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VOLTAGE UNBALANCE/AC ELECTRIC RAILWAY/TRANSFORMERS

CONNECTION

This thesis presents a study of voltage unbalance of a power supply system in
an AC electrified railway using MATLAB/Simulink program. The voltage unbalance is
evaluated by the voltage unbalance factor at the traction substation based on the
different types of transformer connections: single-phase connection, cyclic winding
connection, V connection, Scott conanection, LeBlanc connection, Modified Wood —
bridge connection and Roof - Delta connection. Airport Link - Bangkok, Thailand is
chosen to be a test system with different scenarios of the train headways and masses.
The test system is operated by an AC electrified power feeding scheme via 25 kV
overhead catenary system. The total service distance of the Airport Link is 28.298 km
with 8 passenger stations.” As the resulits, the: lowest.voltage unbalance factor achieves
by the use of Modified Wood — bridge connection or Roof - Delta connection.
Therefore, it is recommended to use these types of the transformer connection to reduce
the effect of the voltage unbalance of the power supply for improving the present

traction substation and planning the line extension of the Airport Link in the future.

School of Electrical Engineering Student’s Signature

Academic Year 2016 Advisor’s Signature




naanssuilsema

Y
o & 1y a A ¥

a A 4 o ' ' A a
'JVIEJ’]UWUﬁﬁﬁ’]lﬁﬂaa']ﬂﬂ']ﬂﬂ lu@\iEﬂ’]ﬂul,ﬁlﬁﬂﬂjqusﬁjﬂlﬁa@@ﬂ']\?aﬂq ﬂQﬁ}TU'JGB'Iﬂ']ﬁ

q

LaEMUANHUIIUAT INYARALAZNENYANAATT 9 |ALN
4 v W a 4 S a a s Aq Yo
FOIMEANTINGG AT.5UAYY Nars NN ermsdnfinuaneriwus AlvdnSom
o Aax o v d 1 YA v = Y1
puzihIsmsihnuraziuneuiuligleminngiteu lasaaea saudelasieasianiu
Y a a Jd 1 dy o Y A 49! g I o o I
sazud lyssauaneinusau o liianuauysaoaau saunuiumals uazilu
] d‘d o A AA Y
uuuegRNAluMIANIUTIaKa1Y 9 A1
J o a a [ = A o Y]
p113915z a1 3enns sy i vdnedema TuTadgsuis dmsuanunganlu

o o 9 9 a
ﬂ’nﬁﬂ‘hn HUSUHT LAgANNININATUIBINIG

v Aaq Y 9 Y

¢ o ga Ao Y qu
Gll@ﬂlf]llﬂm@’liﬂiﬂ AT.NANGA IAUHINUBY N LYVAITUININATUITUINY 5'3111/]\1114

U

o = o A 1 Ao gd o w I [ A
AT LuLIATMTWeLNIHA LAY saunuunae 1y vazdlunvvuesranalunis
o A AAa Y

AUHUFIANAY ) AU

youguil ) 1o 9 uagied q tuAadns1nnniu 1 laniaslalunisiiisenn

Tasnana

@

v X 9a @ 9 i Adqy v Yy a 2 a
’G:f@‘ﬂ'lﬂu m’) 8%@%@Uﬂmﬂ1ﬂ15ﬂ@ﬁﬂunﬂﬂ1u%G]fﬁﬂj'liJgﬂ']Qﬂ']u'J%']ﬂ']iﬂQiu@ﬂ@

2 o w

Y a Aq Yo a dy
uazﬁwuu HAZVINITUUBUNISAUUAT HITA nlvinuia anwsn masle NITIDUTULAUNG

ya o

1 a 9 = 1A o 9 o o aa
um@uammmmqmumiﬁﬂymmmmiﬂﬂﬁa@ﬂ i]‘mnﬂwm%ﬂﬂsxaummﬁmﬂu%’m

A
13801


http://reg5.sut.ac.th/registrar/teach_time.asp?officerid=3970&f_cmd=2&officercode=151004&officername=%CD%D2%A8%D2%C3%C2%EC+%B4%C3%2E+%B7%C8%BE%C5+%C3%D1%B5%B9%EC%B9%D4%C2%C1%AA%D1%C2&remark=%E0%BB%C5%D5%E8%C2%B9%CA%B6%D2%B9%D0%A8%D2%A1%BC%D9%E9%CA%CD%B9%BB%AF%D4%BA%D1%B5%D4%A1%D2%C3%E0%BB%E7%B9%CD%2E%B7%D1%E8%C7%E4%BB+%B5%D2%C1%A4%D3%CA%D1%E8%A7%B7%D5%E8+925%2F2550+%C5%C7%2E+18+%B8%2E%A4%2E+50+%E2%B7%C3%2E044%2D224534&officeremail=tosaphol%40sut%2Eac%2Eth

ey

%

I
unAade Mwlne) f
UNARED (MBNOINOY) Y
neangsulseme fl
sy 3
MUY G
eyl gl

4

unn
1 UM 1

I o o
L1 anwdlunwazsanudayvedtdyvn 1
12 daguseasdvoemsase L o 0 2
L3 AuyAg OIS 2
) X 9
LA VOO AU 2
LS UOUIUATOIMISADY. 2
e { 1 [
1.6 UsgTewinanadoglesy. e 3
L7 masegu@mdnentinus e 3
o d a o d’d‘ Y
2 fANmnssanssuaanidRenpeves. <~ 5
2LUNUY 5
4 A A A 9
22 15NN suaz e 5
23aqd 10
add
30 ONQUYVDEIVO_ 11
B L UNU 11
I'4 I'4 a o
3.2 sa'lfwesweseusaded 11
a 4 4 a J
3.2.1 suaso i weswesausaed 12
4 4 a

3.2.2 Taseadeszuuse liweiwesasadaan 15



1318y (710)

Wi
323 szvunellihdundenvessa lihueswesmsades 16
3.3 dlsgnouanwldavaanseauld 17
sadsevuldsla 17
332w laveanseauld 20
333 USRS 21
334 masgdatseneuany liauqanseenldh 23
3.3.5 wansynunnmanaany luauqansesenlh 28
3.3.6 anuvguesmanan ldauaanssau I uagiimsea 29
34 niowlasaonil Wi iumaounssuaedy, 31
sarvieudadlih 31
3.4.2 maeunanilouad MmN S fus suue i
VumAeunTENEAGY L e 43
35szvvangadmsusali 49
35,0 MIVURROUNOMO AN 52
3sagzvviuimaeusalldh e 54
sesvvvsngnkdd N 58
3.6.1 srvusanelildwsvan whossgeas e 58
3.62 szuusnne ldwsusa lhoseweady 59
A 1 64
wudaeandiomladlivhiumaeunszuaady dmsuszuusalivh
WOSWOSAISARIN 65
4.1 umin 65

4.2 Mmyaiuuusaesnsoudas I dueasunszuaady dmsuszuusa lilih

4 J a J
UBINDIALIAAIN 65



1318y (710)

%
i
o 9 = Y zﬂ' [
422 ywpvdaeandeudasaotl Wi wuedeunszuaesy 74
423 wyvsheowwvvseldr 80
o g o
424 maswna Inaagudsoningesold 80
@ [ I~ o 1
425 mslSuaanuSwazdwmiiavessald 80
4.3 myviann Tdsunsuuunuaddmsuuuusiasaniioudad i vundou
] o 1] I'd J a 4
nszuaady awmsuszvvse i weswesasaaes 81
4.3.1 manannTdsunsuuunuatvesuuusiassszuvanil i vundeu
ATEMATAY e 82
4.3.2 manannTdsupsutuntatlue wuusaeardouila Wi 87

4.3.3 Msna 1Usunsuuuntalve sy uRa @ edInIAeINIALaZ I 19 94

4.3.4 manann lsuns uudmratie suuusiassvuiuso T 96

4.3.5 msnanTlsunsuuuntadvosuuusiasy

qudarouigasn i 99

4.3.6 ﬂﬁﬁ@luWTﬂ‘iLlﬂiill,!,il‘ﬂl,l,aﬂiuﬂ15§1aﬂﬁﬂ1ilﬂa@uﬁﬂlﬂﬂiﬂhh\l“l?\h 101

g o 9 o A v
4.4 "lluﬁ@uﬂ'lii]'la'E'N3$°L|‘1_|‘VIﬂﬁﬁ)llWN@LLﬂaQUl‘V\lﬁ'I"UULﬂa@uﬂigL!ﬁ’(ffﬁ‘ﬂ

dwmsiszypan iueswesmsanen N 103
459l "YU ennah A0S 105
TVUNA@LAsNaMINA@ey 106
STUNYY 106
S23SVUNAAOUIROTIN_ 106
S3TTUUNAAOUNTA ST 107
SATTUUNAAOUNTA S2_ 111
5.5 TPUUNAAOUNTA S3__ 114
5.6 TTUUNAAOUNTA S4__ 117
5.7 svvunaaeuaoumsainanny hiauqanseduld 120

a J
5.8 AUATIEUHANTNATDY 121



1318y (710)

%
Hin
soaqd 122
%
6 aguesveraMenyz 123
6.1 agiwamsandvaw 123
6.2 yowuonuznuIseluewinn 124
FWANITONDY L 125
MANUIN
MANUIA 0. aegemsweulaallsupsuwneas 128
a A Yo aAa o 1 U =
AMAKNUIN V. UNANUIFINTA LASUM TANL VNS 1UTL RN 134

Usziadiiiou 148



AN

2.1
3.1
3.2
3.3
3.4
4.1
42
43
4.4
45
4.6
4.7
4.8

4.9

A3UYNIIN

=).

a o d' d' 9
ADNTHIIYNINYIVUDN

wasgiumsaevaadalundeudad iiheaua

maa lihnansadeinuldvesmioudas lniuuumanuila 1 a1

ANNAUMUADHUIEANNE1IVER1 1A 9 Tuniiie mQ/km

Y 1 1 v o =1 1
ﬂ’J'lﬂJGﬂU‘VI'IHG]E]WH'JEJﬂ’J'IlIEJTJ‘UENG]'JN'ILL?]?ILLH?FLHWH'JEJ mQ/km

9 1 1 2 1
mmmumumwmamm&mﬂlmiw'sﬂuwu’m mQ/km

1 a 4 1T a A -4 ~ = 2
ATNITIVAD TVDIADUNUAUBUDITIBLUANUITLALTININ

amiwesvowuaosrteudadlwd o .

