
reduction from the base case. Available regenerative
braking energy is the emergy generated from the train
braking (not energy supplied to the auxiliary systems or the
OBESS), it can be seen that Case 3 has the highest avail-
able regenerative braking energy. The dissipated energy by
the electric braking resistor is saved by 99.54%, 99.12%
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Fig. 16 Traction substation power at TSS
and 99.83% in Case 1, Case 2 and Case 3, respectively. The

recovery coefficient proposed in this paper is the propor-
tion between the total energy savings measured at
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substations and the regenerated braking energy produced
by a train; Case 3 achieves recovery coefficient of 73.76%
which is the highest.
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6 Conclusion

This paper presents a study on optimal energy saving in DC-
electrified railway system by using OBESS. Substation peak
power reduction and evaluating power supply network per-
formance achieved by using peak demand cutting strategy are
the objectives of the study. Criteria for OBESS design,
regenerative braking energy management strategy and trip
time control are proposed. Track model used in the simulation
is based on data from Bangkok Transit System {BTS)-Sky -
train Silom Line in Thailand. The proposed system is thus
effectively compared with the present system (base case) that
usesno OBESS. A 15.56% of the energy saving at the traction
substation is achieved by the proposed strategy, peak power is
reduced by 63.49% at TSS2, and the number of OBESS
modules can also be reduced by controlling the trip time of the
ceasting motion together with the deceleration control (Case
3). The initial SOC of the OBESS has a huge effect on peak
power cutting only at the first traction substation.
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Abstract. This paper is to demonstrate the use of MATLAB Object-Oriented Programming (OOP)
for developing Multi-Train Movement Simulation (MTMS). Dynamic performance of the train
movement is modeled with the help of Newton’s law of motion. Train movement in this work is based
on a sequence of four operating modes: i) accelerating mode, ii) constant speed or cruising mode, iii)
coasting mode and iv) braking mode. The design concept of a train movement class is described with
its properties and methods. To evaluate its use, the proposed train movement simulator developed
here is tested against Bangkok Transit System (BTS) — Sky Train Silom Line. This system has the
service distance of 13-km and is fed by seven 750-V DC power sources through its 3rd rail. The
results showed the effectiveness of the proposed simulator.

Introduction

Train speed profiles are extensively used in railway operation and research applications, such as train
performance calculation, journey time estimation, energy consumption evaluation, capacity analysis,
train scheduling, new route planning, old route upgrading, etc. During the trip from its start station to
end station, by alternating powering, constant speed, coasting, and braking modes. The movement of
a train is very complex and governed by many factors. As a result, a precise and reasonable speed
profile cannot be easily obtained from analytical approaches [1]. A modern approach is to build up a
train performance simulator to perform such computations [2].

Although many computer models have been developed and some of them become commercial
software, their computation algorithms are not clearly revealed into the public domain due to business
secrets. Especially, they may not take practical rules into considerations and thus, are difficult to
apply to specific railway systems. For these reasons, a train performance simulator is developed in
this study using Object-Oriented Programming (OOP) concepts with MATLAB.

This paper consists of five sections. Section two illustrates a basic of multi-train simulation. OOP
is described in Section three. Section four gives simulation results and discussions. Lastly, conclusion
is in Section five.

Multi-train Simulation

Train movement calculations are based on the well-known equations of motion, taking account of
gradients, speed restriction, mode of operation, etc [2]. The net force applied to accelerate a train is F'
= Mo, where F is the net force, M,y is the effective mass and a is the train acceleration. In this
section, the basic modules within the multi-train simulation are briefly reviewed.

Train movement calculation. The train motion is opposed by various forces, e.g. train resistance,
track gradient force, etc. By applying Newton’s second law, the train movement equation is expressed
in (1).
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Fig.1 Resolution of mass force on a gradient

F =TE~ Fps— Ta=Mya 15

Where TE is the tractive effort (N), Fy,.q is the gradient force (N), T is the train resistance
(N), My is the effective mass (kg) and a is the train acceleration (m/s”) which will be positive for
uphill running, negative for downhill running and zero for flat track running.

1) Tractive effort (TE): The force which a locomotive can exert when pulling a train is called
tractive effort [5]. In order to use this information easily in calculations of acceleration and
deceleration, it is helpful to develop an approximation which covers the speed range of interest.

