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TAWAT CHUCHIT : STUDY AND ASSESSMENT OF STRAY CURRENT
IN DC RAPID TRANSIT SYSTEM. THESIS ADVISOR : ASSOC. PROF.

THANATCHAI KULWORAWANICHPONG, Ph.D., 263 PP.

STRAY CURRENT/RAPID TRANSIT SYSTEM/RAIL POTENTIAL/EARTHING

SYSTEM

This research is to study and assess stray current in a DC rapid transit system
by creating a grounding model using MATLAB&Simulink, in which consists of a
multi-resistor network of the structures of poles, viaducts and rail tracks for the MRT
Purple Line (North) project. The study found that the evaluation of the stray current
was focused on the amount of rail potential that may jeopardize person’s safety with a
permissible touch voltage of not exceeding 120 V in a period of more than 300 secs
for DC railway systems with EN 50122-1 standard. The simulation of a single-train
movement by considering the grounding in the viaduct structure of the train system
consists of a one-layer grounding model (OGM), a two-layer grounding model (TGM)
and a two-layer grounding model at poles (TGMpoles). The'simulation results showed
that the maximum rail ‘potentials  were-74.31 V., 7435V and 74.35 V respectively.
which passed the specified standard. In addition, the TGM and TGMapoles models
could also calculate the structure voltage of the train position, which was 0.766 V in
both models. With regard to the grounding modeling using the MATLAB&Simulink
for the scaled-down single-viaduct structure, it was found that this model had the
maximum error of voltage between the rails and structure earth of 7.29% when
compared with the standard EN 50122-2. Therefore, the concept of creating this

model can be used to create a grounding model for the Purple Line MRT project



(North). From the simulation results, it was found that the rail potential was 58.899 V.,
which passed the specified standard. In addition, the effects of the stray current on
secondary insulation were studied. Considering the conductivity according to
EN 50122-2 standard, it was found that, from the electrical conductivity set at
0.5 S/km, the electric railway system has an electrical conductivity exceeding the
acceptable minimum when the resistance of the clamping device is reduced to about
6kQ. Furthermore, when considering the change of the rail potential greater than
+ 5 V according to EN 50122-2, it was found that the critical voltage occurred
whenever the resistance of the rail clamping device is 1 kQ or conductor per unit

length (G'ke) is 2.78 S/km.
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catenary
substation .
traction
rail current groung current vehicle
[ ic =GV,;/m rails

R Ir

i i I I O O S

remote ground

517 2.5 nuusrassmsmuunszuaia vafinansawansznuduang
[ o I o A A Ao Y Y o
mucluu,‘ummm DP %zrﬂuuuumaawmmmwmﬁmWﬁzmmcﬁucmuul@muﬁm
lua1uIeved Fichera, Mariscotti and Ogunsola (2013) Ulﬁ'ﬁuﬁummuﬁmmﬂimﬁ%'lwa“lu
° [l v Y o A Y ) a 4 1 Y
LL‘]J‘]_l‘Mﬁ’é]Q?Q%iiﬂﬁ\ﬁﬂﬂ@?ﬁ?ﬂ“ﬂWUﬂﬁgﬂ°VI 2.6 Tﬂﬂclcb'il‘U‘U%"Iﬂ@QWWiWNW]f]ﬁll‘ll‘llﬂ'sjllﬂ’f)u
2
33UNU Mathlab GUI Glumiﬁm’gmgﬁmﬁlu uazllﬁjwm'ﬁmmmmmwnmazwaﬂizmumm

HUUIavIAUNINEND

iy
)

ZX TPS

| p— |

] Load TPS ZX

-
-
L
H-LC
-
-
HH

+
+
+
+
+
+

IF=T=1=1=7
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v H Y
31 2.6 LuVTIRLINNMIADAIAY 4 YU
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wazdalinsTeufeunuusiaod DP uag LP aauanaliua1uIseves Fichera et al. (2013) 14
Wuawenuusiaeanszuasa lnadmsumsmurausau dwaznszualiihluTassads
aTusAuaziefidiodldanluuuyiaeslaseedadumulug i 2.6 Taelduuusiaes D
wag LP Taguuusiass DP flunuusiassfimuindisismsdiuaeduasuuusiany Lp
Slunuusiaesfidinudieds st™ (sparse tableau method) 122 835184N158100930 Ivianey
YUIU (multi-train model) Tﬂﬂ“l%’uuuﬁmmNﬂiﬁugamamuuﬁwamawdummﬁmmﬂ&w
nazaanusudeulunisiiutadananaluauiIdeved Ramos et al. (2014) 1a11aue
wuusiaesse liihratsvuiuiiesassnaveusedu I ihiisaznsznada lvaluszuuy
mIseasaufiaiy Tasiiansanmsdeasauuuumuddiunu ludeasdu nazaoadau
wulaTon 1ag Guifu et al. (2016) l@inausunusiasenszuass Ivalunsdisa Ilwatevuau
fifimsfinsanlnseadnldaulaslduuusineisesauyavesarsduanslda

JUn 2.7

Uul Zul UL|2 Zu2 Uu3 Zu3 Uu4 Zu4 Uu5 ULI

n
11— 1+ —¢ — — —¢ Up line catenary

Zgy Uy, Zaz Ugs Za3 Uy, Zgg Uy Ug, .
= L S L) —¢ Down line catenary

ycS ycn
PS Pn
Rail

E E Buried conductor

= Ground

d

1
Ya RBEAD
Zyl
Ij y Zgl ygllj ijQZZgzﬂ ﬂ
ﬂypl ﬂ ypZ ﬂ ﬂ

[]
|
I

I

|

) |
[N}

517 2.7 spurasedmsumsmiurans naveadias v

9
A v A

waNIMipNUFIIMITaeInszuas lnalaslduuudiaes 3 Naswaniluauise
Y94 Charalambous, Cotton and Aylott (2008) l@sinausuvusiasanszuasiIvadmsuaniil
Y 4 { [l 1 a g { 1
Thdunaeun luiinisaeasdaunidunisse Ii@eanaznieso g lugdunuvesaces
] v Y ?1// [ A o w ) Y
1A59918ENUMUIDY 4 BU naaeaagii 2.8 uag 2.9 mudauuaziimeon Tag 935013
a 4 [
a1y y TuaSeumeuny 11Usunsy CDEGS (Current Distribution, Electromagnetic

Fields, Grounding and Soil Structure Analysis) 1891 CDEGS 111 TUsunsusiasauuy 3 44
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o = A [ = g’/ an Y Y A v =
HAAINIT91809IUNTAFN1ILAINUAZANITNATA FINIT09IT 1vina lnatAean ULzl

uu T lunemafennu

OHW!/Third rail

Source Load
) : ) . ) ] ) . i . Rail
L I — I —— L — 1 e

Shunt Rail
Trackbed

Reinforcing Meshes
Shunt Trackbed

pe= e e e fea bk
=ttt fea e e W™
R R
-~ L L I RWML L

Shunt Pipe
Earth Layer

High Value

Resistors

Sub 1 ()
| —— g 7 P — — — Rail 2
1 — s 1 —1 1 Rail 1
H [|] H [|] [|] [|] ——  Trackbed 2
— — — — — — Trackbed 1

— — — — — — Pseudo-Soil

T I I O I I
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@917 Anton, Frantisek and Milan (2015) 1@ uauenvusiaosnszuasqlvadmin
aonii llhdesii lifinsdeasaumalifuazaoasanTasnsalugiaees Taseiiedadmmiu
wu 2 73 Tael9 795105 Mathlab&Simulink Tasfia1sainissriaeswalunsdiifinig
WasunlasvesanwemandsuudlasnuggmanS suifisusuTusunsusiasa 3 5

(CDEGS 3-D modeling software)

ada g
2.3 NP NNEYIVBI
v o 4 X

ad A 9 ~ 9 v Y @ Y aa A [
nouRNnertenauidell Felsznoulddreiidendan 9 launnguinineiny
1993580 UNdVLA M TADaIAULAMTUTLHUANNYTLNNV NI TOUNSULAZNITADAIAL
voaszuvse Wilhnszuaase nszuairlvananseuuaznisdsziivnszuas Inaniy
Yy a = Y Y A o am a @ o
115311 TAe8198991n1AT g1 EN 50122 e lideyaneanuismsdsziiunszuasalvads
9
uanalusivazideads liil
23.1  299s580UNaVNAZNISADAIAY
< [ [ [ { 3’; 1
solfhamieudusa lsssuaniisauaaanuasansa Tniiues 1ad
A s Y o o . = A [ g G A S AAa g}/ [l @
IATDITUAAUIIAT (prime mover) MilDUATOIINT l011MT0IAT D O UAAIIANAAAIDILUAITD
9
miteusa lsssua 5ol lgnaaanu T s v daiumsausa IWihSadeadinng
adaotinignszualniides (sub-station) tieaausiau Wi nSuu1anszuUA8d
Tufussgeldaaunegluseaunmunzaudsnou nszua ldihnaausedundidzgniimnda
Wrszvunstleunszua Inil (feeding system) o111y 1¥dumaouvuiusall (uas
IUNATY, 2555)
sruu i lgiunaousuiusaliiiog 2 su Ao szuUNTTUAAT (direct
Current: DC) 11¥ 52 VUNTLIUAAAY (alternating current: AC) @IuszUUMstounseua lvlih
e ldiumasuse T 2 szuv fe szuums 195190 a (third rail system) tagseUNS 1%
' A A . A a9 A 4 Y a2
AOFUNTI0ATHE (overhead wire system) 32UV WNANWITOR IUFToveInansnUMUNaNY
nenea Ll Tassaswvesszuudounszuda Ilihsngedseguitiesiese Tl ualidedinalu

9 9 [ dyi @ Y ya A [l ~
mﬂmmuaxmummﬂaa@m i$°1J‘1Ju’1]\‘lllﬂﬁl‘lfﬂ‘ﬂiﬂulV\Iﬂ'lGlG]ﬂuWi@i%ﬂﬂ%uﬁﬂu?ﬁ%uﬂ@ﬂ

Twiiles dmiuszuumedunilofsye el Tnssaivesszvutfounseua liihyeSogmiie
v @ v a A g & a ¥ a {
519 laitig nlgnumsdusa lddmelna avarusadebizsdesmsaansszuu@usa T
[ Y
Tduseauga luawisaldszvuseiamd was dunssw, 2555) Tusiadetivzmiuluniesdu
o Aa X o = 9y 9 Y '
nszuds lmaimavunuszuvse ihinszuaasedalszneu ldrersesdounauuaznisae

' v ' 9
AU MInanszuasa va tazmsdszdiunszuaiivalaslisneazDeaniae 113l
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199580 UNAUNTLUALALNMIADAIAUYDITZUUTZUVLIAADU 1T (Friedrich
etal., 2009) pszuavnasy landu ldiaedeuaaiil lnih Tasassriuisasdoundv a1n
a 1 @ [ 1 { [
yuneana i enssu I msselidwazavsdounavdedniluaun luaunsonen
[ { < A I [ 1Y
ponnnnula Taefgduuunaldvessaisiiuasesdounavvesszouso lwihnszuaady
[ g’; 1 a d‘ 1 o Y o 9 [
nagnIzuAATy AanuNIaIMIaeasanuazmideuaen lifignih luldnureesdoundu
[ <3 dddy ~ 1 Y] A A Aa
pe14 lsnamuniinugiuinanateny Tuszousa ldhnszuaasenadznauumalsiiianu
Y ] A v a A a A a A ] v A A
Augesznanes 19 ldsaunseszuuan ienanasanszuadounau lnasenng193s
A A 1 < = d ] @ 1 1 A
vseisonnszuai lvagailuauguesnszuasi InanansouludiulsznovvesTang il
[ @ A v Aa v 1 o ?,I @ 1 a ¥ I~ a
msduialndratuan 1wy neduasainiu nememida Tassaieiiugumanas uisve
A v P A o & A ~
pimsrso Iaseddeg luadids s dgmvuuazazvuneuniadudagiliiinaudes ms
% 1 4 9 9 a Y~ [ ~ 19
HENIINAURENANYINVDINTFoUNAUIINTZUUAULaAs lTTuAsFUN 2.10 nseau TWdan
[ A A 49! A I @ 1 v Aa 1
asounavulusalnaeameiluaunavenssau lrlihsgninsglus@ulugiamains
o a A A o A 1 A 1 a o Y a A A
waulndvaz lunsalinanisdanees esnn lidsingmadeudeasdauildinannumen
useau ihieenliduda ldvzinnilunsaintinszua Irlihgansenstie i luszes na
[ A a ds! Y é’ A A A 1 a 4 [ ~
suaswimavuwdumeiuintaTaswuauuaz lug Taed vunwonseAunoUnIa LAY
Tuaaiinazaoil Iihdesdulassadiansdonsau
v Y
wonitio lanussduanassumnaduluse ldinszuaasaudrluszuuy
v 2 d , \ A oo ad X g ¥ o \
solihnszuaadunduaivaveanssduanaseumiioniimuiuale wieununsnel
szogInasgwuani liinadnd lWihnsegannniise lihnszuaass fasinaszuald
o < o w [ Iy v 1 H @ o 1
vazauidsnadssnaiu masinaassau T lddianeensulananusuiluaons
A ' o . v Aa d A A ' A 9 9 v o ¥ o
Fouae99sdoundd lldiau Wune MmaFouasitelanisudlrsdnirdounduaingialuy
=\ ~ A T oA o [ 9 1% 1 a
an1il Tl 317 2.1 ugasmisiFounend niluszningnnsdounauuazszuunsAvaIAU
dwisuso Idhnszuaeady
1 a A < a 1 o w 1Y J
MInoatauUe9I1ziludaszanmsnemad lWiinszuaaduuinn
Y
2199380 unay nizud lMarkunsandIN1TaeasauveIoIAsuazi I lUdsau Beuia1ns
A ' a Y o Yy v A o AN 1= s
Fouaoadauued19sdoundy nszua T 1dadwanumtieninlunalseaeduazns
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buildings viaduct tunnel at grade lines

A 9 o ' a o A
:.,iﬂ‘Vl 2.10 ’Nﬂiﬂauﬂammzmmamﬂummﬁzuumumaau"lﬂﬂmazuamq

aaua991n: Friedrich et al., (2009)

=1
W) e W 0ol

buildings viaduct tunnel at grade lines
ﬂﬁ 2.11 N%sﬂ@uﬂammwmm@mﬂummi ummﬂaau"lvh’hﬂﬁ ziuaaal

AAL1)ad91n: Friedrich et al., (2009)

AMUUINTTIU EN 50122-2 (2010) Arn1uii1 IWihaentitenuennsening
. v A 1 1 1 o o
wiles 1950 I nuauszdeludesndn 0.5 Skm TudiuvesgTusdawisosirld Taonis
A o = ~ Aa <3| a o Y
poNUUDIMINZ ANz TagauINveINstamiler T lanuilunuiuninauduna ldon
7 A A 1w A
gUnsalnIruaFoNADN DTN
@ o 1 <
1. mstfesrunnwi/asasede IWien
[ = <3 N It o o

msfestuanumdsinnliihfeadenyudianudidygegaimesulss i

anutlasassvesyana ussdnduialuszniumsmhandaduazlugammsalfinanuia

U Y 1 a @ A Y Y A 4
Wﬁm%wm"lmnuuiwu"Mﬂmaaﬂwmu"lﬂmummj;m EN 50122-1 INDADUTUDIUNUN
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o 9 [ Y o 7 A .
mMstleanu 29sdeundurzdeniinszua IihdundeunasnsziannsILTn (regenerative
braking) IFUIRGINVATLUATAT LI iinan NuRanTea 1 daanril IWihdesdronn
a o o o o ¥ 2 o v o 1 A o Aa
sufiuauguazussduslunuanuem semaiimsinadnd lihsznienaas b
uagaNuAImInuanssauduRanooulimula awsau Iiihteonldmuldanszy 1y

A v o 3 ) o o tg a
Tumasgiu EN 50122-1 tietlesnusuaiionn ldihdeadmiuuyudounugiumsina

ATOUARUDIAINNUAIUMIUNNI WMNOUAZNTLUANTIHANTZNUADT NG UIATFIUNEIIDN

]
o A

MIMKUAAINUANA N Ud 1T uusIdududansau v ldiosnnaisassuiin

2 4

9 H i1 1 [
UANANAY RUINVBIAR U ALAzA1DY o Minadui 150 s TWie (Friedrich et al., 2009)
{ v w o A ] ) @ 1L o
3N 2.12 vaaanssiududaieon i Iddmsumsiszgnaldnusa lwih
2. usvauduranoou lirm 18
o o [ a ?_,
lun1A531U HD 637 S1 (Friedrich et al., 2009) Uszgna ldmiunsaaaelu
@ @ @ @ A g J & =
szunTihnszuaaduammlaussduszauguazszaunaniniudiuniihue ool
] P @ Ll e
Trweeso T Tuvazfuinsgiu EN 50122-1 Uszgna lgnuse T wiasgiumanil
o [ [ % d' VN 9}&/ [ ;:' a3
dmuaussnududaneon ldriulduegnuszezinains lnavesnszuanidluaungues
(4 { 1 4 {
dng Ll insre iazdiudsenoudu 9 luaisied 2.2 1duaasdoyaniuninsgiu
d‘ [ o % d' Y 9 J A 9 214
EN 50122-1 waz lugif 2.12 ugasuseaududafoon1irn1a U seninilouaziiindos

Y ]
YOINYHIVUOGN Uz ozIAvRIHAnsEnUATIUA 1 AT gIv EN 50122-1

t
S

w
T

Permissible touch voltage U

1 1 1 1

107" 10° 10" 102 108
Duration t

JUM 2.12 ussaududanoonIdiu e U awnasgIu EN 50 122-1
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mqﬁ’uﬁuﬁﬁﬁﬂauiﬁ'muﬂﬁ’ (permissible voltage)
TSN ¢
seuuWhnssuaady szuuTldhnszuansa

i 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
permanent 60 30

a v o o A Y 9}:1‘ o
ﬂWﬁ/‘Iéﬂ'ﬁﬂﬂLLﬁQQUﬁNWﬁ‘ﬂﬂ@llsh’?WTuhlﬂﬂﬂWﬁuﬂllﬁuu1ﬁiﬂ1u EN 50122-1

A ~ DRI ' Y} P} ) o A Y = Y
Uuwug1um@Qﬂ§$llﬁﬂﬂ@ﬂhlww’]ui’]Qﬂ’]ﬂul@ (ICI) U,a5ﬁ@ﬂﬂaﬂQﬂﬂlliﬂﬂumﬁ1N1iﬂlm1ﬂﬁllﬂ