1 a ) [ " 9 a 4
mwwmmaimmumwmfimuﬂm"l‘vxlﬂumugﬂmm !Lﬁ&L‘U‘UQ‘i’V\IL@]E‘WH

druilsznouvpannudaesaene Ilmiledsa lviazsei

a 4 o 1 A
4.10 WU DIVUDINUDIIDIT1ITINIADINIALLAE TN

4.11 anlsznovveanuudiaoduiauda Wi

5.1
52
53
54
5.5

5.6

J

sunpuidoulumsnaaeuvesio e inesasadan

%VUF gagauazamgaluguuuidoulvmsi@usaTrldhnsal s1

%VUF gagauazamgaluguuuitou lumsi@usaTvldhnsal s2

%VUF gagauazamgaluguuuidoulumsi@usaTvldhnsal s3

%VUF gagauazamgalugduuuitonlumsiausalildhings s4

A J o
%VUF voamsminvuia Tnaagudseniigesa il

114

117

120

121



€an
=2
=h.

3.1
32
33
34
3.5
3.6

3.7

3.8

3.9

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22

il

a13

€
@
€an

1

wnuiisalidhuedwedaisaden 12
feg1950 19 Desiro Class 3601 =0 13
#eg1950 191 Desiro Class 3602 13
f0e1930 197 Express Line 14
dreeneso bl City Line 14
Tassadamelugusnvessa ldfhueswasasadssuny

salWfhsssuan (CityLine) L @ 15
Tassadumelugnarsvasse Idhwesvesasaaanuy

so'lWhs555e (City Line) | | . N N 16
wwudeszoune i mnded, . o L 17
msaeds s wlawpu s enawaz aene 18
amdeynansestuia i swa o 18
suatuussdu b e 18
wawosiGesu i swle. ey 19
mawesvodusiai lwliheuler L e NY 21
daulsznovauinasvossgnudsiad i bieia ~ 21
wasmmannnesvesdlsznevamnasi awga 22
dalsznovavinasvosszvuuseau ldenea 23
aussnuzvesmeamesanauiesnnavesesu i awaa 29
nifoudadlihiiannsaldan \&edowsn 32
dseanvesndoudad s 33
puuivesnsiomlaslugaund wesdadnwel 35
whewdaalan®en 36
anvazveandouaslvihenle 37



€ah
=2
=h.

3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.40
3.41
3.42
3.43
3.44
3.45
3.46
3.47

3.48

W T
CRRNGTINGE)

anyuzmiaevaalnlurdouas lihala

uiqﬁu"lv!ﬂﬂuﬂﬁdawamuumw

ASATIVAOUNTADUAQIALLLLAAA]

msavvAa AL LULIRan e 1 @91}1‘14

msaengdoutasandl lihdmndounszuaadunuudauge

msgendoulasanil lihadunaeunssuaadunuud

J

1 9 ~ Y A @ A
msaerdelasanril lwihwuedsunszuaaduuuunyyaUias
msaengoutasaoril lihdumasunsziadauuuusuugviaa

o lha s geduleFumindu

<3 @ a
50 in210159g9 Acela Express vodilszmaanigonsm

o A J 9 o 9 o o
’Ni}’iﬁuuma’aunammﬂ‘i3l,mﬁNmﬂmmumuauﬂ‘iuﬁmi“]J‘m"lV\l%

a Ao o A AX o
lLNuﬂ1Wlliﬂﬂﬁ'iz"ll’é)ﬂiﬂulwﬂﬂWﬁ\Hﬂﬁ’E]HVIGUHVIN’Q1WD'H

L d‘
usIRAMITURAOUID 19

Truamsviauvessa T

msae Ilnszuaadudszu 69 kv duaie limiledso il

2

38

38

39

39

42

43

44

45

46

47

48

48

49

50

50

51

52

54

55

56

57

59

59

60

61



€ah
=2
=h.

3.49
3.50
3.51
3.52
3.53
4.1
42
43
4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

W T
CRRNGTINGE)

%

HiN
uwulnpsl 62
Tassadwvesszuumeilouso v 62

o v o o W A 9
Lﬁ_lllina@\‘iiguU’fnf]ﬁ:]uWﬁMWﬁlLUUW1@@1ﬂ1ﬁlla$31\13\1llu‘UﬁgL]JL]JWll@LUJaQE]@IG]””

o ' 9 =} % A o =
uuumammmmfmml,ﬂmamu”lwﬂﬁmmaaumzuaaammmﬂamm

Tunumiad Fuyaan

i e

' 9

o =) £ d’ [ v '
LL'U“LHHﬁE]QﬂWiG]E]‘VilIE]LLﬂaQfTﬂWullWﬂ'l"llULﬂaEJUﬂiguﬁﬁﬁ‘]JLL‘U‘LIﬁﬁ‘LIﬂ!‘V\Iﬁ
a a d
Tunumual suyasn
o ' 9 = % A [ =
Lmumammmwmuﬂmamu”lw17116umﬂaauﬂizu’d’dammm

a J

Tunumualsuyan

o ' 9 = o A o J
LL‘U‘UﬂTﬁ'E'Nﬂ']i45]’E'J“VilJﬂllﬂaﬂﬁﬂTHUlV\lﬁ'lﬂJ‘]J!ﬂa’t’JUﬂigllﬁﬁﬁ‘]JLLU’U’dﬂ@GW]

a J

Tunmua1/anyasn

° 1 9 = @ 2 o I
umJmamﬂ13@1awmuﬂammu”lﬂﬁwumaauﬂisu’dﬁammmaauamﬂ

a J

Tunmuaiuyaan

Y a J

o 1 = L% d‘ Q.
u‘ummmmmamjawﬂmﬁmu"lvh/’hﬂmLﬂa@uﬂimﬁﬁammugﬂmm

o 1 9 = &Y d' [ a 4
LL']J']Jﬁ]”laf’Nﬂ]i@]ﬂﬁﬂﬂllﬂaﬂﬁﬂ"lull‘l/\lﬁﬂ]ﬂ!‘ﬂﬁi’]ﬂﬂiglLﬁﬁaﬁllﬂﬂgﬂﬂiﬂﬁ]

a o

Tunymuailguyasn
o N Y = o A v

uppdraesmaaondeuasaniil dhdumasunssuaadunuuginaan
o ' 9 =) @ A v

upusraesmaaondenilasaoil lWihiduedounszuaadunnngvinan

TununualFuyaen,

o e

usauyalaseadrmas ldhdundousalaih

Ta/51tn5y MATLAB

63
63
64
61
71

74

75

75

76

77

77

78

78

79



W T
CRRNGTINGE)

€an
=
=n.
=
=
—

4.15 Simulink Library Browser

4.16 untitled file

417 wpusaesszvvanil Ihaundounseuaadulu'lng untitled

4.18 wuudmeunieslotaniu luaugansaauliih

o U a 4 )
4.19 MINMUUAATIWITINADTUDILUDVINADI Three-Phase V-1 Measurement

4.20 msﬁmuﬂﬂ'wwwmﬁma§ﬂjamuuﬁwam Three-Phase Source

D)
Lo
Da

o = 4 ﬁ‘ U a
4.21 LL‘U‘U%”Iﬁ@\iﬁg‘]_l‘U’ﬁﬂTHUlWﬂWﬂJULﬂﬁfJUﬂiZLLﬁﬁaUClullﬁJVl!,LmJG]ﬁJll

422 wyusaanioulad i lulWe wansformer

Z’, 1 a s o
4.23 ﬂ”ISﬂQﬂW‘IﬁWlJLGIE]TIJﬂﬂLLUUﬁ)Wa@Qﬂﬁ}ﬂLLﬂﬁﬂqwﬂi

Y
424 msaaninansvesuusiaeaniiontas i

Z’, 1 a J o (% 1
4.25 msmmwwimmaimmLmumaawﬁ’auﬂmQWﬂwemwmmﬂmﬂ 1:1

Z’, 1 a J o [ 1
4.26 ﬂ”li@Nﬂ?WTiﬁJL@]’é]i"llENLL‘U1J%”Ia’e]\i“rifljﬂLLﬂaQ]‘lWﬂT@ﬁﬁﬁjuﬂlﬂﬁ’m 1:2

