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Stray current

In DC power systems, such as rail vehicles and subway systems, traction current
flows through contact lines. Basically, the traction current of vehicles flows back to
the power station through the rail track for reverse current, and some of the return
current flows into the reinforced structure, flows to the ground. There is a high
probability of rail potential and stray current, which inevitably leads to the damage of
underground structures and the evacuation of third parties, shortening the service life
of rail guidance and grounding system equipment.

In this thesis, a feasible installation method for reducing the rail potential and
stray current is studied. The return conductor is installed in parallel with the rail track,
and the cable with a resistance less than the rail resistance is selected. According to
this method, the path with the least resistance is selected for the return current, and
the negative resistance converter traction power system with a zero-circuit resistance
loop is adopted to reduce the return path of the rail current. The system is built by
installing additional electronic equipment in the traditional traction power system.
Without modifying the structure of a railway, track, or tunnel, it is realized by using a
MATLAB program and an MRT purple line (North) power line model under constant
speed and driving conditions.

The results show that the rail potential and stray current can actually be
reduced by installing a return conduction system and a negative resistance converter
traction power system. Taking different models as examples, compared with the
traditional traction power system without auxiliary equipment, the percentage

reduction of rail potential and stray current is in the range of 0.11 - 43.73%.
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Uszne 493 WadnazgiinialaiUasyuusalnihvudaiavunessluendies siusseenig
11 26,100 Alawns WowrlUissufisussesnssiuvesmsvudimesolnluwndioswed
A.A. 2014 WUIESEEEN9TINLINNINABNY LAz spufiutusolulusuinn Tngsyuy
T Aldduedousalnd 2 szuu T ssuuliiinszuanss (00) wazszuuliinssuaasy
(AC) a'auizwmifdwEJVLWELumﬁULﬁ?{aulﬂ/\IWWﬁ'juﬁag 2 55UV AB 52UUSNT 3 (Third rail

¥

system) kagszuudtIduianIneIn 1Al (Overhead wire system) Tusguuilagil

v
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TundSasliundeiateniwnisaend esanliilaseasranisaelnnluiduszideumilosa
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ol wasdosdnludunisldnunazduanulasnds Faszvuidnlddusalnldfunie
syvvusalwiinudsnay sulufangannamuasiidudeadedlulsemalneddszuy
solwihaudanavuise ddudigiuduundssinnsalwioondu 3 Ussoam Tassuun
nnszuunsiglilunsiuedeulndh fe 1. szuuned 3 1ud salnihaneddidu (MRT
Blue line) salwaediiag (MRT Purple line) wazsalwaie@idea (BTS Green line) 2.
sguumhdunanineiniauiens laun saluiraredareduns (S.RT. Red line mass
transit system project) wazsabii1uaswasnisadart (Airport Rail Link) 3. 5¥UUSILA 87
(Monorail system) oA salihaned@mass (MRT Yellow line) wagsalniangdvuy (MRT

Pink line)



luszuusaliihvudanavunszuagaainduinfoulranuaneduda (contact line)

Tdssalviwazinursasdounauludianiisiemasiunaeu Tneiugiundissisiuinmdy
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Frhdmsunszualndoundy esnnanudiuniuseninasetuiiufudsndn wagsned
ANuFIUmUALANEN drunilsveanszuadeunduazivaasgdu Seniinszualifind
(Stay current) wagnduganfldnemdsduideusiuulnddvaandaemdalniiduied ou
lugadassaiaasuus lassaiiweaamsenseaunsoglusatuusnalng q duandldn
ﬁULﬂﬁauLLazlmaaadﬁuﬁu FsilomagefiaziAniymisnudndlwih s uaznszualniih
Haymnanillusunseselasiasiemsiiaoniuazanildoslndifeiiadrasaelany Jaym
nszualiing 7 aasiudutededdglunstansouvedlansueisnea Jsdmasanisan
p1gmslfnuvesssluazgunsalvesszuunisdeasiu Ardndlylihfissiiinannssuagn
arnlnanIusned s Judunsieneaulasndsvesuyud (Xiaofeng Yang et al.,, 2018) 619
LLamTugﬂﬁ 1.1 Mnuansgnufinanandisiu Fuinnsidesaumnifentunisiauagnis
muAuvasAnszualndazadndliiiwessns Tavegneldamnsgruussiududaly
seviemsvihauuniuagluaniunisalififaenuiaUniardedlifunseiulndi el
Ifmnamnsgiu EN 50122-1 finanalidn wseduiisenlidriedeaiialaify 120 V wagan

wmsgunszualning EN 50122-2 arnszudliiinsaniwuzidiazlifeanudemelunia

satwflugng 25 U sienheanueidanliiu 25 mA/m/track (Fichera et al., 2013)

!| Platform
Running rail
Catenany Ly
I —
* L ‘ Pl
‘ Thcc:unh RuilpotcmizllI H
* Traction ~ ; Stray current y ' 77/ | = Traction +
substation e —— wossne—— —————— x> | substation
Metallic corrosions Buried metals of the third-party infrastructures

JUN 1.1 wansenuiinduaindndluihssaznszualniilussuuaudesaluih
731 : (Gu et al.,, 2020)
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oglsfimumsfinfinaaiunaensufudsudussneufiivadedluszuusolwihdnassh
TilAlda10ge wazauuesaaufonasdeanimauszeznannsldom uasdoddnly

a a

SeslSunauassinvesasiala windnuiuasadaluiiis e mamiamaﬁ%m%’mau

wazdisnslmiduyasanudiuniuidsay (Negative resistance converter traction power

system: NEG-TPS) Tngn1saalsifialanudrumuiduaudluieasiieanidunianduves
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NITUANTT
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131  msdiaeanszuasivesszuusaliinszuansdaenisiuniae M-File vaq
TUsunsy MATLAB

132 doyalflunuudrassmsindouiisalifinszuanss Midoyavessaluiinam
UAT 289935550 (MRT) @189 (1uile) Taelaifa19 Cross Bounding, Impedance
Bounding, Track Circuit ez Regenerative Breaking Energy

133  $raessvuuiildusviiuamdndlniihfisiuasnseuadai 3 szuu Tdun szuu
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143  Uszdiunadnsluihfisawaznssualnir$lulassnissalwiiumuas ane
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144  dasesulasnnudumudsay (Negative Resistance Converter) WUu# -

78 IeeldAansannseualnidtuniou
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undl 4 nanfewuudiastwaseiusenalunsdAnwIAg TusmAdedavudadu 2
nsdiAne e nsdiwuusasssaliiiuadoufisneninudaned waznsdiuuusanddasnis

sobliumuATRaBIsYEISU @8dug (Wwile)
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unil 5 ifuunagiastolausuuynieunuideiiazdniunssde

ANANUWIN N 38UV Negative Resistance Converter Traction Power System

ANANWIN ¥ NANI5T180INTEANEIT 2 (salWiauiuiies MRT a1eduianie)
syuuRnsadnthdoundu

ANANWIN A NaN15TIaeenIaANwT 2 (salWiauiuiies MRT areduanie)
syuURasLUamEuU T say
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2.1 UM

3 U

nnUsEAasAnanvesuIdell Ao Anwiuainn1snsiaaaun1suseliunTeuasives

e

salwiansfsieiifinisoonuuulinds wagiinsimunlnefiugunsainsfindai oane
Fndlnfissuaznssuasrunuusasuiiodnszinsiinnssuasilussuusalniansdung
wile faufuflanusnduetadiiarfosdfiunisdrsauivethssaunssunazs i ool
N3UBMUINIIN5ITeAdnsTdruinneu Weadestunisdiasinisied eufivesssuy
solnlinszuanss dermun nansenuvesdndluiinsaaznsvuadh waznsinaaiioan
ndlufinfisaaznszuass Biinesdudedsnislv NEG-TPS 1Huisnnslndfiwauanan
F8n1sunludaqgUu Traditional traction power system (TRA-TPS) 5@ RET-TPS lagiay
nanfsdiifuusslominiognnanidadenisduiiuenuisded ilenrunseduuasdaiau

Yoo

2.2 LUUINAD9INISARIUNYBISTUUSAlNRINSZHENS

52U TN TULAG B UNTELANTININNINTTIW EN 50122-1 dfiAnuseaugelui

o a | Y} aM ve
NAUAIRIN15197 2.1 Yrsveanssrulninlasueynn seuliluninsgiu BS EN 50163 way
IEC 60850 wssaulninszuanssidonunniiga Ao 600 V way 750 V @ msusasiauas
sabnfinlafu waz 600 V, 750 V uag 1500 V d1msuszuuinalnuuusnesiiany siumassuy

YuasnarUluis wazyulog



M51971 2.1 Prsveusssuliindldzueygn seylilumnmsgiu BS EN 50163 uay IEC

60850
usauAga | wsssusian o WSIAUENER | LIIRUEIER
seuulniin | w9nulgenu .

Taionsg 2195 2135 laions
600 V DC a0ov 400 v 600 V 720V 800 V
750 V DC 500V 500V 750 V 900 V 1000 V
1500 V DC 1000 V 1000 V 1500 V 1800 V 1950 V
3 kV DC 2 kv 2 kv 3 kV 3.6 kV 3.9 kv
15 kV AC,

11 kV 12 kV 15 kV 17.25 kV 18 kV
16.7 Hz
25 kV AC,

17.5 kV 19 kV 25 kV 27.5 kv 29 kV
50 Hz

2.3 Yanvun Nansenuvasdndluflnsiaaznsenasa

Ygmnszuasiwazdndluirisainduluniseudmssalwlulndlosdauaneg 9y

A.7.1930 waglasuanuaulasunuuiuduin Inemluuadiisuntym 3 38lunisanen

Andlniinfisiauaznszuasa Aie I501559UTWNTLUATI FFN199TIE0U UagIBN1TAIUANNIT

Joeny

1) FTUUAIUIYTIVTINNTZUET

N1971AS1891N155 2990 sewali 1 IneRluagnarsanludruvesanitiane

o w

Maslnirsevinsaesaniillviingnain (TPS) dagun 2.1 salwvuiudieIvesssuusg

NITUARTINTDUTTUUAIYIETIVTINNTZRATT RIULLIBIIVOITNNIN NITUATIANITOLANTUT
Taflau993193 9 (Running Rail) m1918531U530NT¥LaS 2 (Stray current collector mats
solution: SCCN) wagaunsalfetaalasunisinasseninanisneasessuuaudmiesatnly

=l
NIISNN



Pi Third Rail P2
- - ‘
L Train
_—
TPS %‘.
Running Rail ¢
& JP]'imaz Stray ﬁurrent& J
Res
Drainage : :
Diode A N
od - \
Traction ray Current Co\t@tion Mats
Farth Bus [ . AN
Stray Current Collector Cable
. Cr Cr
Jfecondary Slj:y Current

JUN 2.1 50l uuiuifigtvesseuUsNTELan s an o ssUUnIIgSIUTINNTEUAT
a1 : (Zaboli et al., 2017)

LﬁmmﬂmmﬁmmmaamﬂhsawmmﬁsﬂmmL§ﬂﬂdﬂmaa%ﬁugmmmizw
solwin n1sAadaszuy SCCN %MmmsaaﬂﬂszLLagaIu%uﬁgmqﬁW (Primary stray
current) Lwifwammml,a%"ﬁu%gwqaagﬁ (Secondary stray current) nszuabiiinludutosiis
msfaluadagneunuuardindulugsaniilnihgaann kuszuu SCON 9ndunszudlnives
swazasgilantiosasasdndliihfissfanadui

Us£ANEAIMNAITIIUTINNTLUAS 103955 UU SCCN fiD 86.32% HAUN15E3I
wuusasdasn1saaesludioduudidlonuiuniuresrouniawiiiu 1,000 Q-m uay
ALEuUYesRY Ao 300 O-m usnaniilalen (Drainage diode) Ssld¥unsandaly TPS
fevhaumfuiuminefionumunsaudlnia valindudanifiuazundadlassaineiiugu
Ju 9 luuszinaduiinsldszuunvieanulalen (Stray current drainage diode : SCDD)
08190199219 Tuvauzfiazliddesnululssmanouglsy dunuvesszuy SCOD eglusydum
athalsAmunisanafndluiinfiswaznszualnslidaeu wazevdwmansznuaindeonan
WulU Snnsfnwaeudiadesiieaiuransenuves SCOD MnuansAnLRitBuNUIsT UL
sCoD dawalidndlniisraindwdu 2-4 wirvesszuuilifinisinswnig1e59usan
nszualiin$ (Zaboli et al, 2017)



#OULATINITHAIUILUUTIADINITATUIULSTIAU NN aaENTERaESAIEINSTUNNS
noasAuvasanillii Inedgnisluneasiu (Ungrounded) A5n15siashulaunss (Solidly

grounded) uaz35n15seasiudielalen (Diode-grounded) Aa3UT 2.2, 2.3 waz 2.4

Y

AUAINU
third rail
R T'n *'1 I”i R
210 221
— P P, P,—
S rS FY [ X
b v \ 4 >
0 ly I
U7l 2.2 Bnslaisieasiu
third rail
r. Y TSN |
210 221
~ P % P, P
¢ ) . > X
0 ly I

U7 2.3 511570890 UlngnT

ol
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third rail
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R T'n i I, |12¢ R
210 221
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JUN 2.4 FBnseeadiiurulalen

Inglduuuinaeviaasauyavesagds nuiisnsluseasiudmadeviliiinen
dnglaiiiigs oanaudssomainanudems Jshnduinisroasiudelalentu 39
FBnstianunsotisananszudlindisld uisndudesiadgunsniiaty (Lee, 2001) viod
mMINauseIsnsasiuselalen Wunisdelalenndufianislalenasyiminfiudendunis
yosmaAnnszualiliind Jaduamglumsinnisiansouvesdlassairslavgluszuuliin
Aszuanssle dnsdinwannisianszualiingslulasanissalwia Tehran Metro Line 3
(Iran) TagszuuiisnisneasnuanulalonluUNaUTANIILAEATINaDINAYRITa ka8 YU
Taelalusensy MTS wagluswnsy MATLAB (Alamuti et al., 2006)

2) STUUNIATIVEBU TANTZLES

szuun1stestunIsnsradeutanszasa Ussdndnnveslansfidunussu

TasaadasnsdeazgninuuuiEealil (Monitoring-protect solution) saufauessnsds Tansils

v

WALANUNIYIIVIINATELES T A95UN 2.5 S¥UUNISATITAANG lH 1519 ATA1smsI9deu

)

D¢

o

ANINANUDIT19M8TDANUANUTIUAINTUNITNTIVFDUDLNIA LD
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Positive Bus Bar Overhead

Contact System

Running 1:

Stray Current Collection
System

JUN 2.5 szuumsasiaiadndlniings

‘ﬁmm‘w : (Charalambous., 2016)

Tusnmsgiu EN50122-2 USshanszuadafifvuadudisnsdsdmivsaliiang
fielaiiAu 2.5 mA/m/track uitlyyn Ae Msianszuasinnmdaiiesesafendululls
Tumeufdaaefadndluiinisedi ialdsae 1dodndlniinveslansegiAuainusini
UM IEC62128-1-2013 gunsaidasiuusssuluiin (Over-voltage protection devices:
OVPDs) agvianu antudndlihuaslangazanas matadndliilvessavand deyaiild
MnmsinarddludsuidRnutazgamuausruuiiothdnyisuiisutudeyaanmsnids
Sefumnumeneudanarldldinemansgnuresnszudlning uifdsauadlaluiifinues

Y] Y A & 1al A £% a a N [ v A & v o
ﬂi%LLﬁlWﬁTﬁ'ﬂ ?JEJLGEJ“UENig‘UUL!EJEJVIﬂ’]’i’izuLﬂ@ubL‘UEJ’]\‘iEJ\W]L%M’WS?‘@WH]%VHMH’WILUUGD‘U']@

'
=% o o

anmy dmsvosdusznouiiduisimivun litasduwunltumuunnisseunsoniy
gaNAdMTUNIINTIvdRULAL TN dNINBINIA/ANTNLINGDY ANINAUIUTI kazay
mqmqﬁﬁqﬁmﬁqm Ao Auvasndy AravnmMYeElagans gunTalnYIETIVTINNTELA
£Hiinanianeuntdanuisarihausinfussuuasivaeu-tosiu dumnzdmdunisii
Aamuuartesiulanzaunaiass sgrslsiniy nszualtamunonafivuialng i
eissdmsasiuitulan Tne OVPDs luuieituil eldanunseimudyaeniioustla q 7
Lﬁﬂﬁﬁums’téfﬁh?TﬂﬁTlWﬂW@ﬂiN%éfaqaﬁaﬂ'ﬁmammmumaﬁmsm@mmﬁmﬂii:uLLazéTaﬂ
louszaunsalsiume

vsituflazasiaaeunseualniingae Virtual Instrument #3on15A51980UNTY LA

F80lulR uazaTaaeudnenmvesgUnsalvewisdiineneglndlAes visengnuuIuiusen
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THlunsiedeuil Tngthiausuuudassnivesuuunssaeifiomuadndlinisues
nszualnihi Tngiisishuiwesaandlnihtuiedounszsoly wudiassasouanuas
nszuasnazusanulwingsnslugaiisalrlogvielugail dndsasisuvsla q nudn
nszualilussuulwihnszuansaazairsanudemeetannlifuriedeiuiieeguas
Futuliduindamnisiianszuaiinsiisnsdesiuliaenadosiunsvhauvessalwld
fule (Valero and Sanz., 2013) ﬁﬂﬁgﬂé}’qﬁmiﬂ’mmgﬂqumimmi’mﬁm%’ﬂ%’ﬁ’mwu
salviwangrui Wediassmavesusaduliiniinuaznszuaslussuunsdeasiulngld
wuuaensaTaNyaTesaeds (SPAT-DC) Whunuudassiiansaldanldvarsvuiu Tueg
ffunissaen Fegafiteuliiiusruuuarsuuuumasionsiu liiasuszuunmsdeaeiuuuy

pnaounIaNITasiunlulalon 21NNANITINIAINUIINGANTITNTOILTIRULWHNT T 190aY

[ '
=

nszwalningy Ao wsanulnihasge aeindusenitessasiiuduisseslnaainiiunves
FEUUNSANAY WU lalenanunsaniunuussiulnihduiauazdieUanunseualnadoundu
16 (Ramos et al,, 2014)

3) syuumuRu-Uaaiu

ad Y 4 1

Woswndsuidgmanadstnesugaduliiinsundealassasraiiugrudundn

! 1Y) = = 2 v i ! Y o A

UINNTINTAANITIIVRINTEUATI Fllaiiendntassonisanainseualniiuasdndluig

57249 WeUFuUTsUsEansnmnisannisiiananseny 39in13fnwszuuAIUAY (Generation-
controlled solution) kagtaualiaanseualniiiuasdndluinssanumasnida

neadeluefnniinisiaue ymvesnssualiihsivesssuusaluiludagdu

'
=

Fadulaminastulnslimafariumsszuuseamusarlasedsiiiulans nszualiihg
Jannsadaainszuusaliiinnssuansaazssuusolniiinszuaaduld wuiinssualniings
mnlwinssuaaduasfintuiiesdosay 1-5 vesnisianseudlofiousuusunanisianioud
Aatuanszuulniiinssuanss nsdesiuunlnin (CP) L“fJuLwﬂﬁﬂﬁ%’mmumﬁﬁﬂﬂﬁ'amaa
ilanslaonsilmdunalnamisliiued wasiisnislunsannseualiihsfiinanssuy
ohnszuansdldasd 1) Salsfidmousdiifiome 2) anssogissewinand 3) fuauiu
Tdus1aia 4) Wszvuduirdouuuvy 3 ae 35luiSnsd 1 1 Juissiignianldivssuy
yudsnarunateszuuinliuTinunszualiindianas ludwisnnsi 4 Lailegniunls
dosnidumsiiiualddglunsaraasnisfinsefidfiudy (Paul, 2016) uaznsalAnuves
solnaudanasuasdunsdivssmeldniy 91naanil Tamshui (R33) T @a1d Chuwei

(R31) wudn Awsaiuliihiaduldfuiianiu 0.1 V Jslmiaweisnisaivaunsewalniii

' [
U = =

17U A N1TAALUAITZUUIUEN Lazn15iudpulladlATIaseusugeu o Nelasnsalaon
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nsevinTouiulan 2 35015 a3uleI1918anANATUNIUYRNITTOUNFY L LAIY
AumusenIndasiasvedlaneruuiu/lanu uaziuaudumuvedunanisivandu

nszuas (Chien., 2005)

TABLE 1. The Stray-Current-Mitigation Methods Used for Corrosion Control.