2)  Gradient force (Fg.q): To push a heavy train up slopes requires substantial force. Gradients on
railways are small, see Fig. 3, and usually expressed in the form of AR/I, where Ah is the vertical
distance, / is the slope length or horizontal distance from point A to B, see Fig. 1. With a small
arbitrary angle 0 the gradient force can be approximated by using (2).

F = aﬂ,gsinB:

gra

M_ gAh
JL @)
I
3) Train resistance (Tg): The motion of the train is opposed by a number of resistive forces. The
overall resistance on level track can be formulated as follows [6]:

T, = A+ Bv+ OV 3)

Where v is the vehicle speed (km/h) and the coefficients A4 (kN), B (KNh/km) and C (KNh*/km?) are
all constants, referred as the Davis coefficients [7].

4) Effective mass (Myp: The rotational inertia of the rotating components on the train must be
taken into account in order to properly calculate the acceleration of the train. This is usually done by
adding a rotary allowance term to the mass of the train. This is expressed as a fraction of the tare mass
of the train which is the mass of train without loads or passengers [6].

M, =M,(1+2)+M, @

Where M, is the tare mass, 4, is the rotary allowance and M, is the freight or passenger load
Speed control strategy. The speed control model determines the modes of operation. Typically,
there are four operating modes for the train: i) Accelerating mode, ii) Constant speed mode, iii)
Coasting mode and iv) Braking mode [4,8], see Fig. 2. The tractive effort provided is dependent on
the speed control strategy applied.

Power consumed by a train. The power consumed by a train corresponding to tractive effort 7E and
instantaneous speed v is given by the following expression [4].

P:TExv
n

Where # denotes the efficiency of conversion of electrical input power to the mechanical output
power at the wheels.

6)
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V. *¥, : maximum operating speed

Speed

Aceelerating {Constant speed|  Coasting | Braking
mode mode. mode | mode

Distance

Fig.2 Operating modes for the train

Speed and position update. Once the train acceleration is obtained, speed and position of the train is
calculated by the following equations,.

v, =v,+alt (@]

5, =5 +1th+%aA[z &)

Where v, and v, are the terminal and initial speed, At is the time step, 0.1 s in this paper, s, and 5,
are the position after and before updated
Summary of train movement calculation. The train movement calculation can be summarized as
follows.
o Use the speed from the previous time update to evaluate the tractive effort (Section B.) and thus
the power consumption (Equation (6)).
e Determine the gradient force, train resistance, etc and then compute the train acceleration
(Equations (1) - (4))
o Update the train speed and position (Seetion D.)

OO0P-Based Multi-Train Simulation

Nowadays, computers are used extensively for solving several engineering problems. To solve such
problems, a sequence of instructions is communicated to the computer and some efficient
programming languages are needed. The instructions written in a programming language form a
program. A group of programs developed for a certain specific purpose is referred to as software.
Software can be system software or application software. In this work, only Application software is
related. It is a collection of pre-written programs working for some specific applications. Roughly
speaking, programming techniques can be categorized into 4 techniques: i) Unstructured
programming, ii) procedural programming, iii) modular programming and iv) object-oriented
programming.

Object-oriented programming solves some of the problems just mentioned. In contrast to the other

techniques, this technique is a web of interacting objects having its own state. In OOP, any program
would have as many list objects as needed. Instead of calling a procedure which must be provided
with the correct list handle, each program would directly send a message to the list object. When any
object is called, it can perform its own tasks automatically and simultaneously [9]. In this paper, only
OOP is used to develop a train movement simulator.
OOP Concepts. The object-oriented approach to programming is an easy way to master the
management and complexity in developing software systems that take advantage of the strengths of
data abstraction. An object defines the following three properties: i) state, ii) behavior and iii)
identify. Interaction between objects and their properties can be derived from a “class”. Class in OOP
is a template consisting of variables and functions. In MATLAB, variables and functions are called
“Properties” and “Methods” respectively as shown in Fig. 3.
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OOP in MATLAB. There exist several programming languages to develop an OOP software, e.g.
Visual Basic, Java, C++ or MATLAB. MATLAB has equipped with a feature of OOP since the
version 7.6 (R20082) released. Fig. 4, is a formal form to define “class” in MATLAB OOP.