J

ZIJ 1 a o o o A 1 9 a
4.27 ﬂ”lﬁ@]\‘]ﬂ?WTiﬁJm@ifﬂﬁ31Jﬂ1§LG]f’E)3J@]’E)‘1’T3J@LL°]JaQhh/\lﬁ”lll‘]_lllgﬂﬂiﬂfﬂ

Z’, 1 a J 9 [ [ [ da!
428 MINMMNTUABTVRIHN oY a9UTUTZA DL AU

?.’, U a o 9
429 msaamwmuwesuveasesla .
?.’, 1 ~ o o [ A 1 9
430 msasnIiaesdmsumaFouaenioulas lihundglinaan
oATIAIUVARIA 11
?.’, ' a Jd o [ A 1 9
431 msasmmnnlwesdmiumaiFouaentoulas lihuuugiieaan

oATIAIUVARINA 1 : 2

D)
Z
Da

432 wpuiasantoutad i luuunuad Fuy

433 LUUTIADVOILULTIADIEIWAINIADINIALALT199 U rail file

o 1 a 14 o .
4.34 MINUUAAIWITINNDIUDILLVVINADY Series RLC Branch

o ' 2 a a J
4.35 I,L‘U‘U%'lﬁ'ﬂﬂﬂ'lfl’ﬁ\?w1ﬂ’E]'lﬂ1ﬁl,l,ﬁ531\1'Jx‘lslulm°l/l!lﬂﬂc]51mﬂ\1ﬂ

4.36 Lmuﬁmawawmum"l%lﬂﬂu train file

4.37 ﬂ”liﬁ”lﬁl!ﬂf"i"lW"li"lﬁm@g"lli’NLL’]J']Jﬁﬁa@Q Series RLC Load

a J

4.38 uuuﬁ’mawawu’mm"l%lﬁﬂuuummﬂ@wmﬂ

R 0 e



€an
=2
=h.

439
4.40
4.41
442

4.43

4.44

4.45

5.1
52
53
54
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15

5.16

W T
CRRNGTINGE)

)

%
HiN
o A o
puusaosguaseningese Wiy depot fite 100
MIMHUAMNITINNDI VT Ia04 Parallel RLC Load 100
o 1 ) a a o
upusraesgudtonthgesalii luwnuaduyded 101
Y ) v
PUADUM I UNUTIADINATTUUMINAdoUMIIndounvesa ld 102
AMNIWMINAa09 UV UT 09T VUAIA NN FUA AL LUWIADINMALAZ T4
WUUSSUUOATI 103
AMNIWMINAa03 IV VTIA0IT L VU AN FUA AL UNIADIMALAL TN
wouszvundemlaseela L e 104
Z’, o A ) 9 o A
TuaoUMIAULUNUIIaINaT L UUMs Naaouvivotas lvihadumaou
Y] o [ J 4 a
aszuaadudmsuszuvse lihoeswesasaae 104
o A A ) [
yuusasamanasunszuusodWi @S uszvunaeey 107
A P o a o
weuise llihuesnesewsaded o o o 108
[ <3 % d’
anwazanuTvesse hwasdvegeon - 108
mslemas lihessalihlunn o s2ananlunsalst 109
JUMUUMFAUT VD headway 15 WIRTUASM ST Jee 109
~ 1 ~
msufseuneunr%Vvur lunsae st N 110
Auruaa %VUF gagaluma sy e 0 S 110
mslama Iidwessalwilunn q svenanlunsais2 112
UuuumMsIAuIaUed headway 12 Wilunsais2 112
msufseudmeua %VUF lwnsads2 113
MUNUIM %VUF gagalunsais2 113
mslmas dhwessalilunn o soenanlunsaiss 115
sUuuUMIIAUIOURY headway 12 W lwpsai S 115
= 1 =\
msuseueua %VUrF lunsaé S3. 116
duruea %VUF gagalunsadss 116
msldmaslihaessoldihlunn 4 srenalunsdisa 118



W T
CRRNGTINGE)

siii an!
517 3UuUUMSIAUI0VDY headway 10 Wi lunsaiss 118
518 msifSeuieun %VUF Wunsel S4 119

519 @MU %VUF gegalunsdise 119



[ o
1.1 aneilwsnuazanudnyvesifayin
@ U @ 13 1 { [
Tudagiuszuumsvudenasuniaun Wuaniugduuumsyudenasuilasy
a 1 9 d‘ = Y 1 d‘
ANNNENABUIIGY N)ToUNEVN VTV UM IVUAINIaFUYTLANDY 9 HazszuUNIs
1 ~ [ Y I o 1Y g‘/ Y
yudarasununiannsnuudd laoas laidusnumnnluszeznaidudu ldun szuy
1 @ J J o v
so'lfhuudnasy Tagilszasananvesszuusa ldihuudanasy e msldanudiny
(% d‘ ] Y a [ [ Y 1
numsasnunazseldinansdsendandinu tazmsaaaununisvuas szuuse Il
yudararulaena b dsznoumeszuusn ldiinszuanswaznszuaadn dmsusa Il
4 ' a < a wa
Woune1mAeIugassunl ngunnunIuas Uszmalne uszoudfianis lalsdh
nizuadauriadudmilodsng 25 kW dagiuiimadondendoutaslainaniiilalih
duiadeunszudaa Uty Uda U admdgugivosmioulasrzieonasnuszuy i

a a Y

nszuaaauanuavesnms llihuasnalrs nazdunasgvesniiouasezi¥ouaenulvan

@

5ol uagTvanuinms luaailgouiganazaniiiglasais aail lWddunaou

nszuaaduduisonanlunshemias ldihidduszouse v szuusa il lvaa
ma'lhitlideriios sidalliaggniediedundousa 1 luismmiiqe nazszozna
fu vazso llfidadusseannnaaridlaeaisunsziangwisanad midalilihaad
nd e llihdannedlugudilesn ldfheaiaatifdlnomsdald Taoia T daym
w@dosnmus s lihinavuTraon i hvmadeunszuaady Ao aduliauqa
usast ol nazus ssuanfiaonil ihdundounszuaady uazluewansilndiinssa v
uratlszmelne (s1in.) fmwumimmmﬁ'umqm'11/1ﬁhLﬂ'f}auvhmmﬁmuqaﬁmgﬁ'lﬂﬁ’wh
omauaeudios duiudumamsuimsdlasasezenuntu tazsausa liliezan
Tua'ldne danaldanil ihduadounssuaaduiini msegludagiuesduun Tums
sreTnanse Tiihiinndu nazdamany Iauaans e Iliuazus iuaniiaond i
FundeunszuaaduInIuAIBIFUTY Jayninnu liauaanseau ldiwesszun i
nszusraduamlaiinunasgy sxdinnndeshldszun ldfhuaedes s adu i

gunsaitfesduniuldaugansedu T vagszuulwdiernszanld nsaanu



@omeluszuuse lihaszuaaduauainnaninanu liauqaussan v nmadennils

' ' ¥ '
30 1d Tasmadenl¥mswousnondouasnmunz audaaanaail lwihyumaou

U

d Aa v
1.2 nglszasnvaImsIng
4 ' v o o & & a <
121 wedAnwiszuude ldiinssuaadudivsusa ldiuesnosatsanan
A = =) [ o A 1 9 =\
122 ednumgu] wazndanmsiiuvesmadonaendoudasaniiili
VUAADUNTLUA A
tﬂ' 9 o d' 1 9 =\ o d'
123 1#1009nuUY tazas1auuuiiaein o uasvioulasanil ihduaaeu
[ a a
nszuaaauals TisunsuuunualFuyasn

124 wiednwinany liauganseau lihvesnisiyeuaenifoutlasaoriilui

VUIAAOUNTLUE AL

a a U
1.3 AUNAY 1HUVDINTIIVY
A 1 Y a 4 1
mayouaoniontawuulaudas vazuuugiaan wzaadaymanuluduga
v I~ 1 4 1 J J = v
useau i ldannmsweudovdolasasuasn uuuanead tuud nuudavgvla

gazuuuMaRgININa 1AL

v A g
1.4 UBANAIULUDINU
T o o o 4 4 A A
1.4.1 Anmaszuvae lwihnszuaady 25 kv 50Hz 1vsusn Id s wesasadann
= a é’, 9 A d' 1 =3 o 1 = o
imsdaasndeudasninmaoudonuumfer vuvadusta  uuud  wuUAneAd
4 =Y o 1 g}/
HUUD VAN LUUATIAN ey ulug iaaa w11
a s ' -t ' o A ' 9
142 Anngdimanlesidudnnu liduqaussau ldihvesmsiveuaenifoutlas
=) Y] 1 = 4 4 a 4
suuenden nuuaaugvla tuud tUUANAA LUVABUABN LUVAVTAD LazuUDIWIAA-