Description Corrosion Committee (1921) Currently Used
Decreasing the resistance of the rail return path
Rail size (cross-sectional area) X X
Rail bonds X X
Cross-bonding X X
Parallel conductors X X (with modification)
Traction power substation X X
Drainage bonds (case-by-case basis) X X
Increasing resistance of the earth-to-rail leakage path
Track-to-earth resistance X X
Ungrounded traction power substation X X
Storage yard/mainline isolation X X
- — — u

JUN 2.6 msssuumuREn1sinnsaudmsunseualii

- (Memon and Fromme., 2014)

mﬂgﬂﬁ 2.6 mswszuumuaumiﬁ’mm'auﬁm%’umzualﬂﬁw%’a LEAAIIDNITAM
nszualninanlddmsunisaiuaunisinnsaudunat a.f.1921 sudstagdu Tasuwanidu 2
& A v a v aa a aa o
YaUsEasA Ao 1) anAUAIUNINYE9T19I FzUsenaulumedsn1saniugie 3509 Tan
& ° DY) a s ~ v v ) a o a
wasugnilldivawiundniiuduieliiduniainissivenssuasgnlany Aounin
::l'::l wa & <@ o v d' [ n') 9
nausinuaudRduauuganiaunsatunldiiieandndluiiivessnuasnseualniy fiuse
29350t WUSLUUUNTITIY YUIUFIIAUTIIE En1sAndessauiuiioidusanduiitae vin
T4 UIUAUT I BUIN T ZHATIAZANAIUAIUNIUALLULIEIVDI1 e DNV
Tszazvaadunianisnduduasntglmaunianissiivaveinssiasduaaumen iy vunu
wazldausanuTIelusEesUsZI0 5-6 AlaNAT a5 8aAN1sTUNIENIan Ty
aneidyaawuuruulafeieeas 30 (Kulworawanichpong., 2003), aruaufiaaiillii
20810 NsiwsIRuYanasdtelndidiuyilinssuasisanas kagisn1swuuaniIseen
YHTIVTINTELATIN 1aE2) LUAIUAIUNIUVBAFUNNITTIVRIT gAY FUsenauly
MEIBNMTALANLAUNINAINTIEAY WinaumunuldduiaadTemdlniduindou

LAEISNITWUNLFUNIDLENNITINE
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el unUITN195IUTINNTEWEST kazITN15RsI9daUNSELabN5I9995191p8aq
NN MeTsnsmuau-nmsteiu Auludndlihvesswaznszualniiazanasegadiu

lodn anunseagulanmised 2.2 FBnsisinsldauvasadndlninfnsauaznssualniism

AN5197 2.2 F5n1sRTnsiauanafngliinis1waznsewalning

ad Y o } 724 =
SEUUY 35n1s Yo Jaide
FEUUNIVIYTIUTIN A8 LERUANINANY
3 o 51PN
ATELAT anegiulalen ANaLIan
Saandndlnillans Joaiu ANITELALNS?
SEUUMIATIVIA o
gunsnilosiunssiulniv AADALIAN a13azaaiuly
QUIUTN
=
NAUADUNIA )
., ANFUYIAUDA )
NSAARATINESY GRISRREER
JLUUMIUAY | Andluiisng .
ansverUadkasans , 993110
, - LaznseLalns
AseNUsInulnyoIwasanel
YUIUAIUN

ogdlsfinnu Sdeunnsesurssznisluismsmununnstesiu Tnegudifauiu
voTanLARauLarADUnIINaNIdD AN INIIMANA1 NIRRT ILagnsUTUABY
ddszneuiiisadedusaluisnagiiiialdsogs varauuvesaaiufazudaniona
i1uld Anusunuresaeiadainazgenitssiann sndwuaeiadalifisme na
nsanadlitaan Usinauarsavesagialadnianisidnuiuiamngsy nsuiusseenng
vosunasrglnivseussiulnignihunldiuegaunsraglunisvudimesalnluwniodin

walimngdmsunisvudomesalnlunieniioy

2.4  A1sAaRNaanAng INWNNS19mazNIZHES?

(%
v o o

35nsAnRIRgaunay RET-TPS wagisnismulunisandndlniisnawaznseuwas?
A8 UUAMUAIAIMUAIUNIULTIAU NEG-TPS anNnN1509950 M ANNSelaadulasnIenansa

nszwagnantranduludianiddos inuieasdoundu anedula wazisasdounduunsdiu
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N5l nduresdeunduiludnvauziluvesssuussliiinssuaaduuaz nszsuanss
WININMTEMTUNIARAAULAE NS aNs el uIsasdoundutiuwanseiulaeiugiuly
sEUUTaliNNTERANT 5193 90ANUNUNIUABALLALTEUUNTIIAEY WTONANIEBINTEuA

1 [y o

SoUNIUYN AN TELATI957 mm&;Lﬁmmiﬁ’mﬂéaumaqmzLLﬁlWﬂﬂ%’dsuaaahuﬂizﬂauﬁL‘T;Juiam
Weduratuiiuiu Ianudeanagiinnswenieasgaunduainseuunsnegsauysal lu
57193998a3 19059 U WA E NI AuTEUINansYuUnNAkaz lunsaA i1 an9s
d‘l 1 a = d‘ d‘ U % L% a 1 1 d‘ o a
\Wesnuianiseaeiu Ianudesinssiulnihdulasifunitauinsgruiinmunlunsd
A a <) [y A a é’ v
MAnnszuagaduaiuiy venanussiulnanifiadulussuusesaliiinszsuansawas
SEUUNTEWFAAUTIVARUAT IS IFUANTIN VUL DUMNAY - AIUDIUNITYINU 16.7
Hz 1nNI188311909A1AUAT 50/60 Hz i asiuiuni1sdngliinfienndu aziilug
Andlnveesenaninszuunssuanss ddguilinaziinszualiviudesniniednin
Fndluirvassalndusneausule

~ o & v A | ) ¢ | a A . w o v o a

FeduTudpudouse9asiuszuuns1in nanfe Wesenhdaundunuga Ju
2.7 uaz3ui 2.8 29asdaunduuaznIsHBatuYeIsEUUTULATBY WARINISLYaUR NI WU

SEMINITIDUNAULAL SLUUAEAUAI NS USLUUNT AN TILALNTEWEFAU AUAIAU

A Vel £
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— PPy : =
ST ! L L %

|4

buildings viaduct tunnel at grade lines

JUN 2.7 1asdounduuaznisreasiuvesssuutuimdaulniinssuanss
#iannm : (Chuchit., 2018)
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buildings viaduct tunnel at grade lines

[N

JUN 2.8 2asdoundunasmssieatiuresssuutunioulniinssuaadu
a1 - (Chuchit., 2018)

wanannsrwalbiiarivan uiasdeundundn nseualndragluariiuszuunsig
Y93981A158 N8 1T19991NN1508AINTIIRVDI99TNTZURAS BUNS UV IR LARNISTUAIUAY
auuimdnivienihuazauuwimanilidosnsuuguninivessoly wazoraviiliiAnnis
sunmulugunsaldidnnsetindrasdefuvassalnnszianss N1suen19aTToUNdULAIZUY
anefueganysaldundnnsssuunssansy n1sldnuasionauansneiull
1) szuudassiathdeundu
sznaniamsinssiaiidoundulussuusoluiiinssuaadu &9 2.9 n)-1) spUU
579n&U (Rail-return system: RR) sinldiuanevily viloudasyawnes (Booster transformer:
BT) wazszuunsowdaslidmlusia (Auto-transformer: AT) I\ finannszuadounduniug

La¥NI1IA FIANINNITAINTNANINTERAgazen 01athlugnissuniunazArdndluiisg

Puausulile



Substation

IE N

Contact line

|> - .

OOOc//A

Running rails

== ()()\:

(n)

Substation

P
Return conductor

\
I 1 LN 5 U

=] -~

(@ X ) (@R )

Running rails

()
Substation
P
w _LAMJ_ Booster w % E
l transformer 7
Return conductor
Contact line
OOCOC—
Running rails
(@ XS] (@ XS] >
(M)

€

'
v & o

JUN 2.9 sUnuunsiassinihdeundulussuusalninssuaadu
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Substation

o]
g g Autotransformer % g_

V} {} V} {V Negative feeder
- -
Contact line A
-
[ - :\ T
s — Running rails

N = )

' (%
v o o ¥ [y

JUN 2.9 sUsuunsinssinihdeundulussuvsalniinssuaadu (se)
(n) sEUUTNNGU (9) szuuitdoundu

(A) szuuvdauUayames (1) szuuvlowdaslngnlula

Tuszuu BT dnhdounduaniliondeiusisignafanatseninadumia BT v
Tiardndlnihsanaznszuadounduiinnn diuszuu AT [dszuumileAsusuuuusadugvie
ManesTUy  wuusaesiiliisasfounduiidaionindadeuriau (Negative Feeder) ognalsh
anu Tuns@nunaufodlduandiiiuiinszualvanagdauinds 10% saldseiade
dostumindudaludia (in-direct) iognuszasdigunsnid udruaiufiasdenlfidude
nszualiiiazidondatuansisduagfunisimusrivensasdounduuas an1ndouste
nszuadounauiufuanluiosas 5 fseuas 40 veanszuanain (Friedrich et al,, 2009)

2) SEUUAUaIRNNAUNIULTRY

ieandnglwihvesnauagnszualniind ldfinnaidusszuundanugaulasany
Fumudeau (NEG-TPS) waznanerduszuuifuuliiudmiunsvudmnesalsludes ns
afrauvudrassfiivszansnmezifudselovidmivnmsianudlavssansamuuu
ufinues NRC-TPS f33Ut 2.10 egslsinuszuudntasanudunudsauiiiouly

'
v a a

U198819 LU @n1Mn15vuvessaln aludiuniusenIneseiuauiuestuldla n1s
o 1 dl N k4 L o dl L :Jl = o

MAUAAINYUYBU LATUANATITNINIUYBY NEG-TPS Laed U ¢ ANUU EUBLUUINRDY
lasengluiln NEG-TPS Mwmunzaufivaniizlawndinds 9 13 degui 2.10 19a3i3luszuy

NEG-TPS seninaa@asanfatenastuinvuiuien
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catenary
TS, train TS;
INT,; INT: INT, INT, INTs
A Z,| Z.: ; fl /l I‘ilil B
NRC SU, sU, SU; SU,; NRC
A .'f,l' K:' Z, ?.JI FCA g

JUN 2.10 2995MlUszuy NEG-TPS sewindesanniiinemasiniiluvuiuies

Fannn - (Shang et al., 2020)

Tuszuu double-line sywinsaasaanilaremdsluiitluguil 2.11 2sasiluszuy
NEG-TPS sewinsaesaniiinemdalnilivatevviu andinemadalnihazuusesnduand
govantanil fograugu TS1-1 wag TS1-2 dwmsunsinserilusyuy double-line 3117u
gUnsal NEG uay SU auifintuduaesivh wazmsvhaees SU futhillumaidonseluuun
4714 (cross-bonding-cables: CBQ) #sldfnuifusgaunsnaslunuusadu daussuulnilign

an azidunisideusenuule’ (cross-bonding-nodes: CBN) MI3LkUITI93

catenary of upline

o 7]

cpN rail of Lﬂinc

<

FCA,
IFCA

[sUsf| | [sus LNrRL‘..

<
rail of downling|

catenary of downline

JUN 2.11 29937lUszuu NRC-TPS sewdnaesannfidnemasinivangvuiu

ﬁuwmw : (Shang et al., 2020)
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Shang et. al Wiiaueisnisandndlniihsuaznseualnihdidessuuiula
AuFuUdsau (NEG-TPS) fifluwildulunsldemutunmsvudamssalwluwadies fnns
a5uuudnaswuulauniin n1sInandlaseEs1uAseUIeves NEG-TPS Tun1s99a1uiuunis
\Aa oul vessalwvuiuAeaf Anseualnfinaed 1600 A Tuszezszninsaandaneladi
Fuidou 4 Alawns nuin nstaueIsnsandndliiiissuaznssuasasessuuiuUag
AuETLIUBIaY (NEG-TPS) fannundululdiesthluldinuldasedniiedsanansasinmnnis
Uszifiunsanasasdngliiiisuaznsyua i Slussuusalufiinszuansald (Shang et
al.,, 2020)

&

uanandiszuudulasnnudiuniuday dn1snguanudumlidugus
dieanadnSlniisawaznszuasiidutgmedimandedlydldlussuusalniiinssuanss
onaneliiAnsunesonuUaenisvssyudTLieneliiAnandonaninueinisinniou
Tulassadnalavie szuU NEG-TPS a¥rsliudrenisfindsgunsaididnnsedndifinlussuy
solwihuuuiy Taglifosinulassaln 9193s vidolassadrsglusdsng  Tnsunanuilldting

dnaussumMnaaeuluieelfUinig Megun 2.12 sUluUNIINAaeesEuY TRA-TPS uax

NEG-TPS Tuvieaufjiminns

Running rails resistors (on the bottom) Comgputer

Current source (EA PSB 9200-710)

2l )

_of
\

DSP & FPGA controlier

RN DSP& FPGA controller

Rail-to-carth pesistons B8

Orcilloscope
(Tektronix MDOJI3IAC)
—

Catenary resistor

(a) ih)

JUN 2.12 3ULUUNSNAEDLSEUU TRA-TPS Way NEG-TPS Tuviesufjufnis
#ia : (Gu et al,, 2020)
wuhdlevinisieuiigulseaninmnisanasvesdndliihssaznszuasily
sruUmLUaImUmUMUBRUiuTTUIUIUNG wuuseansninnisanasilenegludiesesas

54-100 TuluudNaeIaEN1TNAABIRSIuYBIU URNTT BNNITEUUAILUAIAILATUNIUTY
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avillduismsnidululauayldauldasedmsutymdndluiissuarnssuasilunisvuds

nasallusiiios (Gu et al., 2020)

2.5 'Nﬁ]'ié’iauné’uLLazmsﬁiaaﬁﬁu%aaszuum‘lv\lﬂﬁnsmamie

19sfoundulaznsieasiuvessruusaliiinssuanse Tldaued 5 sUuuu (Nans
AeNed., 2014) lawA 1) rail insulation system: RIS 2) diode earthing system: DES 3)
floating negative return current system: FNRCS 4) stray current collecting net system:
SCCNS wag 5) fourth rail system: FRS ﬁiwaz@mﬁﬂﬂf

1) rail insulation system: RIS

520U RIS Wusyuunsreasuvetnassnelildmsusaluiiinssuansaildde

soliuarsdadudumdinsyualniilvadounduluianilng iesnszuusalih
duliifnnshauulnissrisadsiulineusa i ediudisessunalaidianszuas
(stray current) Tésdudu 9 vedasvadinindunanssuadoundudu o fdudeunaziu
wign vhlisalwessalniifiadnsludesdinsyheuulnirludusenanviliannisiie
nszuadnaznsianseuvedlaseaieiidulave 1ndefvunvesnnsgiu EN 50122-2 fn
AYNLH oMY I8AI11877 (conductance per unit length) 5131951939 UAY (track-to-
earth) AsfiAlallAy 500 mS/km d@msulassadnessuunuuiln (open formation) wagly
A 2500 mS/km dmsulaseadiaszuuuuuda (closed formation) wenaind daianas
doifeuasiu (earthing and bonding) vesdrulasasaslanesine 9 nielassadianeunds
aSundnvesszuuiiidiefuazdeasiuauninsgiu EN 50122-2 gUkuuiadodinns
AoldeusaiadeAIuGLUAIG (low-resistance rail joint bonds) #aBAAIINLIIVDITY
Weanussdunnluse Tneraainanudumuiisedeussninesaddesilauduniu
srefiudulaiiiu 5% (Friedrich et al,, 2009) 9niuazdaasawd ous1e3 woevisaanad
Fefushensdvessalrifiinnsg (double-track railway) Junuuiifesldnutuszuusaluih
NIzLanTI909 Network Rail @ns1U91041AN3

2) diode earthing system: DES

o
Y v o o

szuu DES ¢ldlalan (drainage diode) Anfsgauifusthasiuiiandlwiindssy
il 213 venanillunisAndaariigunsaidu q Andesaudae Wy Mdunudianszua
(current limiting resistor) wagAuANLEsa (surge arrestor) WWudy drlalentinsyuaazdna
THussiuveassisiidnduaud Tunsdllalenlsithnszuannenimiussiuiissasianu

uIn sduuunldlalondavyilvinssuasiiFtes wagdmnninnseuasiduiiawnanay
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douanmuesmsiauau lelengimihitnszuasinduganiiinelnlaenss eghdlsfinu
ﬂ”rﬁ%’l,miawiaaqawf%Lﬁ@ﬁjigmiuﬂsﬁﬁﬁsalﬂﬁnmmuﬁﬁﬂmiﬁuwé’qmumﬂmimiﬂLs?h
d5¥UU (regenerative braking) sundlenilisadddndlufifnavulalenaziinszualaly
anunsell é‘ffsa&J'Niz‘uu3@1Wﬂ'}ﬁamﬁy’qmwiaaqaué’wgﬂLLUU{‘: laun Hong Kong MTRC

Wag Sheffield Super Tram

Traction Current Catenary or Conductor Rail

[ —— ]

Substation jg DC System Votage NA H
H
o

Traction Return o

HMHUOHHH

U7l 2.13 madeasiulaeldlalon

Drainage
Diodes

4

3) floating negative return current system: FNRCS

UV FNRCS 3z liisetadauniauannienanmvesaniiiseanseuansdiu 9yl

o/ s

aon i ldfinnssieasiu dndliihidaunsavazaeseguarlddnludowvindueud villi

'
= 1 a v v v

sUuvuidanudvdanisiiaussiududass (high touch voltage) vilviiindunsngsie
AU TR uvSesedlTinndulalaglinla vinlvidedinisinfsaUunsaln vl TR unsIes
(rail potential control device) wisiia n1sAARsgUwuUTLanalIlugun 2.14 dreg19v0s

seuusalihildnsdeasiudaedsi Ieud Sincapore MRT wag Hong Kong LRT

Traction Current ——p» Catenary or Conductor Rail

1500v/750V DC

Substation Rail Return

Conductor

||

Leakage Resistance

DC System Votage

Rail Resistance

I

Remote Ground

'gﬂﬁ 2.14 Floating negative return current system
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4) stray current collecting net system: SCCNS
s¥uy SCONS iuszuuiianldiusalalingdsuglusduielassadisensedu

LAUNTSANRAINIIIETIUTINNTELEST (stray current collecting net) nelulasasnsvasgluad

NN NENTEAUMAINGTD Latastunsinnseuvesduidulans s1v1ez0nAndisening

Y

ulassavesglinAvionnenseauiy wieundldlaleaetievilvinseuasailvingu

v a

danil fagun

Y

2.15 9ARANISANYIALLALNUININIT LY UANUIETIUTINNTE WS ATALVIN LA
WSIRUFUEFNLYUUTEU 2 WINURISEUUN ARG IRANY (Friedrich et al., 2009)
sguulfitea (Bangkok Transit System: BTS) lasunisesnuuukaznaasislng
SIEMENS Tudunaunisesnuuulaaiiafawansznuang o asnanlilagldlassadisseuunuy
o ° v o a = ' | P a a < P
gnsEau NsAulalSeuisunstaumedluvedtanslulaTIas19nauUnS AES LA NLUD
vV o dd‘a gj 1 a 5 1 q.'/ o v
Mo warlunImNANAISZUU SCCNS WUIMNISARRINNUN85IUTNseas lravinlinseua
SUANTUDY 10 Wi virlnsneasieszuusaliii dealdnissedauduvesdiuindulans
% a a < a 1 gj 1y ¥ 1 )
Ya9lAssas19RUNIALEsIanasRuintulae luinsiandnesiusiunsewas lranazlalen
wregela 3nn1sAnwIl SIEMENS Talwdedsnanaiauinliuwugidilily drainage diode

WadngusrasAlunsUesiunssuasy

=3
=4
o

b
Y-

SR [
$ return circuit IS,
yAN < JAN T++ IR T+ I
D D) .
€ 7 stray current collection ne/t/'j'i'///
[IEEEENENEENEEENENENEEEEEN
s
NS ~__—+++4%+++ puilding earth
\\\ \~_+—_’ ////
T —-—

gﬂ‘ﬁ 2.15 530U SCCN 7l drainage diode

5) fourth rail system: FRS

52U FRS Wun1sisthdid (The ath rail) snldau Suduannlutg e, 1903

al

~ 1907 fmnufnatinsinnseuvewielaniitsluivvesmmunsingluaiodu lddresdu
vothUszUmsevieula ietasfumsinnseusinanseiiasdlasunsoanuuuldiuauis
99Uy apunouLazdaty Ao Modrsvesumiuasitiszuuseiiaunld lunsdvesszuu
saluinlsAuasuneu (London Underground Ltd.: LUL) n1sanelwagldusesiu 630 V pole-

to-pole 91811919252 MINVAVITUINWAZTAUITAU UN15A08IAUNIUTZTUUAIATUNIULUS
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wsanuludmnsndiu 2:1 virlvusessuinaa daursuinwazauiandy +420 V wag 210 V
ANUAIAU ARSI INTEWATNSLEEUUTEUI 3 — 5 Dlains 1neld1995L589nSShakuU

12 iad 3UN 2.16 uandlasaasnavasseuuiiinssuadoundunlyseid

420V positive rail

200 Q

12-pulse irz Zirain jz 12-pulse
rectifier rectifier

| 100 Q | |

-210V  negative rail

U7 2.16 szuudnglasinussiidves LUL

Msvioasiuvesszuusaliinszuansamsduluny EN 50122 Faflsuuuunis
ponuuuMsAasslihnszuanssiiiendestiuinsdoundunaznisdeasiu Tnendnnnsves
salihnssuansasruudeasiuverasdaundulzuenaniulagauysal n1sUssynalda
TunpufoRennazuandraidessnnisins i deudeunduiiiadmnvuiulususs

1ATIUELAUTIUTIUNTLUASINT BN TOBNLUUTLANAAUVDITLUUNIIADAIAY

2.6 @yl

1NN uAuUSTETssaunssuazisefiiivates Heilsuagliineusing
mATeMAgTesTUNMIAnY Yssdunavesdndluiiisauaznszuadiluszuusalaih
nszuanss ilvinsuiauumenisiammsitesauennauisiagtu lidnadunguii
Aeafumsindouiivesszuusaluiiinssuanss annsgau EN 50122 dofvun wansenuved
Fndlwihsauagnszuath msfiassszuuiudasmudumudsauiieandndlifihfisuas
nszudlniin$ warasasdounduuasnisdoasAuresszuusaluinnszuanss Fal3snsandn
Fnglwihiseuarnszuadalinateds luinaduifssuunienumunseudlva ssuuns
A51980U TAnTeuas uazszuumIuAN-Ueadu mausdadonldisnsuszgnd iy

Angrdnusiau Ao sruumIuAN-Useiu Ade38n15uud1tius19d wagisnsines

'
ada

gunsalia3uiiSeninszuudandasaudiunudau 1uisigisanszaznisdmsuen
Angluinnsnsuaznszuasale dwalianardndlniisnsuaznszuasivasszuusali
nszuanslanuinguszasanna ity laglanandsedvazideaangdiuniunld

Anwirensadiungnnanasdsluunse 9 U
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3.1 UNUI
Jamnisaansewdulaguiivand esldladmsusalvnszuanss osann
nsswalnirduedsuvessalnazlunanduludiandanglufdduirdouniusaie drunilass

nszuadaunduazlnaasgiuauludilassaiinasunss lassadvesasnseaunsogluadly

o v [y

vshalndidesivanmiliirduimaeu lunssuadounduludiuildadutadedrdglunisia

(%
L4 a £

nseuvedlany dwadenisaneignsldanuvesnaiuargaunsalresseuunisieadfiu anva

€

neliiAndgmdrudndliinnsiiidudunselusssnnudasndevesilaeas deiu

£%
[ = [J

1 a e I iy (Y 4:1' a Y] A [
PAININNY VDN EJ'UQQSJWJ']@JT{I"ILUUVIW@Q@@ﬂWﬂﬂEﬂW‘WWWﬁWQUQLLﬁ%ﬂ'ﬁ%LLﬁbLWﬂqi'J bWDE I
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muvaeasislinuyaratazlasaisiugruinidulang diunguiiinertesignnanindluy
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3.2 NSTLESINANTBU

Overhead Caternary (or Third Rail)

(+)

Train
[:|Substation \ /
Rail Current q;l"" 1

(Rail Used for

() Return Path) Return Path -
Stray Current ~ - === - = —2)
Leavgs Pipe = F’ ~Soil Current Return Path_- il Stray Current Enters Pipeline
and Enters  Anode Region e s oi 5
Substation : Cat‘hode,Fi gion

Pipe/Utility Line 3

Corrosion

JUN 3.1 unnamsianseudmiussuusalninssuanss

ﬁuwmw : (Memon and Fromme., 2014)

TUTEUUVUASNABUNTZUANTIIUAIUIANG ) NIIREUNNUDITTUUIUAIIATY
UMaNNIsEAINSERadaundumsnauluNantgasrIusal agnalsimuilasannlifiauiu

d' ¢ a v o w s & v o Ao |
WaﬂyjimLL‘U‘ULLaﬁLW?']$3']\13JF’TJ']3JW']UVI’]U"U']ﬂ@ L‘U@iL"ﬁUW‘U@QﬂﬁSLLabLWﬂ'{LWaEJQUﬂaUWTJGQQ
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flulan uagldidumaiifianudunutesfigaseninmsludianiddon dunsiiiaang
Frumutiosianinszualnindeunduiionanuigunsallave maesuusdulasailans
Buq uazAu nazualwihdfifussnudumsifanudumudesiianFenit nsvualiiihd
wagmitiandouiiintussitomdlufianiosFonimstanseuesnsudluii

nszualnins1unsadulsennszluund iiedannsieinisasiaswuulaunin

1 ¥ 1
v v A aAa

iy Bl de mstufinandngliinluiefuiinurasdadunatagielos 24 T9lus
JUT 3.1 uanadumvesnszualiiidoundulussuvvudinssuanss Wunuudnassas
agvienandliliutivesdussnauiuguidnanessavvasnszualnihsiiiaanszuulni
L39gAaINNIERanse n1sinnseudngninuadunisidenaninvesiangseniuinliinau
a ! aaa v o £ [ [ H A a = v

ally inseduisendudsnndenliddnedu 0ne Ui visedu TuReulaily nssuiunis
[ ! < = a aaa ! v a v = ) s =

Annseuluansiadisssuvinuisersenindaneivdsseudnddansgnaendlad (aayde

Bidnmsou) dwaliminnsiasunlasisnaantfvedlane wunliunisinnseuazuanmniu

(%
[ v

Tmalavesing 9 wazdusgivanmuingedlaesou

<

NIZUIUNITIANTUADILTIAUTENDU 4 9819 bown BLANINslad walum wAlna way

¥ Y
a o

¥ o a a o a a « =< a IS
dunadlnil nsiineendiaty (Msaardedianasew) atuiivivan iadulossuly