(Ug,) MUNIATFIU IEC 60 479-1 (Friedrich et al., 2009) tduTas C1 Fudu Al

Y A

[

nyuauny

Y H
UINIPTU EN 50122-1 21aWUIN D A1 1, ﬁuagﬂmzaznmmmﬂima mmuawamaﬂﬁ

' Y o Y A
mu”l@uaxmm‘mmu’;mm"lﬂﬁmanmm (2. l)

Ut =UC1 + RA . ICl 10_3

e 1, An nszua i lumiioe ma

R, 9 MANUAMUMU R,

2.1)
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[
=1

M1519% 2.3 szualusmenazusnuduiauaz s et lamunasgu

EN 50 122-1 P1AWUIN D

Duration AC traction systems DC traction systems
t Body Accessible Touch Body Accessible Touch
s current voltage voltage current voltage voltage
I, Ue, U, I, Ue, U,
mA A% \Y% mA \Y% v
0.02 500 440 940 500 440 940
0.05 500 435 935 410 360 770
0.1 442 400 842 340 320 660
0.2 350 320 670 275 260 535
0.3 252 245 497 240 240 480
0.4 145 160 305 215 220 435
0.5 100 125 225 195 200 395
0.6 78 105 160 120 190 310
0.7 66 95 130 175 185 270
0.8 58 90 110 165 180 240
0.9 52 85 90 160 175 200
1.0 50 80 80 150 170 170

[ &%

@ = v o o 1% = Y1 Y 1 ¥ Y 9y
UIIAUVUIY (Uab) Nﬂj']llﬁilwu‘ﬁﬂuLli\jﬂuﬁup\lﬁﬂﬂ@“iﬁW']ullﬂlﬂ’]uuﬂ']clsﬁ

Re

v A d‘

] ] I a oa { a v w1 A o

Auienlawazii edralsnanluninl§icaesle q Dinevuiledudaduniisnd luihga

' ' ¥ v
1Iﬂﬁ]$llﬂ1ﬂ'ﬂlligl}1u1/lTL!LWMlﬂi}1h11u3ﬁﬂiﬂﬂllﬁ@\ﬂu§ﬂﬂ 2.13 A8 mmmﬂmmiuﬁuﬂ

A A 9 A g o ' o 9 )

ia"l,vxlﬁmzmwnmmmumu R, VIL‘]JUWﬁi'JﬂJ"U’EN R, (MDY NUFUAINNUATUNTUUDITONUNT)
A A a A J ' A A ! = ' Y Y
19 Z; A0 dUNUAUFUDITNNIY [; AD NTSUTNHIUINNIY R, AD ATAITUATUNIUUBDITOIUMN

A v 9y ~ a
uag R, An manuaumumnzi hlau
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Ut U Ra
e —_—
ZB Ral Raz
U abl I ®

v
=

31 2.13 2995903V ITUNT (Friedrich et al.,2009)
d' a1l A o [ 9 1 d‘d (% d'
91319 2.13 guydAndiar 1000 Q dwisuseununnidlenuas U, useaui
Y = Y Y o 9 A A ) A v o o A v
aunsonielddeandesny I, Yoyanmerdowaaluaisei 2.3 ussaududanoonn
i la U dmsulugianat 0.02 <r<o0.5s A lasuannszuaneonlvriuiiemela 1., 19
A o o ' Yo Y Y a 9 ' A
aunmsn 2.0 dmsuluganat 0.5 << 1.0s lasumsud luiuFaduszning U M 0.5s wag
2 v
Uy, =80 VUag 170 VAIUTY 1= Isaud1au Tulsegouiiigenionuimnizsinag
[ I ) [ a 4 o ) [ a g
usaau il 25 v dwmsuaisaaaalilihnszuaadunay 60 v dmsunisaaaa Il
NILUA T (Friedrich et al., 2009)
4 U ] a
232 2993feundutazmIneasanvesszuuIe lhnszuans
9 [ 1 a = 9 ]
2sdoundunaznisaeasanvesszuusa ldiinszuaase Hldaued 5
guUnuw 1&un 1) 52DV UIUIII (rail insulation system: RIS) 2) 5z UApasAUA U TaTon
(diode earthing system: DES) 3) ¢ UUNTS LA founduavuUvany (floating negative return
[l 4
current system: FNRCS 4) S UUANU1YTIUTINNITSUA TN T (stray current collercting net
[ Y
system: SCCNS) 182 5) 52UUT19N 4 (fourth rail system: FRS) U31802108AAI1U
1 SSUURUIUTN
3 1 a 1 1 o v {
52UV RIS (Huszvumsaeadaueauriadne Indwmsuse Tiinszuaasan
A g [ 1 4
Tasldaesa lnlfhuazsadadludumaldnszua i Ivadonndu T faarti Tadh dieann
szuvsa i@y Tudmsshauau Iz riesadsnu ldvueuse TivTea:mnseasusnaia
milifanszuas valdfiarudu q veelassahanadunisnszuadounduou q 7
Fudeuuazdumen mlisadavessa Wihnadialunuvzimshauu i luaudanan
o Y a < o 1 Yy Ad 9 o
Mmlaanmisinanseuaiir mavazmsnanseuvedlaseaiundulave 1ndeivuaves
AT EN 50122-2 Arn1mtin Inihaew1iaea11ue1 (conductance per unit length) 321319
5199P VAN (track-to-earth) AI50A1 1301 0.5 S/km g5 TATea 195z vUUULEA (open

F4
formation) waz lupu 2.5 s/km dnsuTaseadeszuvsuvila (closed formation) UBNVINUG
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INUNITADIONAIAY (earthing and bonding) ¥oedIu InseaFalaneare q vielaseaiig
a <3 [ 1 a
ADUNTALASNINANVOITEUUINIAIUNULALADAIAUAINNIATT I
o a 2y a T A A 9 ) v

EN 501222 aauaaalugii 2.14 31unuiingdealiminodous 1939a28A UM UNIUA IR
(low-resistance rail joint bonds) AADAANNBIIVEIT1UNBAALTIAUAN U1 TagkavINAY
9 A A ' A 9 o 9 9 A X 1 Aa . .

MUMUNADIFBNTLHI9T192999M IR ANUA UNIUT 1N LY 13080 5% (Friedrich et al.,

Y i1 v Y
2009) 1IN UITABIABIFOUTNIWBINIABIMUTIT I8N UR 18N AIve930 T In1ag (double-
. dya Y o @ v @

track railway) JUnvviifionldaunuszunse lddinszuaassvesanswerning (siiade

a 4
NAYTNUFNIY, 2557)

Earth Wire

REC:
Supply
>

B ey | il
\jmb z ﬂﬂ 1 L :

Track Structures

Station

o
ol [ H
Apparatus g~ J L

AT Tunnel
| | | Structure © R D White 2004

Rebars

Copper v
Earth Mat ﬂ_ Station
= Metallic =
Structures

5U7 2.14 mayeuaeasauvedInseadwluszuuse Idihawanasgiu EN 50122

N1 IATFIU EN 50122-1

2. szyydeadaunu lalon
v 1
5311 DES 3¢ 1% 1aToa (drainage diode) Andaiaunudnirasaunant lash
o ~ dy a g’.} =\ o A a g’; 1 9 ] v Y
mﬁmiugﬂ‘n 2.15 uf]ﬂ%WﬂuiuﬂWiﬂ@ﬁﬂﬂ%NQﬂﬂim@u ] AINANTINAIY LFU AIATUNTIU
o @ . .. . @ [ ad )
INANITLULH (current limiting resistor) BALNUANLT T (surge arrestor) 5}1llﬂ1®ﬂu1ﬂi$uﬁi]$
' 9 o A a g s ~ 1o ' o A ~
ﬁ\‘iNﬁ11’”!5Qﬂl!%@ﬁi”l\ﬂ\iuﬂ”llﬂuﬂuﬂ GL‘L!ﬂim]lﬂTi’)ﬂ]lll‘Ll"Iﬂi8LLfT‘VilI”IEJﬂ’J”I%J’J"ILLSQﬂ‘LWIi”IQ%%‘JJ

{ e Y 1 a QI/
autluuan sUupuildlaleatisgsilvnszuaiaInalinntos uazdminimanszuaialva



23

v
[

guilosuninanudenaninvesmsvinuiu laleaszihmihimhnszuaii lvandugand

Y [
11811 Taase o619 15Aaums 1 laloadeasauilazinatlan lunsaintisa Iuhuiedu

Do

o

N91IN1TAUNGIIUIINNITIUTMIIFIZUY (regenerative braking) 9211 He211117 519793

[

Y H Y
dndlihdaanlaleasziinszualalugoiumsaid dreg19szuuse lihnaaaIn1saeas

a

AudlogUuuvil 1dun Hong Kong MTRC tag Sheffield Super Tram (51ia%e na131dsway,

2557)
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—d;R(z( ):IR(X)RRGRE (3.7)
139

d?l, (x

_7£§—2-a2g(x):o (3.8)

[

1 v 9
1o a = R,GLe uazwamafJ'vTa‘liJﬁuaqmJmiauwuﬁau@uamgﬂuﬂﬂmmumim”lﬂﬁ
I (X) = Ae™ +Be ™ (3.9)

Y
NAIDIAUUNINGTHIA 4 Az B lunaazdiy 19a208aaziuINIINITH
faouaiuisansa ldanusuavednszua Wi lunaazdrunldnasun Tasd

Y
s1eazRea luuaazaiudae 1l

Fuii 1

msmveuwavednszua Wi ludui 1 mmmﬁmsmﬂﬁ’mﬂgﬂﬁ 3.3 (section 1)
dosnlhndeudifuszes x, 91090 6 Wéiga o Huszeznia L, FaiuvouUAYD
szl lud i aunsamow 18 lae X, =0 (‘ﬁi;@ b) udnimdanaunuasluaunsi

(3.9) aunsoleuauminszud lihnge » ldaeaunis (3.10)
IL(0)=A+B=1, (3.10)

A4, < 4 ot w 4 ~
o 15(0) = 1, uagi x, = L, (N9 o) imaanarunuadluaunisn (3.9) asnguauns

v 9
nszud IWihiige o Idasaumsae 1Tl
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IL(L)=Ae™ +Be ™1 =1, (3.11)

ﬁ' 12 o 1 ) ) " d'
wazie 15(L) =1, mnaumsasnanznunaaeglugdvesdiuils 4 vag B anaunisn

(3.10) 9218

B=1,-A (3.12)
Yhaumsii 3.12) unuluaumsii G.11) 1187

Ae’t + (1, - Ae ™ =1, (3.13)
NI (3.13) el gl

'A(eo{L1 _efaLl) — Il _ Ise*al—l (314)

Y
[ Y %

Y
vy A4 eu'ldaail

—aly
_l—le

eaLl _ efozL1

A (3.15)

a1 4 unuluaunisn 3.9) a2 lan

—aly
-1
eaLl _e—atL1

B=1,

aly —aly —aly
et e~ e
= — (3.16)

al,
e
eo:L1 _efozL1

11a1 4 vaz B luaunsi (3.15) vag (3.16) unuluaunsh (3.9) azldmasuveanszua vl

v Y
Tudaun 1 ssaumsans la)il
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—al, al,
|’(x):|1_|3e toax -1, .,
R aly -aly aly -aly
et —e e’ —e 3.17)
_I;sinh(ax) + I sinh(a(L, — X)) '
sinh(al,)

1 Y
wazansarmiassau sz lldauldnnaunsn (.5) uag 3.12) 1daeas 1

Ui = o~ 00
_a | l,cosh(ax) -1, cosh(a(L, —x)) (3.18)
G sinh(aL,) |
_ | Jicosh(ax) - I; cosh(a(L, - x))
- c sinh(aL))

Taii Z. =0a/Gle W30 Z, =|R. /Gle

Y
[ Y 1

[ 1 A o a d' { Y v
auinasamawssau ifhszna195199iuay v, M9a buag v, 7190 q 1daa

Y
aumsae 11l

W =U. (0)=Z I, cosh(0) — I, cosh(aL,)
PTTRETTTSR sinh(aL,)

_7 I, —1;cosh(al,)
¢ sinh(aly)

(3.19)

. B I, cosh(eLy) — 1, cosh(0)
u’ —URE(Ll)_ZC|: sinh(aLy) }

_7 I, cosh(aL)) -1,
7 sinh(aly)

(3.20)

.
AN 2
1] Y 1 ] 1
msnasantveuavesnszud i ludiudeziasanlunsainse lndounidlu
1 9
5202 x, 11090 a 1169 ¢ Wluszozni L, e L, szoziilueiudagsih g Iz (L) =0 asuu

= d' Y o d' o w
fT”IllﬁﬂlﬂJEJ“LJ?(JJﬂﬁﬂiSLLﬁthﬂTVIi]ﬂ a llnsyn d ulﬂﬂﬁﬁllﬂﬁ‘ﬂ (3.21) i@ (3.22) @Ay
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17(0)=A+B=—1, (3.21)

I7(L,) = Ae“ +Be ™ =0 (3.22)
uderumsduunez 18 4 uaz B fraunsaelil

—al, al,
l,e l,e

eaLz _ e—aLz ’ - eaLz _e*al—z

A ldunuluaunmsn 3.9) sz ldmaevveanszuanazusign Iiiiszninesssuanlu

U { Y o 4
aun 2 1daail

1, sinh(a(L, — X))

12 (x) = ——2"— (3.23)
<) sinh(aL,)
U’ (x) = Z, I, cos_,h(oz(L2 - X)) (3.24)
sinh(aL,)
safuamnsamaus s iihszniesduiy V! e o IRl
U; :U};’E (O) = ZC M (3.25)
sinh(aL,)

AIUN 3
v Y v [ v
msnnsannveuavesnszud i ludruisznnsanlunsainse Indoundlu
[ k)
ITYL x;, 1INYA b 'lﬂmim d Juszezna L, 1o L, fszevifluoiudezinld IR(L) =0 aauu

awnso@euaumsnszua liihinga b uazya 4 ladeaunisi (3.26) uag (3.27) mwudiay
17(0)=A+B =1, (3.26)

17(L,) = Ae“" +Be ™ =0 (3.27)
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Y
uRaumsg vz ldan 4 tag B dagunsaelii

—aly aly
le e

A=-—

eaL3 _e—aL3 > = eaL3 _e—aL3

i ldunuluaunsn 3.9) oz ldmnouvsinszuavazusiau iisznineseduaulu

1 tﬂ' U 1 g
AN 3 aaaumsae 1l

1, sinh(e (L, — X))

17(x) = 3.28
<) sinh(aL,) (3:28)
Uz (x) = -2, | 1ecosntells X)) (3.29)
sinh(eL,)
safuamnsamusadu lifhszniesiadsiuan v figa » 1ddade i
U =UZ (0) =2, | 15els) (330)
sinh(eL,)

Ay 9 1 gl./ a J d' Y
nnaumIesduaznuNaumsnIvuazaaadls 7, 7, 7, vag 7, Tasuseau T

d’ = L% o A ' n 2 Y o
Nlua @ wUAUNINY A u, =u, Lﬂlﬂuhlﬂﬂ\‘lﬁuﬂﬁ

Z{Ilco_sh(au)— 13} 7 { M} 631
sinh(al,) sinh(al,)

9
vagtaumsinildaam

I, cosh(al)—1, 1,cosh(al,)

- - (3.32)
sinh(aL,) sinh(alL,)




| CH CH L o
“tanh(al,) ®sinh(al) ’tanh(al,)

v A A 1w o A ’ P Y o
Llagllﬁ\iﬂuqu@ b ATUAUNINY UUAD U, =u, lﬂlﬂuulﬂﬂ\jﬁl]ﬂ'ﬁ

7 I, — 1, cosh(aly) __z I, cosh(aL,)
°  sinh(al) | sinh(aL,)

[

Y
vagilaumsluildasn

|, —l;cosh(al,) |, cosh(aL;)
sinh(el,)  sinh(al,)

1 1 1
I, — -1, +1, =0
sinh(al,) tanh(aL,) tanh(aL,)

50

(3.33)

(3.34)

(3.35)

(3.36)

v ] Y J
wasnniwie ldudauns Iddieiusgsiinistagdauns ldmae 2 daunlsiu fe 7,

wag 1, vinnsud lvhnTua a a2 lan
L, =1-1,

Hhaumsn 3.37) unuluaumsn (3.33) az@eu ldasauns

1, - — 15— ! —(|—|1);=0
tanh(aL,) sinh(aL,) tanh(aL,)

dagdaumslwildid

| 1,1 N 1,1
‘| tanh(ery) tanh(al,) | °sinh(al)  tanh(al,)

(3.37)

(3.38)

(3.39)
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HazaINnIzuan Tua » 9 e
I =1-1I, (3.40)

HMaumsn 3.40 ) unuluaumsn (3.36) az@en ldaaaunis

I, — ! -1, ! +(I—I3);:O (3.41)
sinh(al,) tanh(aL,) tanh(aL,)
dagdaumslnildiu
1 [ 1 1 } 1
—1, = +1, + = | (3.42)
sinh(aL,) tanh(aL)) tanh(al,) tanh(aL,)

MINAUMNIA (3.39) oy (3.42) annsadienlioglugidumsndg ladaauns
b+c -a ||| c
.y (3.43)
-a b+d |1 d

1 b 1 1 1

(Y]

a=— = c= oy d = ———
sinh(aL,) tanh(eL) tanh(aL,) tanh(aL,)

9
[ [

E
Wnawnsam 1, 1, I, wag 1, 1aaail

Ic -a
- Id b+d :I( cb+cd +ad j (3.44)
b+c -a b +bd +cb+cd —a?