9
AUNMUY

1.5  UBUIUAUBINITIVEY

= 1 [ o [ 4 4 A ¢ Ax a
1.5.1 anwszuune Iihnszuaadudmsusa lddweswedasaaen Nlnsaaas

nitoudasaoil Ihvuedeunssuaady
Y

Y o o 4 4 A o Aa a 9
1.5.2 wmuumumaaumawmsnsa“lvhi’lmaswasmiamﬂ numsaansvvoudas

aotl IdhaumaeunszuaadulaeldlUsunsuuunualFuyaen

U



o 1 1 [ I'4 I'4 a J
1.5.3 naaouuuuiiaeaunadntesesa iruszuusa lwihwweswesasaaenuuy
31499
a 4 =1 1 s 3 o 1 @ d’ [
1.5.4 an51ed waznFeuieuaudesisuanu liaugaussan liwesmsdoune
@ 4 [ o 1 1 4 4
nfoudasaail Wi vuadeunszuaady anuuudiasiuradiiesase ldiuesnosa

a J
383N

¢ a v Yo
1.6 ﬂigiﬂ‘”uﬂﬂ']ﬂj'l"ﬂg"lﬂiu
9 = [ o d' 1 9 = & d'
1.6.1 wWilanguf wazranmsinuuesmasenaerdouasanil lwihiunaon
AITUATAL
! v 1 v o [ 4
1.6.2 Inui nazanuanlaneanvszouiie iihnszuaady dmsvusalidwoes
4 a oJAa a & 9 ~ o A [
woSasaasn numsaadandoutasaniil idhdundeunseuaady
Y o o 1o o @ J J a Jaa a 2 9
1.6.3 lasihwuiiaewmasiiesgdmsuso ldihueswosaisadenniimsanasio
udasaodl lihadumaeunszuaady
9y = ] o 1
1.64 lanswdamanignuvesan iavgauseauliih nazmsaaanuluauga

usaau Ifhanmsdeudendonlasaaattbdihadumasunszuaadu

(Y] A a Jd
1.7 madagiliandneniinug

[

a a ﬂ'dy 2~ = ] 4
'JVIEI'IHWU‘ﬁU‘]Ji%ﬂ@U@%ﬁEJ 6 UN 2 NIARUIN %QNSWE@M@G@I@&E@@Q?&

d' I ./ { = I o @ o 4
unn 1 iluuningegnadennuiluu anudiayvesdyn Tagilszaad

[

aur A a o P 1 Yo a dy
Lﬂ?ﬁﬂ?ﬂﬂl@\‘]\‘ﬂu’l’ﬂﬂ AINTTIUNUTADDAIUYDUIUA !Lﬁ$‘1J'§$Iﬂ%uﬂﬂTﬂﬂTﬂgqﬂiﬂﬁ]WﬂQTUO gU

9 v y A ==

H J A o J a A A
‘U‘Vlﬁ 2 ﬂa1’35\1?‘]13@113’Jﬁ]ﬂiﬂﬁuﬂiimﬂiiﬂ\l L!ﬁéﬁ\‘]'lu'ﬂi]ﬂ‘i/llﬁﬂ’ﬁlﬁ]\i LW'E]Gl,ﬁ!VIiTUﬂQ

v
[

= as a A A 9 ) A Y Y a3 ) o
UHINN UAZ 32U UITNITIYNINYIVD IﬂﬂWﬁ%1ﬂﬂﬁﬁ1i’mﬁ‘Uﬂu i]ﬂﬁmﬂuummemmu

J o 9 o Aawv A a c’dy
ﬂ'l'iﬂi%fqlﬂﬁ LA NWAUNVINUITUITIINITUNUTU

= 9 [}

d' o = ~ Aav A a o R Y
unil 3 duauenguan q AneteanunuIteInerinuigalsznenlddae s
Y] [ 1 4 4 a J @ [l
Wavendn q laun sa'lddwesweiasaden (Airport Rail Link) d21sgnouniuliauaa
1338 13 (Voltage Unbalance Factor) idioutlasaonil Iihdunaeunssuaady szuy
angedmsusa i uazszuusiesaliih
uni 4 Huanenvudaesrdeutlad lihduadeunssuaady dmsuszuusa lih
2 @ a o g ' o ° Aa ¥ 9
uesnesalsaaen tazduaaua 9 lumsianuuudiaesszuusa Wi nfedsszuunde

= LY d' [ 9 ' d‘ 1 £ = 1Y
Ll‘ﬂa\iﬁfﬂuulV‘IﬂWl‘ULﬂﬁfJuﬂ‘iZLlﬁﬁﬁ‘U llﬂl,!,ﬂ MsFounentoudasuuumaife) LUUaaUe

U



o 4 A J v g 4 1
MELUYI LUVENOAA LUVIaDUADN HUUIAVIAD LL@SLLUUEV‘IL@QQHWWHH LﬁﬂﬂWﬂWﬂTﬁJ

Tiauga i luszuuse e swefasaded Fuiaunuudiasanifouaslun

o A

@ o [ 4 I'4 a 4 2
Tupaounseuaaay dimsuszuusa lnideswosasaasnayulasls Tlsunsuuunuall
a a 4
FUYAIN
NN 5 NE1NDITTUUMINAAOVUAZHANITNATOU DINAITHAUILVVIIA0IN L0
o 4 [ o [y J J a o
uiladIfhsumaeunszuaady dmsuszuuse i eswosasadan lasldladsunsuuum
a a i a 4 ] 1
ualFuydsn edns gy iaugaldihneluszuy
d‘ I Y U Ao A o A 1
uni 6 Wuunaguazvorauouug WIoNNUIVENITAUUUNTAD
% ] =~ Y
MANUIN 0. 120819015 Ina Talsunsuuunuail
I A Yo 1 Av A A L
MANUIN V. 1D UMTTIVIIWHANUN 1A UM TIHEUNT UDINUITEINGUNUT TUUaE

AUTUMTANEN



YN 2

U

v d a d'd' Y
ﬂ%ﬂﬂmﬁmnﬁwmzmm HNINEIVD

21 Unmin

@

ait I8nd 1w luund 1 1i¥gdszaaindnvesan’d oil Ao Anwnnu hiduaa
usedu e anisgeudenfondasdmil i dundeunszuaady Tasfimswann
wuusaeaunassiesesa T naznFeudasaod llfdundeunssuaady Tasld
TdsunsunumuadFuyded lumssraeamameTiasizinan liaugausedu i uag

1Y) =\ o A o o 3}./ =K A ] [l A A 9 o A
Llj\‘]ﬂu@lﬂ{ll‘lﬁﬂ']uulwcl?\[”lsll‘]_lLﬂa@uﬂﬁguﬁﬁaﬂ AU 9UANNI Y U e1NBINIZABIA NN

aw I

o A o @ A A 9 A 9 = Awv A a Y}
ﬁ"lﬁ')ﬁ]ﬂﬁ‘ﬂﬂﬂ'ﬁﬁﬂlﬂﬁﬁw LURagNTU) fJTlLﬂEl'JEU'ENLWE]Gl‘VTV]ﬁWUﬂQLLu’JV]’NﬂWﬁUﬁ]ﬂ'ﬂLﬂﬂNfnﬁcl“])'
)

9
1 o a ] v Aawv @ 1 I
JTUUINDU ANHWANITAVUUINU UASUVDAUBDLUTH %1ﬂﬂﬂl%uﬂlﬂﬂ@]ﬂ!m@aﬁLﬂu@]}uNW

{ ' av A a 14

Tagldgrudoyaniuunasayauiteaudne uazissanisunnedItoaneduinemnans
S Y 1 9 . . I EY )

uazmﬂiuTaﬂau“lmmgmmagamﬂ IEEE, IEE 11@1¥ Science Direct WuAY Wan15d1539
A 9 Av o 1 Y o o 4 [ Y o Aa o
i’f‘UﬂuQ”I‘Ll'Jfl]ﬂﬂ\iﬂaT]%ggls]ﬂllul!u?ﬂ?ﬂﬁTﬁi‘Uﬂ?iﬂigQﬂ@] UAagNWAUUUINUITUIVY
a a de
ANYTUNUTU

U

o d a d'd' Y
2.2 ﬂ%ﬂﬂuﬂﬁﬁﬂ!ﬂiiu HAZITHIVY NN IVB

[

o N o a { A @
msinaueiiminsunssy tazuitenineades asnazlngui vanms uaz
as o a X2 ~ Y= 1 @ A 1 9
ATNITAUUUITUIVYATNE) Vlﬁlﬁlfﬁﬂ‘HWﬂ’NllhluﬁuﬂﬁtliﬂﬂullwﬂWﬂl@\?ﬂ'ﬁl%ﬂNﬂ@ﬂM@Llﬂaﬂ

] Y
aofl dhdumdeunszuaady dwaoaniunedigiu annsoagllasdeiluaiiielae

[ [

° d = Aa Yo a ' ' A T Y o ~
AATNUNITLIYULTYININITIUNY %l,@ uuumiﬂ@u"lﬂqemw“lwumﬂﬂ ANFTINN 2.1