¥
[y

‘:1' 1% a & = a o a =« o = o v
VEUSNANA (1@3‘1.@Laﬂ@i@u%i@a@aﬁiuaﬂqugaaﬂ%LWGU‘U) LAY UN LLﬂIWﬂ‘NWIMLL@IU@

avaneluvaziiualnadensliyuaats Bdninsladgnimualiluaisasaieveansn wa w3e

A Ao va

wnaefdlossudaszuudsnsenalnilua Tunsdvesdidaninsladaveslaseasrisldfu

a0

audulufundeutunsafiazats nde wavsnwihminddusdninsladluoue magﬁaé{
Tangvhwihidudianings
321 msiienssuasa
Tunsdldaulng mnuduniuressisdeiuiy (track-to-earth) Yusdudau

a =€ o

nilsvaansewalniluadoundunagvacuiuiu 3 lrauiutnmileusaninslas 1ile

v

langnduiadudianinglad lddislufuidennudy suanndisemanil Seunfavedly

Amgauna waznseualniiiiludnissuniuvesnnzaunatl nanfenseualnihnlyaainsng

[
a 1

giudunebinansianseumluiied Tunsdillflavenduman dauljisemuaiivas
Ufisemmsliiieadl vilvinseuiunsiiinu iedu 2 nssuiunsnioniu dagui 3.2 waz

AN (3.1), (3.2) #Ua19AU
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1. winufAseualufn (anodic reaction) n30 9anTLaTu (oxidation) A

UfAsenslisidnnsou

Fe - Fe* +2¢e (3.1)

&

2. \Anujiseualndn (cathodic Reaction) 138 3AnTu (reduction) A9

UfATeIMITudannIou

O, +2H,0+4e —>40H" (3.2)

Stray

Corrosion Soil = electrolyte ) cirert

occurs f |
| Metallic pipe = external path
]
1

here

‘area \ € flow €/ area

JUN 3.2 nszuiunsianseuvaanseualiing

ﬁmﬂm‘w : (Niasati and Gholami., 2009)

SenssuasuilfiAensianseuty nisfanseuwuuiidulunungdeiinis
209 s g 791 mstanseuazdulunmuusunanseuailue Taonssua 1 A Tunan 1
Y aunsadansouwan 9.1 Alansy, azM 33.4 Alansu vienewas 10.4 Mansuld wasidle
lussuiisuiuaudewevesnssuaslussuusolwiinssuaadu wuir lumud 60
Hz TaveAidumanyliAnanudemetdosnit 1% dedsuiulSnansswasalwaiivindy
(Friedrich et al., 2009)

322 WANSTNUNTIRESD

NANTENUVDINTTLESY dsmansznumanssy litasdusunnudemeves
gunsaivIelaseaie uazsuALUaenieveIuAng

(1) ANUEEMIENSAANIOUTBINTEUAS

anudsmedanunsousadiuldiienaiiuly Tnevaldudnsruata

(% ] v ! [ @) % I3 = 1 o ] 23 3 d'
mmammmaulwmaasm vLM’J’]%SLiJUﬁWEJI‘VIiﬂWV] 3’181‘1/\] NIDNDUIAILNTNINRUA LLAEN

[ ]

angydmiuszuuTalnihinszuanss duAsnN1IIANTaUlATIETIRETILSY 1AT9ET 19U LEINN
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'
v oa =

gnszeu 1aseaseduveesalil wazdiulsznauninisdudaduiuiidulans wu arewada
vied e \usiu Aaguil 3.3 uansnsianseuiiintuiuvielaneieglituuazgui 3.4 uans

U 1 lﬂl a éf U lﬂl a a a
nsianseuliinIuius1esal LLaBE‘U‘V] 3.5 ﬂ'ﬁLﬂﬂﬁuusLu‘UiL'JmL’e]’JiNLL@Sﬁ’]‘LﬁN

JUN 3.3 wanansianseumiinduiuvielaveieglanu

ﬁu’lmw : (Niasati and Gholami., 2009)

R

JUN 3.4 uanamsfianseuilintuiusesal

F101W : (Chuchit., 2018)

«

JUN 3.5 MaiAnaluluusiiniedsnwazgIuse
#innm : (D. Paul,, 2016)
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(2) anuUaenigvRIYARA

anuvasadenalniiluldgnivuetuianiznistesiugunsaivie

(% 13

U3duenweusesglussuuliinminuy druainudasadediuyaravesussuryununly

u3nssruusabiihvudanasududnnisannnionazdanansenuronudevednis

lasudunseanussiulninduda (Touch voltage) Arussiulniiieenlvinulanszylily

[V )
v '

WM EN 50122-1 uaz HD 637 S1 dmsudunsieaintiindensenyvduuiuediunis

739910 MINTIIEBUATIIFIUNIUYBITINEBE AT BIALALNANTTNUVDINTEUATT HAR D

$2M8 (EC 60 479-1) Fsdnanasgruiiszyliunnsnaiu faguil 3.6 wagmsiei 3.1
dlesanardngliiindudsiliannsausaniudionilan uazglagans

nnaulilansiuiismnuiaulii nsdestudunsemalniiduanulaensievesyanads

o '
v addl ) A el

Foalasunisiansaduiiey aaTuIsNdeNan Ao AoallseeiIaTURITEMINAILNUIDY

i

dAlagansiuiinlndfanvesszuusalniih nsdlvnlianunsaiussegrinla anansadiiiy

aunsaladule linenduduss Ussavdoaniu iusiu (nassniuned., 2557)

1000 % o

H =
| P
| N

8 88 <
o oo

\ DC in accordonce with EN 50122-1

S

= T 1= = = =

N(| T T Al

=HAC in pccordance with HD b,

II

NI
AC\m accordonce with EN 50122-1 1

1/ A A
02 00 1 10 100 s 1000

Duration t ——————

~J
o

Permissible touch voltage U,
2
'

o BOn
o oo

U7 3.6 usssuduifaiioonlviruls Ut anasnasgiu EN 50122-1 uazamsgiu HD 637 S1

Fannm - (Friedrich et al., 2009)
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51971 3.1 wseduigenlinile Ut musnasgig EN 50122-1

syeza () ussuduiafivenliinuld (permissible voltage)
(s) syuulninszuaadu (V) syuulvinszuanse (v)
0.02 940 940
0.05 935 770
0.1 842 660
0.2 670 535
0.3 497 480
0.4 305 435
0.5 225 395
0.6 160 310
0.7 130 270
0.8 110 240
0.9 90 200
1.0 80 170
<300 65 150
A1015 (permanent) 60 30

3.3 n1sUsTIuNseualWnngg

AINIATEIU EN 50122-2 USinainszuaiafirvuadursnsdsdmiusaluinansd
AlaiAu 2.5 mA/m/track (EN50122-1,, 2011), (EN50122-2., 2010) usitlyvniinu fie n15¥m
nszuadinnmaladululdliluma iR vildiesiaradiinannssuasarindy Swrsdu
Adnglniindinsladuies amunsgiu EN 50122-2 anunsaduadndlninissls oz

FuagiuAwing 9 Aeaun1si (3.3), (3.4) uag (3.5) Auanu

L
Uge =05x1, xR x| 1—¢ [Lﬂj (3.3)

R. ==& (3.4)
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Lo =—F7—— (3.5)

oy Ug Ao ardndluiigsis (v)
G Ao ArmutihsenheAue 1 TEnINNTeAUAY (S/km)
= 1 dl L | dIQ
Ao Aedvvonszalineslnanduvesduniiansanaula
lugreniilviangsan (A)
2 ! Ql' a ]
L fAs manuedaulaiiansanveaduns (km)

' 2 ! v a '
R, A9 AIAIUATUNIUTDITNNABNUIEAIINETD (Q/km)

A5 IEANG LNH115190a 2 AIAINULNVDITIINASUNUAUN DATUI NN AINT LA 191D
WheanueEsaAwldmuaunisn (3.6) We 1 Ao nszualiiiriluafiainsaldie

WIBUAUAINNYNY
I1=U_ Gl (3.6)

naNMST (3.3) wag (3.6) @nnsarwialndlefsaunisd (3.7)
L
R Ap” =
11 =0.5x—C x| 1-e 2) (3.7)
L

duumsussdiunszuaiiinusidudemmunmiwesvesnuEunIuYeLsIe
39 wagAanuenianileanue et uiuuddydieldlunsussanae
Fndliifisns nzuasiasiunazAustumuLuauelulasEd s uuss dmsunis
NAFOUWUUSTUULUN augagmdwﬁmaﬁuﬁmummsmsuaaqimﬁiuwiazmuﬁﬁu%ﬁamm

A a [y J

yanandazliuanuainiinainn1sieaaunvessalniiodfndulazA1AINULfnUIANNET?

Y

Y04lATas19gleATUAY A1aINNIsAWINERliAEwInn A duasila

3.4 LUUINADINISIARIUNYRISAINNINSZLERNS

1Y

nsimaeufivessalnirtadedrdy Ao fumds musa wazdnsusslussninenis

inFeuMBLdurassaliihvuuses nsindeunvessalninazgniumedadedu q wu use
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FUVDITN AMUANTUVDITI LSITUAT BASLIIAIUNIIINTA Ludu AnuduusSszring
mwlsmanilazegnnglangnisiadeunvenassvesiladiu (Newton’s second law) (183521
Ty, 2558) (Steimel A., 2008) Lilo#ia15a1NTUN 3.7 wanssaliihAduadeunuunug-

(%
Y

9Ma1ALD9 @UNISNLYOSUI8VDISINTEYINNIMUANNseyinaasalninasaunish (3.8)

JUN 3.7 nsAuaninsindeunivessa linuussandes

FT - FR a FG = Meffa: (Mt(l"‘ﬂw)"‘ MI )a
F=Fxt+tF (3.8)
F, =M, gsiné

g F fe w399nUeaidsndns (N)

F, fio ussfunmspdeufivessuausaliih - (N)
Fo AD WIIAIUNIUNILAEUA (N)
F, Ao wsemueina (N)
g fie Snsusailesanusaltugs, 9.8 m/s?

6 fo psrnuuBsaisuiudlluszuy

a #Ao 9nsLI9 (m/s?)
M, Ao untinsaian (ke)

A, f9 Muszneuthminglagans

M, fa dmiinvesuilagans (ke)
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1) WSIAIUNNSARRUTVBITO TN
YN DINWLTIATUNITLAR DU VDITO LN WIIATUNIULNTLAYUR LATLTIAU
2IMANNEIITNAULED LIAUNINAEINsanuualalagaun1siad (Davis’s equation)

Keaunsi (3.9)

F.=A+Bv+Cv? (3.9)

g F, Ao uswunsiageuin (N)

Vi Ao ANnuSeasaluida (km/h)

a

A, B,C #io duuszansind (kKN.kNh/km kNhZkm?)

Andnsaliiidng q MlanlafiniswmuiaunisiadivetsnldAuinusaiiuns
wdpuNlINgaLAUNTIAUIAIIAUTATRIUTEWATY & AEun1Th (3.10) dlduaannIsia
Fvassaliiuvnuas aediag (wils) munsgIu JIS E 6002 (11055IUNNERAIMNTINYDY

Uszinadiu)

F, = (1.65+0.0247v)W,, + (0.78+0.0028v)W, + {0.78 +0.0078(n —1)}V2 (3.10)

1ng AD LTIATUNITARDUVDITA (kgf)

R
VvV  #Ae arusvessaludiln (km/h)

Wt

N As waugluruiusali

€

(%
o

W_ fe dwmilnvianuavesduemasiusali (ton)
Ao Wntinviauavesgsalyl (ton)
2) LSRN AL UA
Ingluseiuanutunseinsifgudvasdunienisiiusaliinveiides uasd
nsidgulUasgiuanutuley Agun 3.7 LSRnunIUNsIRguANTousIIiinINAIINATA

LDYIVBINISLARDUN AU LPRIENNISA (3.11)

Meff gAh
I

Fo =M asinf = (3.11)
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g Ry fio usunsideus (N)
Ah A szegluluing (m)

| A9 srarlunulszunu (m)

3) WSRALATLIAUTNVDIVUILTA LI

wsegeuuusa i dued furanedadelasamsininuasanusavessaluih

Y a

Andnsaluiazyinisueaeunazinavelusuresusarviusalniwiisuiuanusives

Y

salilh AsgUR 3.8 wanansanvaraudRnsmatarisiusnvedasinssaliiumiuas

aNedU9 (W)

250 T T T

Tractive effort
200

Braking effort

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
50 |
|
|
|
1

0 10 20 30 40 50 60 70 80
Train speed (km/h)

JUT 3.8 e mdnuaraudRusmaLazksausnvessabiinaedias (wile)

4) nspIvANMIARoUNvasTa b
A PN A o ! a & a
nsiedeunvessaliiiesudulngasseninanilylagansiy awlsuuuunig
wasunneldlnuan1sviney 5 ua loun Trumsaninass (Acceleration mode) ¥uting
SusulunsAnawaglddmsunisauauanuiivuzsanioui lneiin1saiuauams?
Tuluetnuady 2 Reuly fe Wearuswnnitenusildesenwuulilisalndngluuns
< 1Y < 1 & av v v v I < ~
AISY wignAusaenIanmsInideenuuulilsalvid 1dnunmivauainmsaned
InuAA3L59AIN (Cruising mode) Tnuauaunislsuidoguassalil (Coasting mode) 1nun
. ° Y o & A v PN ~
n13.U3n (Deceleration mode) vimtiianAusvessaliiiiertnaenniantil uaslvuavean

= N o Y Ao =] ~e v . a N ¢ va ~
N&ENU V]']MU"WIUUL'Jaqﬂﬁ‘!@waﬂquslﬁﬂiumflll dwell time Iﬂﬁiu’]mfﬂu%luauvlﬁwiﬂqﬁm’]LWEN
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al

3 Tnuanisviraumintu Toun nuniseruds wunanusansd waglnuanisiusn aagl

3.9 LAALAUANISVINUYRISA NN AR

<
IS
=
ie]
s
Q Cruising
w
1 1
Time (s)

JUN 3.9 Inuamsviauvessaliiinssuanse

5)  N15UTUURAMILS A AR SRR UT

o
U 4 a

Tngfiugiuudl szzniawazanusvessalniilunaidivagiuazdedinigu

FrlusavnnluvalUsunsun1sIanwa Asaunish (3.12)

Vi, =V, +aAt

1 (3.12)
S., =S +VAt+ EaAt2

g v,V fe audwesaliimduazneuliuls (m/s)

S..1,S, Ao fMunsvassaliimduazniouliuue (m/s)

t+1?
At A9 time step (s)

t

LY

a Ao A9 (M/s?)

6) mashuirvasaln

o v

Maalnirassnsalndrlglunswedeunusenaunie nnasludasuiinain
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T Y
o w

JPUULEEINg wsesliuenie warmasliihnldlunismdeunivusdiuusmanvassalii

AN LazUsEANS AN URIN TwlaIndsnunalundsulwin feaunisi (3.13)

TEv

P=—mtl 4P (3.13)
n
g TE  fAe uswavessalnih (N)
V,, Ao anwudivessaliih (m/s)
n Ao Uszandsnimvasmsulamdsanunadunasaului
P, Ao masluiiasy (W)

3.5  A15AUUNIS IavaamadiilaszuusaliinseLEnS

15n15a3anszualiiln (Current Injection Method: CIM) TunnsAwInsiuaves
maaluiszuusalniinssuanss louannisAuiunigislunainaunisilaainnisladng
nszualiiveunesvenil fdwaunism (3.14) viieausadeuliegluguauniswasndla e

T¥38nsfuanseu awldaunsi (3.15) agluaunisiwnsng [G][V]=[I]

N P
G V=l ——& 3.14
; k,ivi SS k Vk ( )
| P,l -
Iss,l_V_1
Gll G1,2 GlN V1 P
G21 G?,z Gz N _ Iss,z _VT_; (3.15)
. V2 .
GNl GN,Z GNN VN P
Iss,N _%
L N

1) andIglidin annsadwiunisivald 2 Uuuy fie anddnglninieasies

nszua (Rectifier substation) Inalavisfganazanidanglvilriuuassfianis (Inventing
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substation) Inala 2 n13 Aeguet 3.10 lnglunuudnaesiniliasiawuudnass WeTnsies

UsziiuldguuuuanianglniingesFeanszua (Rectifier substation) fa3Ufi 3.10 (n)
—— P+ SS ——1 SS

(n) (%)

g“dﬁ 3.10 EULLUUﬂmﬁiﬁT&JlWWW (1) Rectifier substation (v) Inventing substation

2) anedsan1iaelililn Usenaume AnUaIUNIUENIgEIR NI gAINUEILAE AN

AUMUTIAONUIIAINY T AagUN 3.11

dX Riine

dX (Rline+ Rrail)

dX Rrail

SUTl 3.11 anedaniilarelaiiin

3) Imasvisesalulii (Train Movement) fsguil 3.12 Taedl V, Ao ussiunnasen

salylih (v) P, Ao fdsluifhwessalsl W) wag 1, Ae nszualviiidiasala ()

+ PT

Vi

- -

JUN 3.12 Inaavisosalnih
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AsAuIaNsianasluiiszuusalndinszuanse 1neds Interactive method

SUINANIIMUARA (Fixed point Interaction) AaXN15# (3.16)

I:)T

0 0 _
V7 = ; _VT(O) ,

VO 20 (3.16)

° v 1 o A o w
R VT( Yuar £ > ¢, asldaumsit (3.17) uae (3.18) muddu annsa

max

whaunslagleislun (Node) Inansasavanig ¢

1 2
e mV® -V (3.17)
P
VP =1 = \/_<Tl> (3.18)

naunisuaing [G][V]=[l]aw1s0as1s [G],, nsdisianulun fvaun1si
(3.19) uarnIQlAoAdAY AIANNITA (3.20) MAWNUS Tudy j AegUT 3.13 uazni1sasng

[1 1, amnsaaisldaannisn (3.21) daguii 3.14

[G]bus Rx [G]bus R

(n) )

JUN 3.13 M3asne [Gly,, (M) nsdideriulun (v) nsdlseassiu
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1
Gi(inew) — Gi(iOId) + R_
X
G(new) _G(old) +i
/N R
X
1 (3.19)
Gignew) — GiEOId) _ R_
X
1
G}?ew) — Gignew) — G}?Id) -
X
1
G =G +— (3.20)
RX
i
[1] ROB
bus S
U7 3.14 nsaina [1],.,
Ii(new) = Ii(OId) o Is . IT (3.21)

3.6  WUUINEBINITAANISSUULNDaAAIANE lH1Ns19aznsewalnnngg

Tuidatiaznanidawuudiasinseasuvassalndalussuuund wazwuuadandnis

(%
(Y

AnssszuuLiioanafndluifisnaarnszualviinda Tagldszuunisinga 2 Ussuan Ao
LUUTI9N5ARRITEUURITSaUNEU LaZLUUSIaBINSARRITEUURILUAIANRUNIY
LU

36.1 wuueenseasuiisalvifliszuuund

° a a a ' a a =~
LuUTIa8InIstad auli salniiszuuund nanfassuUNIsIAA BUTI VY
sabuiuuulddnisfinasgunsaliaiy lnglduuudnassnisreasiuansdy (Two-layer
grounding model: TGM) dsunuudtassiiugiuveinisiadouiisalniiszuuund dadu

LUUTIA8371 08 UL UIURINNIA53 I EN 50122-2 1usuudiaesiildlneialudmsunis

'
a

AsaFngndNs1awaznsealiinshasfulaesn1siasanlaseasansenseaulanasy

Y



3.15 U5 UlUME5193 99 LERNIAIENS MIAIAIUNIUTD9519 AN AN sarUeA1L

8175719239 aRu

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

TSS Transmission line

JUN 3.15 wuudnaeanssieasiuaesty dansukuuiassiiugiuvesniswaeunsaliii

SEUUUNG

nseuunsivavasrasluinszuudinniausesuseniaadussuu
d‘ } 2K ] 1 a Q’Jl o d’J Idl d‘ a
Aldiuuuudasinisneasivasstulukuuiassnugiuveinisadouiisaluinszuuund
aAusaruesndgasvasnui liiwaznsswalnihdslsenaulumeunsndeee NUaannd
I duLARauwaTANgde AIUUNITAIUAS NG aavaIRN LN T wasnseka Wi ATaaaT

Tnifhduimdeuvesiuuitaeinisdeadivasstuls nefiansaunnugun 3.16

i R feed

]
|
|

Earth

JUT 3.16 LUUTaeansilniangdiagsauedluudnaensreainuaiy
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NFUN 3.16 Uavaun1sn (3.22) aansamuninddesnvaaaiidesuuy

auseausantaTalansauns

1ng

(€)
IS

(C.C) (C.R) (C.3) (©)
GS GS GS VS

IS(R) — GS(R,C) GéR,R) GéR,S) VS(R) (322)

1

1
1)
1§
I
GéC,C)
GéC'R)
GéC,S)
GéR,C)

GéR,R)

GéS,C) GéS,R) GéS,S) VS(S)

Ao nszudliihiilnadheenssitanuiivaaanddeon (A)

Ao nszudlwihiilwadireensefidaaniidon (A)

Ao nszualnihiilnadeenlassadsiivaannidon (A)

Ao nszualiiniilvadhesnsisleiilusle 9 fvaaandees (A)
Ao muthlwieeseiiawiivaaaiidon (S)

Ao Anuthlihsemrinesefiauuazsadidaaanidon (S)
Ao anuthlihseninesnfiauuaslnssaseiivagaideons ()
Ao Anuhliihssrnndarsedfiandivaanndden (5)
Ao authlihwessddivaaaniden (S)

Ao anuthlihserinessimaslassadfivaaaiden (5)
Ao anuthlihsemindassad ez sefianiivagaiideos ()
Ao Authlfihseinslassadsuazsefiamiivaaaiiidos ()

Ao Auth A vedlassassnvaaniidas (S)
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HUUTIRNAIYAUUUT IR TADANA TN Y

ﬁ’ dxR. ?
I I
FI) dxR. ?
GRE GRE
dxR,
GSE GRE
Earth

JU# 3.17 mssiesaisendnalua p uag g la 9 wuvaiuseau

INFUN 3.17 MImuesndgaeiiaedasiansuianisunsndgasninu
Tty iesanludiuvesansdsbifungsate Genisneiiiisenindun p uaz qla 9
WUUENLTEAU @nsamiunsndgasailndiseningdun p waz g [qu} IGE [quJ

Taanaunns (3.23)

4 0 0
dxR.
1
[G,1=[G,1=| O SR 0 (3.23)
i dxR, |

g GEO fig mnunhltihvesssiiamsenindun p uag g la 9 (S)
GER fn munhlvlihsgriviauuayilssywintadue p uag g la 9 (S)
GR® fp munhllihsgrivnuasseiiamsywitlue p uag g laq ()

GER fe amnuthlnlihvesssissgniidua p uay qla9 (S)
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LaZAINITOM [Gpp] ay [qu} laanaunns (3.24)