-a b+d

uae
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b+c Ic
-a |Id bd +cd +ac
|. = =1 (3.45)
* |b+c -a (b2+bd+cb+cd—a2j
-a b+d
1n L, =1-1, 3w 1dn
cb+cd +ad b?+bd —a*—ad
l,=1-1— = 1| _ (3.46)
b*+bd +cb+cd —a b*—bd —ch+cd —a
uazon I, =1 -1, 921an
bd +cd +ac b?+cb—a%*-ac
l=1-1— =1 = . (3.47)
b“+bd+ch+cd—a b°+bd+cb+cd—-a
o
1 =X 1 Jf
—a®+b* =| —— :N
sinh(aL,) tanh(aL,)
=—csch?(al,) +coth®(aL,) (3.48)

>1

v
[ Y 12

=W Liy
AN 1, I, I, uag 1, U9l

cb+cd +ad b?+bd —a*—ad
=1 - =1 >
b*+bd +cb+cd —-a b —bd —ch+cd —-a

bd +cd +ac b?+cbh—a’-ac
;=1 > 5 I, =1 5 >
b°+bd +cb+cd —a b°+bd +cb+cd —a

o a o [ ] o o ! o o
2. BUUDIANNNAMUAMTATOY NNIWYTIHTUNDTVIYN 10N ?1’\’1’77(597/71:!!;783
I o ' ' ) o ' o w . .
Wunvudiaesedradrediniureessresias I dd 1w e (Simplified

mathematical model for single-side power supply: SMM-SPS) Wumstszanamnauuusiaes
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a 4 Ay o [ 1 o o FY = A Li’ Y A
nuAdamaasuunuT g s uIeIneia ldihduRentesninaumsidesduiiniu
Y] 9 1 9 Y] 2’, A Y 1 o o Y A d o 4
Fudounoudgeaiwie Iiawunnmssasziiuali L, uazL, ianllueiud uag

I
aszue Tiuslu ldamuaums

(3.49)

Y
[ Y

Wumeovvenszud Iiuazusgu iz lssauludiun 1 @ouldasaums

00 =1 {sinh(ax) +sinh(a(L, - x))}

- (3.50)
sinh(eL,)
, cosh(ax) —cosh(a(L, — X))
U =71 .
RE(X) c 1[ sinh(aLl) } (3.51)
maovvesnszua Iuazusesu e niandlldduludnd 2 @euldsaaums
" Sinh(a(l—z - X))
| =—| 3.52
=) { sinh(aL,) } (3:52)

N

sinh(aL, —ax) =sinhaL, cosh ax—cosh aL, sinh ax

WHUN
17 (x) = —I sinh(eL,) cosh(ax) —cosh(aL,)sinh(ax)
R 2 sinh(aL,) (3.53)
=—I,[cosh(ax) —coth(aL,)sinh(ax)]
Taefi
cosh(ax) —sinh(ax) =e™* wag coth(al,) = !

E——
tanh(elL,)
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17.(x) = e (3.54)
wazusaau Iiszuinesa lddaduluaiun 2 @Weu'ldasaums
Ure(X)=1,Z.e™ (3.55)

uazdrsvvoanszua I wazusaau Iniisenarasnalddauludaiun 2 agdrua

] =3 1Y 1 d’ = Y o [ dy

wwReInuaums ludiuh 2 annsodionlaaeaumsae Il
IF(X) =1, (3.56)
Ure(X)=-1,Z.e* (3.57)

9 Y 1A 1 @ ° Y A
mﬂﬁiJﬂTisUNGlu%$W1J’JWIWO§1H§]‘1J@]’JLL’1J§ I uag I, ﬁ’”liﬂiﬂﬂﬂ!’m!]lﬂﬂTﬂﬁiJﬂﬁ‘ﬂ

(3.39) 1Az (3.50) ANIo@suanmMIn (3.39) lnuladsaums

Il[cos(ole)+sinh(ocl_1)—l} | (3.58)
tanh(aL))

I, =1 { ___ sinh(aL,) }= | [Si"hL(“Li)} (3.59)
sinh(aL,) +cosh(al,) -1 e’ -1

=)

Tag

cosh(aL,) +sinh(al,) =e*"

a1 g
wag 7, uanilu
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Lol =1 sinh(eL)
? ! sinh(aL,) +cosh(al,) -1

(3.60)
| cosh(elL)) -1
eaLl _1
Siumaeuvenszua lihludaud 1 Benldsaaums
I (x) = | sinh(aL,) || sinh(ax) +sinh(e(L, — X))
R ethot sinh(aL,)
| {SII’Ih(aX)+S!I‘]h(a(L1 —x))} (3.61)
e’ —1
_I_ (1_e—0{L1)eaX+(eaLl _1)e—a)<
2 e —1
sazusany lihsen e ldaulud i 1 Genldaaums
U (x) = 1Z. | 1-e“1)e™ —(e" =1)e (.62
" 2 e —1 '
aszuailfhuasusasu sz lldauludui 2 Wenldsaaums
) cosh(aLl)—l} o leyeth 2
Hx=-l|———|e“"=——| —— |¢“ 3.63
<) { e —1 2| e-1 669
, 1Z.| e +e ™ -2
Uge (X) = ZC[ L] }e (3.64)

aszua ihuazusadu Iihszvaese lddduluaiun 3 @eu'ldaaauns

| et +e -2
I"(X)=——| ————— = |@* 3.65
R( ) 2|: eaL _1 :| ( )
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1Z. | et +e -2 _
Uge(X)=— 2° e (3.66)
o g}/ 1 o g}/ a = o d' [y 9
INUUVDIADINITDIVZ WU UV DI UUAUANIZUNTATHIUNTUFOUUINLAL
a [] % a3 o 1 [} { ] 1 { o
%zm@gﬁlugﬂmuﬂiummmmﬂmmmmmmﬂﬂumqﬁmman;mazmuﬁ%mmmz
[ [ 1 o a 4 1 1 o 1 S
uana1anu'ld muu‘u‘uma@mNﬂmﬂmamamammwﬂﬁ’gﬂLmuaumﬂwﬁummm
a 4 a S o w ] < Y E ] 1 ° ° [ 1 ~
azﬂﬂzwwwimmeﬁumﬂmmmzuaiﬂwa‘lmwmmm‘lummaammmmmﬂﬂumm
A o w Y ] o
aNueNIna ldegraunug
Y4 {
3. mdlsznadnd Inihgagaiis

o 1 v Aa [ ~ o v 9
iﬂﬂﬁllﬂ15&15\1@11!]1?\'1/9\1133?7'J'l\?ﬁ'l\iﬂﬂﬂucluﬁﬁlu‘i/] 1 Glmmumamaﬂmmqm%eu

'
1 =

= A 1A o ' o & oA g
i]gllﬂ'lﬁilﬂﬁﬂlhﬂiﬂUl‘V\IﬂEWIGHLLW‘lN x=1L R RIIET

Y Q u

, 1IZ. | et +e ™ -2 | IZ e’ -1
Uge(L) = 2C { et 1 }Z < {14‘ - i| (3.67)

oA L gau1ng aznunaunsmuined1asiied1miuaeesnenas lniduien (Simple
calculation equation for single-side power supply: SCE-SPS) Y93 szanadng 1 ﬂ”li;fﬂq’ﬂﬁ

suuaadldasaums
, - 1Z, = N |ZC al
URE(L) —7[1"‘ eT:| —Tl:l'i'e :I (368)

NNAUMIAINEA1IZNUNTAUHToUAUADANNT C.1 TunasgIu EN 50122-2 10

a =1/ L. diesnndluaumilumsdszinangildinannuaaiamaou'ld

322 nsansasnemasinhassdu
o a 14 = 1 o w k) A o
HuUasInNAdamans nsaeasnemad i aesdnuiedunanssua
$2'lnavzdesenunsomuamdnd lihis e nszuelilihinas vaznsedr Ina naaaldasgl
3.5 dd'lduaauuuiiaosaeasnunsdng e nszualinge vagnszuaazey

Tududmsveaaril Inihdesn lulinisaeasdaunia vl (Friedrich et al., 2009; Hadi, 2002)
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317 3.5 2esnretas Idhae i

Y
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1. !!7_/1]7]7@@\77]7\7?"@”@?)’7?7@5!!1]1]77“277”ﬁ")ﬁ’iﬂ?\ﬁ)jﬂ'lﬁlﬂ'lﬁq ?7’\/7’7’1@'@\75’)”

< ° & o o ' o w .
lﬂullﬁﬁﬁna@ﬂll‘ﬂ‘ﬂwU§1uﬁ1ﬁﬁﬂﬂﬂﬂiﬂwﬂﬂ1aﬂqwﬁ?ﬁﬂﬂﬁlwu (Classical

1 ground curre

>
=1

57

qaiuuyusaeaniuaueszunisnenszud Iiaesaldunsa 1o 1 vuau Tael

mathematical model for double-side power supply: CMM-DPS) 3¢ NTUININUUUIIQ0INT A

e lihruaaouliunso Idsznevuldde aniisiosias i sa'lv anuduniu

] 1 o 1 ] d‘ Y 1 o d'
iNGIfJWH’JEIﬂ’J'IlIElTJLLﬁ%ﬂ’J'IﬂJuﬂfV‘IﬂW]@Wu’)flﬂ’J'lllEJ'l’J LW?]GI,WQ1Ullﬂﬂ1iﬂ1u’3m%1ﬂ§ﬂﬂ 3.6

[ 1 o 1 I 1 [ { 1 { [ { 1
aansau s lumsmuiazutseonilu 4 aau 1dun aaun 1 @ 2 2un 3 uag diu

4 o o A ” i v 4 n
N4 awansluzln 3.6 1,1, 1, vaz L, Ao nszuai Inaioonfiga « taza11mwe19m

wnsanludiun 1 awdreu 17, 1, uag L, Ao nszuda lvai1ooniga c 1azn1ue1in
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Ansanluaiui 2 awday £, 1, uag 7, A nszudn lvasenitiioonya b Lag mudaL

wag L, uag L, Ao Annennnnsanluaiui 3 uag 4 audiay

A [ ] o o) [ ' o w Y
3‘1J°I/l 3.6 fﬂﬁLL”]N%"NﬂWﬁﬂWH'Jﬂ!ﬁWﬁiU’N‘Dﬁﬁ]"IEJfﬂENIl“l’\lﬁWﬁfNﬂWU

1) d’
aIaun 1
] d' a Y o {
msmveuwavesnszid i ludaui 1 awsannsanlannuuuiaeslugili
4 4 A d @ < % g‘J
3.6 (section 1) 1050 Ivindouniluszoy x, 91090 ¢ ldsga ¢ 1fluszoznie L, Aviuveuun
yoanszua I ludiun 1 Taetmualdf x, = 0 M0 o) uazh x, = L, (199 o) uaziiin
[ 1 d' = d' Y o d'
aanarunuluaunisi 3.9 annsod@euaumsnszud lihnge « nazye ¢ ldasaunsi

(3.69) Lz (3.70) MINAIA
1,(0)= Ae“@ +Be “¥ = A+B (3.69)
I;(L,) = Ae” + Be " (3.70)
o 1,00) =1, waz 14(L) =1, anaumssinanasnuiiaeglugilves
s 4 uaz B Fasmoaldaade i

N

B=1,-A (3.71)
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Ae™t +(1 ,—Ae =1,

—aly 3.72
A= le — IxSe ' ( )
- eaL1 _e—ocL1
uae
—al, al,
B=]l _I><1_Ix3e ’ :_le+|x3e ) (3.73)

x3 eo:L1 _ efazL1 eo:L1 _efotL1

o I P~ 9 o A U A [
U1 4 ae B Ll‘ﬂucluallﬂ'ﬁ‘ﬂ (3.9) ﬁ]gUl@!ﬂuﬂ'lﬁ’[’]Uﬂl@\?ﬂﬁgllﬁﬂﬁ’]ﬁiuajuﬂ 1 ANEUNIT

—aly aly

l.—1.e =1, +1.e"" _
||;(X)= x1 X3 eaX+ x1 X3 eaX

erJzLl _e—aL1 ea:L1 _e—ozLl
_ 1, sinh(@x) + 1, sinh(@(L, - X)) 3.74)
sinh(e L)
PNAUMIT (3.5) azauman (3.74) aunsasunasad e Idade
, 1 d [ I,sinh(ax)+1sinh(a(L, —x))
URE(X) > 3y 3
Gge dx sinh(aL,)
_ 1 {al,cosh(ax)+(—a)l ,cosh(a(L, —x)) (3.75)
G, sinh(ecL,) |

_7 I, cosh(ax)— 1, cosh(a(L, —x))
e sinh(arL,)

' 9 v
Taoh Z; = /Gl W30 Z, =[R, /G auiuamnsadmnuseau g U]

[ H 9
uaz U! My a vaz ¢ Tugidi 3 1dasae 1t

1l COSh(alj)j (3.76)

u;\zuaEw):zc['x .
sinh(aL,)
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1, cosh(arL,) - ngj 67

U =uaE<L1>=zc( oh(a)

! d’
dauii 2
- 4 4o o d 4 4
msinsanveuwavesnszud I luaiui 2 sginsanlunsainse lihadoun
iuszes x, 11099 ¢ Nldaa o Fuszozme L, awnsodmoa ldu@erdusoluaiui 1 14

Faeunsh (3.78) ez (3.79) G
17(0)=1,=A+B (3.78)
I7(L,)=1,=Ae" +Be " (3.79)
MNANMIT (3.78) 112 (3.79) AWNFARUIN A 1AL B Y ¢aamumsne 1l

—alL al.
_Ixze 2+I><4 wae B = Ixze 2_I><4
al, —al, ¢ - Lol —al,
e 2—-e e °—¢

A=

Y o J ~ @ A
%z“lmﬂuﬂma‘ummmmﬁ‘lumum 2 ANFUNITN (3.80)

sinh(er(L, — x)) + I, sinh(ax)

130 = sinh(arL,) (380
2z I8maeuve ey T ludani 2 Saaumsii 3.81)
UL (=2, (—Ixz cosh(e(L, X))+ 1,4 cos(ax)j G
sinh(eL,)
dafuamnsadnaausady Ihits U! uaz U/ ﬁﬁ;ﬂ ¢ uaz b Il
o[ty
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2

AIUN 3
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(3.83)

A $ [ ¥ a 4 4 {2
msnasannveuavonszua i ludiuilaznasanlunstingo Ivhagounilu

Y < a A
5202 x, 11099 ¢ 1d9a 4 Wuszeznie L, annsadouaunsnizualilihiige c uazya ¢

° Yy _ A S o & 0o q ¥ v & A Yo A
LLﬁ%ﬂ'l‘Vi‘L!ﬂTﬂ L, mzﬂzgﬂuauumz‘nﬂﬁ |F;"(L3)=o muummaavuaullﬂmfmmm (3.84)

1az (3.85) MNaIAY
170) =1, =A+B

1"(L,) = 0 = Ae”™ + Be
Y
uReumsd i ldaunis 4 uaz B daae lii

—aly eozL3

A=—l ,———— uag B=1I

eaL3 _aals X5 eozL3 —als

—€

9
[

aunszuanazusau Iiingaluaiun 3 1dasaums

sinh(a(L, — X))
sinh(eL,)

I2(X) =14

cosh(a(L, — x))]

Uge (X) = _Ixszc[ sinh(aL,)

' H 9
awnsafuanssan ihszninesadsiuau U2 fge o lagail

cosh(aLg)J

Um:Um 0 :_I Z
a RE( ) x5 C[Sinh(aLs)

(3.84)

(3.85)

(3.86)

(3.87)

(3.88)
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T d’
AN 4
msnnsanveuwavsdnszud Wi ludiun 4 azionsanlunssina lvlindoun

fluszoz x, 91090 b 1Faga e Wusveyma L, annsofmualdu@dordusoludiui 3 16

Faaunsi (3.89) LAz (3.90) AW
1 (0)=1,=A+B (3.89)
1Y (L) =L, = Ae“™ + Be ™" (3.90)

Y
udeumsd i ldannis 4 uaz B daaelili

—al, eaL4

A=—1 uag B=1,

eaLA _ e_aLA e&'—A _e—aLA

Y
v o

wumaevveanszuauazusiau lwidins e ludiun 4 uaasldaunsn (3.91) uaz (3.92)

AR
1Y () = 1, 2er(ly = X)) (3.91)
sinh(eL,)
h(a(L, = X))
UM (X) ==t Zo| 22 g 3.92
RE( ) X6 C[ Slnh(aL4) ( )
amsadnnasady s U fee s 1o i
h(al,)
UY =U(0)=-1,.Z, | 2) 3.93
b RE( ) x6 C(Sinh(aL4) ( )

g 1 g; a (3
vinaumadosduszwunaunisvesnszua lihwinuassfadunls 1, 1,1, 1, I,

uaz I, Teonussauilua a b uaz ¢ sglinumnu dude 910 U, =U7 az1dn



7. ( Ly =l cosh(aLl)j iz,

sinh(alL,)
(le - L _Ix3 C(-JSh(aLl)j—'_le:O
sinh(aL,) sinh(aL,)

1n U/ =U aldn

7 l,,—1,cos(aL,) 17
¢ sinh(aL,) ol

| 1 _, cos(al,) 3
%sinh(al,) sinh(al,) )

wazn U =U” aznun

7 I, cosh(al)—1,, _7 -, cosh(al,) +1,,
c ¢ sinh(erL,)

cosh(arl,) | L cosh(aL,)

sinh(aL,)

“sinh(al,)  “sinh(al) " sinh(al,)

“ sinh(al,)

63

(3.94)

(3.95)

(3.96)

vnngnszud ldihweuneiveu i Tua o b uaz ¢ lugdi 3.6 3zliarfs

AUNITN (3.94) —(3.95) uaadlaaail

I1 = Ixs+ Ix5

Taeh

(3.97)

(3.98)

(3.99)

(3.100)
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1, :%I (3.101)

NANMIN (3.97) — 3.101) ensoeu vy ldssaunsas Tl

al,,—cl,+el =0 (3.102)
bl ,—dl_, +fl =0 (3.103)
¢l —dl—al,+bl, =0 (3.104)
L
o+ le=1 =21 3.105
x3 x5 1 L ( )
Ll =1, =2 (3.106)
L
Lo+ 1, =1 (3.107)
tiio
a=— - b=— - C= £ d:;
sinh(aL,) sinh(aL,) tanh(erL,) tanh(eL,)
1
oy f=———
tanh(eL,)
wazamnsosaaumslfedluguaindiitohoudmsudaunts 1dwade 11i
fa 0 ¢ 0 e O]fl,] [ O |
0 b 0 —d o0 flI, 0
c -d -a b 0 0fI, 0
= (3.108)
000 1 0 1 ofr,| [ILL
00 0 1 0 11| [IgL
11 0 0 0 0l[l] | 1 |
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o a d ] ) o 1 o o
2. uyyaesn Nadiamaniod 1 19d 115 U939 19ma4 [Wihaesd
< o i 1 o @ ' o w 9y . .
Wunvudiaesedrndtedimivacestiediaslddrgesdiu (Simplified
I 1
mathematical model for double-side power supply: SMM-DPS) Wunisdszurmwaioin
4 ] F
ppusiassnadiamaasuuuiugIv iesnnaumsdesduveuuuiasenendinmani
dy =\ o 9 1 9 a 9 Al 3 v J [ o
puURugIIauTudeuneudegs Taewnsanli L, uag L, auiluetiugd szwunmnily