U

[

= au A
ATNN 2.1 NATUIYNLINYIUVDY

f.fl. AmzAMITY MIANUUIIUINY
1996 | K.C.Binand S.G. Anvunedny Tuaavesmsiyenaenioutaslvihay
Bing Meanvumsienaensleudas lddunaifen (Single -

4
Phase connection) #1173 (V connection) AUV ANDANA

(Scott connection)




[

= av dd g '
A1TNN 2.1 HANUIFYNUNYIVDI (91D)
9

o [

f.A. AULHINY MIAUUTUIUIY
. . = d' [ ] [
1997 | Y.L. Ching, K.C. Bin, | Ansuneanunansznuvesnu luauqansaau i
J.L. Wei and F.H. HUUAINE 9 DUAITHIIUVDINBIADS O UANTY Uas
Yen pansznuanany luaugansau llihaeszuu vl
RGN
= z:i [ o [} [
1997 | C.J.Goodman Anyuneany nuusiaesnw luauaausau ladrlu
3
szusn dhanubage
1999 | Y.L. Ching ANBIIT01NINY HanTeNUUIAIN luduga
[ I )
useau lih luyewmessudnduaule
N N . 3 A
2000 | B.P.Rochardand F. | 8511817890 n1sA1ulan1sinaeunvessa vl
_ 2 44 4 da
Schmid A IFI91N0TININeIT03lunIsIAARUN AD
USIAINGR 1591110029 HazusudeaNIY
2003 | T. 9T 1NN NITAIHUAAINITININDSVDITE U
Ay o 1 a 14
Kulworawanichpong | sadfliasn1smuiaaimnniwesvesszuuse i
uagAEms NNz dungadmiumsanyIng lvaves
aszua lilihnaesrasa lwihdre ldhassueady
. . a d’ v  an <
2004 | Applications of 93 U18MNeINU A5NITAIVANANNIGIVITD I uag
. as AI d' = o A
Mathématics Ansmaeunvesso v T4 Tvuanissiiau Ae
1 d 4 4 {
Tyyase TnuannuEInshliuanmsnasuiaiuay
A
mogyuay lvuaibsn
=1 1 QJ 1 1
2005 | N.Golovanov, G.C. | Ans1adu luauaauseau i luszuuunasiie

Lazaroiu, M. Rosia

and D. Zeninelli

o w

maIihamfusa llihanuEige vas ldwauniy
witoudas lduaazvtiaumaaeunianuliauqa
useau Tl eaanisldmasnuvesszuunmacie

o w

maa Il TaonaaouduInaafidluse luihanuEag




[

= av dd g '
A1TNN 2.1 HANUIYNNYIVDI (91D)

a.. AmzINITY MIAniuIUIY
2009 | F. Kiessling, R. 2TUNINEINUMIANUA 1Az ITNTHIAINITINADI V4
Puschmann, A. szuvlihwiladudamilofsye nazsiadesa lnves
Schmieder and E. szuuse Iihnssuaaduriaduiamilofsye
Schneider
= an d‘ 9 o 1 ]
2009 | IEEE Anwraunis Asnsh ldduaaniaianuluauga
usead Ildhannasgiu IEEE
= d‘ % a
2010 | H.C. Yaoand J .W. Anpunedny nsdseduaaninnieddivesns
Chi woanaondeuilaa i nazdavudersunis¥eude
a { 1 J
nfoudadlddwvyimyniSeniimouanan
a o dy @ 9 o 1
(Le —Blanc) tag luauidoiies laihuiasgiuais q w1
a Jd [} 1% d‘ ]
Ingan ligugaussau Tiiwesnmsireuas
nitoulaa Ivliwuuene o
. = = [ Y L% A [
2011 | MLH. Kalantari, M. J. | Apsaneany Tumaniioulasliihduedeunssuaaduy
Sadeghi, S.M. Farshad | tiazmsfSeumevundoutlas lilihdumasunssuaady
Y
and S.Y. Saeed Tuiugrulhsennugnaos
= ~ Y] <
2011 | JX.T. Tang and N. ANENAEIND N15KIzUuuuAIINITIve9T0 T
Bin (Speed profile) Mvyzaylumsiau
= d‘ [ 4 2 a a @
2011 | S.Lu AnB1UNeINY nagnininulszd@nsniwnisda
A5 asLidmsuansa lal
. . = d‘ [ [ 9 o [
2012 | F. Ciccarelli, M. Anyunedny nssanmisndeudadlwihdmsuszuu

Fantauzzi, D. Lauria

and R. Rizzo

so'lfhnszuaady




[

= av dd g '
A1TNN 2.1 HANUIFYNUNYIVDI (91D)

A.fl. AmzInITe MIAniuIUIY
. . = = [ o =\ A 1 Y
2012 | A. Horiguchi, H. AnyuneIny Mviammalulagnmsseuneviouas
Morimoto and A. Trduuu 29 uiad (Modified wood - bridge connection)
Suzuki uammugﬂmam (Roof — Delta connection)
= d‘ [ = ] (%
2014 | B.FukalaandJ. Anyunedny maSeuiouanu luauaausau i
Palecek luszvvurasnteniad Indrvesrout/asludn
VUAADUAT LA AL
2014 | L. Ladniak Anwunerny midiuiuany ldanaausean il
szpuurasnemad lihdunaounszuaaduvoanilo
waaa v
. = d‘ Qo =) ] U
2015 | A.D. Rodriguez, FM. | fAinsuneany msfSeudiouanuliauganssaulid
Fuentes and A. J. AUNIATY U IEEE
Matta
. = =\ 1 d‘ 1 9
2015 | G.Firat, G. Yangand | @ap1f5euiieunnuiana1avesnsi¥eunonseutlas
H.A.H. Al-Ali Tluiveaana liaugavewssiu Irlihvessald

[ Y Y o

a { 9 " 1 a
MNITTUNTITY uazﬂmﬁ]ﬂ“ﬁ"lﬂagﬂwmm ﬁ13J15ﬂ%381ﬂﬂ%%$ﬂ1luuﬂ1iﬁﬂﬂ1 “H’%f]

U

Y a o a o dy 1 9 1 A v aw Y= 2 9
WAl UNeN U961 NoNBININBDNBE1NNIN 9 Niinuziindsela lddnyidelaludy
9 LY [] < T as o A = 9 1 @ [ g}z 1
19 uads ldaunsogenduvuanyauismsauiuaudnuilaededanu daiuludiu
[ dy = Y o = = % Ay @ ~ 9 = 1 [ ]
da 'l 1@ insiouetngdgaaasamitendn § Ading uaziinnuuanaleaniued
1 Y Ay v A vy J = o = [
wuFaninvate q wauinlaagd13luarsen 2.1 Tasez Idnandanisimgug nanms
axy o A Aaov 1 ~ EX = 1 19 A 1 Y
uaz s msduiunuIteas q nslumsansianyluaugauseau liihvesnsireusenie
=) % d‘ [ v A A R 1Y e’d' 9 a o g}/ 1
udasaonil lihdundounseuaady wazdslimaaiudwaansn lannanuiseiu o Taedo
o
Al
[5uAUN Ching et al. (1997) ladnyuRgInUHansznuveInIw luaugans sau v
[ ° Ia v U ao dy Y Y & =K [l
HUUAN 9 DumMsiaveNameiouansu taz luamideil lduaad ity liauga

[

usaau Il dnansenuaeszuy Idid1dede aeun Ching (1999) Tavihauidemendy

[

] 1% Ja v o o Y 3 X o
Naﬂi31/]°1JSUi’Nﬂ']111ll‘JJfT‘JJﬁ]aLliﬂﬂ‘Llll‘V‘I‘ﬁh{luuE’JW’]i’)i'E)uﬂﬂGIf‘LlﬁTNLWﬁ%TiﬁLWUﬂQﬂ?TNﬂTﬂm

g



wosnny lauganssanluszun Tihiduilued19d 914358 U04 Bin and Bing (1996) 16
AnrmotuTumavesmaFeudonioutladliliammlalunuud q 5y maFeudonite
ula a1 @@ e (Single — Phase connection) 15150 uAe W ondaslid o’ v
connection) M3taouaenioulaliu1918 — 1981 ( Wye — Delta connection) 11azn13
oudonoutlas i uuuanend (Scott connection) 1iims¥eudeiiusgiels nazuaa
A3 lunieutlaauuuaia q Mud1ay 914398U9 Chan et al. (2010) | ¥AnReL
msdszifiuganimma llihvesmagoudendeudad i Tua3 Suiliimsidendenile
utlaa Ifhuuufieuiitondt Le - Blane uazGlmm"iﬂ”ﬂﬁﬁ‘]’ﬂﬁ)ﬁmmmmﬁiw 7 11IR5IZH
mianu laugaus sy llihvesnsigeudendendas ihuuuie 4 wohmsigendenste
uilaallhuvumevased nuuanead wazuuud Taanmnialdfhiiaedy vazanise
msdnea iaugauseiu llfhvesnsaentoudasaoil lihdundeunssuaady'ld
WVUIaewe L IToil vmagevmiay ldauaausau i Taeldldsunsuves
audsemsaneiany ldaugansei i vesnisaendoudasaaril lddduinion
aszuaaduitluvdn 111398U09 Ogawa and Shinada (2012) 1&FnyuReITUIITHAUA
maluTadmngoudovionlasliflm 39aan Roof - Delta) 914356489 Golovanoy
et al. (2005) lagnuinw liaugausean T luszuouvasneiasWdhdmsuse Tl
AN T3 seit Idiaumimteulaiwi uaazstiaImadouninu liauga
usau llfuieannis 1w dinuvesssuuumassieida i TasnageuiuTnaafiily
ol inaus g9 1 3Teve Kalantari etal, 011) 1870w uReady Tuma uagns
B ouideunsteintas il luitug milasuanmgndes 11135use Ciccarelli et al. 2012) 14
Fnvudertumssamantoutasllfhdmsuszuusodrilmnighaddy 1misevea Leslaw
Ladniak (2014) "l@afﬁﬂyuﬁmﬁ’umiﬁmammmm"lﬂamaLmﬁ’u"lvxlﬂﬂuiwmmdeiiw