0 0 0
[Gpp ]sg - [qu :|SE =10 dxGg —dXGgg (3.24)
0 —dxGgs dxGgg +dxGge

NUUYINNITFINAUNTUAS NDEpematiiaas1au a3 ndgmnuin il way

aunsiusdmsuszuu N, Weulassaunisi (3.25)

bus

(c.c) (CR) (.s)7] (c.c) (C.R) (c.s) (cc) (C.R) (€.s)
Gn Gn Gn GlZ G1z GlZ Gm GlN Gm
- - (RC) (R.R) (R.S) (R.C) (R.R) (R.S) (R.C) (R.R) (R.S) - -
1© Gn G11 Gn G12 G1z G12 o GlN GlN GlN V©
1 1
(8.0) (S,R) (8.8) (s.0) (S,R) (8.8) (s.C) (S.R) (s.8)
1® _Gu Gn Gu i Glz G12 Glz Gm Gm GlN v ®
1 1
[~(co) (C.R) (€8]
|1(5) G, G, G, Vl(S) (325)
(R.C) (R.R) (R.S) . . :
|§C) Gz1 Gz1 Gz1 . : : Vz(c)
(s.c) (S.R) (s.5)
|2(R) _621 G, G, ] VZ(R)
© |~ (c.c) (C.R) (€.,8) ©)
IZ GNfl‘N GNfl‘N GNfl‘N V2
: (RC) (RR) (R,S)
: . GN*LN GN*LN GN—LN :
©) (s.c) (S.R) (5.8) ©)
IN GN*LN GN*LN GN—LN VN
|,2R) GO ger G GO geR  ges GO gER g VN(R)
©) N1 N1 N1 N,N-1 N,N-1 NN-1 NN NN NN ©
| (RC) (RR) (RS) (RC) (RR) (RS) (RC) (RR) (RS) V
=N GNl GNl GNl GN,Nfl GN‘Nfl GN‘Nfl GNN GNN GNN =N
(s.c) (SR) (s.5) (5.C) (SR) (s.5) (5.C) (S.R) (5.9)
L Gm GNl Gm GN,Nfl GN‘Nfl GN‘N—l GNN GNN GNN i

Asmarfng i sssasainseualniiavesnisied eufivesszuuund
Slesaliad euiiannanfsagluiiaduiadsud 1 (Substation 1) luaandaelniadu
\Aeudl 2 (Substation 2) ﬂizLLa”LWWW%’Um?{angﬂﬁqlﬂé’qiaiwmuma contact line %30
sadrednhiian (3¢ rail) fvuuegiuinads nszudlwihazlnaiigsalwilied el

SEUUTULPADUVRISOIN kaznsewalnivessdasinaludandaelndduedou wasd

1%
[y

nszualninFrasgnuaunduludraniangluihduindon AU 3.18 uanin1siauves

¢UU TRA-TPS
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Traction Current Contact line

7 3

Substation 1 Substation 2

Rail Current

R )
NN

Stray Current

Running rails

U 3.18 svUU TRA-TPS

3.6.2  WUUDIADINITANNSTSUUANGaUNAU

lusguu RET-TPS dathdaundugnind wiiaiuainiuudnaaenisini oud

'
=Y

solirszuuund Teermluagldanaeiavununusaiwaslouaanus19aIamIusse N9

a

Amun Taglddnaduludiudauinsniulaseaing (G ) waziilassasiaiuiu (G ) ae

PN i A v YV a N o a 5 U o v LY dy v N
1 Ry Ao ddumuvesaneala (@/km) Ngnihanaeaslussuudiddeunduil degui
3.19

ANV
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TSS Transmission line

JUN 3.19 wuudnaeanisinnsssuumitdaundy

AsAuInsnaidsliivesuusiassnsing sy uuiaidoundu
szuumthlnihaussrusonistauioatusunsadoufisalifiszuuund waziinig
Fousaifiudnfisnads sufunsmiueindgesvesnnuinluiiuaznseualwiinivaannd
iU ouvessruudtidounduls Imﬂﬁmimmugﬂﬁ 3.20 WARILUUSIADINSTEINE

AUAUAEINVRILUUTIADINTHRAIRUARITY LilLNANsBYRItgauNTU
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i R feed

i
|
|

Earth

JUT 3.20 wuudnasansaindangdiuagsauuudnaeInsionsiuae iy

\WRLiLALTRNsBYBIFIUNERUNTY

AN NUASNDERINUFANIN Y DULUVAIUSELAUR DNRITA LARIAUNITN
(3.22) Mndnbitauliindouduiuudiasinisiadauiissuulnd 93U 3.21 A5
RSN DU NA18EILNANTUAN LA NTEo8AMUU NHIYINTY F9n158aA1UNTENINe

Tun p wag g la 9 wuvamszau ausaniuesnggesanuilwiiseningdun p way g v
[qu} WA [qu} lpannaunis (3.23) Analitnaduls leed 1 Ao nssualiiiilynatn

a a & o o w o A o a
PN NTuafnssindaundula q Ndaantees (A)
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UUUDIAIFIAIUUUTIAINISHOANANTITY NIAITUYATOLAYDIHI)
gounay

P dxR. q

Earth

JUN 3.21 msdesniseninedua p uag g la 9 luuiensingaundy

nsiinlungaieusieveaaadaiusalseninlun a uaz b la 9 awnso
wiupsndgeuauiliihszninelun a waz b ladsaums (3.26) m [G,,] 4o [G,,]

Taanaunns (3.26)

0 0 0
1
G,.]1=[G.]1=|0 0 (3.26)
[ ab] [ ba] dXRRT
0 0 0

T GEO fo anunhlwivesssfiaruseninedun a waz bla 9 (5)
ab
GER fio aruthlvingzninessfiauazs19ieseninglun a waz b la 9 (9)
GRO fio aruthlvinszninsmarseianszninglun a waz b a9 (S)

GER fa Anulviuessiaseningdun a waz b lag (S)
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oA dounaugNANRIEINAUTII WAL YBNARN UT 1IN IUTEEEN1IT
vua Aaguit 3.22 nsswaliinssdnlngaslvanduludeaniianemdsliheumedanl

o (% (%
(Y [ YRY]

Ngndinde Aadunszualninnseansasgiuauzanas audiliivessnsisseninadus
a uaz bl 9 (GER) anansaiarsanwenausuvisvassaliinfeglugaousaty 9
HesnifadunanduasAauaunIuseninglun a uag b veesalaggniiansay

(%
Y

S28zYRWAUNII I MLUY

Traction Current Contact line
<BSubstation 1 f Substation 2(5
+ +
R Rail Current S{mlmnen(f,  Running rails Return|Conductor

f_\l___——:f// \.:i::: ’?;J,_/ 1

= ST
1] A
N N O I B I

U7l 3.22 5UU RET-TPS

| e 0

Stray Current

dlosalniegfisunisadansne aeguil 3.23(n) wasgui 3.23() azuiiulaa
nszwaliinnsrseanansalnin wazlraluianndeon1us19 9 gEUN NN ANUAIUNIU
v P IV ' o v A A oA | 1y} a Y o |
Woelan duABNIUAINIUNIY Ry, vasanuwnlailideusavuiuiusiadantndsmumiasal

WINNAAMYTEEY dx a9

Substation 1 Traction Current Contact line Substation 2
Jiiasgiiot )i pas Y Running rails |
- | ] |
l_ — —] — — _' — — ] — — — — L] —— — e ] e— — —
| R RT | R RT R RT R RT
I: =|< -t -t >
dx dx, dx, dx, dx,

(n)
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Substation 1 Traction Current Substation 2
“ fitaag 01 g ey Running rails “
T T >

I | i ! I
S F N (R B

| RRT | RRT | RRT L RRT

F > > > >

dx dx, dx, dx, dx,

JUN 3.23 fianamsivavesnseualnihisavesssuusinideundy
(n) suudssalnsees dx, —dx

(v) suudssalniszes dx, —dx,

363 uUUTIAsINMsAnRIsEUURILUAIIEIuNIUEIAY
Tuszuu NEG-TPS anwilaezinsuvesszuuiignifislunuusiassnisindeudi
salwinszuuUnd fannsneil 3.2 qﬂﬂmil,a'%mﬁw?waﬁzwﬁaLLUaamméfmmuL%aaU
Negative Resistance Converter (NRCs ), Feeder Cable (FCAs) wag Switch Unit (SUs)
g lugassuy TRATPS
TunsUFUR NRCs azgninsslugitaniddngluiinduiadeu (Substation),

SUs 9¢0Na5 19T UkazAnRAIn 8N Usen 5991451950 19 (rail-to-rail cross bonds) wag FCAs

Y

o
(Y

wgninsemauuundaiiedugUnsaidousiofures NRCs uaz sUs fstuluszuy
NEG-TPS @unsafinfagunsal NRCs, FCAs uaw sUs ldlasmsslussuuun@ (TRA-TPS)
Tnglddasdaulassall 51931 viielaseasn9du q Falnunnisviausng o lunisldauaseas
gnnaneduneiidslunianuan o,

lukvudnasenmsvinnuvesgunsal Tagldfiansannisdeasiuuuuaduled
(Cross Bounding), Impedance Bounding &g Track Circuit Tnefi NRCs Lﬂuqﬂﬂim‘éh
Uumasauarmiumuresdumaiulidugud  Foas iumanuiuniuvesmeaidail
Qﬂam&gwmuﬁmwﬁq Tngldrnfeatudiussuudnhdoundu way sus ugunsalnsiadu

Auntsvassalilaziinisidanuiosalniawiy (wuuaauai) Asgui 3.24
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M15991 3.2 QUNTELATUARATYBITTUUMLUAIAIUMUNIUTIAY

gunsal WUUTNa09
E€ J% 2
- NRC i NRC
Negative Resistance Converter (NRCs)
+
B
uSIf
€%
SU
Switch Unit (SUs)
_ Upeq 4
] }—
FCA

FCA

Feeder Cable (FCAs)

TSS Transmission line

U7 3.24 550U NEG-TPS
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nsmiunsndgasvesauinliuasnseualwihidaaon i duniou
YITLUUAMIMUAIAUAIUMUTIAU TngNATaumIuguRn 3.25 wuuinaeansilidlangdaiay

TNYBIUUUTIADINTADAIRUABITY laLiNgUNIlvessEUUMLUaIAUATUMN UG

i R feed ]
|
I

S

L N

A
} GSE GSE
L Earth

JUT 3.25 wuudnaeansaifidagdauazsauuudnaeinsreasiuae sty

LIBL ALY DUABYBIAILUAIAUA UM UTIAY

ANUNTANNURS NG RN UAANIN Y DULUUANUSELAUNDURIVA LA RIFUNITN
(3.22) Mnanbitsdulamdouduuuudiasinisiafieudl ssuudnd 1n3UN 3.25 115
6 1 o

RS NGE peNANYAILNANTUNANILUAS N e AL AN TY Wssanludiuvesans

ddlufiurasdny Fan1sreditnseninelun p laz g 1e o) WUUENIZAU 8NS5 NDGeDY

Anuilviszwinglun p wag g [qu] uaz [qu] e nauns (3.23) finalidnenu

Y A Y} ° d' ::4' a
191 WHBDUNULUUINGDINITLARDUNTLUUUNR
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UUUTIA09FI8AIUUUTIARINITA DA NFDIT Y NTaliTugUnsalvevsy uUs 2UUaIAIIY

FIUNVNTIAU

P dxR. q

Earth

JUT 3.26 mssedniseninglun p uag g la 9 WUUARAWILUAIANATUNIUTIAY

Ma L lUAYBIsTUURARAIRILUAIAINAIUN I TIaUTENINalun a waz b 1a
9 annsanuninddesanuiiliiisenindlun a uay b ladsaunis (3.27) M [G, ]

Loy [G,,] Wanaunis (3.26) 1o Ry, A AAMUAIUINUTINYBIEUN NG UTIY

0 0 0
1
G,1=1G,.,]=10 —— O (3.27)
[ ab] [ ba] dXRNEG
0 0 0

5%UU NEG-TPS 5193azgnudanandudiusing 4 lnaludumeiiduniives
nszudlihlvadoundu wWielildusaiulniluguiduaud ussiuednaves NRCs awgn

Ya ¥ L o U }74
AIUANTAT ARSI UAULTIRULNTHN5EMI19 FCAs Uag SUs uudunigvasnsewa buliin
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3

Founaurdunislnidl uazauduniuluguain sus Aleegluautis NRCs aasdugud

(%
a a 1

augauAR duvnsesnszwadoundulniiiiondy quanusumuueug (zero-resistance

[ (%
v

loops) MNNTUUINIUANYTIVBITWNTNAUAIINANNY1IVINUA AI3UN 3.27 Azdenali

AN lninsanaznszualninsirzanasiuLe

Traction Current Contact line

Substation 1 f Substation 2(5
n

R Rail Current @IOIG]m Running rails Return|Conductor

R O O O I R D I R I I

E— e — — —

FCA Stray Current

1 e 0 y y

U7 3.27 Luudaedsuy NEG-TPS

desnllegiumisdinsied 1 soliegszwing NRCL uay NRC2 fagufi
3.28 avilanz sUL whiuiidniees sU2 way sU3 Wanes LLiQﬁUlWﬁWENQUﬁ 1(u,,)
maqqﬂmmﬁmmutﬂu@uﬂ wsasuliagl NRCL (Unrer) wazusatulnih g Feal (Upep)
wgnenupuliidunasiugudnugauad Tuhusaiearduussiulniieesquil 2 (u,,) ves
quanusumudugud esandusis 2, 3 wag 4 gnamseslaeguaruiuniudugud

W53 Wl AWAW 19 NRC2 (Uppe,) HazusIa ulWW 19 FCA2, FCA3 was FCA4

(%
v @

v & 3 a v 4:4' =
(Upcazs Urcas: Urcas) 329NAIUANITURATINAUGMURANARAIEUNTTA (3.28) Aeuded]
nszualinlnadounduludiaardanelnirduindowanizludiugun 1 (u,) uasgui 2

(U,,) EUTOAINMIAIATIIAUTIUTINGURNS 7 Lasisaunsi (3.29)

Substation 1 Traction Current Contact line Substation 2

Running rails

JUN 3.28 salegludiused 1 veessuuinaswiUainuiumudiay
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Upy = Upper HUec =0 (3.28)

U, =Uyger T (UFCAZ tUgcas T UFCA4) =0

Ananrasuauaundugue

Rl = RNRCl + RFCAl =0

3.29
Rz = RNRCZ + RFCAZ + RFCAS + RFCA4 =0 ( )

esnlrlegiumiadingei 2 solnlegsening suL waz su2 Faguil 3.29
azfllamz sUL war sU2 whiuiilanews sus \Jnas LLiaé’uIWﬁﬁsuaa@JUﬁ 1(u,)veq
quau U dugud wsesiuliiing NRCL (Uysey) wazusadulniind FCAL (Upgy) 0
mualinarmduguinugauai Tuvihuesafefuussiuluivesquil 2 (u,,) vesguay
Fruntudugueg usesdulai i NRC2 (Uyse,) w5 ulninfl FCA3 uas Fcad
(Upcags Urcne) 89 nAUANTRHATIN I UUE MWD AuAR saun157 (3.30) Fauadl
nszualyliinlnadoundulusaandarelniiduindouanizludinguil 1 (u,,) uazquil 2

Y

(U,,) EUTOALINMAIAIIATUVNUTINGUSNS ) Iadisaunisi (3.31)

Substation 1 Traction Current Contact line Substation 2

[

Running rails

| Rail ,\ rrent I |
I - curren |
NRClw U, u,, ? NRC2

T <A

i & =

FCAL FCA2 1 FCA3 FCA4

JUN 3.29 salegludiusnan 2 vaessuuiinnwiiiUainumumMuiay

Uy = Ugrer T Upcar = 0

(3.30)
U, =Uynpeo T (uFCA3 + uFCA4) =0
AnnnasIneuaundunug
R =R +R =0
1 NRC1 FCAl (3.31)

Rz = RNRCZ + RFCA3 + RFCA4 =0
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Sesalwogiumisdusai 3 salwegsening sU2 uay SU3 faguTl 3.30
Sesalwiadeudidngdussil 3 axfllany su2 wag SU3 wirfufidaes sul imeas
LLsﬂﬁ’uIWWwaq@JUﬁ 1 (u,,) vosguarusunudumue waruserulndng NRC1 (Unrer )
LSFUlNINT FCAL Uag FCA2 (Upgu, Urer,) 929nAauaslinasnndugudnuganad Tu
vuonfvafuussiuliinwesquil 2 (u,,) vesguaruiumuidugud usadulaing
NRC2 (Uygc, ) waztssiulwihil FCA4 (Ure,,) 9xgnmuaulinasiudugudniugauni
faaunsfl (3.32) ilesaindrusnedl 1 uazdnusiil 2 gndmsaslgguanudunmudugud
LazdILsd 4 gndnisasiaeguanudunmudurudigudy Faduagdnszualnialua
éTauﬂé’U"LiJé’aamﬁahalWﬁﬁULﬂgauLaWWziuﬁaquﬁ 1(u,) LLasqﬂﬁ 2 (u,,) @130

AUIUANAIUAUNIUTINGUANS o Ladaaunish (3.33)

Substation 1 Traction Current Contact line Substation 2

[

Running rails Ao

e e e e e e e e A A — — ] SR s U e ——

FCAL FCA2 1 FCA3 FCA4

JUN 3.30 salegludiusian 3 vesszuuAnfwlUaIANAUMUTEY

Uy = Uypey T (Upcg T Upcaz) =0 (3.32)

U, =Uypes tUpcas = 0

6

AnnnasIneuaunulugud

Rl = RNRCl + RFCAl + RFCAZ =0
Rz = RNRCZ + RFCA4 =0

(3.33)

a

osalulogsiumiadiusedl 4 sallegsening sU3 uag NRC2 fagy
3.31 avilianiy SU3 whiuiidenses SUL way sU2 Wnaeas LLiaé’uT,Wﬂwmgﬂﬁ 1(u,)
vosguATIE UL uAuS wsaulainA NRCL (Uyee,) wazussfuliliingd FcaL, FCA2
LAY FCA3 (Upcu, Urcar Urcas) 329 nAdUANTMIduAudnuaaund Tususadeaiuy

wsaiulniinwequdl 2 (u,,) vesguanusumuluaug wsiulning NRC2 (Uyge,) wae
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(%
o

u5UliT FCA4 (Ugy,) 9zgnanuanlindugudauaauafinaunisi (3.34) aeiuazd
nszuabilinlvadeunduludraniangluinduimdowanigludugui 1 (u,,) wazgui 2 (

o 1 4 1 Y dl
U,,) @1NI0AIUINANAINAUNIUTINGUNS o ladsaunisit (3.35)

Substation 1 Traction Current Contact line Substation 2

Running rails

JUN 3.31 salvegludiusnan 4 299 uuiinfiiinUainufmumuday

Y

ul‘l = uNRCl + (uFCAl + uFCAZ + uFCAS) 3 O (334)
U = Uypep +Upcaq =0
ARINHATINAILA LN T ALY
R, = Rure1 + Recar + Recar + Recas =0
1 NRC1 FCA1 FCA2 FCA3 (335)

Rz = RNRcz + RFCA4 =0

lidrsnlazegsunisnurassisimun guarudiumuduaudves
NRCs, SUsuaz FCAs azmauauliinszualiiilvadeundulyaluludiusieilnals
ity lalanansalnalunudussildldmundssaliviedusefigninises Kadudums
founduvasnszualiiingdsduatninauennsdsimun Ssdamalinszualainiaasg

1%

NUAUTBYAd

3.7 dnaamnisanasluszuu (Reduction Performance)
Yovavnisanasvaam@ndliniings () waznszualiiings (5) awnsarwamld
MNauNTs (3.36) way (3.37) lasflynuszasdiiioniaaeudnanimnisanasandnglifing

LAZNSTLASIUBI5EUU NEG-TPS wWisuilesufuseuu TRA-TPS uay RET-TPS
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Ny = URE(NEG) _URE(NormaI) %100%
URE(NormaI)
5= (3.36)
Nar = URE(RET) _URE(NormaI) %«100%
URE(NormaI)
Oyt = is‘”Ef’ ~lsuvomn | 10004
5= S(Normal) (3.37)
§RT _ IS(RE'-F) ~ s (Normal) %100%
IS (Normar)
108 Upgqomay A9 A1ANGLITNT9903530U TRA-TPS (V)
U reren) Ao AANdlNANTI9TITEUY RET-TPS (V)
Urenes) Ao Adnglni319veIszUU NEG-TPS (V)
s ormaty 118 nsuaslulihiivesseuy TRA-TPS (mA/m)
is rer) A nszuatliihivesszuy RET-TPS (mA/m)
is o) Ao n3zwatliihivesseuy NEG-TPS (mA/m)
Mt Ap SovasnisanasveAAngluiisnesenineseuy NEG-TPS uas
3%UU TRA-TPS (%)
Mar Aa SavavnsanasvedAAnglnisnesenineseuy RET-TPS wag
58UU TRA-TPS (%)
Syr Ao Yovazmsanasveinszudlniiniaseninsssuu NEG-TPS uag
S¥UU TRA-TPS (%)
ar fio Yowaznisanasvainsudlniiniaseninesyuu RET-TPS uay
38UU TRA-TPS (%)
3.8 &yl

9

[ o
==

nsguadiausaindulanssruusalniinssuansawavnsziaadu lngluszuy
solninszuanssazilonaiaduninnin Jadugasudureinisfnyanuddel Tluunild

J = Y] [ 3 A J b4 ! A
nafERLaZHanTENUIDINTERATT Wiiazlundmaselassasneing 4 Mdulaveves



57

szuusalwiiingzuanss uazanuvasndevesiuilduing Tnefidndlniinise enaduy
Sunseromnulasadovesyaraifeiulssfuduiafivenliinldlihu 120 v nsdiass
NAYBITYUUTLAIAYUNTLUANSY @180a0IsTs51 MRT anedshe (wile) AfnsiAusavuiu
Feowuul-ndu dfinseeasiudestu (Fnianusedu) defuaunsluuniannsalld
AnneiuazUssidusamdndlndidissnduluaamasgiu EN50122-1 anansafiansana

A1591899 B9zvLaualuunsa Ly
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nUNd 3 anandagukuunisitassnalseaneing q Nagldluanuidedinerinug
W@udl Fans@neinsewatninslussvusalwirvudsnavunsenanss andudesiansun
Jadeuaneusznis Wi dnwazaudRvesszuutueaaulniln 91519n15Ause kuUI1ananIs
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salwinszuansswusdu 2 nsadnwn TouwA NIl 1 WrAsuNfI8AUSIAA Usenausie

1al o 1

sl 1 aviudsuusiwasiiaadanelndduiedeu 3 @atiegNewnus 0, 5 wag 10

Y

Alalns MUd1IRU warn159nandnsedaunsaliivuluies MRT aneding (wils)

42 nsdiAnendl 1 (AwiEaAsi)
4.2.1 uwuusrasssideuiinsdiAnuil 1
M99 4.1 wanstemamfiweslunisaauuudiass wuudassiluves
n3dlf 1 faguit 4.1 Taeldusssiulifiwesanidnelnidundeudiin 1500 V wazsalld

NSTLERNAINAIN 1667
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AN5199 4.1 WISNRDSVRINTMANEN 1

Parameters Variables Values Units
Substation voltage rated Uqups 1500 Y
Train current i, 1667 A
Catenary resistance R. 75 mQ/km
Running rails resistance Rq 9 mQ/km
SUs resistance Ry, 0.002 mMmQ/km
FCAs resistance Reca 0.00225 Q/km
Rail-to-earth resistance Re 2 S km
Distance L 10 km
TSS1 TSS2 TSS3
v V] M
1500 V —
R
| | | 1 [ | |
NRC1 NRC2
FCAL FCA2 FCA3 FCA4 FCA5 FCA6 FCA7 FCA8
_———— — = — — — = — = — —¢— — &— — —8 — —& — Returnpoint
NN v SR ~ § 2 VS vl S v AN P Vet AA -~ V. <z-
0 km 1.25 km 2.5 km 3.75 km 5km 6.25 km 7.5 km 8.75 km 10 km

JUN 4.1 wuudnaesmildveansdlfnwi 1

dloRe1sananuuUsIaeses TRA-TPS, RET-TPS way NEG-TPS éfﬁgﬂﬁ' 4.1
dlosalniinnsiedeudt mssuamednsluifissasnseualniindiasfiansanainauns
MsLuR3nggeufivaannfidosnuvaussuientsla aunisfi (3.22) - (3.27) warnsuseidiu
mAdnenmnsanasesdndlniiisauasnseualniihilussuudadeitidoundunay
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1) wansdaesmsiadeuTinsdifnui 1