P~ o a 4 g A g [
qUN1IN (3.109) 611aqmJmmaa‘vnmmmmamuuuwugmmuﬂu 1 A9FUNIT

cosh(als) _, (COSh(aH)] | (3.109)

sinh(aL,) " | sinh(al,)

9 v
wasnnuuiimsdaaaalsldedlugiuds 7, 7, 1, uaz 1, ldnnaunish

(3.109) unuluaunsn (3.94) — (3.96) ldaail

ba = . —lxscf)Sh(aLl)Hxs: (3.110)
sinh(aL,) sinh(aL,)
I, — 1 —1, C_OS(O‘LZ) + 4= (3.111)
sinh(aL,) sinh(aL,)
coshialy) Cf)Sh(aLz)—lxs—_ L a1 0 (3.112)
sinh(eL,) sinh(aL,) sinh(aL,) sinh(aL,)
MAANMTH (3.97) tay (3.98) unuluaunsi (3.110) 12149
1 cosh(eLy) L,
le . _Ix3 . + - x3:0
sinh(al,) sinh(el)) L +L,
(3.113)
1 1 ,
I, — -l +1|=- |
sinh(aL,) tanh(aL,) L+L,

waz unuluaunsn 3.111) a2'1dn



1 | cos(eL,) N

L

Ix2 . x4 T _Ix4
sinh(al,) sinh(el,) L +L,

S T D S
%sinh(aL,) | tanh(al,)

+1):— L I
L+L,

=0
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(3.114)

Maun1sn (3.113) 3.114) 3.112) uaz 3.107) weulnu'lddaaunisn (3.115) - (3.119)

o e U 1 tg,
Ardany ﬂ\illﬁ'ﬂ\iﬂﬂllﬂu

L, |
L +L,

al,—(c+l ,=-

B _ 4
bl,, —(d +1)1, = L1+L2|

cl,—dl,—al,+bl,=0

l,+1,=1

1 b 1

a=— = — c= 3 uag
sinh(aL,) sinh(aL,) tanh(aL,)

MNAUMNIA (3.115) - (3.118) @mrsniaaumi lioglugiuns ng laeail

a 0 —(c+l1) 0 I,
0 b 0 —(d+1) || I,
c —d —-a b I
1 I

~IL,/L

| -n/L
)
|

(Y]

1

d=——
tanh(eL,)

@

(3.115)

(3.116)

(3.117)

(3.118)

(3.119)
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3. msvseradng Inihgagains
vinagumsusean Tlihszninsenvauludiui 1 duzali 3.6) wxiiaigs

H 1 H v
ngaiieso logndumniusx =12 130 L, = L, aeniuazild L=L,=L/2 uaz 1 ,=1,

] '
HAIZHUN
|
La=1e =5 (3.120)
Mnaumsh (3.120) Woulnid 1ddaaumsi 3.121)
| 1 1 |
— -1 +1|=—— (3.121)
2 . alL 3 al 2
sinh(— tanh(——
( > ) ( 5 )
uazsaglaums i ldail
Ix3 ;4_1 :l 1+;
tanh(aL/2) 2\ sinh(xlL/2)
| cosh(aL/2) +sinh(al/2) | _ I { sinh(alL/2) +1 (3.122)
< sinh(aL/2) 2\ sinh(al/2) '

| 1 sinh(aL/2)+1
7 2{ cosh(arL/2) +sinh(aL/2)

Y
vsomeuldeglusduuuanmsedaiie laneannisae 1l
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x3

sinh(aL/2)+1
cosh(aL/2) +sinh(aL/2)

sinh(aL/2)+1)(cosh(aL/2) —sinh(aL/2))

!
2
I
S

l(sinh(oaL/Z) cosh(aL/2) —sinh?(aL/2) +cosh(aL/2) —sinh(aL/z)

’ (3.123)

= !z(l+ (sinh(aL) - cosh(aL))+2(cosh(alL/2) —sinh(aL/2))

= !z(l+ et +2e )

- 12(1+ e“’”z)2

cosh2x+1 sinh 2x

=cosh? X 1ag =sinh x cosh x

nnaumsh (3.114) vagu1deglugianls 7, vz 14

x5

[ sinh(aL/2) +1

2 2\ cosh(aL/2)+sinh(aL/2)

1, sinh(aL/2) +1

2 cosh(aL/2) +sinh(eL/2)

cosh(«L/2) +sinh(aL/2) —sinh(«L/2) -1

cosh(al/2)+sinh(al/2)

cosh(axL/2)-1

cosh(«L/2) +sinh(aL/2)

(3.124)

N | —

N | —

A = M Yo
'ﬁi’f]l,"llfluﬁl'ﬁllulﬂﬂﬂﬁllﬂ'ﬁ

l(cosh(ozL/Z)—l) (cosh(arL/2) —sinh(aL/2))
2 (3.125)
IE(cosh2 (aL/2) —cosh aL/2sin L /2 —cosh(aL/2) +sinh(aL/2))

Ix5=
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130
|, = l(COSh(“L)”—Smh(“L) —(cosh(aL/Z)—sinh(aL/Z))j
2 2 2
= l(1—2(cosh(ozL/2)—sinh(ozL)+(cosh(ozL)—sinh(aeL)))
4 (3.126)
— I —-al/2 —alL
= Z(1—2e +e )
_ | —al/2\?
= z(l‘e )
e
cosh 2x = cosh? X +sin? x
=2cosh®’x—1  sinh2x=2sinh xcosh x tag M:sinhz X

=2sinh® x +1

1NANNITN (3.123) 1ag (3.126) mmmﬁmamuﬂﬁuwmﬁ@ﬂ abuaz ¢ 1aaa

Y
aumsae 11l

Ur=-1.7, :_%zc (1-et2) (3.127)

U; :U’ = ZC(IXI _ I-Xg COSh(O{Ll)J
sinh(aL,)

1-cosh(axL/2)
cosh(eL/2) +sinh(aL/2)

(cosh(aL/2) - sinh(aL/2) - cosh?(aL/2) + cosh(aL/2)sinh(aL/2)) (.128)

(Cosh(aL/Z) sinh(aL/2)— cosh(aL)+1+sinh(aL)j

1
2
|
Zey
|
2 2 2
|

4

=7, —(-1+ 28 —e™)

-7, !I(l—e“L/z )
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U7 [Ix1c0§h(aL/2)—lx3j
¢ sinh(aL/2)

_'gzcW(—smh(aL/Z)cosh(aL/Z)+S‘”h2(“L/2)*Si”h(“u )

=|§ Z. (~cosh(aL/2) +sinh(aL/2) +1)

— IE Z. (1— e“”L/Z)

9 [
ANUUINTUNITN (3.127) — (3.130) WNUNTUMIATUIUDI NI TN T
199391189 Il dhaesdu (simple calculation equation for double-side power supply: SCE-

DPS) voamstszanudnd lilihgagansanaaslddaaunisi 3.131)

Upe == Z¢ (1-e?) (3.131)

U =—2Z, (1—e’“”2)2 (3.132)

NANNITN (3.131) ITWUNAUAITAINA N UAUNRT o U U VLN T

[ ] [ Y

1IR3 EN 50122-2 21anuan Ciile a =1/ L. Tasi L, =1/,/RiG}, tilesvinaunisil

3 0. q Y a A 9 < ° A

Wuaumslumsiszanaesm inaanuaatamasy la o813 lsnawaunms luuuudianai
v 2 Yy o A o = = A D)

A3 NYUTIANFDINDNIATFIU EN 50122-2 ioftianadou lumwizuesns I5auanisng

Talumanuan C

) o s d
3.3 wamsannalaalyuuudiaesnandiamans

° ° a Y Yo = S U
Waﬂ’]ﬁﬂ’]uaﬂluﬂﬂﬁnaﬂ\TWT\iﬂﬂl@ﬁ”lﬁ@ihlﬂﬂﬁlu:]m1“ﬂ§mﬁﬂ1u‘ﬂ’]ﬁm1ﬂ]ulﬂ ﬁflkhf‘lﬁfalﬂ

agndumiala q nagmsdszinadng dhgegansuazussdu ldihnani ldihdunaou
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33.1  msannalaginll
o g I o ¢ A 1 Y] {
Tudeiidunistaesaniumsalensisaongisveassau Tildinsa
aszua Iing e nszuair vansdu vaznszuaauludulassivualiaianudiuuessad
T~ 1 o 1 1 A1 3 A a
Audlu 0.2 Q/km A1ANVIIABNUIIANVEIITAIIU 0.1 S/km TLHLNIANINTUT 5 km 1AL
aszua lihnaeliunsa 100 A misrasinadivsuasneide InihduRe ez aosdiu
Y o A ~ ] Aa
e 1daan3199 3.1 uaaansvesnszua Iinge nszuasiqvaasdu vaznszuaazeay
Tududmsuasesseias Tlihdudeaz aesdmlnu duRerdunugili 3.2 uazgin
o o X A o Y Y o ' ° Ay v
3.5 MUAIAY Feansndudunnugnded ldnazdimuiuusiaes CMM uag SMM 7114

o T @ y o ~ ° Y 9 { o o 1
mmu’aﬁmmL!,ﬁﬂmﬁﬂmﬁmmﬂ!,!,‘U‘Uina’fN CMM 3Jm§ﬂmuﬂéuamsuﬁmwmﬁi]mmm

=

3 o < @ ? o 1 1
HUYINaDy SMM ﬁmﬁﬂmuﬂﬂlammﬁlﬁ}m&fljnmﬂuauuﬁ u@ﬂ%TﬂﬁﬂQWU?T?Q%ﬁ%Tﬂ

Y
[

madlwddudeanadnd llihgegansanaduianiilliuazsa 'l aaueesiie

o w

[ Y 1 Y
maq lihaesdunadnd liihgegansanaiunse Trlminiu
332 nsaiselvlvigaegiisuriudla g
% Y dy Y o o 4 o 3’, A

Tusidei @ nauon1581a09@01UN T VYD IUV VT 10 0INIT 0N ©
nFeumeunszua i usegulwiaznszuas naasau Taoldszuusa ldduniuas
A10R0095¥5551 (Metropolitan Rapid Transit Chalong Ratchadham Line) 5050 I wviuns

S 1 A | o Y o d’ =\ =\ Y a

0@ 329 (1M119) (MRT Purple Line) wan13tiasauandlaniniinei 3.2 Tasliaoriilvusms
16 a0l uazaatizesnszua 10 a1l nad Iniane lddase Tliusenaiunnnansidu
750 V imaa W dumasunnng 2x2.5 MW A210a 1A 1UA8 1 U8A218817 0.017 Q/km

t’?ﬂ’i%ﬂﬁﬁ]\ﬁNl,l,azﬂﬁ?ﬂﬁ11ﬂﬂ1@iflﬂﬂﬂ]8ﬂ’ﬂh81’3 0.1 S/km
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A a Yy v
LUBNWAITUITSIZATUYNNYNI 5 km
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1995918849 llihdufen

199591884 llihaeadu

Rail current (A)

-60
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Distance(km)
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Rail current (A)
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0 5 10 15 20 25 30
Distance x (km)

Rail voltage (V)

Distance (km)

Rail voltage (V)

0 5 10 15 20 25 30
Distance x (km)

35 40 45

Ground current (A)

Ground current (A)

-8 B
10 L . L I . 10 . . . L . . . L I
-5 0 5 10 15 20 25 - 0 5 10 15 20 25 30 35 40 45
Distance x (km) Distance x (km)
80 80
70 70 bl
<60 <60 1
= =
e e
3 50 3 50 i
o o
2 2
S S
I 2 40 © 40 B
S S
¢ I E e ||| e
= 30 = 30 2 N > 3. ]
S S o R
E € Ed N,
3 3 s \
g 20 - g 20 # S
< < g .
N
10 q 10 q
0 L L . . . 0 L . . L . . L .
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saanll a0l 5202N19 (km) Route map
PPO1 EGRIRNIA 0.00
PP02 YRS IREN (T 1.27
I+ @ O Khlong Bang Phai
PP03 aunenU1 ) 1.56 P To Maim Depot
PP04 UNNg 1.57 e Talad Bang Yai
S+ e Sam Yaek Bang Yai
PPO5 TARELN AV 1.20 ® Bang Phiu
1
PP06 1snios-nay 1.25 DE ¢ BangRakva
" [ ] Bang Rak Noi - Tha It
PP07 Insih 1.25 S @  sive
PPOS AEMUNTLUUNA 1.47 Chao Phraya River
[ ) Phra Nangklao Bridge
PP09 HOAUUNS | 1.63 - @  YaekNonthaburi1
|
PP10 VNNTEAD 1.26 | Bang Krasor
PP11 AUETMITINIaUUNIS 0.90 o © Nonthaburi Civic Centre
i . .
PP12 NTENINABITUGY 1.79 ¢ Ministry of Public Health
" =+ e Yaek Tiwanon
PP13 LYINAINUUN 1.20 S+ ‘ Wong Sawang
PP14 ’Nﬁ.ﬁ’j’m 1.72 ™ wp  Transfer to SRT Light Red Line
> Bang Son
PP15 VYNYOU 1.29 O Tao Poon
]
PP16 W]T]J”u 158 = Transfer to MRT Blue Line

] [ Y
6666 A (AANTInavoInad lWihnao il lvihaduaaoun) amsanaassieazda ldaail

- 2a501emad lnvhduden

m3saodnalunsaineasnenad i u@ernazaasiunnnanszua T

1 A o w 9 =} a < ] =\ I
Gmmﬁmnm&maa“lwv’hmummmwmsmnﬂummmu PP15-P16 11U

528¥N19 1.58 km 1ot 1viuale L,=1.58-L, km uag L, = 1.29 km HAR15AIUIY VDI

o 4 [:4 A A 1A o ]
HUVTIaI CMM-SPS 1taz SMM-SPS ldwaveosdnd lWdisraiiosoliogidnmia

0.5 km 1 km #ag 1.58 km asuaaslugiin 3.7 minnanissrasssznudinsddnd Trldhnsed

Y o g’z AR A A [ A A = @
uu’;Tuummﬂumﬁamﬁmummmﬂmmﬂaeummﬂﬂé"lﬂﬂmimmmemﬂmms;ﬂ;m

EN 501222 vz Hianuilu 14.13% 25.38% 11az 35.46% 150 TWogfsd 1111 0.5 km 1.0 km nay

1.58 km 9108191
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200 T T T T

CMM-SPS at 0.5 km

150 L |m SMM-SPS at 0.5 km |
CMM-SPS at 1.0 km

----- SMM-SPS at 1.0 km

CMM-SPS at 1.58 km

100 - / .
SMM-SPS at 1.58 km

50 |

Rail voltage (V)

-50

-100

-150 1 I I I I I 1
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Distance (km)

707 3.7 useau Ilihsedmsuasestedas luihaw@en

- westemad IWvhaesdu
o Aa A A ~ ] = '
N1391809HATNTUINTANT 2oz NNEMNFANTIZNTLOENWHHAAD
@ ~A o A I~ [
WauaIans 1N11N319 WUAD T282N19910 PPO7-PP09 1115282119 3.10 km HAZIEHZHI

Mudnadli 2,50 km 1% 2.16 km HAN1331209VOULTIADI CMM-DPS 1182 SMM-DPS 1@

] o ]

ueraswavesrnd llhnsaiose Ilegidmiie 1 km 1.55 km uaz 2 km denaaslugili 3.7

U

o ! o ~ = 9 = v g’/ an A

nnwansTiassaznunsvesdnd s sinua IduReriunsaeds Taoliainu
A @ = P o S
aaanenveednd R ulefouiuuiasgiu EN 50122-2 aziinuilu 25.40% 24.50%
1Az 25.40% Wosn Togidnia 1 km 1.55 km uag 2 km Ay
o SN o v 9 = 9 o
nnmsassralunsainiemas lihduReaz aesdumuusiaes cMM

Sy 9 2 4 ¥ < o4

uaz SMM 7 Idiuaueiuag il nannuaaanaeuvesdnd iihiis1amnaraiiosninms

o Y 9 ° g = I @ [ I Y A
ﬂ’l“ﬂu@"U@ﬂl"Uﬁ@’lH"U’N"U@QLL‘U‘U%’]ﬁ@Qﬂﬂﬁ@ﬂmﬂlﬂuﬂ{ﬂ{ﬂﬂﬁaﬂﬁ"]ﬂﬂ]ﬂl!aglﬂuﬂl@ﬂﬂ?i

sziiasz T lumslduuudiaeanis SMM
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120 T T T T T T T
CMM-DPS at 1.0 km
SMM-DPS at 1.0 km
CMM-DPS at 1.55 km
SMM-DPS at 1.55 km
CMM-DPS at 2.0 km |

SMM-DPS at 2.0 km

100 |

80 |

60 [

Rail voltage (V)
N
o

N
o
T

-40 1 1 1 I I I I I

Distance x (km)
517 3.8 useau Il sedmsuasestedas lihassdu

333 nsisznadndldhgagansiaazussiuldihiiaaiilvdhdungeu
o v 9 dy o A A ~ A g’:
mssaesluindeliszgdrasimanisinaounvuesio i lash Inannsiveand
aesuuuassannsamuudnd llihgegansaazussgu il lilihdunaoulae
maFeuiouiusynemsdsznadng lihhseaunasgiu EN 50122-2 nuusiaesn
a 4 { o a o 1 1 o
AUAMAATUUVNUFIU (CMM) LUUTIA0INNANAMAATE110 (SMM) Lagaun1TAIuIN
9819410 (SCE) mivszumdnd ldihgegaiisaazussan Tlihdaail ldihdumaou
o o ' o w = a I 1 = [
disureesnenas i@z iosanilugsaniil PPO1-P02 ag PP15-P16 Aauaaq
Tums19i 3.3 wag 3.4 Ma1au uaga15199 3.5 uag 3.6 uaaansiszmdnd llihgegan
sruazuseau Ilihnaoi lwihiduadeudmsuasasnemas lwihaesdiu
. ) ) . 3 .
10913199 3.3 - 3.6 W umsdszanudng lihgegaiistaazus sau Tdha
= Y A ) o ' o v 9 = Y J
ao1fl ldhdumasudmsumstemaidufenas #o9a UL NAIMNIATIIU EN 50122-2
o o s 1 1 % d‘ QU d‘
AULUDTI909 SMM tag SCE Hiawminuiiesninmsdszanadnd s emuuiasgiu
<3| = v R A o o & = A [
EN 50122-2 1@z SCE iluaumsfennudalifuanuuuiiaeos SMM aauuddinumnu uaz
H 1 9
MuIATFIY EN 50122-2 lufimsmuaussan lihnaoil dhduadou daiueaunsold