o w

mda I veandondad Wi dumasunssuaady 910N 1ITNUNIUITIUNITIY LAY

[

d‘ dl 9 g’/ < 1T A A a "9 d‘ a [
AT A UNANNYIVDININUAISLIHI U Mﬂilﬂﬂ!ﬂWi’J*ﬂEJ’E)EJu’E)Eliﬂﬂ“VIW%ﬁ'mTﬂ’ﬂllhlllﬁllﬂﬁ

U

1 1 P) Y
usaau' Iihvssmareusondoudasaoil I vuadounszuaady aaiuauisenls

o X A J Y Y ' @ A N 9 =
W@Ju']"uulWﬂl!ﬁ'JQﬁ'lﬂ\iﬂﬂj'lﬂgﬂ']uﬂj'lﬂllllﬁﬂﬂallﬁﬁﬂullwﬂ']sl]@\iﬂ’lilslfﬂllﬁﬂﬂllﬂllﬂaqaﬂ']u

a J

VlV\IﬁﬁT‘lJlﬂﬁ@uﬂi%uﬁﬁﬁlﬂ Iﬂﬂcl“fﬁﬂillﬂ‘illLLlI‘V]LLﬂ‘]JGTﬁliJﬂQﬂ Lﬁ’t]LﬂulluﬁﬂNiuﬂTﬁﬁﬂHWﬂTﬁ

U

waouivessa Wi ednsiziwianu liaugaussdu liihvesnsiseudonifoutlas

aoil I vuadsunszuaaduluszu



10

23 asi

Q

v 9 v aA Y o

i Y
U 2 U "lﬁ’lhmu@ﬁmmwamﬁuﬁ’uwmmam YYDUTAININYIVDINVNIIUIVY
A

Naganiiums 910y udoya IEEE, IEE, Science Direct tazdu 9 H9rh1dmsudaminiims
Av a A 9 =1 Aan A Y o A Y o 9 o A y !
FYNINYIUVDN ISLUVIUVITNHIYDU "lﬂumﬂﬁmamimmmm VBDIFUDLUUSAN €] INAUS

U

9
v W Y

v A 1A = o A F) N o J a A A 9 ]
undeasuasaatudedogiu nmsdudulSamissunssy nazauiteiineades line
Usngaudteiyudulunnuldauaauseau ldihvesnsendeniondasaoril v
Y A @ 4 14 a J [l I o 1 [
dunaeunszuaaauluszuuse Iihueinesasaan dauluasgilumssuauaianu i
[ A A 4 a 1 A 1
auaaussaulivesInannsi niovemos Ilihyiiaa1e 9 nazmseenuuumsFouae

9 o \ [ o a 4
Wllallﬂa\‘lﬁﬂWﬁ1WWTMULﬂa@ﬂﬂﬁ$Llﬁﬁaﬂ Iﬂﬂi“fﬁlﬂﬂﬂ?ﬁ@ﬂﬂWﬂﬂm@]ﬁ’lﬁ@ﬁ



3

=h.

un

ada .y
NYHHNNYIVD

3.1 Unin

[

= a1 A a 9 o aAav A ) o A A g
ﬂ’lfl’ﬁﬂ‘]&l’lﬂi]‘]&l{]ﬁ’l\i €] NYIVDINUITUIVY 3Jmmmﬂmmﬂumimmmm L‘W’mﬂu

o
;4

wugmanud nazanwdile Md’mf‘jﬂzﬂa'nﬁqwqyaﬁgﬁm%’mﬁumuﬁﬁﬂﬁ Farlszneu il
&8 5 Watenan  1aun 3o lvihuesnesmsadad (Airport Rail Link) @a/szaeuniyly
arugaus el (Voltage Unbalance Factor) wifoutlasanni lfhduiadounseuaady
ssuvangedmsusa i nazszuusesa i Tasszndndeduiidiulss Tewd viegn

F4 i1 Y
ﬂﬁT’Jé}Nﬁ@ﬂﬁﬁTLul‘!ﬁu’Jﬂ%ﬁ Lﬁﬂﬂﬁl"mﬂixsl?‘]_l uagsﬁ'm%ummxﬁ@m

a d

d d
32 sallhuesnesnsadan
o 4 a J A A 1 A ad ]
sollhueSwosaisanan visosatudyoumeoimaugssugil 1%o Insin1sod1s
I 1 U 4 1 A
Wunensn Tasamssguvandanasun1s o iyoumeimanuglssugiuazaoiil
[ ' < 1 a A
Suaedlaga1soniAe unun A ulasamsssunvudauraruuuuiey il
daunilalulasamsneadiadumesa i luszousa I uides Tassyuralaiia
dy I 1 1 1 Y ] A &
Tasemstiunlulnsamsiseaiu tazuenmsnedd9a1anInnizuuse Iihaudies &
I 1 . [ a
WudrurilavesInsan1s sz UDVUAINIATUNI9T1 Tungunnuiuas tazdSuama
° a v ] A o a a a o
auiunisneas 9 lag mM7Talluilszmetng Gan magiladidiumaFanasdlae
a o o w ' I o a a {
U3 50 1l sun. $aia Failusgiamnslunsznsnavuian Tasligdunusalda
Y a ' A . . . = ~a & A A '
115M30g 2 UV AD Express Line tag City Line JA01UNINUA 8 4011 i N10101A811
a o o @ o @ o < I
g5 manszals huiude wnunn s dnngdu 91wssn vazwan'n Failu

9 v
FLIZNNNINUA 28.298 km A9317 3.1


https://th.wikipedia.org/wiki/%E0%B8%A3%E0%B8%96%E0%B9%84%E0%B8%9F%E0%B8%9F%E0%B9%89%E0%B8%B2%E0%B8%8A%E0%B8%B2%E0%B8%99%E0%B9%80%E0%B8%A1%E0%B8%B7%E0%B8%AD%E0%B8%87%E0%B8%AA%E0%B8%B2%E0%B8%A2%E0%B8%AA%E0%B8%B5%E0%B9%81%E0%B8%94%E0%B8%87
https://th.wikipedia.org/wiki/%E0%B9%82%E0%B8%84%E0%B8%A3%E0%B8%87%E0%B8%82%E0%B9%88%E0%B8%B2%E0%B8%A2%E0%B8%A3%E0%B8%B0%E0%B8%9A%E0%B8%9A%E0%B8%A3%E0%B8%96%E0%B9%84%E0%B8%9F%E0%B8%9F%E0%B9%89%E0%B8%B2%E0%B8%82%E0%B8%99%E0%B8%AA%E0%B9%88%E0%B8%87%E0%B8%A1%E0%B8%A7%E0%B8%A5%E0%B8%8A%E0%B8%99%E0%B9%83%E0%B8%99%E0%B8%81%E0%B8%A3%E0%B8%B8%E0%B8%87%E0%B9%80%E0%B8%97%E0%B8%9E%E0%B8%A1%E0%B8%AB%E0%B8%B2%E0%B8%99%E0%B8%84%E0%B8%A3%E0%B9%81%E0%B8%A5%E0%B8%B0%E0%B8%9E%E0%B8%B7%E0%B9%89%E0%B8%99%E0%B8%97%E0%B8%B5%E0%B9%88%E0%B8%95%E0%B9%88%E0%B8%AD%E0%B9%80%E0%B8%99%E0%B8%B7%E0%B9%88%E0%B8%AD%E0%B8%87
https://th.wikipedia.org/wiki/%E0%B8%81%E0%B8%B2%E0%B8%A3%E0%B8%A3%E0%B8%96%E0%B9%84%E0%B8%9F%E0%B9%81%E0%B8%AB%E0%B9%88%E0%B8%87%E0%B8%9B%E0%B8%A3%E0%B8%B0%E0%B9%80%E0%B8%97%E0%B8%A8%E0%B9%84%E0%B8%97%E0%B8%A2
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aauail a.a1. 2002 — 2003 50 1WH13U Desiro Class 360/1 THUFMIMINTAIMBIUBAUNGY