93U 4.1 wuudiaesnsddnwndl 1 solwiiedeudidisnnndaz
ﬂszﬂaulﬂﬂ”’mgﬂmeaﬁswﬁ% 3 szuuldinnduszuuun@ivie TRA-TPS (Traditional
Traction Power System) S¥UUNISAAR aia1uSe RET-TPS (Return Conductor Traction
Power System) LagIzUUFAILUBIAIUAIUNIULTIAUNTD NEG-TPS (Negative Resistance
Converter Traction) anunsathwanisanassluiuSsuiiivuiilon dneamnisanasvesdn
dndlulihiisauaznszuaiiludunoudeluly wanissrassiianusia lunsdanidousod
Mumils 0, 1.25, 2.5, 3.75, 5, 6.25, 7.5, 8.75 wag 10 Alatuns fagudl 4.2

14— =
---------------------------- TRA-TPS
.. |~ ='RET-TPS
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~ 10 = B
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=
c 8- :
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2 6- ]
4+ .:._:’2'37 v 2.66 V 2.66 V 237 V

Position (km)

T T T
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o
Lo
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177 i)
0L 058a NS 0584 N 0584 0.58A N\ ‘ N ‘ :
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Position (km)
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9NFUT 4.2 voeszUU TRATPS dndliindisnagean (u,) Sauvindy
13.32 V uaznszualwiii$agean (i) fAWintu 6.65 A7 x = 2.50 km Wag x = 7.50 km il
sallegsumisnsanansszyinsaniidelnihduindeu

Tusguu RET-TPS Andlalfnfisnsgean (uy) Ay 2.66 V uay

nszualningagean (i) AAvindu 0.67 A ilesalnegnsinaisveddinsen 2, 3, 6 wag 7

q

[y

Tnefl x SAuvaiu 1.88 km, 3.14 km, 6.88 km way 8.14 km auaisu Adnslninfisng
waznszualnfinirasandiintulussuy RET-TPS wuinasntwiladumissalegasanans
anrfldnglihduindeusenld

Tusguu NEG-TPS @'i’ﬂ&flﬁ/\lﬁwﬁswqﬂq@ (U,) TANVIAU 233 V kA
ﬂigLLﬁlWﬁﬂ%ﬁqﬂq@ (ig, ) FANVINU 0.58 A Lﬁ'aiaiv\lag'ﬁﬁLmu'amaﬂmwmLwiaza"mi’]ﬂu
0 9 dw YuAe x HANYAY 0.62, 1.88, 3.14, 4.38, 5.62, 6.88, 8.14 uay 9.38 km
iWosnadusdignuiseeniu 8 @ (L/8) wih 9 fu deral¥inisnseansvesindluihiisn
waznszualiinwessalidsdawihiilugn 9 dmwvesnis

2) Angammsanasesadndliiiissuasnszuai

naunsnsUssdudnenimnisanasvesardndlni1i s1auay

nssualiliing auntsil (3.36) wazaunisi (3.37) 411130a35UA198AEN15AARIYDITEUY

AnfIANdaUNSULAY TEUURANR G2 LL‘LJENﬂ’]WN&WUWWUL%Q@U%@Q?‘%’]QQ@@@%EﬂWﬂ?ﬁi’NLLag

Nsewalning laean1s1en 4.2

AN599 4.2 %'EJEJa3ﬂWiamawaqmqqq@ﬁﬂﬁw%ﬁswLLazmsLLalWﬁ’l%’a

TRA-TPS RET-TPS NEG-TPS
mﬁﬂﬂw%ﬁiwqaqm (V) 13.32 2.66 2.33
nszudlndinga (A) 6.65 0.67 0.58
Jovazn1sanad (%)
Adndlifinissgegn (V) 80.03 82.51
nszudlndinga (A) e 89.92 91.28

1nN1SUTYUN—UANENINNTITANAITEWING RET-TPS AU TRA-TPS Wu31

Adndlninfissuaznszualiiniiszanasedrwiuladadiomunissalnegsening NEG-TPS
U TRA-TPS Uszansninnisanasardng lniisiataznseuasqludinuudalnaannaniilane

Tnifiduieaeu Andu 82.51% uay 91.28% Anudsu
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4.3 nsalfneN 2 (salwAnvuIuies MRT dledsinanile)
431 wWan1sIIavInISIAReURnsaiRnwId 2
szuvIalWi1uuIuAs @192a9395U5550 (Metropolitan Rapid Transit

Chalong Ratchadham Line %38 MRT Purple Line) %39 salv#uniuas a1eduis Tunis

a
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Toyadng V1A A iveld
Train parameters
Movement feature max.speed 80 km/h
max. acceleration 1.2 m/s?
max. deceleration 0.9 m/s?
Weight train mass 135 ton
passenger mass 75 ton
tractive effort curve maximum tractive effort 228.8 N
maximum braking effort 168.8 N
Efficiency motor power factor 0.86 -
Auxiliary power constant load 270 kW
Train resistance
3" Rail Resistance 0.007 Q/km
Running Rail Resistance 0.0175 Q/km
Structure Resistance 0.01 Q/km
Rail-to-structure conductance 0.1 S.km
Rail-to-earth conductance 0.1 S.km
Substation parameter
Voltage no-load 750 vV
Short-circuit capacity 25 MW
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saaanll | sheeanisesnssug aoil FURUS | AWSALUS

Twusnns South North
Bound Bound

(km) (km)

PPO1 TSS1 AABIUIILA 0.00 41.86
PPO2 TSS2 Aa1AuNs gy 1.27 40.59
PPO3 TSS3 auuenuIelug) 2.83 39.03
PPO4 - UG 4.40 37.46
PPO5 TSS4 v19snlng 5.60 36.25
PPO6 - U93Nes-11dg 6.85 35.02
PPO7 TSS5 Insii 8.10 33.76
PPOS i ALIUNTZTANED 9.57 32.28
PP09 TSS6 WENUUNYS 1 11.20 30.67
PP10 ; UNNILED 12.46 29.43
PP11 TSST AUgIIINSIWIAuUNYT | 13.36 28.50
PP12 - NIYNTIEAITITUAY 15.15 26.71
PP13 TSS8 WEARIUUN 16.35 25.51
PP14 TSS9 WA 18.07 23.87
PP15 TSS10 UNYOU 19.36 22.48
PP16 - LAYu 20.92 20.92
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TSS5

TSS6 TSS7

TSS8
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TSS9 TSS10

| S, South Bound —»

PPO1 PP0O2 PP03 PP04 PP0O5 PP06 PPO7 PP08 PP09 PP010 PPO11 PP012 PPO13 PP014 PPO015 PP016
OV__v__v___v__v__v_—v—_v__v__v__v_.v ______ v__v_ ..... _v__v.__v__
0 127 283 440 5.60 6.85 8.10 9.57 11.20 1246 13.36 15.15 16.35 18.07 19.36 20.92 km
(n)
TSS1 TSS2 TSS3 TSS4 TSS5 TSS6 TSS7 TSS8 TSS9 TSS10
vl M [¥] V] V] [v] V] V] vl [¥]
750 V
T Norneand sl
PPO1 PP02 PP03 PP04 PP05 PPO6 PPO7 PP08 PP09 PP010 PPO11 PP012 PPO13 PP014 PPO015 PP016
OV__V__V__V__V__V__V__V__ ..... v__v_.v ______ v__v_ ..... V__v___v__
41.86 40.59 39.03 37.46 36.25 35.02 33.76 32.28 30.67 29.43 28.50 26.71 2551 23.87 22.48 20.92 km
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Solve power flow

(sequential linear)
- Rail Potential

Train movement
- Train Position
- Train Speed
- Train Power

Detection of
train location

A

TRA-TPS

RET-TPS
(Connect return
conductor point))

Intitialization
(rail-section quantity n)

—

NEG-TPS
(Install NRCs, FCAs
and SUs) )

JUN 4.5 uruan1sdnaedna
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solnildiaalnilusgninduunenuswagivunniuauanuss e
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Train power (MW)
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TSSI (MW)
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Voltage at TSS (South Bound)
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URE at TSS (North Bound)
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AN5199 4.5 Al wsesulwinAaadludduindeu wazdngluinNsiaweswuuIans

nsalAnwsalWdn MRT @ne8379 N1UkUUINa8958UUUNRKIUNSHDAIALADITY

TS5 PsmaxMW) | Ve min(V) UremadV) | Uremin(V) | Usgmax(V) | Usgmin(V)
South Bound
TSS1 2.516 729.301 14.294 -4.108 0.867 -0.602
TSS2 2.210 731.883 12.027 -4.104 0.871 -0.601
TSS3 2.448 729.880 13.089 -4.062 0.883 -0.593
TSS4 2.543 729.072 13.582 -3.381 0.792 -0.567
TSS5 2.535 729.141 13.162 -3.404 0.724 -0.531
TSS6 2.552 728.994 13.688 -3.448 0.637 -0.461
TSS7 2.568 728.858 13.921 -3.487 0.446 -0.398
TSS8 2.494 729.487 13.626 -3.831 0.395 -0.308
TSS9 2314 731.011 12.767 -3.820 0.294 -0.260
TSS10 2.455 729.813 13.426 -3.774 0.343 -0.212
North Bound
TSS1 2.299 731.129 12.383 -3.728 0.346 -0.208
TSS2 2.279 731.302 12.379 -3.773 0.284 -0.255
TSS3 2.477 729.628 13.426 -3u791 0.396 -0.309
TSS4 2.523 729.239 13.538 -3.526 0.453 -0.407
TSS5 2512 729.334 13.227 -3.491 0.627 -0.464
TSS6 2.591 728.665 13.914 -3.446 0.723 -0.535
TSS7 2.522 729.249 13.306 -3.423 0.803 -0.572
TSS8 2.409 730.206 12.974 -4.013 0.903 -0.599
TSS9 2.271 731.372 12.552 -4.060 0.891 -0.606
TSS10 0.941 742.393 4.761 -4.064 0.886 -0.608




74

100 T T T T T T T
1 Rail Potential
90 | South Bound | North Bound * Passenger Position |
1 *  Substation Position
80 1 = = :Route Section
§ 1
;/ 70 + < 7046V 1 -
8
= 60 .
=
= 50 - B
=
L 40 .
°©
=9
= 30r n
a4
20 n
10 —
(i d SENE SV ST SEVR. VIR i S T ) SRR RO SRR SR SRR S
0 5 10 15 20 25 30 35 40

Position (km)

JUN 4.13 ussausannusiuvsvassalil

9307 4.13 wansdndlifisnevesszuuund azmiuldinadndludi

TNGIGALOLTN 70.46 V idinunisanidsudsdlaeansi 8 (PPO8) usuniafiegsening

Y
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South bound North bound
Passenger Station | @ndlndingnsasan | Passenger Station | @ndluiinsivasan
V) (V)

PPO1 21.20 PP15 24.10
PP0O2 23.42 PP14 24.01
PP0O3 28.97 PP13 16.58
PPO4 59.97 PP12 63.56
PPO5 27.28 PP11 23.06
PPO6 53.16 PP10 44.70
PPO7 31.46 PP0O9 26.72
PP0O8 70.46 PPO8 42.34
PP0O9 25.92 PPO7 70.05
PP10 48.35 PP0O6 25.81
PP11 20.84 PPO5 53.18
PP12 63.90 PPO4 29.25
PP13 22.54 PPO3 61.29
PP14 23.42 PP0O2 30.46
PP15 27.57 PPO1 1.68
PP16 65.88 ddgn 70.46

1nde 37.13

nszuelninga (mA/m) 0.00757

Ane W19 51999 UUTIaBINTEANwIsabNA 1@ 8@ Ur9nuId AN

Fndlliindisnageanainmsduindandu 13.426 v 4 TSS10 wag 70.46 V Asuntiasals

F99199z N9 nnsewa A US L asunae i usa lnlu el 99918 n15199A1UL57

wazszevvinvaanilintuindeu suuinsgiuelsudmsuAndlninissaaniintuay

Paannussnubninfauisanfalaluiy 120 Vdc



76

2) msUsziiudngluinNsnakasnsznasi
AsUsziunsealwinsid nsulassnssaludiuvnuas aedilg (wils)

ITAUIULIITUTENINIUE R ULaz nIzwanlvanulUdfusunnsgy EN 50122-2

dedenszualiihduinfougeanidu

_ 2.455x10°
729.813-13.426

P

S, max

-V,

rail ,max

=3426.919 A

! Vline,min
ANLENIRsTEEEallunsinnsan L= 1.58 km @aduszesiion
fgndmsunisireidslalfidnuisivedasinssaliiinumung aredsine wile) dude
annfuredeu-nyu vi3ed T5S10) Tnadmualiirimnuiumuvesslsiemiisnugn
R = 0.0175 Q/km/rail wan1sldauasassalud 2 919
FafuAnALFuNIYLe 13193 oneAueadia 1y Resrait = O-

013825 Q/km fisgagms L= 1.58 km Arauiseniisnnsendandy Gu = 2 mS/km

1 1

- = =190.174
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R - R4 \/0.013825 > aco
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Ug =05x1, xR x ]__e_[ij
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0553426919 [ L)) 07455 ma/m
190.174



7

fafuaglafndlnihiisnddusns 37.273 V uagnseuasianmadislusns
0.07455 mA/m dmsufife 3026.919 A famns197 4.7

A15197 4.7 WSsuiguran1sUseilunsehas lasenineni1sINasINanIs AR unsa by U

WwenfiunsAundngliiinsenlanniuuitasinisreamunuuInggIu EN

50122-2
w/N3 Adndliidiss (v)
nsdaeamansiadeuiisalnivuIufen 70.46
msfuudng i fissmusmsgiu EN 50122-2 37.273

NATNNUIANS LA AT AILANAN 1TD991ANENITINABINITLAROUT
solwvuinReiinssuaasanegluiunlnadounduidnganilninduinfou wir1visaes
NSANIUNINTFIUAINNIATFIY EN 50122-2 irviun tuRe wssiuiseulidifsladanluiiv
120 V wazuuzininazhitinanudsmelunissalulutag 25 T dnseuadilvasonuae
ANUETIlAUAT 2.5 mA/m

432 WaNIINABINISIARBUNNIUANEIN 2 (S3UU RET-TPS)
o ‘ﬂl d‘ a0 a a Q’JI o o

LWuUUdNaeIN1sAAeunvessall MRT ansdiisvuiuiealussuuing i
gounaulumunuinig o nunna1siull lasidenldatgiaida 0.6/1kvV CV 90°C XLPE
INSULATED Wag PVC SHEATHED #13u16013371U IEC 60502-1 (TIS 2143-2546) ﬁﬂgﬂﬁ 4.14

' a s & PN 1 a O g Yy i a o A | o o v 'y
LaEANINIINNBSAINNT199 4.8 wiamsiaaalu 5 szey laun Annsgadeusiafiiundaundu
3 9ALPUAD, 4 YALTBNGD, 5 YALTOUMD, 8 YMLTBUAD kag 21 YALTaNsD LAAILIUIYA

WourafevIa North Bound 1Huszesn1aiifiansansaiileaanniFmiawad South Bound

Conductor
XLPE Insulation

BANGCKOK CABLE

PVC Sheath

U 4.14 1a10a XLPE Single core w396 0.6/1kV




AN5199 4.8 WsAmesvasanuLaLla

Toya AN iveld
SYUU DC -
YUN 400 mm?
IR UAUINAN 71 mm?
msunsEia 856 A
AUATUNIY (Rpc) 0.0047 Q/km
AUATUNIY VWY 2 LEY 0.0235 Q/km
AUATUNIY VWY 3 LEY 0.0156 Q/km
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1) faseqaieusafidoundu 3 IaLeusiavisenn o Useann 10 Alawns

launisges 0, 10.47, 20.92, 30.92, uaz 41.86 Alawns MUEIRU LUUTIABINITAARIYA

Wouradtdaundu 3 aLoudauand A3UT 4.15 nani1sdnaeeadng liinisneniy

sundssaliin dssu 4.16 Ardndluimseasgeanniisu-dulavans vasssuuiafedai

doundu 3 yaLliousa Ann5199 4.9 uaginasliiy wssiulnin wasdndluiinsns dmsu

A5AWIAUAINTZLELNHNST Famns199 2.1 Tunmeuan 01,1
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TSSL TSS2 TSS3 TSs4 TSS5 TSS6 TSS7 Tss8 TSS9 TSS10
OO O O & O O & ONG
vl M [ V] V] V] V] [V] M ™
750V T

T T T IT I I 1T

A e e R e R A v R V- A
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10.47 20.92 km
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M1597 4.9 Ardndlinssgegeaniillnihdesvessyuufansintigeundu 3 aiteuse

80

South bound North bound
Passenger Station | @ndlndingnsasan | Passenger Station | @ndluiinsivasan
V) (V)

PPO1 19.88 PP15 21.29
PP0O2 20.33 PP14 20.95
PP0O3 28.95 PP13 20.51
PPO4 62.07 PP12 66.78
PPO5 28.34 PP11 26.24
PPO6 56.43 PP10 48.5
PPO7 27.82 PP0O9 18.72
PPO8 63.16 PP0O8 67.74
PP0O9 25.63 PPO7 27.66
PP10 47.67 PP0O6 57.09
PP11 23.33 PPO5 28.68
PP12 65.02 PPO4 62.86
PP13 23.88 PPO3 21.14
PP14 23.28 PP0O2 19.71
PP15 25.98 PPO1 1.04
PP16 5252 ddgn 67.74

1nde 35.58

nszuelninga (mA/m) 0.00748

2) Andeadausiafndoundu ¢ aLiausavizenn q Ussaa 7 Alauns

I@uAfiszey 0, 7, 14, 20.92, 27.92, 30.92 uay 41.86 AlAIAT AMUEITU LUUSIABINISHAGRS

d‘ U U o k4 L d‘ U o dl 1 o dl a o !
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NaN1531a9AENg WA Aa3UN 4.17 Tun1exudn ¥1.2 MuaIny wazenglwinsng

gean Andlniihisnuady wasnszualnihiiveaieuse 4 aause Mm99 4.10
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M13°9% 4.10 Andlriinsegegn Andluiiisnsade wagnszualiiiivesgndouse 4 90

Fousie
4 99\Teusie ivel]
dndlwihiisnagage 70.93 %
Fndlihdisiaade 35.55 Vv
nszualiiingy 0.00745 mA/m

3) AnfegadeNsefidaundu 5 aaeusiansenn o Ussuial 5 Alawnas

THLAT SYuy 0,5, 10, 15, 20.92, 25.92, 30.92, 35.92 way 41.86 Alaluns A1UEINU

LUUTa8INTANAIALT BURBAINdaUNGU 5 AT aNABLANY AgUN 2.2 Andaluii

w59eulNn wazFndlWinNse dnsuniseuiuAInTEualiing A9e15197 v.4 Adneluiin

dl = ! o o o U 1 dl dl el dl
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JUN 4.18 Andluiihiissvesszuudnasinidoundu 5 qaeusie

1599 4.11 Andlaifinssasan dndluiihnsaede waenssualniniivesgaieusiadiin

v ) N |
gaUNAU 5 Q@L“UEJSJG\EJ

South bound North bound
Passenger Station | Andluf1segegn Passenger Andlutihsnsesan
(V) Station (V)
PPO1 19.83 PP15 21.34
PP0O2 20.34 PP14 20.81
PP0O3 22.09 PP13 16.03
PPO4 51.92 2 Ya 60.98
PP0O5 27.20 PP11 26.19
PP0O6 56.16 PP10 48.45
PPO7 26.73 PP0O9 17.33
PP0O8 53.43 PPO8 67.47
PP0O9 25.89 PPO7 26.77
PP10 47.94 PP0O6 52.09
PP11 21.60 PP0O5 27.19
PP12 46.47 PPO4 61.53
PP13 23.33 PP0O3 30.00
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M5 4.11 Andlniinssgegn dndlnihisanie waenszualinivesaadeusiedinh

doundu 5 PaLeusie (vie)

South bound North bound
Passenger Station | Andluf1snsgegn Passenger Andluiihsnegean
(V) Station (V)
PP14 23.37 PP0O2 19.68
PP15 25.48 PPO1 1.01
PP16 47.21 AL 67.47
\dy 33.41
nszualnings (mA/m) 0.00744

4) ﬁﬂéﬁy’a'«qmﬁamiaﬁfaﬁwé’aUﬂé’u 8 yaillausoveonn 9 Usvanw 3 Alaiuns
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ua 41.86 Alawns Mudiy wuudaesnisinsagadonsiofiihdoundu 8 aiouseuant
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M13°97 4.12 Andlnisegega Andlnihnsiuaie uaznszualiiiivesgageusedi

doUndu 8 YALYaUse

8 ynidouse ivel]
dndluiiisnagegn 60.35 %
dndlaiiinaade 31.19 %
nszualniih$alva 0.00741 mA/m
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M1397 4.13 dndluinssgean dndliihnsnuade uwasnszualihiilvavesgaouse

Mthdaunau 21 InLeuse

21 9oudousie ivel]
dndluiiisnagegn 45.55 %
dndlaiiinaade 26.03 %

nszualniihi 0.00711 mA/m
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Alawms Ageanazegiduwmisaniiiu-deflasansdl 8 (PPo8) iusumisfiegsenineannd
Pelyiihduiedoud 6 uaz 5 (TSS06-TSS05) Tufiemna North Bound iilesanniduannildesi
fisvozviennaniligliihduedounniian Wefisuiuszezviwesanildesdu o

nsfnea 8 gaieusiensenisindann q 3 Alawms Ardngluingsg
geanvvayiiuviisaniidond 4 (PPo4) Wushumisiegseninsaanilarelnihiuindouil 4
uay 3 (T5504-T5503) Tufiemna North Bound dnusuamildesillifumumisiigsvozmg
nnaniareliihduindeu uianidoseglndifsatugadouse TuAegadousdedl 2 fugn
Fouste 3 Favilviedndlnihisgeaniatuiiumisd uanssannsdaadendedu «

dndliihisnaade uazanszualiing awiluwliy Ao Welfingaiden
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M13°97 4.14 Andlninsegege dndliinsaade wavnszualnihiivesgaeusedi

§oUNAU 5 ﬁ;m%awia (Rgr = 0.0175 Q/km)

South bound North bound
Passenger Station | Andlufnsegegn | Passenger Station | Andlsnsgegn
(V) V)
PPO1 19.96 PP15 21.38
PP0O2 20.36 PP14 20.83
PP0O3 27.48 PP13 16.35
PPO4 52.63 PP12 61.30
PPO5 27.29 PP11 26.23
PPO6 56.25 PP10 48.54
PPO7 26.93 PP0O9 35.43
PPO8 54.60 PPO8 67.73
PP0O9 25.95 PPO7 26.86
PP10 48.00 PP0O6 52.47
PP11 21.74 PP0O5 27.30
PP12 47.73 PPO4 61.62
PP13 23.36 PPO3 30.01
PP14 23.39 PP02 19.79
PP15 25.75 PPO1 1.04
PP16 48.57 g9eln 67.73
1nde 34.45
nszudlndinga (mA/m) 0.00745
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M13°47 4.15 Andlninsegege dndliinsaade uaznseualiihiivesyaeusiedii

§oUNAU 5 ﬁ;m%awia (Rgr = 0.047 Q/km)

South bound North bound
Passenger Station | @néluisegegn | Passenger Station | @ndluvsnsgegn
(V) (V)

PPO1 20.81 PP15 21.58
PP0O2 20.51 PP14 21.02
PP0O3 28.28 PP13 18.59
PPO4 57.64 PP12 63.91
PP0O5 22.89 PP11 26.47
PP0O6 56.83 PP10 49.16
PPO7 28.38 PP0O9 38.20
PP0O8 63.15 PPO8 69.47
PP0O9 26.34 PPO7 27.45
PP10 48.45 PP0O6 55.05
PP11 22.73 PPO5 28.06
PP12 56.91 PPO4 62.31
PP13 23.66 PP0O3 30.11
PP14 23.53 PP02 20.40
PP15 27.71 PPO1 1.12
PP16 60.18 590 69.47