HuUT1a049 SCE lumsnSeuneuunu'ld
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a13197 3.3 dnd Ilihgegaisedmfuacestemddldddudervesszousa i

s A
UVIUAT TITNN (1MUD)

LLU‘]J%O'IQE’)\WINﬂtﬁﬂﬁ'Iﬁﬁg

S?ﬁl!?ili\ﬁlf)\i JTYSNN HIATITH

aoriinne vl (km) EN 501222 | CMM-DPS | SMM-DPS | SME-DPS
PP01-PP02 1.27 87.0718 138.8682 87.0718 87.0718
PP15-PP16 1.58 107.5640 166.6556 107.5640 107.5640

A13199 3.4 useau Ishnaoid I dumaeudmsursasnemad Iddnufervesszuy

so'lihuvmiuas aeduae (ile)

AU | T2OTNN WATFIU uUuaeanendiamans
aoriinne v (km) EN 501222 | CMM-DPS | SMM-DPS | SME-DPS
PP01-PP02 1.27 -87.0718 -40.2780 -87.0718 -87.0718
PP15-PP16 1.58 -107.5640 -48.5640 -107.5640 -107.5640

a1319% 3.5 fnd lilhgegansedmiuasestiemasldihassdiuvesszuusa Tl

S A
UVIUAT TTNN (1MUD)

G‘hl,!,“ri‘lj\i"llf]\i JTYSNN HIATITU LL“lJ‘lJiﬁﬁ’E]\W]Nﬂiﬁ@]ﬁ?ﬁ@lg
aontinne 1l (km) EN 501222 | CMM-DPS | SMM-DPS | SME-DPS
PP02-PP03 1.56 54.0787 52.7047 54.0787 54.0787
PP03-PP05 2.77 94.7079 77.4690 94.7079 94.7079
PP05-PP07 2.50 85.7396 74.9345 85.7396 85.7396
PP07-PP09 3.10 105.5937 87.4019 105.5937 105.5937
PP09-PP11 2.16 74.3668 66.1605 74.3668 74.3668
PP11-PP13 2.99 101.9742 82.0871 101.9742 101.9742
PP13-PP14 1.72 59.5163 51.9474 59.5163 59.5163
PP14-PP15 1.29 44.8573 38.7582 44.8573 44.8573
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v, (V) V, (V) Vy (V) Ve, (V)

PPO01-PP02 1.27 =¥ - - -
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PP09-PP11 2.16 =¥ -10.0180 -10.0204 -1.8028 -1.8028 -1.8028
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AUNI1A73 (Davis equation) Aauaasluaumsi 4.3) (s1iade narsniiswas, 2557)

T, = A+Bv+CV? (4.3)
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T, = (1.65+0.0247v)W,, +(0.78+0.0028v)W, +{0.78 +0.0078(n —1)}v* (4.4)
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maa Inihvessa v

Maelrie3eisa W ld lumsiadoun (train power consumption: P, ) Uszneuale

[

Aae I ua3y (auxiliary power: P, ) #iAA91nsuunaadng n3esdiueine szuy

aux

] v 1 A
daana uazdu q uazmaslihnldiumasuvuiuse Idihdduegiunssaavuiuse i
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AuUMIN (4.5) (Kulworawanichpong, 2003)
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n
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myseansnaveariinga I
d’ Y glJ Y o o d’ J
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é a o o A % A U g v
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M. :Mt(1+/1w)+M| (4.6)

A % % ' . (Z g %
Taoh M, fio Winiinsnla (tare weight) A, A0 mﬂﬁzﬂauumuﬂé’hﬂﬁﬁ
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uaz M, Ain Wninueard lavas (passenger load)
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[1s]=[Gs ][Vs] (4.13)
e [Iy] Ao mwmsngdesnszud llihvesamilluihduaden (A)
] Ao wmsnddosusau liihwesanillihdundou (v)

[G,] fowningdesarmhlihwesandTvdhimageu (s)
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iR) - S(’R c) SER R) S(R) (4.14)
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o 19 as nszua i lnaheenswiiauiivaanil liihiuadou (A)
R nszua i lnadhesnsiadsitiaanil vhiunaeu (A)
VO e usedullihiissiienudasanil lihdundeu (v)
VR fe usedullihfindsiidaand liihduaden (v)
GO feo avunh lilihvessuitauiitaanidllihduaden ()

GER Ao anuih rlihszriesehawiazsiadsidaamil idhduadou (s)
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GO fe anuih Irlihsewiendaazsiawivaaoidl TWdhdunadou (S)

GERR - fe anwih Irlihsewaendaazsiawivaaodl TWdhdunadou (S)

t:' t:' a d o d' [
MNauMs (4.13) uaz Ui 4.17 v) awnsonuuasngdesanui Wi nda
anil lihdumaeunaz3la 4.17 n) @ansovuuas ndoesnsyue Tl dvaaniil T
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[ s
[1]= w71 (4.16)
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[G], = (4.17)

iie [G]., e wn3nddesnainni lifvesmeasszninalua puaz ¢ la 9 (9)
[G,, | fio wmindidosninnililihszninaTua pla (5)
(G, | Ao uminddosnannirliihszninglue puaz ¢ la 9 (5)
[Gy, | Ao uminddosninnirliihszninelue g uaz p laq (s)
[Gyq | o minddosnannirliliilug ¢ 1a 9 (s)
. 2 4

auiunnaumsi 4.17) swnsariwasngesniuih 1w (6, uas [G,)]

rq

m'ldaneaunisn (4.18)

1)
G(C’C) G(C’R) dRé
[qu] - [qu] = G?g'c) G'()g,rz) = 1 (4.18)
nq po -
dR!

we GO Ao aunh lhwesswiiawsznanlua puaz ¢ la q(s)
Gé‘;’R) A Anwh Iihszrieseiaazsalsengua puaz ¢ 1a 9 (9)
Géﬁ'c) Ao anwih ihszriesalaareanawseningua p uaz ¢ 1a 9 (S)

GEM Ao nnuh lwihvessadsszninadua puaz g la 9 (9)

a g o {
uagannsaruuasngeesanuih i (61 uag [G, ] i ldnnaunsi 4.19)

0 O
[GPP}RE :[qu]RE :{O dGéJ (4.19)
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IéC) GéC,C) GéC,R) GéC,S) VS(C)
10 1= GFD GIRP GRS v (4.21)
IéS) GéS,C) GéS,R) GéS,S) VS(S)

do 1 de nszuellihi lnarheens i wiivaanil i duadeu (a)
1® de nszua lilihit Inaheens1adsiitaanil i dundeu (a)
19 fe nszualilihit lnasheenTassadreiitaanil i duadon (a)
VAT g Iihfissiewisraaoil ihawadeu (v)
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do anui Iihvessiiauszinadua p uag ¢ 1a 9 (9)

do anuih Tihszninseiiamazsesdeseninalua puaz ¢ 1a 9 (S)

do anuih Tihszninsefiaumaz Tassatiesznadua p uag ¢ 1a 9 (S)
do A lildhsendnssduazsiiawszninadua puag ¢ 10 9 ()

fo anh lldhvessadeszninaTua puas ¢ 1a 9 ()

fo o lldhszwinnadaes Tassadeseninedua puas ¢ 1a 9 (9)
do A lildhszndnInseadaesseiiauszrnadus puas ¢ 1a 9 (S)
fo A IhszraTassadaazsalesznnaTua p uaz ¢ 1a 9 (S)

A Anwh lihveslaseadeszninglua p uaz ¢ 1a 9 (S

waza ez nggosnnh i (6] was [G,] mTdanaumsi (4.25)

0 0 0

[Gpp ]55 :[qu ]SE =10 dGg —0Ggg (4.25)
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(R.R) (R.S) (R.C) (R.R) (R.S) (RC) (R.R) (R.S)
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GNl GNl GN,Nfl GN,Nfl GN,N—I GNN GNN GNN Ve
(R,R) (R.S) (R.C) (R.R) (R.S) (R.C) (R,R) (R.S) N
GNi GNl L GN,Nfl GN,Nfl GN,Nfl GNN GNN GNN - -
(S.R) (8.5) (8.C) (S.R) (8.5) (8.0) (S.R) (8.8)
GNl GN1 GN,N—l GN,N—l GN,N—l GNN GNN GNN ]

(4.26)
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Declaration and initiation
of all variable, set up the
relevant parameter

Check if the time
exceeds the final pre-
defined time or not

Train movement calculation :
- Speed

- position

- demanded power of the train

Network capture:

- Step the network configuration

-Bus sortting
-Build bus and line data

v

Power flow calculation :
- Bus voltage
- consumed power
- power losses etc.

v

Update
simulation time

T=t+dt

(Chuchit, Ratniyomchai, Kulworawanichpong, 2018)

eck if the train reache
the last station

[ 9
517 4.22 YupoUMIIADING
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Yes

Display the result

End
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minﬁ 4.1 W'liﬁJ!.ﬂfJﬁﬁ”lﬁﬁ‘Uﬂ”lﬁ%WﬁﬂﬂWaﬂWﬁlﬂaGUﬁ“U@\ﬁﬂ

Specific data Information

Train parameters

Weight tare weight 153 ton
payload AW3 75 ton

Movement Feature max. speed 80 km/h
max. acceleration 1.2 m/s’
max. deceleration 0.9 m/s’

Efficiency gear 98%
motor 90%
motor power factor 86%
inverter 96.5%

Auxiliary power constant load 270 kW

Train resistance equation (4.4)

TE curve max. TE 228.8 N
v, 30 km/h
Vv, 55 km/h

Route Khlong Bang Phai station -> Tao Poon station

Station dwell time

25 sec

3" Rail Resistance

0.007 ohms/km at 15 degree C

Running Rail Resistance (in parallel)

0.0175 ohms/km at 20 degree C

rail-to-structure conductance per unit length 0.1 S/km
structure’s resistor 0.1 ohms/km
structure-to-earth conductance per unit length | 0.5 S/km

(+10% Temperature)

TdsunsumssiasinismasunvesvuIusn I@eaauiiun1s 1y MATLAB/M-file

TaglFuuusiaoaausnIsAIUIUNITIAABUNUDIT0 Iuazn1sa1uIan1s vaved

[ Y 1 H 1
nszua lWihin 1desuie 1 ineuniii Tusunsusiaeamsnaounazl1991naniil PPo1 lda

PP16 Tagldian 25 i lumsngahaunamiingnaniil @7=0.55)
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Energy (MJ)
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Rail potential at Train (V)
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Anaad 13 luzili 427 - 428 nagarsei 42 woniidnd lWihisegegatianilu 13.98 v i
TSS1 tag 74.32 V asduniasn W deeramannnszua s muuinnaieldunse 1 lu
3’, A =\ 1 <3 ] a o A
Yo InlimssinnuEazszogivvesdoil Tihdumaou awuiasgiuglsy
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dmsudnd ldihnsugegaimaiuszdosniussan I nawsodndldgegalu
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srezna1losnd 300 s uazusean Ly 120 v, deiudmsunsaisiaseiideniunast
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masgrunmua’ll
Y ]
wasnu Ilihazanvessalvuaz TSS Wanuavzuaaslugii 4.29 nagain
3197 4.2 uaaalimiunmas 1ihn Tss azannnmae Idhn 14 laesa I waasndes

= = v

1 o w 4 Aa A I 4 Qy
imsgydendinulumsnemds ilifuiiesnindseaniamuessa lhiludu ieduganis

U 9

HraosmuiimaalnhgapdeTaosundu 82233 Mwh

H H Y H
A15199 4.2 ﬁ'lﬁﬂ?\lﬁ1 mmu"lﬂ% uazﬁﬂef"l%lﬁmﬁwmLmm"mmmmaamu%m?}mﬁ

¥
PYUUNUTIUAWIATFIN EN 501222

TSS Py (MW) Ve (V) Ut (V) Usgn (V)
TSS1 2.449977 729.859 13.981 -7.889
TSS2 2.236038 731.663 12.083 -7.887
TSS3 2.385227 730.406 12.293 -7.862
TSS4 2.471415 729.678 12.505 -7.285
TSSS5 2.492254 729.502 12.479 -6.818
TSS6 2.454063 729.825 12.398 -6.377
TSS7 2.463597 729.744 12.463 -7.200
TSS8 2.382788 730.427 12.295 -7.811
TSS9 2.241470 731.618 11.915 -7.824

TSS10 2.542112 729.080 13.149 -7.813
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310 431 useau i Taseaseawdumiisvessa lddmsunuusass TGM
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TSS | Pgpee MW) | Vo V) | Ui V) | Upin V) | Uge V) | U (V)
TSS1 2.450040 729.859 13.980 -7.860 0.712 -0.635
TSS2 2.236092 731.663 12.086 -7.858 0.725 -0.626
TSS3 2.385315 730.406 12.301 -7.833 0.769 -0.588
TSS4 2.471501 729.677 12.512 -7.255 0.617 -0.451
TSS5 2.492702 729.498 12.487 -6.800 0.387 -0.246
TSS6 2.454142 729.824 12.402 -6.351 0.348 -0.160
TSS7 2.463443 729.745 12.467 -7.174 0.451 -0.363
TSS8 2.382638 730.428 12.299 -7.788 0.629 -0.554
TSS9 2.250557 731.541 11.968 -7.802 0.539 -0.618

TSS10 2.541464 729.085 13.155 -7.792 0.620 -0.650
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TS | Py W) | Vo) | Ui W) | Vg W) | Uggrea ) | Uge (V)
TSS1 2.450040 729.859 13.980 -7.860 0.711 -0.635
TSS2 2.236092 731.663 12.086 -7.858 0.725 -0.625
TSS3 2.385314 730.406 12.301 -7.833 0.769 -0.588
TSS4 2.471501 729.677 12.512 -7.254 0.617 -0.451
TSS5 2.492702 729.498 12.487 -6.800 0.387 -0.246
TSS6 2.454142 729.824 12.402 -6.351 0.349 -0.160
TSS7 2.463443 729.745 12.467 -7.173 0.451 -0.363
TSS8 2.382638 730.428 12.299 -7.788 0.629 -0.554
TSS9 2.250557 731.541 11.968 -7.802 0.539 -0.617

TSS10 2.541464 729.085 13.155 -7.791 0.620 -0.650
M3 4.5 wamsFeiieumssiaeramsaeasan
Parameter OoGM TGM TGM g o1es
Maximum power (MW) 2.542 2.541 2.541
Minimum voltage (V) 729.080 729.085 729.085
Maximum rail potential (V) 13.981 13.980 13.980
158 Minimum rail potential (V) -7.889 -7.860 -7.860
Maximum structure to earth voltage (V) - 0.712 0.769
Minimum structure to earth voltage (V) - -5.54 -0.650
Maximum power (MW) 2.861 2.861 2.861
Minimum voltage (V) 711.990 712.015 712.015
Train
Maximum rail potential (V) 74.312 74.354 74.354
Maximum structure to earth voltage (V) - 0.766 0.766
Sum energy at TSS (MW) 1053.414 1052.493 1052.493
Sum energy at train (MW) 1012.339 1011.410 1011.410
Sum energy less (MW) 82.233 82.249 82.249
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5U7 5.2 yanaaeumsasivianizud i lnadmsuTnssad wenszau

HUUN RSO T I

M3197 5.1 Foyadumnzvosganagounisasvianszuasd lualulnseadeenszay

nUUMaReIge I
YUINYRIYANATDL YU
A4 (cm), 812 (em), G4 (cm) 48, 140, 62.5
NN UFANAT Y min max error
Ve (V) 0.00 24.00 +0.1
L (A) 0.00 24.00 +0.1
Ry (Q) 0.90 1.10 +0.1
L, (m) 14 16 +1]
unavnedmivuesialulnsneu Insamaiuay min max error
iAseaiiesa
Vi (V) 14.90 15.10 -
Vi (V) -14.90 -15.10 -
I (A) 0 1 -
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M9 5.1 Feyasumzvesganadeunisasivianszudia valulnssadeenszay

tﬁ' ) 1 1
HUUNNLAYITDTIU (91D)

3ol Taveaunaasi min max error
voltage measurement -30 30 +0.05
current measurement -30 -30 +0.10
4?7?@017@5@61/@@44%’0#7& min max error

- 2TVNITYANUUITIAU (V)

sensor 1, 2 and 3 -20 20 +0.10

- 2995aANBDUAYAIUUTIAU (V)

sensor 1, 2, and 3 -250 250 +10

521  ANNMUMUADHUIEAIINIVDII1IIVDI]ATIAS 198N IZA
4
HUUMAEILR I
M137AANUAIUNIUABNUIIAINE1IVDIT19IIATNNIATTIU EN 50122-2

L @ T ! [
amsndszgna ldnugaunassien laeenuuy 13 lumanuin n uaaslddsgili 5.3 nagou

U

Tasmsdsuusadu Tdinurasarendtansadulddvaznszualidinseisdaaaslu

A
MITNN 5.2

[] (11101 0]1[] [1[][] 1M Hrlr]r []
L
i 50 cm i 50 cm i
[ |
L] L] HEEEN HREEENENER NN .- L] L]
1Q mV,,
A
0-20VDC  f—
off
Lo

{ J o [ 1Y ' 1 2
Eﬂﬁ 5.3 fﬂiﬂiZEJﬂGIﬁ"IT‘ii'Uﬂ15'3ﬂﬂ')']3J§9],']u1/]'l\‘1{5]’E)1’i‘Ll'JEJﬂ'J'IlIEJ'I'J"U’ENTN'N

aauagnin: EN 50122-2 (2010)
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usanullih | aszualvvh msdauseanllihsze soem | anudumusa
(V) (mV) Ve, (mV) Vi, (mV) (mQ/km)
5 2.97 1.861 1.894 2528.6
10 7.58 5.195 5.651 2861.7
15 11.78 8.284 8.995 2933.6
18 14.31 10.234 11.156 2989.5
AURBEVBINNUAIUMUABNUIIAINETIVDITI 2828.35

%TﬂWfﬂﬂﬁﬂﬂﬁﬂﬂﬁﬂ\lﬁﬂﬁﬁu?ﬂlﬂ’J"IiJéI}"IuV]"IuEIJ’E)Qﬁ\ﬁQﬁﬁ%

U39 10 V uaad ldaaanmsn (5.1)

_ (5.159-0) + (5.651-0)

R = =1.4309 mQ2
R50cm 758

[

i Y
uazmmsaﬂ"1mmmmﬁ'mmumwmammﬂnmminw‘lﬁ’ il

_L1A309 M, 8617 mQ/m = 2861.7 mQy/km

R 50x1072

v

A A
g% 50 cm NNNA

(5.1

(5.2)