(Greater Anglia) Uszimasangy Jztuvuso Ivldh 4 dude 1 vuu (4 Car train) A93107 3.2


https://th.wikipedia.org/wiki/%E0%B8%8B%E0%B8%B5%E0%B9%80%E0%B8%A1%E0%B8%99%E0%B8%AA%E0%B9%8C
https://th.wikipedia.org/wiki/%E0%B8%8B%E0%B8%B5%E0%B9%80%E0%B8%A1%E0%B8%99%E0%B8%AA%E0%B9%8C
https://th.wikipedia.org/wiki/%E0%B8%8B%E0%B8%B5%E0%B9%80%E0%B8%A1%E0%B8%99%E0%B8%AA%E0%B9%8C_%E0%B9%80%E0%B8%94%E0%B8%8B%E0%B8%B4%E0%B9%82%E0%B8%A3
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311 3.2 081950 10 Desiro Class 360/1

NUUDINN https://en.wikipedia.org/wiki/First Great Eastern#/media/File:360111 at Ipswich.jpg

aowiil A 2004 — 2005 saluilideniieInIHeIuaUABUENTE57 (London
Heathrow Airport) 15zineaaanguiingn gy Desiro Class 3602 1903m15 guluuvsa 'l

5 AUAD 1 YUY (5 Car train) A9 3.3

517 3.3 #1081950 1971 Desiro Class 360/2

G

NUVDINN https://upload.wikimedia.org/wikipedia/commons/e/ef/360204 at Ealing Broadway.jpg

1l a.¢1. 2007 - 2008 50 Trlhueswesasadss 15 Il uRersudusa lwihideum
2IMAIIUADUADUIN TSI Desiro Class 36072 tazduilusa lihavrunsnlulszmalnen

1¥mssunszua lilfhmiuaneduniledsbe (Overhead Power line) Ta8iiena (Pantograph) 111


https://th.wikipedia.org/wiki/%E0%B8%97%E0%B9%88%E0%B8%B2%E0%B8%AD%E0%B8%B2%E0%B8%81%E0%B8%B2%E0%B8%A8%E0%B8%A2%E0%B8%B2%E0%B8%99%E0%B8%A5%E0%B8%AD%E0%B8%99%E0%B8%94%E0%B8%AD%E0%B8%99%E0%B8%AE%E0%B8%B5%E0%B8%97%E0%B9%82%E0%B8%98%E0%B8%A3%E0%B8%A7%E0%B9%8C
https://th.wikipedia.org/wiki/%E0%B8%97%E0%B9%88%E0%B8%B2%E0%B8%AD%E0%B8%B2%E0%B8%81%E0%B8%B2%E0%B8%A8%E0%B8%A2%E0%B8%B2%E0%B8%99%E0%B8%A5%E0%B8%AD%E0%B8%99%E0%B8%94%E0%B8%AD%E0%B8%99%E0%B8%AE%E0%B8%B5%E0%B8%97%E0%B9%82%E0%B8%98%E0%B8%A3%E0%B8%A7%E0%B9%8C
https://th.wikipedia.org/wiki/%E0%B8%97%E0%B9%88%E0%B8%B2%E0%B8%AD%E0%B8%B2%E0%B8%81%E0%B8%B2%E0%B8%A8%E0%B8%A2%E0%B8%B2%E0%B8%99%E0%B8%A5%E0%B8%AD%E0%B8%99%E0%B8%94%E0%B8%AD%E0%B8%99%E0%B8%AE%E0%B8%B5%E0%B8%97%E0%B9%82%E0%B8%98%E0%B8%A3%E0%B8%A7%E0%B9%8C
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. . =) a? a a [ Y ad
uazsn IWf5550a1 (City Line) Hunumadihidu idTasaisnainua 3 gaovuiu Ingviua

5 1uAIgN 3.5

317 3.4 A081930 19 Express Line

NUVOINN: http://www.railpictures.net/images/d1/2/3/0/4230.1324588002.jpg

519 3.5 rednesa lilih City Line

NeInIn : https://upload.wikimedia.org/wikipedia/commons/a/a5/ARL_Bangkok CityLinel.JPG
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322 Tasse¥eszvuseliihuesnesnisadaan

Tageardavesszuusa lifweswesasadanuuusa Iihss5ua1 (City Line)
I8 Taensianua 3 §AoVLIL 3 Car train) TavRigusniimsfanaeinestumaourimihi
Fundeusn L TeUnsaledlulaseadienielu iwu Fesautiady §areszun i
(Electrical cabinet) wguﬁ’jnﬁm%’maﬁfumfﬂaﬂ HIDAUNNT (Wheelchair area) ffad i
Eﬁﬂﬂﬁ’ﬁ (Passenger seat bench) HALINIALINGS 2 D9 (Fire extinguished) Iﬂiﬁﬁ%}ﬁﬂwiué}
usnvedso Wiweinesasadanuuuse IWfs355@1 (City Line) @Tﬂgﬂﬁ 3.6 (Suvarnabhumi
Airport Rail Link, 2010)
drugians viednare imihi Sunszua llfudrigszousa il Tasimunun
519 (pantograph) TudruvesunuInnsnanarniimanluided 3.61  szuusielu
nszuanssdviusn Ll Taseadreneluvesdnaranzifuddlavars v hifinomed
Fundew miloudiugusn Taviietnsaedlulaseadanioly 1w gaeszu 'l
31291 (Crab handle) ‘ﬁﬂljﬂﬁ1ﬁ§ Umﬂﬂﬁ 13 ﬁ!ﬂ%@ﬂﬁ@@ﬂlau (Emergency equipment cabinet)

uazdadumas fudu Tnseadieniolugnaisvessa lihueswesasadeduuusa i

D.

535491 (City Line) a9g1n 3.7 molwmmu ﬁﬁ@ﬂﬁﬂﬂWﬂ% Nanyue uaﬂmmﬁnm@m

U
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&

Y a
W'lN Wiﬂ@]kliﬂﬂ\?ﬁﬂﬂ ﬂf’)!ﬁﬂuﬁ]‘ﬂ ﬂ']i@lﬂ@‘lQllﬂmﬂﬁsllﬂlﬂﬁﬂuiﬂnlwv{"]

Electrical
cabinet

Fire PAU

extinguisher

Electrical cabinet
Sunshade

Cabinet

Passenger isolating cock

Fire seat bench

Wheelchair extinguisher

Electrical cabinet  area

] a J
314 3.6 Taseasumelugusnvessa e swesaisadsiuuusa Tvihsssuen (City Line)

NVDINMN ; http://www.srtet.co.th/index.php/th/system-airport-expressline
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Emergency
VCB isol.
equipment cabinet

switch

Straphanger
Crab handle

Electrical cabinet

Cabinet
Panto isol.

switch
Brake isol.

Fire
L. cock
Passenger  extinguisher
Fire seat bench

Universal extinguisher

Cabinet

area

517 3.7 Tassadumoludnansvessa lilihueswesasadasuuysa Ivfsssuan (City Line)

‘memmw : http://www.srtet.co.th/index.php/th/system-airport-expressline

323 szvunglvlihdumasuaesselvweswesasadan
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dmsuso ihireunieimsenugrssugil njunnumuas Uszmelne iu
szuu ldhnszuaaduriedudmnilofspy 25 kv daguininmsienaondontasludin
aoil lihdumdeunseuaaduupuaaugile (Cyelic winding connection model) a1 I
sumdsunszuaadviinIdulsendnlumstendsnu i v soszuusa v Ty
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=\ 9 d' ) AR 1 A [ a’/ =
wiimsvenadunissn Tiihiewnieiniaeivess ugltan 10 Mo uAR B AtiUaDT
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T vumasunszuaaduaziimssuIvioinms lWiuasvalrs Wuszuulwideumla
Y 1

nu szuune Iiihsuedouvesso Ilifueinedasaden Usznevlidreniiouilas I
filiine 20 MVA DY TDIA? ﬂaiﬂ‘n 3.8 vt wlasusesu lien 69 kv i§lu 27.5 kv
ﬁumuwmaamma"lwﬂwmﬂa@mwagiﬁi 8zN14 8.078 km WnnIndmfing In eglndnu

01U WAY (Suvarnabhumi Airport Rail Link, 2010)
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Power source 69 kV

from MEA
n.c n.c
n.c
n.c. n.c.
Transformer 1 Transformer 2
1
n.c n.c L
n.c.
n.c. \n.c.\n.c. n.c. W n.c.
To Depot
Contact Line ” >
. . Track 1 o
Running Rail >
Contact Line
Track 2

Running Rail™

519 3.8 umuraszuuDe I vmaasu

u

33 milszoeuanaluauaanssdiliilh (Voltage Unbalance Factor)
3.3.1 syl 3 wla
szuulif 8 wlabanninsostuin Ll ms uaaduiadraus e T
A sine $11490 3wl Falviamnun e ualyuslaasiuslaas 120° nagszuylilih
3 wlaensanda nazdemas i 18 Tudsnamndaelss ans mmiiganszun T
nszuaaduuuma@er szl 3 e fransadetionsedu naznszua i g