“Class”
classdef ClassName
properties
PropertyNamel;
PropertyNameZ;
S0, end
Variables methods

"Properties“ function cbj = ClassNamel()
end
funetion MethodNamel

Functions end

“Methods™ end

Fig.3 The component of the class Fig.4 The formal form of the class in MATLAB OOP

0OO0OP-Based Multi-Train Movement Simulator

Design concept of OOP-based multi-train movement simulator is to create a class called by “train” up
to this class to simulate the movement of the train. Structure of train class for simulation as shown in
Fig. 5 which consisting of Properties: i) Train parameters (weight conditions, movement features,
efficiencies, tractive effort and braking effort diagram, train resistance formula) ii) Movement
parameters (operational conditions alignment data, headway, dwell times, gradient profile) iii)
Operation modes of train (see. Section II) iv) State variable of train (speed, position, acceleration,
deceleration, tractive effort) and Methods: i) Initial parameter setting for simulation ii) Calculates
train movement on up-track and down-track. The procedure of OOP-based multi-train movement
simulator began by define initial configuration for calculating: i) Initial state variables setting ii) The
system conditions for simulation and iii) Train characteristics. And then calculate the train movement
with the conditions of test system by calculates all train together at the time ¢ and repeat until t equal
to simulated time (Z,.). From flow diagram to see that when we write OOP will make to the procedure
programming is an easy. To change the conditions of the test system is very simple without about
calculate the movement of the train.

Train class

Properties
Train parameters
Movement parameters
Operation modes of train
State variable of train

Methods

Initial parameter setting
Calulate train movements

Fig.5 Structure of train class for simulation

Simulation and Results

In this section, The Silom Line of BTS SkyTrain system was modeled for the simulation tests [10].
The BTS SkyTrain was the first electric mass transit railway system to commence operations in
Thailand. The BTS Silom Line is composed of 13 stations and 7 traction substations as shown in
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Fig.6. In this paper, defined as numbers of train are 28 trains, dwell time and headway is 20 and 120
seconds respectively.

TSS.1  TSS.2  TSS.3  TSS.4  TSS.5 TSS.6 TSS.7
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*TS$S : Traction Substation

Fig.6 BTS Silom Line
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Fig. 7 a) showed the speed-distance trajectory of train number 1 on up-track. To see that the train
speed profile is changed forever of operating mode depending on the gradient profile. Fig. 7 b)
showed the train positions against time curve on up-track and down-track. The real power variations
for selected trains on up-track and down-track as shown in Fig. 8, to see that both up-track and
down-track are maximum real power is about 1.5 MW and minimum real power is about -1.8 MW.
Fig. 9 showed the total train power consumption to see that the overall power of the train used to be
quite a lot of the swing. Depending on the density of the train that ran on track by train schedule which
the maximum of about 11.5 MW. The results will be seen that this simulator can simulate the
muti-train movement, great flexibility to change the conditions of the system to be tested has several
parts without to edit or modify the main program or train class anyhow.




205

158 Mechanical Engineering, Industrial Materials and Industrial Technologies

Acknowledgment

I would like to express my sincere gratitude to the Thailand Research Fund through the Royal Golden
Jubilee Ph.D. Program (Grant No. PHD/0038/2556) for supporting this research to Chaiyut
Sumpavakup and Thanatchai Kulworawanichpong

Conclusion

This paper is to demonstrate the use of MATLAB Object-Oriented Programming (OOP) for
developing Multi-Train Movement Simulation (MTMS). The design concept of a train movement
class is described with its properties and methods. To evaluate its use, the proposed train movement
simulator developed here is tested against Bangkok Transit System (BTS) — Sky Train Silom Line.
The results demonstrate that the proposed simulator is efficient, and very useful and flexible for train
operation research and applications.
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OPTIMIZING TRAIN SPEED PROFILE FOR A MASS TRANSIT
SYSTEM USING DIFFERENTIAL EVOLUTION
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OPTIMIZING TRAIN SPEED PROFILE FOR A MASS TRANSIT SYSTEM USING DIFFERENTIAL
EVOLUTION
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ABSTRACT