1INNITWN 5.2 WNUNAUNASUDIANUATUNIUADHUIGANNIIUDITINI

L] o 1 o [ o o ~ o
andlu 2.83 Qkm Tasaziiar ldlddmsunisaiaadnd Wi insuazadwuuusians

nszuas lvalulaseadwenszaunuumadsgodiuae 11
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A1319% 5.3 HANINATBUMIIAANUAIUMUIEH NI NN TATIad1aneunIa

SEPTRLN 16/11/2561 | 15/12/2561 | 16/01/2562
MANUAIUMULS A 1 (MQ) 13.93 152.9 80.53
AR TT AT 2 (MQ) 11.80 169.4 111.2
MANUAUMULS i 3 (MQ) 15.59 132.2 90.23
MANUAUMUIRAY (MQ) 13.77 151.5 93.99
anmh IrlfhdeniienueIzniNg 9
fulnseasenounsa (US/km) 25.936 2.357 3.800

mﬂwaﬂ'li'ﬂﬂﬁ’f)‘Uﬂ"l‘JJ13ﬂﬁ1u’3mﬂ’J"IlJli"lll‘l/\lﬂ?ﬁi@ﬁﬂ’)ﬂﬂ?TMﬂ??i%ﬂ’Z;Nﬂ\ﬁ\i

fuTaseasnounsa ldasaunsn (5.3)

1 1

G = = =25.936 1S/km 5.3
R2Z8M R x L (18.77x10° Q) x (2.8x10° km) “S| 53)

1NNIT19N 5.3 WWUNAURDGVDIANUA UM UADNUIIANUEIITSHINT I
A o A a0 g o [ [
2nuTassadeneunsaliantu 25.936 PS/km 2.357 pS/km tag 3.800 US/km €1%5Un153A

119N 16/11/2561 15/12/2561 t1ag 16/01/2562 AUa1A1L

A5 19N 5.4 wamimaaumi5’@1mmﬁﬁummzwjnTﬂiqa%ﬁqﬂauﬂifmﬁ’uﬁu

BRI 16/11/2561 15/12/2561 16/01/2562
MAIUS ML 1 (MQ) 1.327 61.02 84.83
MAMUR NI 2 (MQ) 1.291 65.87 100.6
MAMUR NI AT 3 (MQ) 1.310 67.87 88.77
MANURIUNIDEY (MQ) 1.309 64.92 91.40
anmih fhdeninenuenznieg e
nuTnseadenounsa (US/km) 272.767 5.501 3.907
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Taseadwaounianuau ldaaaunisn (5.1)

1
G =
SE,2.8m (13091)(106 Q)X (2,8)(1073 km)

=0.27281 mS/km (5.4)

1NAITIN 5.4 ITNUIAUNAIVDIANUAIUNIIADNUITADHUIIANN YT
[ A @ 1 I
51119519190 uTassad waeunIatin iy 272.767 uS/km 5.501 PS/km uag 3.907 US/km
v Y
dwmsumsdalutuin 16/11/2561 15/12/2561 taz 16/01/2562 auaiay aatuauii lniae
NUWANNYIITLHAIIT19190 D TATIa s WA UNTALAZ T2 111N IATIa s WA UNTAN LAY
A ¢ ) 4 ' X Yy & v o

WagumuanIUMTAVIFTNINLIAABNUUS 1Y AUAN 81N AFU D101ALH 1Wuau Tagiii
annuiin ihdeniieanuennsznaeieae 1 ddmsumsdszunadnd Il nseuay

9 o o @ A l U 1
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523 malsanasndliihineeslnseaieensedunumaiedeain

mslszadndlilihfiswannsomuindlasldaumsmsinasgiede
Tunndi 3 Tutade 322 msdszuadnd s lunsaisemddid sz 19
WTneFvesmaNufIuMUAeNIeA LIV 1939TumMR 5.2 nazamamir i
AOMUIANNENTE N9 Tassadranounta luasiah 5.3 iy ieannmaunh
Tihaonireaueszniesadann Iassaduneunsainanszny Tnsasanenslszana
fndlliisns iomuualfusedulilfudiu s v 10 v 15 v uag 18 v anudiuniuaeniing
ANMNEIVBI319335TY 2.83 Qikm razamai1 Iihaenitenue1 iy 25.94 4S/km Faia
nszua lWi118 3.49 A 7.99 A 12,19 A uaz 1496 A awdrdy @oyannarsei v lu
MANUIN V.) ﬁ’qﬁ’uwamiﬂﬁzu1mﬁﬂzﬂw1711@@@;{@%3N%W@ﬂﬂim%'naﬂizﬁ’mmumm?ﬁm

gl 6.79 mV 15.66 mV 24.09 mV tag 29.61 mV Mud1al
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Vs (V)

20
10

UREl.(mV) Is (A)

Uges.(MV) Ugre2.(MV)
o

Uges.(V)
) N o

Uges.(V)
N 'I\) o

o

Ures.(V)

'
N

T T T
104238 14.7320 ~
i 4.7422 .
N -0.8756 i
1 | |
0 60 120 180 240
' ' ' 12.2397
| 8.2455 V
4.3368
0.12084 |
1 1 |
0 60 120 180 240
N 43.2192 ' ! ' i
-108.4857 -138.6547 -145.9215
B | 1 | i
0 60 120 180 240
T T
-63.8288
0 60 120 180 240
B 22.8607 ! ! ' i
-137.8072 -165.9002 _174.6305 j
C | | 1 B
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1 1 1
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Ures.(V) Ures.(V) Uges.(MV) Urez.(MV) Uger.(MV) Is (A) Vs (V)

UREG-(V)
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No. RE_ref (Q) RWire (Q/ km) Prs (Qm) P Concrete (Qm) Fval
1 6.00 7.98x10° 1.75x107 116.40 1.41x10~
2 5.00 7.31x10° 1.63x10” 57.88 1.41x107
3 4.98 7.98x10° 1.75x10” 100.00 1.20x10~
4 5.00 7.31x10° 1.63x10” 57.88 1.41x107
5 4.93 7.53x10” 1.69x10” 58.47 4.81x10"
6 4.93 7.98x10” 1.77x10” 37.56 5.06x10”
7 4.92 7.21x10° 1.75x10” 100.00 4.26x10"
8 4.96 7.67x10° 1.69x10” 99.38 9.23x10”
9 4.97 7.30x10" 1.60x107 34.42 1.01x10~
10 4.92 7.27x10° 1.71x107 50.02 4.67x10°
- Best: 0.0042626 Mean: 0.00639125

Fitness value

0.2

0.15

0.1

0.05

—%—— Best fitness
—O—— Mean fitness

Generation
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arnasveusiautaznszud v Tldhiunasie vazusedu s ssiuin 6 9a
Tudun 16/11/2018 asuaaalugiin .1 Tun 14/12/2018 A9 v.2 uagluiun 14/01/2019 A9

S e o
31U v.3 dwaasluasan v.1 -3

a1319% 1.1 mamsnaaaulunsdinieusaau i ulaeunlasiun 16/11/2018

a9 | Setting | Vg I Uy (mV) Uy (V)
T AV S VO IO 1 2 3 1 2 3
1 0 -0.7723 | 0.0622 | -125.84 | -120.71 -143.80 -0.0404 0.2200 0.2510
2 5 4.841 3.4891 | -68.607 | -64.499 | -86.966 -0.1390 0.1846 0.2626

delta 5.613 3.427 57.238 | 56.211 56.832 -0.0986 | -0.0353 | 0.0116

3 10 10.581 7.909 -74.941 | -70.756 | -90.981 -0.1573 0.1044 0.2401

delta 11.353 7.847 50.903 | 49.954 52.816 -0.1168 -0.1156 | -0.0109

4 15 16.263 12.168 | -74.847 | -69.775 | -88.997 -0.0966 0.2012 0.3260

delta 17.035 12.106 | 50.997 | 50.935 54.801 -0.0562 | -0.0188 | 0.0750

5 18 19.640 | 14.958 | -77.313 | -72.156 | -91.218 | -0.0171 0.2769 0.4153

delta 20.412 14.896 | 48.531 | 48.554 52.580 0.0233 0.0569 0.1643

A1319% 1.2 mamsnadaulunsdineuseau i ulfeunlasiun 14/12/2018

A1 | Setting Vs i Ugg (mV) Uge (V)
il v ol ® ] > 3 | 2 3
1 0 -1.0390 0.0576 | -13.790 | -12.847 -30.269 -0.6095 0.0485 0.2639
2 20 21.942 16.619 | -58.582 | -54.729 -74.790 -0.7160 0.1016 0.3693

delta 22.981 16.561 | -44.792 | -41.881 | -44.521 -0.1065 0.0532 | 0.1054

3 5 4.6359 | 4.0651 | -55.062 | -49.721 | -71.639 -1.1264 | -0.3577 | -0.1284

delta 5.6749 | 4.0074 | -41.272 | -36.874 | -41.370 | -0.5169 -0.4061 | -0.3923

4 15 16.129 12.516 | -61.530 | -56.771 | -77.979 -0.9245 -0.1501 | 0.1040

delta 17.168 12.458 | -47.739 | -43.924 | -47.710 | -0.3150 | -0.1986 | -0.1599

5 10 10.382 8.268 -51.702 | -46.867 | -68.069 | -0.7098 0.0592 | 0.3024

delta 11.421 8210 | -37.912 | -34.020 | 37.799 -0.1003 0.0107 | 0.0385
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a1AY | Setting | Vg I Upe (mV) Ups (V)

il vl v @ 1 2 3 2 3

1 0 -1.1002 | 0.0097 | -35.273 | -31.181 -46.793 -1.1044 -0.1665 | -0.0741

2 5 4.6039 4.1371 | -56.748 | -52.434 | -72.731 -1.3899 -0.5130 | -0.3656
delta 5.7040 4.1273 | -21.475 | -21.253 -25.938 -0.2856 -0.3465 | -0.2915

3 10 10.337 8.1542 | -50.854 | -46.607 | -65.824 -0.7422 0.1022 0.2393
delta 11.437 8.1444 | -15.581 | -15.425 -19.031 0.3622 0.2687 0.3133

4 15 16.053 12.308 | -34.863 | -30.828 -49.929 -0.0704 0.7580 1.0009
delta 17.153 12.298 0.4096 0.3538 -3.1356 1.0340 0.9245 1.0750

5 20 21.801 16.498 | -59.191 | -55.527 | -73.601 -0.6033 0.2653 0.4651
delta 22.901 16.484 | -23.919 | -24.346 | -26.808 0.5010 0.4318 0.5392

o

'
=

miauadgveansaauuaznszua i i nuvasie vazuseduIidinga

$1u2u 6 90 Tudui 15/01/2019 - 24/01/2019 sauaasluzli .6 TasRorsanilusios Tug

JUR 15/01/2019 azs187u 1182971 N 16/01/2019 — 24/01/2019 aauaadlua1519n v.4 uay

9.5 ANA1IAL

A A [ A Y 4
M1319N V.4 Nﬁfﬂi‘ﬂﬂﬁﬂﬂiuﬂSil!i]1EJLLSQﬂ‘Llll‘l/\'ﬁTﬂﬁﬂiui%ﬂ%L’JﬁWﬁuﬂﬁﬂﬂWﬁ

#1349 | Temp. | Hum. | 7, \ Uy, (mV) Upe (V)

i c ey ol w2 s ]2 |3
0 2800 | 41.989 | -0.712 | 0.112 | -45.82 | -41.88 | -57.88 | -1.726 | -0.877 | 0.753
| 20.50 | 47.356 | 10.67 | 8.178 | -54.88 | -50.92 | -70.71 | -1.109 | -0.290 | -0.157
2 2932 | 47.643 | 1078 | 8.187 | -58.15 | -54.15 | -73.71 | -1.199 | -0.389 | -0.263
3 27.42 49.859 10.82 8.194 | -59.19 | -55.16 | -74.67 | -1.243 | -0.441 | -0.322
4 26.79 51.509 10.81 8.193 | -60.17 | -56.22 | -75.69 | -1.285 | -0.504 | -0.391
5 2017 | 49318 | 10.74 | 8.188 | -60.12 | -56.33 | -76.18 | -1.083 | -0.507 | -0.392
6 29.50 47.619 10.71 8.175 | -59.00 | -55.11 | -74.91 | -1.082 | -0.421 | -0.301
7 28.76 47.665 10.75 8.173 | -58.49 | -54.46 | -74.22 | -1.123 | -0.404 | -0.279
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a1 | Setting |V I Upe (mV) Ups (V)
TR ECYs W BV N O 1 2 3 I 2 3
1 0 -0.7118 | 0.1124 | -45.818 | -41.876 | -57.879 -1.7261 -0.8770 | -0.7532
2 10 10.7482 | 8.1713 | -58.066 | -54.097 | -73.813 -1.1967 -0.4345 | -0.3140
delta 11.4600 | 8.0590 | -12.248 | -12.221 -15.934 0.5294 0.4425 0.4393
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Q13199 1.6 MITAANNMUMUALYI TATIa3 NeNTEAULU VDI

NAFOUTUN 16/10/2561 N 29 °C AU 54%
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. A A 2 At 3
AWHUINITIA

RQ) | p@m | RQ@Q | p@m) | RQ) | p(©@Qm)
1. MITAANUMUMUALLT IEN
LE‘TTﬁ 1 26.7 1.733 k 29.7 2.006 k 28.2 1.780 k
i 2 266 | 1614k | 323 | 2030k | 281 | 1812k
i 3 36.6 | 240k | 56.6 | 3.58k | 57.1 | 3.59k
2. MIFAANUMUMUANTEH I IATaa e UAY
i 1 5.49 345 5.46 342 5.45 343
i 2 5.46 343 5.46 343 5.45 343
i 3 5.66 353 5.46 343 5.45 342
3. mi’i’ﬂmmﬁ'mmuauﬁ@@ i
i 1 5.78 356 6.09 371 5.49 345
i 2 6.13 384 5.65 356 5.68 356
i 3 5.64 355 5.61 352 5.57 351
4. MITAANUMUMUAUTT U
Ao 1 323 | 2030k | 507 | 3.19k | 323 | 2.030k
senaand 12 323 | 2.030k | 507 | 3.19k | 323 | 2.030k
senAaEnd 2-3 566 | 3.58k | 566 | 358k | 566 | 3.58k
wudi 3 566 | 3.58k | 56.6 | 3.58k | 56.6 | 3.58k

9
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a

°C ANNBYU 34%
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naseuTuil 15/11/2561 QUKL 27
. adai 1 A 2 At 3
AUNUINGIA

R | p(Qm) | R(CQ) | p(Qm) | R(Q) | p(Qm)
1. MITAANUMUMUALLT IEN
LE‘TTﬁ 1 49.5 3.12k 37.7 237k 147.9 931k
LE‘TTﬁ 2 40.3 2.53k 49 4 3.10k 83.0 522k
i 3 14.92 973 357 | 224k 150 | 936k
2. MIFAANUMUMUANTEH I IATaa e UAY
i 1 7.38 463 7.50 472 7.36 463
i 2 7.32 460 7.33 460 7.33 460
i 3 7.33 461 7.34 461 7.31 460
3. mi’i’ﬂmmﬁ'mmuauﬁ@@ i
i 1 7.62 479 7.46 469 7.42 467
i 2 7.58 477 7.81 492 7.51 472
i 3 7.72 484 7.52 472 7.75 486
4. MITAANUMUMUAUTT U
R 1 780 | 490k | 549 | 345k | 727 | 457k
senaand 12 91.7 | 576k | 849 | 533k | 647 | 4.06k
senAaEnd 2-3 1292 | 818k | 839 | 527k | 905 | 570k
wudi 3 651 | 409k | 67.0 | 421k | 79.1 | 494k

a Y
*ANIWAULUN
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a

°C ANNFYU 70%
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nagteuTuil 30/01/2561 QUNYN 31
. adai 1 A 2 At 3
AMUNUINTIA

R(Q) | p(Qm) | R(Q) | p(Qm) | R() | p(Qm)
1. MITAANUMUMUALLT IEN
m’Tﬁ 1 68.5 431k 56.0 352k 93.8 5.90 k
i 2 542 | 341k | 405 | 254k | 778 | 488k
i 3 80.8 | 5.06k | 87.1 | 547k | 1172 | 735k
2. MIFAANUMUMUANTEH I IATaa e UAY
i 1 9.00 565 8.99 564 8.96 564
i 2 9.03 576 9.04 568 9.03 567
i 3 9.12 573 9.08 571 9.06 569
3. mi’i’ﬂmmﬁ'mmuauﬁ@@ i
i 1 9.05 569 9.04 569 9.04 568
i 2 9.62 601 9.60 602 9.46 594
i 3 9.14 574 9.13 574 9.14 574
4. MITAANUMUMUAUTT U
Ao 1 823 | 518k | 72.1 | 453k | 1027 | 624k
senaand 12 1288 | 807k | 725 | 454k | 941 | 593k
SENAETN 2-3 103.1 | 649k | 1153 | 726k | 1014 | 640k
wudi 3 133.0 | 834k | 1572 | 991k | 883 | 555k
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. Fudi 1 Fudi 2 TUN 3
AMunuamsin

RO | p@m) | RQ) | p@m) | RQ) | p(©@m)
1. MITAANIAMUMUAULT I8N
i 1 282 | 184k | 7837 | 493k | 7277 | 458k
i 2 200 | 182k | 57.57 | 362k | 5750 | 3.61k
l,ﬁ"l‘ﬁ 3 50.1 3.19k 66.87 419k 95.03 5.96 k
2. MFaanuumMuANsTH e Iassa e uau
i 1 547 | 34333 | 741 | 466.00 | 898 | 564.33
i 2 546 | 343.00 | 733 | 460.00 | 9.03 | 570.33
i 3 552 | 34600 | 733 | 460.67 | 9.09 | 571.00
3. mi’i’ﬂmmﬁ'mmuauﬁ@@ i
i 1 579 | 35733 | 7.50 | 471.67 | 9.04 | 568.67
A 2 582 | 36533 | 7.63 | 48033 | 956 | 599.00
i 3 561 | 35267 | 7.66 | 480.67 | 9.14 | 574.00
4. MITAANUMUMUAUTEH A
Ao 1 3843 | 242k | 6853 | 431k | 8570 | 532k
senAaand 12 3843 | 242k | 8043 | 505k | 9847 | 6.18k
senAaEnd 2-3 56.60 | 358k | 1012 | 638k | 1066 | 672k
nudi 3 56.60 | 3.58k | 7040 | 441k | 1262 | 793k
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Y
TdTaaud e Ias e N 19en T AU NaIND A5 1991UIU 3 ATIAT

nandluansnedn .10 — v.12 Tagtaa U@ U N IUIZHAI TN UADUATA AUAITUNIY

senannounianuInseain uag anudumusgrinlnssaduiuaia

A13°19% 1.10 MITaanumumMuYes IassadanenssauuuugaaIu

NAAOUTUN 16/10/2561 QUUQN 27 °C ANVFY 34%

0 | o R (Q)