1de 36.15

nszualuiga (mA/m) 0.00745

31n3U7 4.21 Ardndlninssvesnsalldaendavinduanudiuni

29951999 ziulanaTun15199 4.14 Weaisudiuailunisien 4.11 Andluiinsnsgean
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YA oNsaLR e Y waldAIAIUAIUNIUAIEaundUR1ei Y AANg L seasan den

WuTun 67.47 VDU 67.73 V wazadngniinfisnsadefinduain 33.41 v 1y 34.45 v

uwaraNguT 4.24 endndliihissesnsdldaaimdaminnitarudiuniueessdis asu

leenlumsnan 4.14 Wewguivailunisied 4.11 Ardndlainsegeaadaniudugin
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67.47 V \lu 69.47 V uagandndluiisneadesinduain 33.41 Vidu 36.15 V ardngli
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AdnSlnindisns da3uil 4.24 uardrdnglnsinisnsgeananiigosvesszuufan i
foundu 3 gaiiionsie fam3dl 4.16 wazindsluit ussiuluii uazdndluiiisns dwsy

ASANWIAUAINTZLELNHNST F9n15199 @.1 Tunieeuan Al.1
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M5 4.16 Frdndlniiiseasananillningesvesszuuiinnwinulandau 3 yaieuse

South bound North bound

Passenger Station | @nélu1snegegn | Passenger Station | @ndluvisnsgegn

(%) (V)
PPO1 16.13 PP15 20.88
PP02 19.50 PP14 20.98
PP0O3 28.91 PP13 20.48

PPO4 62.05 PP12 66.74
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M15°99 4.16 Frdndlniiiseasananilligesvesszuuiinnuiiuandau 3 yaieuse

(si9)
South bound North bound
Passenger Station | @néluisegegn | Passenger Station | @ndluvsnsgegn
V) V)

PPO5 28.30 PP11 26.29
PP0O6 56.84 PP10 48.69
PPO7 25.92 PP0O9 30.72
PP0O8 51.67 PP0O8 52.89
PPQO9 25.64 PPO7 27.04
PP10 47.95 PP0O6 56.77
PP11 23.47 PP0O5 28.67
PP12 65.45 PPO4 62.82
PP13 23.83 PP0O3 29.57
PP14 23.04 PP0O2 16.71
PP15 24.06 PPO1 0.29
PP16 47.28 g9en 66.74

1t 35.56

nszualuiiga (mA/m) 0.00747

2) AAFIALY aUABAILUAIAIIUATUNIULTNAU 4 ALl ousBavIaNN

Uszanas 7 Alatwns Tounfisses 0, 7, 14, 2092, 27.92, 34.92 uaz 41.86 Alaluns AuaIdU
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n.1  WuAN15Y1974 Negative Resistance Converter
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South Bound

155 PsmaxtMW) | VeminlV) | UgemadV) | Uremin(V) | UsemadV) | Use in(V)
TSS1 2.508 729.372 10.891 -0.973 0.050 -0.045
TSS2 2.287 731.234 12.141 -0.973 0.050 -0.045
TSS3 2.459 729.781 13.508 -2.586 0.050 -0.044
TSS4 2.555 728.969 14.094 -3.040 0.047 -0.043
TSS5 2.575 728.803 13.605 -1.401 0.039 -0.041
TSS6 2.507 729.375 11.980 -0.976 0.031 -0.038
TSS7 2.547 729.041 13.949 -4.605 0.025 -0.036
TSS8 2.460 729.773 13.541 -5.789 0.022 -0.032
TSS9 2.308 731.057 12.509 -7.184 0.019 -0.033
TSS10 2.430 730.027 12.144 -2.554 0.016 -0.033
North Boun

TSS10 2.400 730.281 12.217 -2.065 0.011 -0.032
TSS9 2.317 730.984 12.584 -6.861 0.013 -0.031
TSS8 2.484 729.568 13.679 -5.366 0.013 -0.028
TSS7 2.535 729.140 13.798 -2.895 0.012 -0.018
TSS6 2.495 729.479 10.887 -0.964 0.010 -0.011
TSS5 2.572 728.828 13.952 -2.026 0.013 -0.009
TSS4 2.559 728.939 14.108 -2.306 0.016 -0.011
TSS3 2.435 729.984 13.312 -1.098 0.018 -0.012
TSS2 2.280 731.294 11.845 -0.971 0.018 -0.013
TSS1 0.890 742.811 3.138 -0.949 0.018 -0.013
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UUU91a09N159AFI9ALTRNND
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | UsgnaV) | Use (V)
TSS1 2.494 729.486 10.705 -0.867 0.051 -0.043
TSS2 2.287 731.236 12.151 -1.328 0.051 -0.043
TSS3 2.459 729.782 13.477 -3.566 0.049 -0.043
TSS4 2.532 729.161 12.745 -1.823 0.042 -0.041
TSS5 2.552 728.997 12.734 -0.965 0.035 -0.039
TSS6 2.540 729.094 13.868 -3.644 0.029 -0.037
TSS7 2.487 729.547 11.374 -0.896 0.024 -0.035
TSS8 2.455 729.816 13.082 -3.402 0.019 -0.031
TSS9 2.308 731.057 12.501 -6.009 0.018 -0.029
TSS10 2.422 730.093 12.142 -2.540 0.016 -0.027
North Boun

TSS10 2.394 730.331 12.236 -2.278 0.011 -0.022
TSS9 2.317 730.985 12.527 -5.266 0.013 -0.020
TSS8 2.460 729.773 12.360 -2:091 0.011 -0.017
TSS7 2.514 729.320 12.761 -2.357 0.010 -0.012
TSS6 2.553 728.984 13.988 -5.514 0.013 -0.013
TSS5 2.543 729.076 12.447 -1.203 0.012 -0.010
TSS4 2.539 729.103 12.928 -1.064 0.013 -0.010
TSS3 2.435 729.984 13.292 -3.234 0.018 -0.011
TSS2 2.279 731.299 11.863 -1.127 0.018 -0.012
TSS1 0.884 742.863 3.053 -0.846 0.018 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.82 PP15 21.41
PP0O2 20.34 PP14 21.10
PP0O3 28.54 PP13 20.51
PPO4 61.51 PP12 66.49
PPO5 24.62 PP11 26.56
PPO6 41.87 PP10 49.22
PPO7 28.55 PP0O9 24.33
PPO8 70.57 PP0O8 70.93
PP0O9 26.26 PPO7 27.94
PP10 47.63 PP0O6 56.55
PP11 19.25 PPO5 28.69
PP12 59.98 PPO4 62.27
PP13 23.73 PP0O3 20.94
PP14 23.61 PP0O2 20.92
PP15 27.63 PPO1 1.02
PP16 59.35 GAGL 70.93

\ndy 35.55
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | UsgnaV) | Use (V)
TSS1 2.479 729.617 10.520 -0.823 0.051 -0.043
TSS2 2.287 731.236 12.107 -1.371 0.051 -0.043
TSS3 2.451 729.854 12.955 -1.769 0.047 -0.043
TSS4 2.490 729.519 11.735 -0.827 0.039 -0.041
TSS5 2.561 728.923 13.222 -2.493 0.033 -0.040
TSS6 2.503 729.410 12.458 -1.756 0.025 -0.037
TSS7 2.523 729.242 12.853 -2.966 0.022 -0.035
TSS8 2.432 730.014 12.248 -2.174 0.016 -0.032
TSS9 2.308 731.059 12.443 -5.446 0.018 -0.030
TSS10 2.418 730.127 12.130 -2.504 0.016 -0.028
North Boun

TSS10 2.391 730.357 12.264 -2.063 0.011 -0.023
TSS9 2.316 730.990 12.422 -3.960 0.013 -0.021
TSS8 2.392 730.349 10.512 -0.860 0.011 -0.018
TSS7 2.532 729.162 13.584 -2.124 0.011 -0.012
TSS6 2.442 128,923 10.335 -0.865 0.010 -0.007
TSS5 2.569 728.854 13.623 -1.129 0.013 -0.008
TSS4 2.480 729.609 11.246 -0.813 0.011 -0.010
TSS3 2.435 729.987 13.243 -2.226 0.018 -0.011
TSS2 2.276 731.325 11.966 -1.387 0.018 -0.011
TSS1 0.893 742.790 3.389 -0.810 0.019 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)
PPO1 19.83 PP15 21.34
PP0O2 20.34 PP14 20.81
PP0O3 22.09 PP13 16.03
PPO4 51.92 PP12 60.98
PPO5 27.20 PP11 26.19
PPO6 56.16 PP10 48.45
PPO7 26.73 PP0O9 17.33
PPO8 53.43 PP0O8 67.47
PP0O9 25.89 PPO7 26.77
PP10 47.94 PP0O6 52.09
PP11 21.60 PPO5 27.19
PP12 46.47 PPO4 61.53
PP13 23.33 PP0O3 30.00
PP14 23.37 PP0O2 19.68
PP15 25.48 PPO1 1.01
PP16 47.21 AL 67.47
1nde 33.41
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South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.443 729.918 10.285 -0.777 0.050 -0.041
TSS2 2.286 731.240 12.094 -1.170 0.050 -0.041
TSS3 2.293 731.187 9.498 -0.777 0.046 -0.040
TSS4 2.432 730.010 10.780 -0.777 0.039 -0.039
TSS5 2.503 729.407 11.936 -0.802 0.032 -0.038
TSS6 2.481 729.599 11.793 -0.803 0.025 -0.035
TSS7 2.508 729.367 12.457 -0.801 0.020 -0.033
TSS8 2.422 730.094 12.371 -0.799 0.018 -0.030
TSS9 2.176 732.165 9.072 -0.798 0.015 -0.028
TSS10 2.407 730.219 12.301 -0.797 0.015 -0.027
North Boun

TSS10 2.383 730.429 12.254 -0.795 0.013 -0.022
TSS9 2.169 732.230 8.659 -0.794 0.011 -0.020
TSS8 2.441 729.934 12.356 -0.793 0.011 -0.017
TSS7 2.499 729.444 12.404 -0.792 0.010 -0.011
TSS6 2.500 729.439 12.050 -0.791 0.010 -0.006
TSS5 2.506 729.382 12.130 -0.790 0.011 -0.008
TSS4 2.450 729.858 11.174 -0.790 0.012 -0.010
TSS3 2.290 731.205 9.881 -0.789 0.014 -0.011
TSS2 2.273 731.350 11.708 -0.855 0.018 -0.011
TSS1 0.859 743.062 2.415 -0.789 0.018 -0.012
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.84 PP15 20.88
PP0O2 20.16 PP14 17.92
PP0O3 24.95 PP13 18.61
PPO4 59.33 PP12 42.41
PPO5 20.85 PP11 23.63
PPO6 51.58 PP10 39.88
PPO7 21.91 PP0O9 22.38
PPO8 56.69 PPO8 56.38
PP0O9 20.04 PPO7 26.32
PP10 39.34 PP0O6 51.70
PP11 21.35 PPO5 27.13
PP12 42.22 PPO4 60.35
PP13 23.05 PPO3 28.32
PP14 21.81 PP02 19.77
PP15 25.29 PPO1 0.98
PP16 41.79 AL 60.35

1nde 31.19
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South Bound

TSS | Psana®MW) | Vern®) | Usemsd) | Useain¥) | Usemad) | Usgun(V)
TSS1 2.402 730.267 10.040 -0.036 0.043 -0.036
TSS2 2.141 732.459 9.625 -0.036 0.043 -0.036
TSS3 2.270 731.378 9.466 -0.036 0.040 -0.036
7SS4 2.402 730.268 10.455 -0.035 0.033 -0.035
TSS5 2.426 730.062 10.388 -0.034 0.028 -0.034
TSS6 2.395 730.322 10.438 -0.031 0.023 -0.031
TSS7 2.404 730.246 10.615 -0.030 0.020 -0.030
TSS8 2.310 731.040 10.292 -0.027 0.016 -0.027
TSS9 2.123 732.609 8.743 -0.025 0.014 -0.025
TSS10 2.317 730.978 10.713 -0.024 0.014 -0.024
North Bound
TSS10 2.265 731.423 10.068 -0.020 0.011 -0.020
TSS9 2.098 732.824 8.292 -0.018 0.010 -0.018
TSS8 2.325 730.911 10.235 -0.015 0.010 -0.015
TSS7 2.391 730.354 10.460 -0.010 0.009 -0.010
TSS6 2.391 730.360 10.147 -0.006 0.009 -0.006
TSS5 2.401 730.277 9.909 -0.007 0.010 -0.007
7SS4 2412 730.179 10.602 -0.008 0.012 -0.008
TSS3 2.275 731.334 9.788 -0.009 0.013 -0.009
TSS2 2.131 732.549 9.405 -0.010 0.015 -0.010
TSS1 0.932 742.470 3.256 -0.010 0.016 -0.010
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M5 0.9 Ardndlninssasgeaniiliihdosvesssuuiandinideundu 21 yaeuse

South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.12 PP15 22.74
PP0O2 17.09 PP14 17.28
PP0O3 22.46 PP13 15.59
PPO4 42.45 PP12 39.95
PPO5 19.71 PP11 17.89
PPO6 34.14 PP10 36.72
PPO7 21.66 PP0O9 16.36
PPO8 45.33 PP0O8 45.55
PP0O9 19.59 PPO7 21.92
PP10 36.85 PP0O6 36.06
PP11 18.50 PPO5 19.08
PP12 39.81 PPO4 42.31
PP13 18.64 PPO3 1791
PP14 20.47 PP0O2 16.15
PP15 25.01 PPO1 0.96
PP16 39.78 GAGL 45.55

1nde 26.03




V1.6
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Re; = 0.0175 Q/km

An5199 2.10 Adslndl usesulnd wasdngluiihiisns nsdlld Ry, = 0.0175 o/km

South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.483 729.580 10.825 -0.868 0.051 -0.044
TSS2 2.287 731.235 12.186 -1.279 0.051 -0.043
TSS3 2.451 729.849 13.038 -1.641 0.047 -0.043
TSS4 2.495 729.482 11.933 -0.869 0.039 -0.042
TSS5 2.562 728.912 13.325 -2.297 0.033 -0.040
TSS6 2.506 729.389 12.590 -1.624 0.025 -0.038
TSS7 2.525 729.228 12.959 -2.744 0.022 -0.036
TSS8 2.433 729.999 12.354 -2.055 0.016 -0.032
TSS9 2.308 731.059 12.474 -5.060 0.018 -0.030
TSS10 2.420 730.111 12.236 -2.365 0.016 -0.028
North Boun

TSS10 2.393 730.344 12.345 -1.954 0.012 -0.023
TSS9 2.316 730.989 12.454 -3.672 0.013 -0.021
TSS8 2.398 730.295 10.749 -0.879 0.011 -0.018
TSS7 2.533 729.160 13.626 -1.938 0.012 -0.012
TSS6 2.450 729.856 10.621 -0.872 0.010 -0.007
TSS5 2.569 728.851 13.680 -1.053 0.013 -0.008
TSS4 2.485 729.561 11.468 -0.821 0.012 -0.010
TSS3 2.435 729.986 13.269 -2.077 0.018 -0.011
TSS2 2.276 731.324 12.019 -1.345 0.019 -0.012
TSS1 0.894 742.779 3.496 -0.820 0.019 -0.012




Rgr = 0.047 Q/km
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An5199 2.11 Adelndl usedulndn uwasdngludiniisns nsdlld Ry, = 0.047 /km

South Bound

TSS PsrmaxMW) | Vermin®™) | Uremad™) | Usemin) | Useona) | UseminV)
TSS1 2.483 729.580 10.825 -0.868 0.051 -0.044
TSS2 2.287 731.235 12.186 -1.279 0.051 -0.043
TSS3 2.451 729.849 13.038 -1.641 0.047 -0.043
TSS4 2.495 729.482 11.933 -0.869 0.039 -0.042
TSS5 2.562 728912 13.325 -2.297 0.033 -0.040
TSS6 2.506 729.389 12.590 -1.624 0.025 -0.038
TSS7 2.525 729.228 12.959 -2.744 0.022 -0.036
TSS8 2.433 729.999 12.354 -2.055 0.016 -0.032
TSS9 2.308 731.059 12.474 -5.060 0.018 -0.030
TSS10 2.420 730.111 12.236 -2.365 0.016 -0.028
North Boun

TSS10 2.393 730.344 12.345 -1.954 0.012 -0.023
TSS9 2.316 730.989 12.454 -3.672 0.013 -0.021
TSS8 2.398 730.295 10.749 -0.879 0.011 -0.018
TSS7 2.533 729.160 13.626 -1.938 0.012 -0.012
TSS6 2.450 729.856 10.621 -0.872 0.010 -0.007
TSS5 2.569 728.851 13.680 -1.053 0.013 -0.008
TSS4 2.485 729.561 11.468 -0.821 0.012 -0.010
TSS3 2.435 729.986 13.269 -2.077 0.018 -0.011
TSS2 2.276 731.324 12.019 -1.345 0.019 -0.012
TSS1 0.894 742.779 3.496 -0.820 0.019 -0.012
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s 4.401,9.578, 15.147, 20.924, 26.717, 32.286 uag 37.463 Alaluns

M137199 2.12 MAA wsadulni wazndlninnge aantilnides 4 yatousie

South Bound

TSS PsrnaxMW) | Vermin®™) | Uemad™) | Ureanin) | Usenax™) | UseminV)
TSS1 2.474 729.655 10.526 -0.813 0.051 -0.042
TSS2 2.287 731.235 12.152 -2.335 0.051 -0.042
TSS3 2.437 729.972 12.559 -1.555 0.046 -0.041
TSS4 2.515 729.306 12.526 -1.838 0.039 -0.040
TSS5 2.551 729.002 12.898 -2.819 0.032 -0.039
TSS6 2.515 729.306 12.816 -2.369 0.025 -0.036
TSS7 2.530 729.179 13.103 -3.630 0.022 -0.034
TSS8 2.425 730.074 12.004 -1.404 0.016 -0.031
TSS9 2.308 731.059 12.460 -5.275 0.018 -0.029
TSS10 2.423 730.085 12.290 -2.858 0.016 -0.027
North Boun

TSS10 2.390 730.368 12.138 -2.488 0.011 -0.023
TSS9 2.316 730.986 12.505 -5.291 0.013 -0.020
TSS8 2.449 729.868 12.085 -1.937 0.011 -0.017
TSS7 2.517 729.289 13.007 -3.128 0.010 -0.011
TSS6 2.529 729.188 12.868 -2.780 0.011 -0.009
TSS5 2.543 729.072 12.850 -2.421 0.011 -0.008
TSS4 2.520 729.270 12.515 -2.359 0.013 -0.010
TSS3 2.411 730.190 12.382 -1.236 0.015 -0.011
TSS2 2.276 731.328 11.888 -2.352 0.018 -0.011
TSS1 0.884 742.861 3.089 -0.817 0.018 -0.012




M5 .13 Adndlnihiseasananillvihgesvesanilliihdes 4 9aeuse
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.85 PP15 21.28
PP0O2 20.32 PP14 20.95
PP0O3 25.84 PP13 18.29
PPO4 41.33 PP12 48.27
PPO5 27.56 PP11 26.13
PPO6 56.33 PP10 48.92
PPO7 25.68 PP0O9 35.93
PPO8 47.16 PPO8 47.10
PP0O9 26.05 PPO7 27.20
PP10 48.10 PP0O6 56.24
PP11 22.01 PPO5 24.03
PP12 44.96 PPO4 41.37
PP13 23.22 PPO3 29.58
PP14 23.39 PP0O2 19.72
PP15 25.95 PPO1 1.00
PP16 48.14 AL 56.33

1nde 31.99
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A 4.401, 6.835, 9.578, 12.436, 15.147, 20.924, 26.717, 29.428
32.286, 35.029 way 37.463 Alans AUaIRY

M13199 2.14 Maskii useiulni wagdndlninnge aandilnides 6 IaLousie

South Bound

155 PsmaxtMW) | VeminlV) | UgemadV) | Uremin(V) | UsemadV) | Use in(V)
TSS1 2.474 729.657 10.514 -0.823 0.051 -0.042
TSS2 2.287 731.236 12.147 -2.532 0.051 -0.042
TSS3 2.430 730.025 12.525 -1.794 0.047 -0.042
TSS4 2.506 729.386 12.095 -0.824 0.039 -0.040
TSS5 2.526 729.213 12.296 -0.824 0.033 -0.039
TSS6 2.500 729.436 12.333 -0.825 0.025 -0.036
TSS7 2.502 729.420 12.163 -0.825 0.020 -0.035
TSS8 2.413 730.172 11.949 -1.469 0.016 -0.031
TSS9 2.308 731.060 12.457 -5.375 0.018 -0.029
TSS10 2.423 730.086 12.282 -3.092 0.016 -0.027
North Boun

TSS10 2.390 730.369 12.130 -2.753 0.011 -0.023
TSS9 2316 730.987 12.502 -5.336 0.013 -0.020
TSS8 2.438 729.964 12.030 -2.014 0.011 -0.017
TSS7 2.494 729.491 12.101 -0.819 0.009 -0.011
TSS6 2.511 729.344 12.355 -0.827 0.010 -0.007
TSS5 2.521 729.261 12.258 -0.828 0.011 -0.008
TSS4 2.508 729.371 12.085 -0.827 0.012 -0.010
TSS3 2.404 730.247 12.347 -1.504 0.016 -0.011
TSS2 2.276 731.329 11.883 -2.560 0.018 -0.011
TSS1 0.884 742.863 3.081 -0.827 0.018 -0.012




M5 .15 Amdndlnihissasgaaniiilnihges vesannillnirges 6 ynivausie
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 19.84 PP15 21.28
PP0O2 20.31 PP14 20.94
PP0O3 25.59 PP13 18.17
PPO4 38.99 PP12 46.95
PPO5 24.20 PP11 21.61
PPO6 35.99 PP10 32.37
PPO7 25.53 PP0O9 35.82
PPO8 42.19 PPO8 42.18
PP0O9 2683 PPO7 23.89
PP10 32.30 PP0O6 35.70
PP11 21.59 PPO5 24.18
PP12 42.43 PPO4 39.16
PP13 23.20 PPO3 29.55
PP14 23.39 PP0O2 19.64
PP15 25.93 PPO1 1.00
PP16 48.04 AL 48.04

1nde 28.55
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M3199 A.1 Maskii usadulni wagdndlniinnga 3 yoeuse
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South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.431 730.017 45.363 -6.193 0.788 -0.300
TSS2 2.285 731.248 40.321 -7.952 0.776 -0.299
TSS3 2.459 729.782 35.536 -8.292 0.750 -0.295
TSS4 2.555 728.970 27.393 -6.183 0.684 -0.285
TSS5 2.567 728.870 20.107 -6.182 0.611 -0.273
TSS6 2.477 729.628 12.087 -9.920 0.509 -0.255
TSS7 2.546 729.044 13.925 -14.499 0.433 -0.240
TSS8 2.460 729.773 13.511 -12.181 0.325 -0.215
TSS9 2.308 731.057 12.337 -10.594 0.268 -0.199
TSS10 2.430 730.029 11.121 -9.228 0.221 -0.185
North Boun

TSS10 2.400 730.283 11.422 -9.423 0.120 -0.148
TSS9 2.317 730.984 12.447 -16.233 0.078 -0.130
TSS8 2.484 729.568 13.654 -17.150 0.033 -0.107
TSS7 2.955 729.142 13.809 -17.233 0.011 -0.063
TSS6 2.477 729.632 11.690 -17.217 0.010 -0.083
TSS5 2.562 728911 13.008 -17.202 0.026 -0.135
TSS4 2.559 728.939 14.091 -17.197 0.063 -0.169
TSS3 2.435 729.984 17.419 -17.195 0.100 -0.197
TSS2 2.277 731.323 22.508 -17.198 0.115 -0.207
TSS1 0.856 743.089 27.456 -17.203 0.122 -0.212
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Al.2  WUUINABILAZHANITINABINITANAIYALYBNABADUN 4 IALYDUAD
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TSS1 TSS2 TSS3 TSS4 TSS5 TSS6 TSS7 TSS8 TSS9 TSS10