This paper a mo lanning of a mass transit section between two-passenger stopping stations with the goal
to minimize total energy consumption during the journey. Train movement in this work is based on a sequence of four
mode operations: i) lerating mode, ii) speed or cruising mode, iii) coasting mode and iv) braking mode.
The p d blem is one of optimizati bl in which train speed profile is optimized by controlling three

parameters i) acceleration rate ii) deceleration rate and iii) location of coasting point. To achieve this goal the overall energy
consumption of the proposed journey is minimized. This paper described the use of Differential Evolution as a potential tool
to solve the problem and compared to some well-known and efficient intelligent search techniques (Genetics Algorithm:
GA and Particle Swarm Optimization: PSO). The test system used in this work is a simple mass transit section between
two-passenger stopping stations with the service distance of 2 km and the maximum speed limit of 60 km/h and 80 km/h.
The results showed that solving such a problem by using DE can considerably reduce the overall energy consumption and
efficient than other methods under the same conditions.

KEYWORDS: Train Speed Profile, Mass Transit System, Differential Evolution
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Minimi Y 9
inimize =
E=Y PxA ®
i
Subject to oy S, Sy 0y Sa, Sape, Loh <L <L Time and distance services
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Parameter Value
Strategy DE /rand/1 /bin
Number of population (NP) 50
Maximum generation (Gm) 100
Mutation factor (F) 1
Crossover rate (CR) 0.8
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4. FEUUNATAULASHAMINATAY

szuunasauilussuusalWihousanssulssnmanuannn (high-capacity mass transit) drethalamiglasens
2 @il sserma 2 Alawas minagauarimssnmaimdsnunnmawinainldnu Tassmueliwdsnuihinlinn
mawsnilszAnsmw 100% werlifimsonundshely Neazdamniimeduszdouladmumshasmausasds
et 2 medinasnalilsunsy MATLAB doraufnmasdiuyana Intel Core i5 2.53 GHz RAM 4 GB utims
nagauaaniliu 2 n3dl Ao nadlanuEndmIgede 60 km/h uaznIElAMMTIVINIHEA 80 kmsh hmsnadaulas
l#sanasdeadhytu Wisufsunamasuazlsziniamlumsdumnauits GA [16] uax3s PSO [17] &
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4 o @ o
AN 2 Liﬂu1ﬂ7.| asrUUnedaudnIuNMSTIaBINa

Specific data Information
Unit configuration 4car—train
Voltage Conditions nominal voltage 750V
tare weight 153 ton
‘Weight Conditions
max. payload 85 ton
max. speed 80 km/h
Movement Features | max. acceleration 0.87 m/s”
max. deceleration 1.00 m/s?
Efficiencies gear, motor, inverter 98%, 88%, 98%
Max. Auxiliaries constant load 270 kW
Train resistance formula I A =4025,B =118.67, C = 0.871 aumsi (4)
Tractive effort diagram and Braking effort diagram | Eﬂﬁ 2
Gradient profile | Eﬂ'ﬁ 3
Number of trains 1 2uu
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E a i o
a19ni 3 Wisuifeunamanyaaudssis

GA PSO DE
Speed limit | Control variables
Ave. SD Ave. SD Ave. SD
e 0.8464 0.0325 0.8408 0.0492 0.8648 0.0079
60 km/h Qe -0.7086 0.1072 -0.9866 0.0229 | -0.9995 | 0.0103
L Cm) 0.411 0.0088 0.3905 0.0040 0.3907 0.0021
A, 0.8539 0.0210 0.8397 0.0158 0.8698 | 0.0035
80 km/h (2 -0.9894 0.0285 -0.9638 0.0148 -0.9986 0.0034
L . (km) 0.6135 0.1362 0.6147 0.1404 | 0.3341 | 0.0040
e SD daanndndieseiuusasgiu (Standard Diviation)
mInd 4 Whsufsudssinimwmandaouzasuda:is
E (kWh)
Speed limit Methods SD
Min Average Max

GA 15.6589 15.6691 15.6800 0.0261

60 km/h PSO 15.6524 15.6552 15.6626 0.0106

DE 15.6523 15.6537 15.6544 0.0023

GA 12.0057 12.0297 12.0365 0.0419

80 km/h PSO 12.0067 12.0251 12.0309 0.0357

DE 12.0007 12.0038 12.0055 0.0064
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Speed (km/)
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Train power (MW)
o
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Distance (km) Distance (km)
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FU# 8 Snvazanifanudisolind 2 nsdl Wal#iEDE 35U 9 Mdslvihiisolwldindauing 2 nedl iial#is DE
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