R ATRLRER T z 7 T 5
AN 1 | ATaN2 | ATIN3 | mae

mMyfannudumuTEHINT A UAoUATA

il 1 13.38M | 1566 M | 1276 M | 13.93M

el 2 11.69M | 1047M | 1323 M | 11.80 M

it 3 1559M | 16.79M | 1438 M | 15.59 M

msiannumumusyrIaeunsany lnseaing

i 1 1306 M | 1.379M | 1.296 M | 1.327M

et 2 1.232M | 1.335M | 1.306M | 1.291 M

il 3 1.333M | 1313M | 1.283M | 1.310M

MsianNuMUMUIEHIN Inseadenuaia

i 1 0.10 0.11 0.13 0.12

it 2 0.11 0.13 0.11 0.12

i 3 0.12 0.15 0.14 0.14

WA ANVAIUMIUEIIA 0.1 Q 1ag 0.06 Q
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NAAOUTUN 15/11/2561 QuHgH 29 °C ANUFY 54%
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o ' o R (Q)

AWHUINITIA 7 T 7 .
AsIN 1 | Aasen2 | asei3 | mae

M3fannuMuMuIZH 19 AU A

i 1 1274M | 161.9M | 1693 M | 152.9M

i 2 1435M | 1744 M | 1903 M | 169.4M

i 3 947M | 1472M | 1547M | 1322M

MsiannumumusEHIeaeunsanuIageaiig

i 1 684M | 6376 M | 509M | 61.02M

i 2 708M | 667M | 60.1M | 65.87M

i 3 80.5M | 61.8M | 613M | 67.87M

msiannudumuszrinlnsiaienugada

i 1 0.20 0.15 0.18 0.18

i 2 0.18 0.19 0.18 0.18

i 3 0.18 0.15 0.19 0.17

HU8LHE) AMUAIUNIUEIe IR 0.1 Q uag 0.06 Q
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o ' o R(Q)

AMUNUINTIA T T 7 5
AN 1 | ASAN2 | A3 | 1@mde

M3fannuMuMuIZH 19 AU A

i 1 795M | 80.6M | 81.5M | 80.53M

Lﬁ"l‘ﬁ2 111.6 M | 110.7M | 111.2M | 111.2M

LﬁTﬁ 3 89.3 M 90.2 M 91.2M 90.23 M

MsiannumumusEHIeaeunsanuIageaiig

LﬁTﬁ 1 88.3 M 87.4 M 86.8 M 84.83 M

LﬁTﬁ 2 99.6 M 100.7M | 101.5M | 100.6 M

LﬁTﬁ 3 80.1 M 89.5M 96.7 M 88.77TM

msiannudumuszrinlnsiaienugada

LﬁTﬁ 1 0.224 0.209 0.210 0.214

LﬁTﬁ 2 0.262 0.259 0.254 0.258

Lﬁ'Tﬁ 3 0.213 0.208 0.205 0.209

HU8LHE) AMUAIUNIUEIe IR 0.1 Q uag 0.06 Q
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ABSTRACT

This paper presents a mathematical model for rail potential calculation in the DC electrified railway with two traction

7
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infrastructure protection against corrosion, all of which must comply with requirements and standards. The classical and

simplified mathematical models are described in this study to analyses the rail potential and current. In addition, the simplified

quations for estimating the rail potential and traction substation voltage are derived to simply determine the stray current.
These equations can be used to analyses and calculate the stray current based on the approximate rail potential. They are also
validated according to the equations in EN 50122-2.

KEYWORDS: rail potential, dc railway systems, stray current
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Abstract

The paper presents results of a stray current assessment study performed for MRT Purple Line in Bangkok, Thailand. Fac-
tors of interest in the study are a rail-to-earth conductance per unit length and rail potential. A grounding system model is
developed in MATLAB/Simulink using electrical resistances of track composite materials. From the simulation results, both
conductance per unit length and rail potential comply with the European Standard EN 50122 for all viaduct structures and
track configurations even in absence of stray current collector system.

Keywords Stray current - DC rail transit systems - Rail-to-earth conductance - Rail potential

1 Introduction

A railway track has running rails installed on sleepers, which
in turn are placed on ballast, sub-ballast, sometimes an insu-
lating layer and earth. A concrete slab permanent way is an
alternative to sleepers and ballast. In electrified railways,
running rails are also used as returning conductors. High
track-to-earth electrical resistance is found in cases where
new track is laid with well-insulating ballast on exceedingly
dry sandy soils or where the rails are specifically insulated
from sleepers shown in Fig. 1. In most cases, however, the
track-to-earth resistance allows part of the return current to
flow through earth, whereby the soil acts like an electrolyte.
Currents leaving running rails (the intended return path) are
called stray currents, and they can cause corrosion on metal
pipes and other underground metallic installations in the
vicinity of DC traction railway [ 1-10].

The corrosion due to stray current is-an electrochemical
process involving two reactions occurring simultancously.
Taking steel as an example, a part where stray current enters
a metallic structure, cathodic reaction occurs as follows [1]:

1/20, + H,0 + 2¢ — 20H" at pH > 7

2H* +2¢ — H, atpH> 7 M
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where pH is the pH at a location where stray current flows
out of the metal structure. A part where stray current leaves
the metallic structure, anodic reaction occurs as follows:

Fe — Fe' + 2e” 2)
The assessment of stray currents in DC rail transit sys-
tems is done to determine whether its magnitude is within
acceptable range, if it is not, to take necessary measures that
will lower the current so as to prevent damage to the railway
infrastructure, nearby structures and underground metallic
installations in the vicinity. The key factor that influences
return current to flow out of the intended return circuit (run-
ning rails) is the conductance per unit length between the
rails and earth. The rate of corrosion due to stray current is
the main parameters used in risk assessment. Experience
suggests that there will be no track damage over a period of
25 years, if the average stray current per unit length does not
exceed 2.5 mA/m [2]. As it is impractical to measure stray
currents directly, conductance of returning circuit to earth
and rail potential is used to indirectly determine magnitude
of stray current. Consequently, standards have been estab-
lished for maximum acceptable values of the two param-
eters, conductance of returning circuit to earth and average
rail potential (over a period of 24 h or multiples) [2].
Calculation of current flow and induced voltage in the
tunnel structure by means of distributed and lumped models
is presented in [5] and [6], the later uses MATLAB GUI. A
multi-train simulator to simulate the behaviour of the run-
ning rail voltage and stray current is presented in [7-9], and
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Fig. 1 Stray current path of a viaduct structure

simulation of stray currents using CDEGS and MATLAB/
Simulink is presented in [10]. Assessment of stray currents
in DC rail transit systems must conform to standards, analy-
sis and assessment to measure the Red Line of the Dubai
Metro, for example, was done according to EN 50122-2 [11].

The aim of this work is to model the earthing system
of the MRT Purple Line in Bangkok, Thailand, shown in
Fig. 2 [12] and use the model to compute and assess stray
currents The European standard EN 50122-2: 2010 Railway
applications—Fixed installations—Electrical safety, earth-
ing and return circuit Part 2: Provisions against the effects of
stray currents caused by DC traction systems is used. Other
standards may be referred to as appropriate. The commonly

Fig.2 Route map of MRT Pur-
ple Line in Bangkok. Thailand

Khlong Bang Phai

Sam Yaek
Bang Yai

Talad
Bang Yai

Bang Phiu

a Springer

used single, double and triple viaduct railway structures are
studied.

2 Stray current assessment

The amount of stray currents and their effects depend on
the overall system design of the traction power supply. As
aforementioned, based on experience, no damage occurs in
the tracks over a period of 25 years, if the average stray
current per unit length does not exceed 5 mA/m per track.
Conductance per unit length between running rails and earth
is the most critical parameter to consider in the design of
an electrified railway system. After the completion of the
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railway system, if values for the conductance per unit length
G;E and average rail potential Uy satisty (3) and (4) and
are maintained, no further investigations are requested [2].
Gy < 0.5 S/km per track and Uge < + 5V for open formation

3)

G;zE < 2.5S/km per track and Uy < + 1V for closed formation

(4)
in heavy railways, measured rail-to-carth conductance values
range from less than ImS/m to about 25 mS/m [11]. The
running rail voltage must be measured and averaged over a
period of 24 h or multiple of 24 h. Since MRT Purple Line
is of open formation type (the running rails are laid above
the surrounding surface), its conductance per unit length and
average rail potential must not exceed 0.5 S/km and +5 'V
per track, respectively.

The traction return current flowing in the running .
causes changes in the rail potential leading to stray current
flow into the earth via the track insulation. The amount of
corrosion (metal loss) as a result of stray current depends
on the current level. The calculation method of the stray
currents passing from the running rails to the earth is based
on EN 50122-2, Appendix C1. The change in rail potential
is calculated as follows:

Is

Fig.3 Cases of study for the
viaduct structures

=05xIxLxRex (1-e (/1)) -

Re =R/ Gy (®)
Le=1 / VR Gl e

where Uy is the rail potential, 1 is the average value of the
traction return current in the considered section in the hour
of the highest load, R is the characteristic resistance of the
system running rails/structure, L is the characteristic length
of the system running rails/structure, L is the length of the
considered line section, R, is the longitudinal resistance per
unit length of the running rails including parallel return con-
ductors, and G;m is the conductance per unit length of the
running rails versus earth.

3 Computer modelling of stray current

Earthing system modelling of a single viaduct electrified
railway is based on a civil structure shown in Fig. 3a. On
top of a viaduct, there is a track plinth on which running

~— Viaduct

(b) Double viaduct structure

= Pier

Earth

U U

(a) Single viaduct structure

(c) Triple viaduct structure
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Fig.4 Rail fastening system and
track plinths

rail is installed as shown in Fig. 4. Stray current collector is
embedded in the plinth as shown in Fig. 4, and at each end of
the plinth terminals of the stray current collector are exposed
for cable connection.

Resistance model of the earthing system comprises resist-
ances of track composite materials [13, 14] such as iron (In),
concrete, copper (Cu) and rebar (DB25). Resistance of a
particular composite material is calculated using Eq. 8 [15].
And composite materials are showed in Table 4.

R=pl/A ®)
where p is electrical conductivity, /is length, and A is cross-
sectional area of the material.

Circuit model for a section of the single viaduct under
study is illustrated in Fig. 5 through Fig. 8 [13, 14]. The
circuit model of the single viaduct structure under studied
is illustrated in Figs. 5 and 6. This structure is a section of
the single viaduct supported by one column.

A simple circuit model of a track plinth equipped with stray
current collecting mat is-illustrated in Fig. 7. Steel rods in
the track plinth are tied to one another using plastic clips. A
longitudinal view of steel rods embedded in the plinth, laid in
parallel underneath the running rail, is shown in Fig. 8. The
steel rods are used to collect stray currents and enforce them
to flow back to the negative DC bus bar at the substation.
However, in the MRT Purple Line, each longitudinal steel
of the two consecutive plinth blocks is not bonded (Fig. 7).

Each track plinth consists of eight fasteners attached to
the running rails. A simplified stray current-resistive model
for a track plinth is created as shown in Fig. 8.

According to Fig. 7, the stray current-resistive model of
one track plinth is created as shown in Fig. 8.

Figure 8 shows one track plinth resistive model compris-
ing 8 pins in longitudinal direction. The described resis-
tive models for plinth, viaduct and pier are connected to

@ Springer
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Fig.5 Resistive model of a pier in single viaduct structure

form a complete earthing and bonding resistive model of a
double-track viaduct, i.e. points a and b of the pier model
in Fig. 5 connect to points ¢ and d of the viaduct model in
Fig. 6, respectively. Also, four of the track plinth models in
Fig. 8 connect to the viaduct model at point e, f, g, and h in
Fig. 6. The model for MATLAB/Simulink software is shown
in Fig. 9. It is the model for rail-to-earth conductance test
of the single viaduct structure. The same model is used for
stray current assessment with parameter setting as shown in
Appendices.
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Fig. 7 Resistive model of a track plinth section

4 Measurement of the rail-to-earth

The rail-to-earth conductance per
resistance

lated from the rail-to-earth resistance

The rail-to-earth resistance in the MRT purple line, Thai- G} ! ! !

length can be calcu-
asin Eq. 9.

1

land, was measured four test points on the single viaduct

==X —= x
RE -
L 2Ry 1x107? Zx(
structure, see Fig. 10.

= 0.00287 S/km

0.67+0.74+0.69+0.68 )
3

9)
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Fig.8 Resistive model of one
track plinth
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Fig.9 Model in MATLAB/Simulink for the rail-to-earth conductance test for the single viaduct structure
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Fig. 10 Measurement of the
rail-to-earth resistance one rail VKT Ropie [
&/ i

75

(b) test point no. 2

(c¢) test point no.3 (d) test point no. 4

5 Simulation and results o

Gre = T X T (10)
Effect of not having stray current collection mats con- -
nected to each other is studied. Parameters of interest for ~ where L is the length of the considered line section, Uy is
the study are rail-to-earth conductance per unit length and  the voltage between the rail and earth, 7 is the injected cur-

rail potential. rent, and parameter settings are shown in Table 4.
MATLAB/Simulink block model of the rail-to-earth
5.1 Rail-to-earth conductance per unit length conductance per unit length test circuit is shown in Fig. 9,
consisting of track and pier’s blocks, 36 V DC source, and
According to the EN 50122-2: 2010, rail-to-earth conduct-  measurement sections (current and voltage measurement).
ance of running rails can be obtained by injecting current As seen in Fig. 9 and Eq. 10, the results show that

from a DC source to a rail section with both ends open or ~ Upp=36.9995 V, I'=0. 9215 mA, L=_80 m and fasteners
perfectly insulated from the adjacent rail sections as shown  resistances are 10 MQ. Therefore, conductance per unit

in Fig. 11. length is 0.32 mS/km.

The conductance per unit length is then calculated as To summarize the results of the conductance per
follows. unit length as per EN 50122-2: 2010, the criteria for the
Fig. 11 Measurement of the Viics

rail-to-carth conductance
1 Reference electrode
off \® on
230m
+

=50m

Insulating rail joint

mpm g o000
Insulating|rail joint
L
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Table 1 Rail-to-earth conductance per unit length

No. Fasteners (Q) G;u-, (S/km)

Single Double Triple
1 100 13.341 14.992 14.994
2 300 7.275 7.740 7.740
3 500 5.001 5216 5.217
4 700 3.810 3.934 3.934
5 900 3.077 3.158 3.158
6 1000 2.807 2.874 2.874
7 2000 1.495 1.514 1.514
8 3000 1.019 1.028 1.028
9 4000 0.773 0.778 0.778
10 5000 0.623 0.626 0.626
11 6000 0.521 0.523 0.523
12 7000 0.448 0.450 0.450
13 8000 0.393 0.394 0.394
14 9000 0.350 0.351 0.351
15 10,000 0.316 0.316 0.316
16 100,000 0.032 0.032 0.032
17 1,000,000 0.0032 0.0032 0.0032
18 10,000,000 0.00032 0.00032 0.00032

maximum conductance per unit length must not be greater
than 0.5 S/km/track for the single viaduct structure. With rail
fasteners’ resistance varied from 100 Q to 10 M€, results
for rail-to-earth conductance per unit length are presented
in Table 1 and in Fig. 12, for the single, double and triple
viaduct structures.

Rail-to-earth conductance per unit length exceeds the
standard limit when rail fastener resistance varies from
100 Q to 6 kQ. Considering the results in Table 1 and

Conductance per unit length
T =

14 P Double and triple viaduct structure 4

12+ Single viaduct structure 1

6,000 ohm

°% —
10° 10*

10
Fasteners (ohm)

Fig. 12 Rail-to-earth conductance per unit length versus the resist-
ance of the fastener

@ Springer

Fig. 12, the rail fasteners resistances are varied from 100 Q
to 10 MQ to see the critical value of the rail-to-earth con-
ductance per unit length that conforms to the standard. As a
result, the conductance per unit length at the rail fastener of
6000 Q exceeds 0.5 S/km per track (EN 50122-2:2010) for
the single, double and triple viaduct structures. It is recom-
mended that the resistance of the rail fastener should not be
less than 6000 € to ensure that the rail-to-earth conductance
per unit length is less than 0.5 S/km per track for the single,
double and triple viaduct structures.

From the results in Eq. 9, the fastener resistance is in
the range of 1-10 MQ at the time of measurement. So, the
simulator program with the proposed model can be used to
determine the critical point of fastener resistance.

5.2 Calculation of rail potential

The MRT Chalong Ratchadham Line (MRT Purple line) of
Bangkok’s Metropolitan Rapid Transit system in Table 2 is
used [12]. It consists of 16 passenger platforms and 10 rec-
tifier substations. The trains receive electrical power from
third conductor at 750 V.

Parameters used in rail potential calculation are as fol-
lows: the average value of the traction return current in the
considered section is 4000 A, resistance of running rails
is 18.08 mQ/km for two rails at 40 °C (Appendices) and
rail-to-earth conductance per unit length is 0.0032 S/km (at
1 MQ rail fastener resistance, a value corresponding to wet
conditions).

Calculated rail potentials between traction substations are
presented in Table 3 showing that the maximum rail poten-
tial between the substation-Sai Ma and Yaek Nonthaburi 1
(PPO7-PP09) is 110.77 V. The rail potential is lower than the
maximum permissible body voltage in DC traction systems
which is 120 V (for time duration greater than 300 s) in
accordance with EN 50 122-1.

6 Conclusion

This study on double-track section of single, double and
triple viaduct structures was carried out by computer simula-
tion to analyse rail-to-earth conductance and the structure-
to-earth voltage shift according to the EN 50122-2: 2010.

As per EN 50122-2: 2010, maximum conductance per
unit length and average stray current per unit length must
not be greater than 0.5 S/km per track and 2.5 mA/m per
track, respectively.