3

South Bound ——p

T I I [ I I T I LTI T T T ITT 11
NRC1 FCAL NRC2
v T . o v
0 7.00 14.00 20.92 km
——————— A e e Y Y Y Y Y Y e Y Y Y
1.27 283 440 560 6.85 810 9.57 1120 1246 13.36 1515 16.35 18.07 19.36 20.92 km
(n)
TSS1 TSS2 TSS3 TSS4 TSS5 TSS6 TSS7 TSS8 TSS9 TSS10

<4—— North Bound mm

T I T [ I I FTIT T I TITT L T ITI1L 11
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= T o ,
41.86 34.94 27.94 20.92 km
——————— A e e Y Y Y Y Y e Y Y e Y Y
41.86 40.59 39.03 37.46 36.25 35.02 33.76 32.28 30.67 29.43 2850 26,71 2551 23.87 2248 20.92 km

()

A.1 LUUTIERINISAAAWILUAIANUAUNILTEUY 4 9aLieuse

CaN
.
=b

(n) AN19 South Bound (V) NAN19 North Bound



137

M3199 A.2 MAslii usadulni wagdndlninnga 4 yoeuse

South Bound

155 PsmalMW) | VeminlV) | UpgmadV) | Uremin(V) | Usemax(V) | Usgmin(V)
TSS1 2.393 730.340 45.365 -7.551 0.787 -0.326
TSS2 2.285 731.253 40.323 -7.558 0.775 -0.324
TSS3 2.459 729.782 35.538 -1.566 0.749 -0.320
1S54 2.508 729.371 27.395 -9.885 0.683 -0.309
TSS5 2.529 729.193 20.109 -14.986 0.610 -0.295
TSS6 2.540 729.095 13.541 -18.004 0.508 -0.274
TSS7 2.513 729.328 9.177 -15.897 0.432 -0.256
TSS8 2.455 729.820 12.828 -12.434 0.324 -0.227
TSS9 2.308 731.058 12.263 -10.518 0.267 -0.209
TSS10 2.430 730.029 A . 112 -8.905 0.220 -0.192

North Bound

TSS10 2.400 730.283 11.411 -9.421 0.119 -0.150
TSS9 2317 730.985 12.360 -16.231 0.077 -0.129
TSS8 2.478 729.618 12.859 -17.147 0.032 -0.102
TSS7 2.506 729.386 9.902 -17.232 0.008 -0.070
TSS6 2.553 728.986 13.661 -17.228 0.011 -0.083
TSS5 2.515 729.305 12.815 -17.214 0.035 -0.136
1S54 2.516 729.299 11.739 -17.206 0.073 -0.170
TSS3 2.435 729.984 17.872 -17.203 0.109 -0.198
TSS2 2.275 731.335 21.615 -17.204 0.123 -0.208

TSS1 0.839 743.227 25.244 -17.208 0.130 -0.213
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M5 A.3 mdndlnihnseasaaaniliigesvesssuuiinng 4 yneuse

South bound

North bound

Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) V)

PPO1 16.22 PP15 20.85
PP0O2 19.60 PP14 20.85
PP0O3 28.85 PP13 19.45
PPO4 61.19 PP12 60.23
PPO5 20.63 PP11 24.39
PPO6 36.65 PP10 47.04
PPO7 28.84 PP0O9 23.77
PP0O8 70.38 PPO8 70.05
PP0O9 25.78 PPO7 23.67
PP10 46.06 PP0O6 26.99
PP11 16.17 PPO5 27.54
PP12 59.02 PPO4 62.00
PP13 23.49 PPO3 29.68
PP14 23.00 PP0O2 16.89
PP15 24.06 PPO1 0.28
PP16 47.28 G 70.38

e 32.93
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TSS1 TSS2 TSS3 TSS4 TSS5 TSS6 TSS7 TSS8 TSS9 TSS10

HETEEEE

South Bound ——p

. 1L 1l Ll L L1l L1ri L Ll 1 [Tl I L1 L L1
NRCL FCA1 FCA2 FCA3 NRC2
| = - = - = + e I
0 5.00 10.00 15.00 20.92 km
——————— Ve — = N = = = = = V= = Y= = Y = 2= = —
1.27 2.83 4.40 5.60 6.85 8.10 9.57 11.20 12.46 13.36 15.15 16.35 18.07 19.36 20.92 km
(n)
TSS1 TSS2 TSS3 TSS4 TSS5 TSS6 TSS7 TSS8 TSS9 TSS10

<4——— North Bound

ﬁlélluiéégéé4é$u;;;éééﬁ
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41.86 35.94 30.94 25.94 20.92 km
——————— Ve Y — = = Y e Y P —— = Y — Y — Y — =
41.86 40.59 39.03 3746 3625 3502 3376  32.28 30.67 29.43 2850 26.71 2551 2387 2248 20.92 km
()
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(n) NAN19 South Bound (%) #AN19 North Bound



M13199 A.4 MAs usadulni wagdndlninnga 5 yoeuse
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | UsgnaV) | Use (V)
TSS1 2.349 730.716 45.360 -21.709 0.790 -0.673
TSS2 2.285 731.249 40.318 -21.829 0.779 -0.667
TSS3 2.443 729.918 35.532 -21.918 0.752 -0.654
TSS4 2.435 729.982 27.389 -21.501 0.686 -0.619
TSS5 2.571 728.836 20.103 -14.280 0.614 -0.577
TSS6 2.477 729.633 11.054 -11.668 0.512 -0.516
TSS7 2.517 729.295 10.229 -15.742 0.436 -0.469
TSS8 2.436 729.980 11.371 -11.496 0.328 -0.394
TSS9 2.249 731.558 8.913 -10.625 0.270 -0.350
TSS10 2.429 730.039 10.680 -11.455 0.224 -0.310
North Boun

TSS10 2.400 730.283 11.377 -11.446 0.123 -0.217
TSS9 2.316 730.991 12.096 -16.236 0.081 -0.175
TSS8 2.419 730.119 10.236 -17:153 0.036 -0.126
TSS7 2.533 & M:59 12.875 -17.239 0.008 -0.043
TSS6 2.445 729.905 ho. 227 -17.225 0.022 -0.080
TSS5 2.570 728.843 17.500 -17.200 0.099 -0.132
TSS4 2.559 728.939 21.666 -17.183 0.153 -0.166
TSS3 2.435 729.984 26.328 -17.170 0.201 -0.194
TSS2 2.276 731.323 29.102 -17.165 0.220 -0.204
TSS1 0.855 743.094 31.794 -17.164 0.228 -0.209




141

M5 0.5 Adnglniihiseasanandlningesvesszuuiaaiuyainiuimumulieay

5 9ALeunD

South bound North bound
Passenger Station | @ndlu3egega | Passenger Station | @ndluilsnsgegn
V) (V)

PPO1 16.35 PP15 20.88
PP0O2 19.76 PP14 20.98
PP0O3 26.30 PP13 20.47
PPO4 41.84 PP12 66.72
PP0O5 27.07 PP11 26.17
PP0O6 55.10 PP10 48.39
PPO7 23.60 PP0O9 18.50
PP0O8 47.12 PPO8 63.03
PP0O9 17.03 PPO7 27.66
PP10 39.32 PP0O6 57.01
PP11 18.54 PPO5 28.67
PP12 47.45 PPO4 62.82
PP13 21.93 PP0O3 29.56
PP14 20.99 PP0O2 16.57
PP15 23.80 PPO1 0.26
PP16 47.28 GG 66.72

1ade 32.29
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South Bound

TSS PsmadMW) | VermnW) | Ugerna¥) | Usgmin) | UsgnaV) | Use (V)
TSS1 2.241 731.625 45.155 -11.283 0.780 -0.539
TSS2 2.287 731.235 40.114 -11.458 0.769 -0.536
TSS3 2.142 732.457 35.328 -11.420 0.743 -0.530
TSS4 2.519 729.275 27.186 -11.539 0.677 -0.512
TSS5 2.547 729.040 19.900 -11.649 0.605 -0.490
TSS6 2.506 729.387 12.413 -11.789 0.503 -0.456
TSS7 2.517 729.295 10.229 -11.889 0.428 -0.428
TSS8 2.436 729.980 11.371 -12.032 0.323 -0.381
TSS9 2.249 731.558 8.913 -12.111 0.270 -0.352
TSS10 2.429 730.039 10.679 -12.173 0.227 -0.324
North Bound

TSS10 2.399 730.294 10.912 -12.211 0.131 -0.254
TSS9 2.250 731.550 8.415 -16.462 0.093 -0.220
TSS8 2.456 729.806 11.176 -17.286 0.051 -0.175
TSS7 2.505 729.390 10.421 -17.228 0.001 -0.091
TSS6 2.520 {128, 240 9.687 -19.158 0.011 -0.082
TSS5 2.543 729.075 11.636 -19.060 0.057 -0.133
TSS4 2.527 729.207 20.355 -18.501 0.120 -0.165
TSS3 2.164 eeREl 30.144 -17.836 0.178 -0.192
TSS2 2.277 731.315 35.966 -17.443 0.202 -0.202
TSS1 0.780 743.708 41.612 -17.065 0.213 -0.206
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M1397 A.7 Adndliinnsegegeaniillniihgesvessruufiadeiinlasmnudiunudaay
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South bound North bound
Passenger Station | @ndlu#ins19asan | Passenger Station | @ndlnfinsegegn
(V) (V)

PPO1 16.62 PP15 19.81
PP02 19.59 PP14 16.84
PPO3 24.64 PP13 17.41
PPO4 56.34 PP12 47.69
PPO5 21.62 PP11 22.46
PPO6 50.00 PP10 39.89
PPO7 18.52 PPO9 19.74
PPO8 57.17 PPO8 56.88
PPO9 17.41 PPO7 28.44
PP10 39.32 PPO6 50.21
PP11 18.31 PPO5 25.03
PP12 47.45 PPO4 57.54
PP13 Aok PPO3 15.89
PP14 20.99 PP02 17.52
PP15 23.8 PPO1 0.22
PP16 ar.07 GAGL 57.54

\afe 30.20
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South Bound

155 Psmax(MW) | VeminV) | UremadV) | UreminV) | UsemadV) | Usg min(V)
TSS1 2.260 731.458 37.502 -7.085 0.481 -0.494
TSS2 2.049 733.233 32.573 -11.476 0.474 -0.493
TSS3 2.340 730.784 27.892 -15.304 0.460 -0.487
TSS4 2.407 730.223 19.927 -16.775 0.423 -0.469
TSS5 2.422 730.098 13.450 -15.481 0.382 -0.445
TSS6 2.426 730.060 9.009 -17.433 0.324 -0.407
TSS7 2.449 729.864 6.836 -19.254 0.279 -0.372
TSS8 2.381 730.438 7.329 -15.466 0.213 -0.316
TSS9 2.242 731.617 7.516 -15.981 0.177 -0.282
TSS10 2.396 730.319 8.472 -15.628 0.146 -0.251
North Boun

TSS10 2.343 730.766 7.057 -16.199 0.078 -0.203
TSS9 2.243 731.608 7.168 -20.297 0.050 -0.185
TSS8 2.398 730.295 7.367 -19.006 0.019 -0.159
TSS7 2.434 729.993 ezl -18.868 0.001 -0.104
TSS6 2.427 730.057 9.534 -18.342 0.014 -0.090
TSS5 2.399 730.286 13.916 -13.687 0.076 -0.101
TSS4 2.398 730.297 17.446 -14.311 0.120 -0.116
TSS3 2.318 730.976 22.990 -13.319 0.159 -0.131
TSS2 2.051 733.219 28.735 -9.050 0.175 -0.135
TSS1 1.149 740.689 34.306 -6.560 0.181 -0.136
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South bound North bound
Passenger Station | @ndlu#ins19asan | Passenger Station | @ndlnfinsegegn
(V) (V)

PPO1 17.26 PP15 14.63
PP02 13.02 PP14 14.69
PPO3 16.36 PP13 13.18
PPO4 33.28 PP12 39.65
PPO5 16.09 PP11 16.56
PPO6 32.35 PP10 32.01
PPO7 17.44 PPO9 24.95
PPO8 37.70 PPO8 37.91
PPO9 16.46 PPO7 18.11
PP10 31.67 PPO6 30.43
PP11 14.24 PPO5 18.51
PP12 39.62 PPO4 33.57
PP13 lDlais PPO3 21.27
PP14 17.97 PP02 13.38
PP15 22.51 PPO1 0.44
PP16 39.38 GAGL 39.65

\afe 22.89
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South Bound

TSS PsrnaxMW) | Vermin®™) | Uemad™) | Ureanin) | Usenax™) | UseminV)
TSS1 2.346 730.735 45.795 -25.323 0.827 -0.808
TSS2 2.286 731.244 39.178 -25.434 0.818 -0.802
TSS3 2.416 730.146 34.482 -25.525 0.795 -0.786
TSS4 2.479 729.610 26.513 -25.030 0.739 -0.744
TSS5 2.567 728.869 20.640 -19.664 0.675 -0.693
TSS6 2.509 729.357 14.710 -19.199 0.584 -0.620
TSS7 2.537 729.120 11.689 -17.898 0.513 -0.562
TSS8 2.430 730.028 11.598 -16.938 0.409 -0.478
TSS9 2.308 731.060 12.148 -16.098 0.351 -0.434
TSS10 2.432 730.013 11.277 -12.300 0.301 -0.392
North Boun

TSS10 2.398 730.297 11.249 -12.286 0.190 -0.293
TSS9 2.316 730.988 12.206 -16.215 0.142 -0.247
TSS8 2.454 729.824 11.615 -17.081 0.089 -0.190
TSS7 2.525 729.223 11.690 -17.623 0.008 -0.098
TSS6 2.523 729.241 14.860 -20.044 0.030 -0.080
TSS5 2.559 728.934 20.873 -20.549 0.122 -0.135
TSS4 2.485 729.562 26.448 -24.922 0.186 -0.182
TSS3 2.390 730.369 34.479 -25.465 0.243 -0.224
TSS2 2.276 731.324 39.268 -25.380 0.265 -0.240
TSS1 0.821 743.375 44.806 -25.282 0.275 -0.246
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 16.53 PP15 20.76
PP0O2 19.80 PP14 20.64
PP0O3 23.43 PP13 17.75
PPO4 36.99 PP12 46.47
PPO5 27.25 PP11 25.24
PPO6 55.02 PP10 47.74
PPO7 22.13 PP0O9 3591
PPO8 46.99 PPO8 48.75
PP0O9 25.63 PPO7 25.92
PP10 46.98 PP0O6 54.87
PP11 20.07 PPO5 24.31
PP12 42.88 PPO4 39.96
PP13 22.90 PPO3 29.26
PP14 22.96 PP0O2 17.20
PP15 24.41 PPO1 0.30
PP16 47.12 AL 55.02

1nde 30.84
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South Bound

155 PsmaxtMW) | VeminlV) | UgemadV) | Uremin(V) | UsemadV) | Use in(V)
TSS1 2.346 730.735 45.343 -23.092 0.805 -0.781
TSS2 2.286 731.244 39.950 -23.937 0.795 -0.776
TSS3 2.416 730.146 35.228 -24.715 0.773 -0.761
TSS4 2.469 729.699 27.193 -25.603 0.718 -0.723
TSS5 2.520 729.266 20.886 -19.656 0.655 -0.676
TSS6 2.500 729.437 14.873 -20.062 0.564 -0.606
TSS7 2.499 729.444 10.672 -18.873 0.495 -0.551
TSS8 2.430 730.028 11.649 -17.413 0.393 -0.476
TSS9 2.308 731.060 12.162 -16.529 0.335 -0.432
TSS10 2.432 730.013 11.243 -12.646 0.287 -0.390
North Boun

TSS10 2.398 730.297 11.275 -12.557 0.178 -0.291
TSS9 2316 730.988 12.216 -16.136 0.131 -0.245
TSS8 2.454 729.824 11.597 -17.047 0.080 -0.188
TSS7 2.490 729.524 10.199 -18.006 0.006 -0.103
TSS6 2.512 729.334 14.458 -20.456 0.027 -0.081
TSS5 2.516 729.305 20.555 -20.138 0.118 -0.133
TSS4 2.474 729.658 26.615 -25.056 0.181 -0.179
TSS3 2.390 730.369 34.712 -24.236 0.238 -0.217
TSS2 2.276 731.324 39.527 -23.462 0.260 -0.231
TSS1 0.821 743.375 44.198 -22.683 0.270 -0.237
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South bound North bound
Passenger Station Andluisnsgean | Passenger Station | @ndluiinsisasan
V) (V)

PPO1 16.53 PP15 20.63
PP0O2 19.67 PP14 20.64
PP0O3 23.43 PP13 17.42
PPO4 36.02 PP12 46.47
PPO5 19.95 PP11 20.94
PPO6 36.88 PP10 35.02
PPO7 21.55 PP0O9 34.07
PPO8 45.96 PP0O8 47.64
PP0O9 20.32 PPO7 22.71
PP10 32.33 PP0O6 38.45
PP11 18.66 PPO5 22.58
PP12 42.92 PPO4 38.50
PP13 22.90 PPO3 29.26
PP14 22.87 PP02 17.25
PP15 24.41 PPO1 0.29
PP16 47.12 AL 47.64

1nde 27.85
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Abstract— This article contains an NEG-TPS that  current. These problems are danger to the building
provides zero-resistance loops, to reduce the rail structures at the substations and the substations nearby
potential and stray current in DC electrified railways. where is constructed with the metal. The problem of
The NEG-TPS are built by directly adding power  stray current into the ground is an unavoidable
electronic devices in a traditional traction power system problem [1]. The rail current returns to the substation
without altering the frains, rails, or tunnels. As the  throygh the running rail. Some of the reverse currents
results, obtained from the simulations based on the case leak into the earth and the metal construction. It is a
study. The percentage of rail potential that is reduced significant factor in the corrosion of the track's metal
ranges from 81.2% to 100% when compared to TRA- swhich. affect ‘the Teduction.. of ing track life.
TPS, and ranges from 0.9% to 26.3% when compared grounded equipment, and strengthen buildings Ever);
to RET-TPS, and the reduction percentage of stray 1 A of st ’ t ode0tk ‘f teel
current mainly ranges from 90.6% to 100% when };iali; f(l) Zmy fjugznkma}; corroce g (:l‘ SIeEL
compared to TRA-TPS, and ranges from 1.0% to 26.4% ;oL Jeac, an € Ol copper, accor mg to
when compared to RET-TPS. research [2]. Onme of the performed solutions,

nowadays, Parallel conductors were placed along the

Keywords—Rail potential, Stray current, Negative rumq'ng ‘rails to Share the rail current and gn'mimize th_e
resistance converter (NRC), DC electrified raibways, longitudinal resistance of rails, lowering the rail

Return conductor. potential and stray current. This system has limitations
on an amount of the cable length and cost. The effect
NOMENCLATURE of the rail potential and stray current is not as apparent
NEG-TPS  Negative resistance converter traction  as it should be if the number of cables is insufficient
power systen. [3]
TRA-TPS  Traditional traction power system. Therefore, this paper presents a new method to
RET-TPS  Refurn conductor fraction power  decrease the rail potential and the stray current which
system. is called the NEG — TPS by using zero resistance in a
NRC Negative resistance converter. loop to reduce the rail current's return path on the
FCA Feeder cable. running rails [4]. The rail potential and the stray
SU Switch unit. current are effectively decreased by the NEG-TPS. It
u, Voltage of zero-resistance loop. also provides an DC electrified railways safety
lxze Output voltage of NRC. without reconstruction the existing structure.
Urcy Voltage across FCA.

The remainder of this article is arranged in the

Usu Conducting voltage drop of SU. following manner. the configuration and operation
urr Ra!lpotent!al of TRA-TPS. principles of NEG-TPS are discussed in depth in
R Rail potential of RET-TPS. section II. The case study model is discussed in
Uy Rail potential of NEG-TPS. Section III. The modeling results and reduction
T Stray current of TRA-TPS. performance of rail potential and stray current are
iR Stray current of RET-TPS. shown in Section IV. Finally, Section V has the
v Stray current of NEG-TPS. conclusion.
n Reduction percentage of rail potential. NS
6 Reduction percentage of stray current. Do ™ Subsmions
D+ D
1. INTRODUCTION

At present the DC electrified railways systems are Gatenary
widely used for transportation especially in the Running rails
Bangkok, Thailand because they can handle with the | Rv‘~(ummm!u -
crowded passengers during peak times. Most of the 3 e
main transportation with railways in Bangkok are the u ﬂ u D u

DC electrified railways which is high opportunity to ) )
occur the problems of the rail potential and the stray ~ Fig- 1. Configuration of TRA-TPS, RET-TPS and NEG-TPS.
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Substation | Substation 2 Substation 1 Substation 2 Substation 1 Substation 2
St D+ S+ D+ o+ R
Contact line Traction Current Contact line Traction Current Contact line Traction Current
" Rail Current  Running rails ===, Rail Current Running rails =", Rail Current Running rails

=
fac ] w » =
Stray Current Return Conductor ~ Stray Current Stray Current
(a) (®) ©)

Fig. 2. Rail retum current configurations between two substations. (a) TRA-TPS (b) RET-TPS (c) NEG-TPS.

II. CONFIGURATIONS AND OPERATION PRINCIPLES

Traction power systems are made up of traction
substations, contact lines/catenary, and running rails, with
the arrangement varying of TRA-TPS, RET-TPS and
NEG-TPS are shown in Fig. 1 and Fig. 2. The rail potential
and stray current calculations on the running rails when the
train moves from the traction substation 1 (TS1) to the
traction substation 2 (TS2) as shown in Fig. 3, are obtained
by the Kirchhoff's current law (KCL) and the Kirchhoff's
voltage law (KVL) [4].

w -, R u,

5
1
x—dx x
Fig. 3. Differential circuit of running rails.

A. Traditional Traction Power System

In TRA-TPS, as shown in Fig. 2(a). When the train
moves from TSI to TS2, the traction current supplies to
the train via the contact line or the third rail located
parallel to the running rail. The electricity will flow into
the electric train to supply the traction system and the rail
current will then return to the substation. The stray current
also flows through the earth back to the substation.

Regarding Fig. 3, the rail potential, u,c and the stray
current, isc in TRA-TPS, where A and By are parameters
determined by using KVL and KCL boundary conditions,
are calculated as follows:

sk LA
:Rg(AkeJ;+Bke JIZ). 2<k<n

Uty

) 1 f[k:n
Ir=—
.1

2R, 5 5

i (1)

4

B. Return Conductor Traction Power System

In RET-TPS, as shown in Fig. 2(b). The return
conductors are installed parallel to the running rail and
connected to the running track for the specified distance.
The most of the rail currents are consequently returned to
substations via the return conductors [5]. Therefore, the
rail current that leaked from the rail to the ground is
reduced.

Considering Fig. 2, the rail potential, v and the stray
current, isy in RET-TPS, where Gy and Hy are parameters
determined by using KVL and KCL boundary conditions
are expressed as follows:

e L
=R, (G,e ‘/;+er Jg), 1<k<n
. (2

3 )
|”1R(k)‘ de=—7=
= ¢

Uy

1T
|
g0

=

I~

C. Negative Resistance Converter Traction Power System

In NEG-TPS, as shown in Fig. 2(c). NRCs, FCAs and
SUs are added to the TRA-TPS. SUs at both ends of a rail
segment are activated when a train passes through is
activated, providing a shorter path of the return current. To
get the voltage in the loop to zero, the output voltage of
NRCs is controlled to equal the polar opposite of the
voltage between FCAs and SUs on this new return path.
The resistance of the turned-on SUs to NRCs should then
be zero ideally.

The NRC is a negative equivalent output resistance
bipolar full-bridge DC-DC converter and a flexible
controllable output voltage as shown in Fig. 4(a). SU
stands for a bidirectional switch, which is two IGBTs
linked in reverse series shown in Fig. 4(b). FCA stands for
parallel cables, which is comparable to resistors in parallel
shown in Fig. 4(c), NRCs and SUs are devices that allow
energy to flow in both directions.

- Upea 4

Ryca

FCA

©
Fig. 4. Operation devices in NEG-TPS. (a) NRC. (b) SU. (c) FCA.
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The length of each rail section is determined by the
various rail potential and stray current reduction
requirements. In this article, there are four rail sections in
the running rails to make the simplified analysis which the
output resistances of NRCs are calculated as in (3) and (4).
Regarding Fig. 3, the rail potential, 1,y and the stray
current, isy in NEG-TPS, where Gi and Hy are parameters
determined by using KVL and KCL boundary conditions,
are obtained as in (5).

“Upcq ~Usty, k=1
k-1
Uyger =1
=Y Uy — U
Fogj — USUG-D, 2<k<n
=
SO Rypey =21 ®)
NRCL =
Ixre1
_ch.g —Rg, k=1
— ) =k
Ryger =1

I RFC.{/ _RSU(k—l) 2<k<n
=

j=n
P 1<k<n-1
_ Fey ~Usuy»
Uypcy =9 jZent

— =n
Upcatny ~ Usyn-1y»

Uy,
S0 Ryzer = —ARC2 4
Ixgea
j=n
- 2 Rrcy = Reyy»
Ryper = j=kA1
—-R

FCA(m) —

R, LB
:Rg(erJ%+er Jg). 1<k<n
(%)

| = Uy

L
U= —1 j. U
SN T TN(k)
2R, % R

1<k<n-1

R k=n

SU (n-1)°

Uy ey

III. CASE STUDY MODELLING

In this article, the DC electrified railway system of the
case study includes a single train running on the track
section and three substations located at a position of 0, 5,
and 10 km, respectively. TABLE. I lists the modelling
parameters of the typical equivalent circuit of the case
study as shown in Fig. 5. The substation voltage rated at
1500 V which traction current is also constant at 1667 A.
The simulation results are obtained by applying MATLAB

program.
TABLE I MODELLING PARAMETERS
Parameters Variables Values Units
Substation voltage rated Usubs 1500 v
Train current ir 1667 A
Catenary resistance(OCS) Re 7S mQ/km
Ru: rail resistance R, 9 mQ/km
SU resistance Ry 0.002 mQ/km
FCA resistance Rrcy 0.00225 mQ/km
Rail-to-earth resistance R, 2 Qkm
Distance L 10 km

Authorized licensed use limited to: Suranaree University of Technology provided by UniNeg:?ownloaded on February 19,2024 at 03:20:14 UTC from IEEE Xplore. Restrictions apply.

Fig. 5. Typical equivalent circuit of TRA-TPS, RET-TPS and NEG-TPS.

Considering the models of NEG-TPS, RET-TPS, and
TRA-TPS shown in Fig. 2, the rail potential and the stray
current are obtained from (1), (2), and (5), respectively.
The assessments of the reduction performance of NEG-
TPS in terms of the distribution of the rail potential and the
stray current are reasonably examined in the next section.

IV. RESULTS AND DISCUSSIONS
A. Rail Potential and Stray Current Distributions

1 T T T
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Fig. 6. Case study results. (a) Rail potential in TRA-TPS, RET-TPS and
NEG-TPS. (b) Stray current in TRA-TPS, RET-TPS and NEG-TPS.

From Fig. 6, x is represented the train position. In
TRA-TPS, the maximum rail potential, u,r is 13.32 V as
presented in in Fig. 6(a), where x are at 2.50 km and 7.50
km. The train is now in the center of two substations where
the maximum of u,7 occurs at these train locations. The
maximum stray current, is7 is 6.65 A as presented in Fig.
6(b), where x are at 2.50 km and 7.50 km. At this point, the
train is also in the center between substations where the
maximum of ;7 also occurs at these train locations.

In RET-TPS, the maximum rail potential, uz is 2.66 V
as presented in Fig. 6(a), when the train is in the center of
the rail-section 2, 3, 6 and 7, where x are at 1.88 km, 3.14
km, 6.88 km and 8.14 km, respectively. The maximum
stray current, isg is 0.67 A as presented in Fig. 6(b), when
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the train is also in the center of the rail-section 2, 3, 6 and
7, where x are at 1.88 km, 3.14 km, 6.88 km and 8.14 km,
respectively.

In NEG-TPS, the maximum rail potential, u,yis 2.33 V
as presented in Fig. 6(a), when the train is in the center of
each rail section where x are at 0.62 km, 1.88 km, 3.14 km,
4.38 km, 5.62 km, 6.88 km, 8.14 km and 9.38 km. Because
the running rails are evenly divided into four rail sections,
the rail potential distribution at the train site is same in
each rail section. The maximum stray current, isy is about
0.58 A when the train is in the center of each rail section,
as shown in Fig. 6(b). u,v properly distributed in the rail
section with a length of L/8. Whereas iz is dispersed
across the whole running rails.

B. Reduction Performance of Rail Potential and Stray
Current

The percentage of reduction of the rail potential, # and
the stray current, 6 are defined in (6) and (7) with the
intention of examining NEG-TPS reduction performance
during the train services, where nyr is the percentage of
reduction of the rail potential between NEG-TPS and
TRA-TPS, nar is the percentage of reduction of the rail
potential between NEG-TPS and RET-TPS, dyr is the
percentage of reduction of the stray current between NEG-
TPS and TRA-TPS and dyz is the percentage of reduction
of the stray current between NEG-TPS and RET-TPS.

Nyr = (1= 2% 100%
U,z
n= " (6)
Nye = (1——L)x100%
Uy

S = (1-2)%100%
1

T

Syp = (1-2)%100%

Uyg

From the simulation results as shown in Fig. 7, the
track range of 0-5 km are only used to analyze the
percentage of reduction of the rail potential and the stray
current, because the results of the assessment are the same
as the second half of the track. In NEG-TPS, the
maximum rail potential and stray current are reduced by
812% and 90.6% in comparison with TRA-TPS,
respectively. In additions, the maximum rail potential and
stray current are reduced by 26.3% and 26.4% in NEG-
TPS in comparison with RET-TPS, respectively.

g N
) o
%0~ 7100 %\
ES 81.2% 812% az
g
E3 al
£f.
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0 0s 1 15 2 25 3 35 4 45 s
Position (km)
()

Fig. 7. Percentage of reduction. (a) Rail potential in TRA-TPS, RET-
TPS and NEG-TPS. (b) Stray current in TRA-TPS, RET-TPS and NEG-
TPS

V. CONCLUSION

In DC electrified railways, the NEG-TPS system is
proposed to reduce rail potential and stray current. The
NEG-TPS system's running rails are split into four rail
sections, and the rail current is zero in the section that is no
train services. As a result, it is found that the rail potential
and the stray current are reduced obviously in NEG-TPS.
In the meantime, NEG-TPS requires no modifications to
the trains, tracks, tunnels, or other infrastructure. The
percentage of reductions are also used to verify the
reduction performance of the rail potential and the stray
current of the NEG-TPS. Furthermore, the NEG-TPS is
possibly used in both the present and the future of DC
electrified railways.
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Abstract

The NEG-ETP system that providing zero resistance closed circuit reducing the reverse path of current on the running
rail is presented in this article. The NEG-ETP system is created by installing additional electronics in conventional electrical
systems. Without modifying trains, tracks, or tunnels. Using MATLAB program through models for MRT purple line (North),
rail potential and stray current are assessed in accordance with EN 50122 standards of all three systems, including CON-ETP,
REC-ETP, and NEG-ETP. According to the simulation, the percentage reduction of the rail potential was 9.14% when the
REC-ETP versus the CON-ETP system was 32.99% when the NEG-ETP system compared to the CON-ETP system and
26.25% when the NEG-ETP system versus the REC-ETP system could be seen in this negative resistance converter system,
which can reduce the cost of rails and leakage currents in the DC system. It can also be applied to new rail transport.
©2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 4th Intemational Conference on Clean Energy and Electrical Systems, CEES, 2022.

Keywords: Rail potential: Stray current: Negative resistance converter (NEG); DC railways: Return conductor

1. Introduction

There are two electrical systems used to drive trains, namely the direct current system (DC) and the alternating
current system (AC). As for the electricity supply system to drive the electric trains, there are two systems, namely
the third rail system and overhead wire system. Which the overhead wire system, there will be a structure of the
current feed system above the rails, often used for long-distance train journeys. The third rail system has advantages
in terms of visual pollution effects. There is no cluttering power supply structure above the railroad tracks. But there
are restrictions on use and safety. This system is often used on subways or mass transit systems. In this research,
the focus is on the third rail direct current system due to case studies MRT purple line (North) organized in this.
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Nomenclature
NEG-ETP Negative resistance converter electric traction power.
CON-ETP Conventional electric traction power.
REC-ETP Return conductor electric traction power.
NEG Negative resistance converter.
FEC Feeder cable.
SW Switch unit.
Uy Voltage of zero-resistance loop.
UNEG Output voltage of NEG.
UFEC Voltage across FEC.
Usw Conducting voltage drop of SW.
Uyt Rail potential of CON-ETP.
Urr Rail potential of REC-ETP.
Uy N Rail potential of NEG-ETP.
i Stray current of CON-ETP.
iR Stray current of REC-ETP.
iN Stray current of NEG-ETP.

The traction current flows back to the power substation through the track in DC electric propulsion systems such
as electric trains, trams, and mass transit systems causing the rail potential. Part of the reverse current flows to
the soil through the running rail. This section is called stray current [1]. In running rails and underground metallic
pipes, stray current can cause substantial electrochemical corrosion and when people enter or exit the train, the rail
potential might create an electrical shock [2].

However, this paper will focus on the rail potential and stray current reduction in DC electric train system by a
new method called NEG-ETP. It is a new method in which additional equipment is installed in the old system as
shown in Fig. 1. Whether it is a CON-ETP and a REC-ETP. It is a method of bringing the conductors parallel to
the running track [3]. Extra tracks divide the current and reduce the equivalent resistance of running rail. However,
installing extension rails and modifying relevant components in an electric train system can often be costly and
constraints on cable quantity and cost. If the number of cables is not enough the result of the reduction would
be unclear [4]. These two systems are the ones that are currently in use. The new method uses the principle by
reducing the rail current that returns on the moving rails by applying zero resistance in a closed circuit [5].

NEG-ETP

REC-ETP
Substation 1 FAELR Substation 2
{ gasnary \

gunning rails

conductor

[ Return
r4

HAINEIANG = |

Fig. 1. Diagram of CON-ETP, REC-ETP and NEG-ETP.

The topics of this article are organized as follows: The operation principles and assessment are in-depth analysis
in Section 2. Section 3 presents the model of case study. The simulation results and mitigation percentage of rail
potential and conclusion are proposed in Section 4 and Section 5, respectively.
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2. Operating principles and assessment

The power supply systems of electric traction substations include rail conductors or contact lines, and tracks
or running rails, with CON-ETP, REC-ETP, and NEG-ETP layouts available presented in Fig. 1. and separated in
Fig. 2. The classical mathematical model for double-side power supply is determined by a model for supplying
power to the train, including power supply substation, trains, rail resistance and conductive unit length to make it
easier to calculate as shown in Fig. 3, when ;| and /.3 are currents flowing in and out at nodes a and c, respectively,
and L, is the considered length of this section.

a b ¢

Substation 1 Substation 2 Substation 1 Substation 2 Substation 1 Substation 2

o] [o+] o [or D

Contact line Traction Current

P Contact line Traction Current Contact line Traction Current

Rail Current Running rails Rail Current  Running rails

i-p——/

Stray Current Return Conductor ~ Stray Current Stray Current

Fig. 2. Operation principles of return current to substations. (a) CON-ETP (b) REC-ETP (c¢) NEG-ETP.

L 1 Ik
7881 _11
. Ls Ry Ly 5
Gl
X, j i
i L 1
1

Fig. 3. Classical mathematical model for double-side power supply for calculation between considered nodes.

2.1. Conventional electric traction power system

Fig. 2(a) shows the configuration of CON-ETP as a train travelling between substation 1 and substation 2, traction
current is delivered to the train via the overhead wire, which is parallel to the rails. Once the power supplies the
electric traction motor on the train, the current will go to the wheel and running rail then back to substation. In
addition, the stray current capably flows to the ground and returns to substation [6].

For the CON-ETP operation, the parameters A; and By are obtained in terms of the summation of currents. It
would be seen the mathematical model in Fig. 3. If the train moves a distance x; from node @ to node ¢ for a
distance L), rail potential, u,7, and stray current, i;7, are computed as follows in Eq. (1) when « = /R G

Uty = Ro(Are™ + Bie ™), . 2<k <n
L k=n

3 1 UrT (k) (1)
i = 5 / 3 lurro| =1

According to the x; = 0 (node a) and x; = L; (node ¢). Substitution such values in Eq. (1) can be expressed in
Eqgs. (2) and (3), respectively.

13(0) = Ae™? + Bre™” = Ay + By @)
(L)) = Are™™D + Bye™®D) 3)
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When 7%(0) = I3 and I;e(Ll) =11 (B = I;3— A). From the above equation, it was found that the variables A
and By which can be calculated according to as follows in Eq. (4):
Al (T — Ae™ = Iy
i Iy — I,\'SE_aLI )

A = el — p—aLy

2.2. Return conductor electric traction power system

Fig. 2(b) shows the configuration of REC-ETP. The parallel rails and the return conductors are connected at
the definite distance for example every 5-6 km. The rail currents mostly return to substations through the return
conductors [7]. As a result, the amount of rail current leaking to the ground is decreased.

The calculation in REC-ETP can be also calculated from Eq. (1) and considered mathematical model in Fig. 3.
However, the model of REC-ETP is slightly different in comparison with CON-ETP with additional nodes of the
next sections.

2.3. Negative resistance converter electric traction power system

Fig. 2(c) shows the schematic diagram of NEG-ETP. NEGs, FECs, and SWs are included in the CON-ETP
model. During a train running pass SWs in the closed circuit, SWs would be activated, enabling the return current
to take a shorter path [8]. The output voltage of NEGs is changed to match the negative equivalent voltage of FECs
and SWs that makes the voltage summation in the new closed circuit to be zero. The zero resistance is ideally
obtained from the turning-on SWs to NEGs connection.

As illustrated in Fig. 4(a), the NEG is a full-bridge bipolar-switching dc—dc converter with a adaptable tuning
output voltage and output resistance. A bidirectional switch, or SW includes a couple IGBTs connected in series
with reverse direction illustrated in Fig. 4(b). The model of FEC is configured the parallel of the rail resistors as
shown in Fig. 4(c). Therefore, the return current can flow in both direction via NEGs and SWs.

a b ¢

u ®C, y CGx U, Ugyy

| K 7

NEG SW

2

Fig. 4. Power electronic devices connected in NEG-ETP. (a) NEG. (b) SW. (c) FEC.

The mitigation of rail potential and stray current could be obtained by separated the rail to be a section with the
specific length. To simplify the case study, the running rails would be separated into four sections, then the output
resistances of NEGs are determined in Eqs. (5) and (6). Rail potential, u,y and stray current, iy in NEG-ETP shown
in Fig. 3, are expressed in Eq. (7), where parameters Gy and Hj are derived from the proof of each consideration
scope given in variable by applying KVL and KCL calculation.

—UFECI — USWI, k=1
j=k—1

UNEGI =

= E UFEC] —Uswk-1), 2=<k=n

=1
Jj=n
_ E urgcj —uUswiky, l<k=<n-—1

UNEG2 = j=%t1

UFECH) — Uswau-1)y Kk =n
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UNEGI
So Ryegr = —— 5)
INEGI
UNEG2
So Rvega = —— ©
INEG2
—RrEcj — Rswi, k=1
R j=k—1
NEGI =
- Z Rrecj — Rswik—-1y 2<k <n
j=1
j=n
R = - Z Rrecj — Rsway, 1<k=n-—1
NEG2 = k1
—Rrecm — Rswan-1), k=n
UrnG) = Ro(Gre™ + Hee™®), 1<k <n
k=n
; 1 fl' Uy NGk @
N = —— Z'"”‘""”M"' s (),
2Re Jo = R,

2.4. Assessment stray current for the MRT purple line

The stray current offered as a reference value for electric trains should be no more than 2.5 mA/m/track to assess
stray current according to EN 50122-1 and EN 50122-2 [9,10], however the runway stray current measurement is
a concern. Only the influence caused by stray current may be measured, which is essentially impossible. This will
be the rail’s own potential. The rail potential may be computed using EN 50122-2 determined in Eq. (8).

g <05 Banc (1 —e‘(fv)) &

where, Ugg is the voltage value along the length (V), 7, is the mean return current circuit of the section under
consideration during peak load (A), Rc is the resistance characteristics of the rails per unit length (€2/km), L is the
length of interest to consider for the route (km), L¢ is the length of the track (km). Which values R¢ and L¢ can
be obtained from Egs. (9) and (10)
R
Re= [SE ©)
Gre

Lol (10)

T /Ry x Grg
where, R’ is the rail resistance per unit length (Q2/km), G'gg is the conductivity per unit length between rail and
ground (S/km).

3. Model of case study

The flow chart to evaluate the rail potential is presented in Fig. 5. Firstly, the detection of train location is obtained
by the train movement calculation with obtaining the train position, train speed and train power. Secondly, REC-ETP
and NEG-ETP calculate the rail potential for rail-section and CON-ETP is also calculated the rail potential. If a
train travels to the end of the track, then the simulation will also be end. A train simulation program is carried
out in MATLAB using a model of the train in MRT purple line for determining the rail potential. It includes 16
passenger stations and 10 traction substations. The train and system information of the MRT purple line (North)
are presented in Table 1. and the station location information is shown in Table 2. The train is electrified through
the third rail with a rated voltage of 750 V.
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REC-ETP
(Connect return
conductor point))

Intitialization
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NEG-ETP
(Install NEGs, FECs
and SWs))

Fig. 5. Rail potential evaluation procedure: CON-ETP, REC-ETP and NEG-ETP.

Table 1. Train and system information of the MRT purple line (North) for simulation.

Specific data Information Value Unit
Train parameters
Movement feature Max. speed 80 km/h
Max. acceleration 12 m/s®
Max. deceleration 09 m/s?
Weight Train mass 135 ton
Passenger mass 75 ton
Tractive effort curve Maximum tractive effort 228.8 N
Maximum braking effort 168.8 N
Efficiency Motor power factor 0.86 -
Auxiliary power Constant load 270 kW
Train resistance
3rd Rail resistance 0.007 Q/km
Track resistance 0.0175 Q/km
Earth resistance 12 Q
Rail-to-carth conductance 2 S/km
Substation parameter
Voltage no-load 750 v
Short-circuit capacity 50 MW

4. Simulation results

4.1. Assessment stray current for the MRT purple line (North)

The stray current assessment for the MRT Purple Line (North) is calculated from (8), (9) and (10) mentioned
above. It was found a rail potential of 48.97 V and a stray current of 0.0979 mA/m for a rating of 7106.413 A and
compared with the simulation result of a single train movement as shown in Fig. 5, as shown in Table 3.

From Table 3, it is found that the rail potential is different. As a result of a single train simulation, there is
stray current accumulated in the ground that flows back into the propulsion substation. However, both obtained rail
potentials are standardized to the EN 50122-2 standard, i.e., the allowable voltage is no more than 120 V, and it
is recommended that no damage to the railway up to 25 years, if stray current per unit is below 2.5 mA/m. The
simulation results of CON-ETP, REC-ETP and NEG-ETP systems can be described in Figs. 6-8, respectively.
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Table 2. Station location information.

Energy Reports 8 (2022) 1166-1174

Station code Substation code Station name Station position (km)
PPO1 TSS01 Khlong Bang Phai 0.00
PP02 TSS02 Talad Bang Yai 127
PPO3 TSS03 Sam Yack Bang Yai 2.83
PPO4 - Bang Phlu 440
PPO5 TSS04 Bang Rak Yai 5.60
PP06 - Bang Rak Noi Tha It 6.85
PPO7 TSS05 Sai Ma 8.10
PPO8 - Phra Nang Klao Bridge 9.57
PP09 TSS06 Yack Nonthaburi 1 11.20
PP10 - Bang Krasor 12.46
PP11 TSS07 Nonthaburi Civic Center 13.36
PP12 - Ministry of Public Health 15.15
PP13 TSS08 Yack Tiwanon 16.35
PP14 TSS09 Wong Sawang 18.07
PP15 TSS010 Bang Son 19.36
PP16 - Tao Poon 20.94

Table 3. Comparison of stray current assessment results during single train motion simulations
with rail potential calculations obtained from grounding models according to EN 50122-2.

Assessment procedure

Rail potential (V)

Simulation result of a single train movement
Calculation of rail potential according to EN 50122-2

76.38
48.97

Rail Voltage of train : V

=

*
*

Rail potential
Substation position
_Passenger platform

=
(8]
~
o

8 10 12
Position: km

Fig. 6. Rail potential of CON-ETP.

4.2. Conventional electric traction power system

Fig. 6 shows the rail potential of the CON-ETP system. At the passenger station 8 (PP08) located between
substation 5 and substation 6 (TSS05-TSS06), the maximum rail potential of 76.38 V is obtained. Considering the
other peaks of rail potential, they are occurred at passenger station located between substations during the train
operation in accelerating mode. The rail potential would reduce when the train running in cursing and coasting

modes.

4.3. Return conductor electric traction power system

As a case study, the connected points of the return conductor and the running rail are located at of 0, 5, 10,
15, 19.36 and 20.94 km. The maximum rail potential of 69.40 V is obtained at the passenger station 10 (PP10)
located halfway between substation 6 and 7 (TSS06-TSS07) as shown in Fig. 7. It is pointed out that the peak rail
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Fig. 7. Rail potential of REC-ETP.
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Fig. 8. Rail potential of NEG-ETP.

potential occurred at each passenger station located around middle between the connected points is higher than the
passenger station located near the connected point. The maximum rail potential of REC-ETP system is lower than
that of CON-ETP system of 9.14%.

4.4. Negative resistance converter electric traction power system

The connected points of the return conductor and the running rail are located at same position as the REC-ETP
system. The rail potential of the NEG-ETP system is shown in Fig. 8. At passenger station 10 (PP010) located
halfway between substation 6 and 7 (TSS06-TSS07), the maximum rail potential of 51.18 V is obtained. The peak
rail potential occurred at each passenger station located around middle between the connected points is higher than
the passenger station located near the connected point similar with the REC-ETP system, but a bit lower. The
maximum rail potential of the NEG-ETP and the REC-ETP are reduced by 32.99% and 9.14% in comparison with
the CON-ETP as shown in Table 4. Regarding the maximum rail potential evaluation, the NEG-ETP is lower than
the REC-ETP by 26.25%.

Table 4. Percentage reduction of rail potential.

System Rail potential (V) Percentage decrease (%)
CON-ETP (Base case) 76.38 -

REC-ETP 69.40 9.14

NEG-ETP 5118 32.99
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5. Conclusion

In this paper, NEG-ETP is a new concept developed by installing additional power electronic equipment, there is
no need to modify the original structure of the railway infrastructure, recommended in the urban rail transportation to
mitigate rail potential and stray current. The configuration of NEG-ETP is separated into several rail-sections, with
non-train rail-sections having zero rail current. From proposed method, this was applied to the mass rapid transit
system namely MRT purple line (North), in Thailand simulated by the MATLAB/M-file. This was pointed out that
rail potential and stray current would be evidently mitigated by NEG-ETP as a percentage reduction compared to
CON-ETP and REC-ETP is 9.14% and 32.99% respectively.
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