From the simulation results, the conductance of the MRT
Purple line per unit length is within the EN standard limit
for a single, double and triple viaduct structures when rail
fastener’s resistance is not less than 6000 Q. In addition, rail
potential between traction substations of the MRT Purple
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Table2 MRT Purple line data,

Bangkok, Thailand Station code  Station Name Distance (km)  Route map
PPO1 Khlong Bang Phai 0.00
PPO2 Talad Bang Yai 1.27 e \\g Khlong Bang Phai
PPO3 Sam Yack Bang Yai 1.56 f') To Maim Depot
PPO4 Bang Phlu 1.57 o e B Vai
Ik Sam Yack Bang Yai
PPOS Bang Rak Yai 1.20 R
PP0O6 Bang Rak Noi—Tha It 1.25 S+ Bang Rak Yai
PPO7 Sai Ma 1.25 Bang Rak Noi - Tha I
. ok Sai Ma
PPO8 Phra Nangklao Bridge 1.47 ——
PP0O9 Yack Nonthaburi 1 1.63 Phra Nangklao Bridge
PP10O Bang Krasor 1.26 T+ Vack Nonthaburi |
PPI1 Nonthaburi Civie 0.90 frans Krmar
Centre > e
T+ )] Nonthaburi Civic Centre
PP12 Ministry of Public 1.79 Ministry of Public Health
Health o Yaek Thwanoa
PP13 Yaek Tiwanon 1.20 o+ Wong Sawang
PP14 Wong Sawang 1.72 O Tramer o SR Light Red Line
) Bang Son
PP15 Bang Son 1.29 —tp Tao Foon
PP16 Tao Poon 1.58 L] Transfer to MRT Blue Line
Table3 Rail potential for MRT Purple line 50122-1. Therefore, both conductance per unit length and
- rail potential are within the EN standard limit for all viaduct
Subsection Distance (km) Y (V) structure and track configurations.
PPO1-PP0O2 1.27 45.70 This stray current assessment study demonstrates that the
PP02-PP03 1.56 56.07 proposed absence of a traditional stray current collector sys-
PPO3-PPOS 277 99,10 tem delivers the desired system performance, in accordance
PP0O5-PPO7 2.50 89.54 with the European Standard EN 50122,
PPO7-PPO9 3.10 110.77
PPO9-PP1 1 216 77.46 Acknowledgements This work is partially supported by the Thailand
Research Fund through the Research and Researchers for Industries-
PP11-PP13 299 106.89 RRI Ph.D. Program I'c%r supporting this research.
PP13-PP14 1.72 61.78
PP14-PP15 1.29 46.41
PP15-PPIG 1.58 56.78

line is calculated according to EN 50122-2 in wet conditions
(at 1 MQ rail fastener resistance). It is found that the maxi-
mum rail potential is not exceeding the maximum permissi-
ble body voltage in DC traction systems which is 120 V (for
a touch period greater than 300 s) in accordance with EN

Appendix: parameter setting
Table 4 shows parameter setting of simulation of model in

MATLAB/Simulink for the single, double and triple viaduct
structures.
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Table4 Parameter setting

Parameter

Value

Human resistance for touch voltage calculation

Contents of DB25 (SD50) [17]

Resistivity/resistance of DB25 (A=490.9 sq mm) [17]
Resistivity/resistance of bare copper (A =70 sq mm and 120 sq mm)
Resistivity of galvanized steel pipe (@25 mm, 4 mm thickness) (A= 263.9 sq mm)
Resistivity of concrete resistance (320 ksc.)

Resistivity of ground rod (@16 mmx 3000 mml) (A=201.1 sq mm)
Resistivity of 1 X6 THW (A=6 sq mm)

Resistivity of 1 x 16 THW (A=16 sq mm)

Resistivity of 1 X95 THW (A =95 sq mm)

Resistivity of roof (metal sheet), 4 mm thickness

Resistivity of roof column (?#406.4 mm, 9 mm thickness) (A =11,236 sq mm)
Resistivity of lightning air terminal (@16 1000 mm) (A=201.1 sq mm)

1000 Q [16]

Mn (1.8%)+P (0.05%)+S (0.05%)
0.2385 pQ m (0.486 mQ/m)
0.0168 pQ m [15]

0.1 u2m[15]

100 pQ m [18]

0.0168 pQ m [15] (83.5 mQ/m)
0.0168 pQ m [15] (2.8 mQ/m)
0.0168 pQ m [15] (1.05 mQ/m)
0.0168 pQ m [15] (0.177 m&/m)
0.1 uQm[15]

0.1 uQm[15]

0.0168 pQ m [15] (83.5 mEYm)

Resistivity of copper tape (25x 3 mm, A=75 sq mm)

Earthing resistance

Rail fasteners
Running rails (60EI)

0.0168 pQ m [15] (0.224 m&Q/m)

02Q

10 MQ (dry condition) 1 MQ (wet condition)
34 {1+0.00317 % (T=20)) pQ where 7=80 C
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WITH RAIL POTENTIAL AND STRUCTURE VOLTAGE
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Abstract - In general, the train's stray current study starts with the estimated rail potential with EN 50122-2, which is
calculated at the time to be more realistic and complete while rail potential with the train moving calculation is determined,
which main function to be railway service designing. A single-train simulator model was developed to collect and evaluate
stray currents using multi conductor systems and the calculation of power flow was used in this study using the current
injections methods (CIM). Furthermore, this model also calculates the voltage in the metal structure. The algorithm of the
train movement is applied in power flow calculation with MATLAB/M-file applied to Bangkok Transit System (BTS) Sky
Train Silom Line as a case study. It is expected to show the efficiency of the single-train movement modelling to calculate the
rail potential. the structure voltage and energy demand at substations and the voltage profile of the train during the train

movement.

Index Terms - Stray Current, Rail Potential, Dc Railways System, Structure Voltage, Single-Train Movement

I. INTRODUCTION

DC railways system is widely used for metropolitan
areas around the world. It was developed to reduce the
crowded traffic and facilitate in mass transit system.
The electric power is supplied to the train by using a
third rail and running rails are used as a return
conductor for traction current. Most of the supply
currents drawn by the traction system while some
electric currents can flow through the underground,
which is the metallic structure. Due to insufficient
insulation between the tracks and the earth, some
electric currents are able to flow through the earth
back to the traction substation. This situation causes
electrical corrosion and damage to nearby structures
and infrastructures [1-4], which are known as leakage
currents or stray currents. Generally, the directed
measurement of stray currents is difficult; hence, it is
able to measure the voltage between the running rail
and earth instead. The difference in this voltage is
called the rail potential. In addition, the rail potential
may jeopardise the safety of persons with a permissible
touch voltage not over than 120 V of a period which
more than 300 secs for DC railway systems with EN
50122-1 standard. However, the rail potential should
not exceed +5 V within 24-hour with EN 50122-2
standard [5-7]. To avoid or reduce these defects, the
rail potential must be evaluated and controlled.
Therefore, it is necessary to modelling for considering
the rail potential and preliminary study and
evaluation.

In recent years, some research has been carried out on
the simulations of train movements with different
models and methods of observing rail potential and
stray currents [8-10]. A study of the train movement

model developed a model of a single-train by pivoting
a metal structure under tracks. This article focuses on
a construction of a single-train movement model,
considering the rail potential and voltage in structures
using multi-conductor systems. A power flow
calculation is applied in this study using the current
injection methods (CIM), which is was widely adopted
as a technique for power network solution in the DC
railway power supply study to calculate the rail
potential, the structure voltage, energy demand at
substations and the voltage profile of the train during
the train movement. The algorithm of the train
movement and power flow calculation are calculated
in the MATLAB/M-file.

Bangkok Transit System (BTS) Sky Train as the
Silom Line is a case study, which has a distance of
13.512-km, 12 passenger stations and 750 VDC
power supply through the third rail. The simulation
program  simulates the single-train movement in
normal condition, which all the traction substations
are ungrounded.

II. TRAIN MOVEMENT CALCULATION

The traction energy is supplied to the train to
accelerate the linear motion of the train along the
track. The linear motion of the train is the result of the
electricity supplied to the traction motor used to drive
the wheel. If the power supply is sufficient to
overcome several of the friction forces, the remaining
force will be applied to the train to accelerate the train
to move with the acceleration. In this section, the
calculation of the train dynamic is considered. To start
with the free body diagram of the electric locomotive
movement shown in Fig. 1, with the trajectory of the
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electric train on the running rail in order to analysis in
general, a running rail is raised to the horizontal angle
affecting to the movement with the gravity which is
support or nonsupport the movement. Therefore, the
train movement is simply followed by the Newton’s
second low of motion shown in (1) [11]:

F=TE-F,,~Ty=M_ a (1)

grad

where A7 is the effective mass (kg),

TE is the tractive force (N),

T is train resistance (N),
F,,, isgradient force (N),

a is train acceleration (m/s®),
F is the total force (N).

Fig. 1 Free body diagram of the train

A. Gradient force

Gradient force is a range of slope or range of

horizontal plane from point A to point B, as shown in

Fig. 1. Gradient force or force due to slope of motion

[11] is obtained as in (2):

M gAh
i

F 2)

oad =M g sin@ =
where g is the acceleration due to gravity, 9.8 m/s,
Ah is rise of the slope,

1 is the slope length,

@ is the slope’s angle with respect to the horizontal
line.

B. Train resistance

The train resistance can be calculated from Davis's
equation as shown in (3), where v is the speed of the
train in km/h, A (kN), B (kNh/km) and C (kNh’/km’)
are constant called Davis coefficients [12]. Only Davis
equations are considered as a resistance force of the
train motion in this article.

Ty=A+Bv+Cv: (3)
C. Electric power of the train
The power consumed by a train corresponding to the

tractive effort (TE) and instantaneous speed v is
given by the following equation [13]:

“)

where n denotes the efficiency of the power

conversion in terms of electrical input power to the
mechanical output power at the wheels.

D. Train of motion

The movement of the train between two stations is
typically characterized by the trajectory of the train's
time-speed curve. The basic operation of the train
movement is generally characterised under 4
operating modes including accelerating mode,
cruising or constant-speed mode, coasting mode, and
braking mode, as shown in Fig. 2. [14]

'
Speed (kph)

Cruising mode

Acc. mode

Constng mode

Braking mode

Tame (s)

Fig. 2 Train’s speed profile

In this article, the modelling of the train motion is
based on a motion of the train running along a speed
profile using a proportional control principle. The
proportional control is shown in Fig. 3. The train
modelling is divided into three modes: running mode,
braking mode and stop mode.

Spardefrerce PCatol

Actal soad

Fig. 3 proportional control

E. An updated train speed and position

An updated sampling of the train speed and position
can be calculated in (5) and (6), respectively, where
v, and v, are the speed after and before updated,

At is the time step, s,

y
1

., and g, are the position after

and before updated and « is a train acceleration.
v

=V, +alt (5)

T+

s

=S+ VALE %aAI2 (6)

II1. SINGLE-TRAIN SIMULATION

A. Rail potential

The rail potential is the voltage difference between the
running rail and remote earth (or a zero-potential
reference). The current output from the train flows
through the running rail as the resistor effecting to
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voltage drop during the train running. The maximum
rail-to-earth voltage normally occurs at the train's
location [4] and it is higher than remote earth. This
voltage depends on the magnitude of the traction
current, the resistance of the tracks and the resistance
of the insulation between the running rails and earth.
In addition, the rail potential might be affected by the
short circuit current at the DC supply line to the tracks

[13].

B. Single-train model

- Traction substation model

The traction substation receives electricity from the
AC power network and it’s rectified to be a DC system
to supply the DC railway system. In this paper, the
traction substation is considered as the Norton
equivalent circuit, a current source (Is) in parallel with
the substation resistance (Rs), connected to the
suitable diode and the earthing resistance (Rsg), as
shown in Fig. 4 as a traction substation (TSS) block,
where C refers to the conductor rail/third rail, R refers
to the running rails. In the simulation, the earthing
resistance is given to be infinite since the traction
substation is not directly grounded or floated through
the protective devices [14].

- Transmission line model

The transmission line in this context is considered to
be a distance-based distribution model, separated by
distance d, as shown in Fig. 4 as the transmission line
block between bus p and q. The conductor rail is
represented by third rail’s resistor (R’¢). In the same
manner, the running rail is represented by running
rail’s resistor (R'g) and the rail-to-structure resistance
along the tracks is represented by the rail-to-structure
conductance per unit length (G’gs). The metal
structure  under the rails along the tracks is
represented by structure’s resistor (R’s) and the
structure-to-earth resistance along the tracks is
represented by the structure-to-earth conductance per
unit length (G’sg). Therefore, the rail potential is the
voltage distributed across the rails, and this article
also introduces the voltage in the structure.

- Train model

The CIM has been used in the power flow calculation.
The train should be modelled as the current source (I)
between the conductor rail (third rail) and running
rail.

ISSN(p): 2347-6982, ISSN(e): 2349-204X

eee.org.1n

C. Power flow calculation

To obtain the traction substation voltages, train
voltage, consumed power for each substation, rail
potential, and power losses in the system, it is
important to perceive all power flow solutions in the
network. In this paper, the current injections method
is applied in the power flow calculation with the
multi-conductor system due to having three
conductors per bus. Power network is based on nodal
analysis  including rectifier  substations and
single-train using the proposed model, illustrated on
Fig. 4. The solution can be obtained by solving the
nodal equations in (7) and giving all bus voltages are
initially zero. The conductance matrices [G] are
formed by the conductance submatrices for each bus as
shown in (8)-(10), where [Gg] denotes the substation
conductance submatrix considered only the substation
buses, [Gpq] denotes the transmission conductance
submatrix between bus p and q including the
conductor rail conductance and the running rail
conductance, and [Gppl, [Gqq] denote the
rail-to-earth conductance matrix. Therefore, the nodal
equation for the whole Ny, system is obtained in (11)
[14].

1=[aG]r) (M

TR
d~iC.C) (CR) (517 ek R\ U
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Fig. 4 The proposed DC railway single-train system model with ten traction substations
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where ¢ f " is the third rail’s conductance between
bus p and g, Gl o and (‘,‘:”:-“ are the conductance

between the third rail and running rail and in between
bus p and g, ("j,‘, S and (,‘f)“J ) are the conductance
between the third rail and structure and in between bus
p and q, (,‘:)fj is the running rail’s conductance

between p and q. (,‘;:ﬂ“ and (,'L-;-’“ are the

conductance between the running rail and structure
and in between bus p and q, and (,':,"‘{-“ is the

structure’s conductance between p and q.

The current matrix [I] in (7) would be formed by
taking into account the substation current (Is) and the
train current (Iy) in (12), where Py and Vy are the
required power and voltage of the train, according to
the bus being considered. Ultimately, the bus voltages
matrix [V] can be obtained by solving in (7). This
process has been conducted iteratively until the
maximum approximate error of each bus voltage
mismatch is less than the pre-defined value or the
iteration time reaches the final time [11, 14].
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D. Simulation scheme

According to the flowchart in Fig. 5, the simulation is
initialised with setting up the relevant parameters and
the variables needed in the process. Then, it goes to
the main loop starting with the train movement
calculation to determine the motion characteristic of
the train such as the speed, position, and the consumed
power. If the train arrives at the last station, it
terminates the calculation. Next, the network capture
is performed to configure the power network: bus
number arrangement, bus data, and line data. After
that, the power flow calculation 1s carried out to find
the bus voltages, power and energy consumption at
each substation, and power losses. Increment the time
step and return to the main loop, iterates the
calculation until the iteration time reaches the
pre-defined final time [14].

IV. UNITS SIMULATION AND RESULTS

The Bangkok Transit System (BTS), Sky Train Silom
Line, is the DC railway line providing the service in
Bangkok, Thailand and is the case study for the
single-train movement simulation. It consists of 12
passenger stations and 7 rectifier substations. The
passenger station’s and traction substation’s position,
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train and system data of the Silom line are applied in
this study. The nominal voltage of the train operation
is 750 VDC supplied from the traction substations via
the third rail. The line route and stations are
illustrated in Fig. 6.

The single-train movement simulation program has
been implemented in MATLAB/M-file using the
proposed model, train movement calculation, and
power flow calculation described above. The program
simulates the BTS sky train operation, Silom line,
running between stations STY and S1 with 20 seconds
dwell time for stopping at every station.

Start
Declaration and initiation
of all variable, set up the

relevant parameter

¥

Check if the time Yes
exceeds the final pre-
defined time or not

l No
Train movement calculation :
- Speed
- position

- demanded puI’cl of the train

5 A Yes.
Check if the train reaches

: —_—

the last station 3

¥ Yo
Network capture:
- Step the network configuration
“Bus sortting
~Build bus and line data l

¥

Power flow calculation :
- Busyoltage
- consumed power
- power losses etd.
P @
Update
simulation time

T=t+dt

Display the result

End

Fig. 5 The flowchart of the programmed sequence [14]

TS TSS2 TS T4 TSS.S

Fig. 6 BTS Sky Train Silom Line

The train speed is controlled by a proportional control
shown in Fig. 3. The results are expected to obtain the
rail potential, the structure voltage, power and
voltages at each TSS, the train’s consumed power,

energy demand at substations and the voltage profile
of the train, see Fig.7-12.

Fig. 7 shows the train speed along the distance as a
blue line with the red line depicted as the arbitrarily
specified speed command. The train draws power
during its acceleration and operating modes for
tractive purpose and consumes only the auxiliary
power during its stopping at the station as shown in
Fig. 8. Figure 9-10 shows the power and voltage at
traction substations 1-7 and the train with the running
time. When the train runs near the traction substation,
the traction substations provide power to the train and
even the train position overlaps the half distance
between substations. In the same way, the voltage at
the TSS close to the train may tend to drop below the
nominal voltage.
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Fig. 9 The power at TSS 1-7 and the train’s position
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Fig. 10 The voltage at TSS 1-7 and at the train’s position

The rail voltage refers to the earth of the substations
and the train running position can be shown in Fig.
11-12. It is found that the maximum of rail voltage is
10.36 V at TSS7 and 42.36 V at the train position.
This is because the train draws the large current at that
time due to the acceleration mode and the long
spacing of the propulsion stations. According to the
European standards, the maximum trajectory that
oceurs 1s less than the maximum permissible voltage
in less than 300 seconds and the voltage does not
exceed 120 VDC [5]. Therefore, for this case, it is
assumed that this system is conformable the standard.
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Fig. 13 Structure voltage at TSS 1-7 and at the train’s position
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Fig. 14 Structure voltage at the train’s position

The structure voltage at the traction substations 1-7
and at the train’s position shown in Fig. 13-14. Tt
shows that the maximum voltage is 0.37 V at TSS1
and 0.36 V at the train position.

CONCLUSION

The proposed single-train movement model was
developed and successfully implemented in the
simulation. According to the results, it could evaluate
the rail potential. structure voltage, energy demand at
substation and the voltage profile of the train during
the train movement. Moreover, it is capable of the
simulation of studying the performance of the railway
systems with thorough consideration of rail potential
based on the permissible European standard and the
structure voltage. For the further study, this paper
could apply to study the stray current in the structure
of the DC railway systems.
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