Y v
HUY 3 @18 Hay 4 envIuegnudnyaznsae awaasluzln 3.9

a Y Y ~ ' 4 Jd o @ 1
mam@mmu"lﬂ% 3 sl e TADIUNITADVADIADITINIIDT ITUIU 3 qusmwmagalu
Jd o ] @ o ] J o 4
e siyueny 120° nazvaadraauudidieglulswes sulvnszuaase ioada
1 <3 o ~ A 14 A o Y a A
ﬂ'U'lﬂJL!ﬂJlﬂﬁﬂul“V‘IWW aaaadly qﬁjﬂ‘ﬂ 3.10 maTimai141;mzmumuﬂmﬂﬂuﬁuﬂaau

@ g Jd o { X o & o 1 @
usae) guaaulant duaaslugli 3.11 Fauseauns 3 dyueny 120°



A
B
N

B
c C

317 3.9 M3902995 Wi 3 1wl uuv 3 ee uaz 4 ane

U

Armature winding

Field winding

B’
B

Rotor

Stator A’ C

5110 3.10 nwAnyNaAs o uiia lolith 3 wla

nan http://www.sut.ac.th/engineering/electrical/courses/429296/old/course/3-phase.pdf

AN

A

30 3.11 paduuseau i 3 wla


http://www.sut.ac.th/engineering/electrical/courses/429296/old/course/3-phase.pdf
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11314 3.11 aunsadowduaumsusandou T 185y

V. =V, sin(ot) =V, 20° vV 3.1
Ve =V, sin(wt - 120) =V, £-120° V (3.2)
V. =V, sin(ot +120) =V /120" V (3.3)

iio V sin(wt +120) = V_sin(ot - 120) vV
waz  V, Z120° =V _/-240° V

~ 4 @ & A T W
flﬂﬂ:.,iﬂ“ﬂ 3.11 Nﬁi’JlI“VINL’Jﬂm’E]im@ﬂuiﬂﬂulle,\th\‘] 3 wler o L’Jﬁﬂ,ﬂ ] TUAUNINY
y
f,f‘L!ETL’dNE] uazmmﬁuumamﬂﬂu”l‘mlﬂmq 3 W\IﬁmﬂanﬁﬂmNﬂumzuﬁ"lvdﬁﬂmzuu

3 wlar easanlaises dwaaslugilii 312

0 V., ( V.,
+120 > »

-120°

BB’

51 3.2 wlane Fus e T 3 wler

YszTemivoaszuy i 3 wle
1) ganremga i i Tnaaldnafingn szun v 1wl
2) Munameitesnnszuy 1 wla nsdifinemga i
3) a1 lihnadnndn sxfianugadsluaeliifesni

4) el Inaavemesyuialua I 3 wla vz ldmesaasina 15y uy T

1wl
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Twiadeii 3.3.1 szuu Tl 3 wle Huszuu'liih 3 wlalueauad vineds Tusady
waznszua Il 3 wla ualunduesamsiszon i 3 wlaly1gonu s
fihamdiumsthyesneedluTssnugamunssua q wdszauilamd useiu iy
szuvllih 3 wlaneluTsenu Sanuuandaveas sy sz antana 3 wla sznut
Sma 1 ldflalamaniiannewduly wu nelulseny wieduinamdinlng 9214
Trnaafluuuy 1 wla Feezdszneudie aunsaidnineu uazinseslddninaanning s
iTeien tnTeadaman aeufiames 1wTeadeendls Tnsviad wazdu o FegUnsel
Fana1zld lfined sy Fafluszuu ooy 1 ola wazezinarhldiians liauaa
sewhaanaus iy naznszua llinieluTsany Femanannu ligugadand s ez
danadeszuulilihvealsanu wu Mamsgapdodumdsnu i luaefidossua i
Ianinain areiisa Snszua i Traindy Myl Tnanszand i huoussuy
i3 e s I aeus sy naznssua lilifosas iesnnmaianu laugaly
seun i i lislalaslanisaduinans e vazihldaussousiazorgms o
voaweines IhiUss Ans ez o gmslFauduas Swendruudnluiaded 3.3.2

A hiaugaus s lavh

332 anwliaugaussnlilih

v
1 (%

Tumsgauadusedu lwhnszoaaduvedaulnsal lihawla foudeny
M3l azlivine nazyusgnnuamiu Gend anuauaanssau Tvdh deguh 3.13 n)
useeu Tldhueazilafiounuyatianga (n) Buwrmmnu (1, | 77| = [V, ]) 1agyusgning

an cn

lavianu 120°(8,%8,= 6. = 120°) danarh Iivuaauaei Tldhsznada Taunnu

ab
WV, =1V, =17, Tuniaasinua orus seu Biihnseuaaduavlaiivuie nagyu
seunad ldmnu Fenn anu ldauganssau i dagia 3.13 @) useanlwihuaazle
Weuny gatiamsa (o) Jvwnaldmnu (v,| # (v, # |7,) uazyusznaiadd laminu
@, # 0, #0.) awamldvuaussan sz naadion lumdu (v, # [V, # V.,
Il o dy [ Y A 9 a @ o '
anuluauganssau il mwsadunaldninnisindeudrevesgaiianianindwmniis 2
I o ' a ] @ @ 1 g o
Tl udmniia o, wardevesmsinannu luaduganssau i ludnyuziguil o114
o a 1 4 | o o ]
gunsal lihwiadwld wu vomesimiienildihdigadone 1die Tergmsldauunas

Yszansamanauifudu (Mingpruk, 2016)
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G C
VCA VCA
120°n A A
VBC
VBC
Vs Vas
B
B
) 9N1ITANAD (Symmetrical) V) TN T 7u9a (Asymmetrical)

517 3.13 slayesuo sussau Trlihenunla

3.3.3 mwuilszneuanings
1 I 4 a ~ A
alsznevduinas Buasosnelumsnaszrszuy i 3 e lunsain
maganeg liauga Taglyniidrdevesdiuilsznen 3 dau lunsalszunlaih 3 wla d
d' dy 4 [ d' 1
naraelugi 3.14 vonnnUa NI INATINN IR FveIaI U sznoUANNIATT luauga

laaagin 3.15

\Zi
Va Vao
V
Via 7 P
Veo
Vc2
Va \
Positive Sequence Negative Sequence Zero Sequence

317 3.14 drulsznevauinasvesszuunsau vl luauga
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~ 4 ' A ]
E‘ﬂﬂ 3.15 Naﬁwmmﬂmaseummuﬂszﬂ@ummmﬂuama

1 o W A v s Aa
- gudsgnouauiasmaulduan (Positive Sequence) Usznauae 3 ildiaos Nl
PNAMNY tagyulaaany 120°
' o w . vy ? Aa
- gudsznovanuinsaa Ui aas (Negative Sequence) Usznounie 3 tleaiaos Nl
VM wazyuvlaanni 120° ualisaumaassunudiulsznouaunassinume
1IN
' o W 7 v S A
- aulszneuanasan U aaud (Zero Sequence) Usznauale 3 1laires N
VAN tagiailaming

9
[ Y v

= < Q. v _J o 1 k4
i eansaeuduaumsanedssiusuauissan wihimazmald aail

V., =V, +V,+V, V. ounuussaulddule a
V, =V, + Vi, +V,, : V,unuuseau e B
V, =V, +V,+V, -V, unu useau llwle ¢

= 9

Tunsaindesmsldszuuauga arudszneuaumasveasan liihuredadesdinig

9
[

@ 14 4 1 Y <
sugalonlesnedio (o) o a NAuMIAD 1£120°  dsuuanso@ewiluanns

Y
anuduiusvensaau I luuaazmalnula datl
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= Val + Va2 + VaO
V, = a'V,, +aVv ,,+ V,

=aV, +aV ,+ V,

C

9
[ Y

aniuansadeudiulsznovauuasvesszuuuseau IWihauga asgld 3.16 wazauns

' Y
usaau Ifhaudseneuauinas Tasdradsnuae1d dail

V., = %(Va +V,+ V)
1
vV, = E(Va +aV, + a’V.)

Vv, = %(Va +a’V, + aV.)

silsae arulsznevauinasvesszuuns gawiihauga

3.3.4 nasgiuimidszoeuanuliangansadulvlin

Tag ldmsmardlszneuniu ldauganssau Tdhidsmsmuaa uag
mmgmiumﬁmmma 11 VIATIIU ANSI  (American National Standards Institute)
¥1M3314 NEMA (National Electrical Manufactures Association) 1as4191331U [EEE (Institute
of Electrical and Electronic Engineers) Inou1asgiulunounidewsnidiulvg vz ldns
muumimalsznouanu liauganssau vl TaennsanvnawssauTdihsznala
] v Y1 1Y 1 1w
U AIWWIATFIU ANST ez NEMA sinagldmvmaussau ldihsgninavalumsmaids

Usgnouanu liaugauseauldr nismarddsgneuaiiuluauqausaau i
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1 A % d' o w 1 . é )
sernala Ao ﬂ'liﬁ'l!.l,ﬁ\‘lﬂul’l‘ll‘lﬂ'lmaﬂﬂWaQﬁ'@ﬂizﬁ?NW\lﬁ (RMS Line - Voltage) FIA1HINU

Tannaumsn (3.4)

@- /3-6°ﬁ)

%VUF = =x100% (3.4)
@+ /3 - 6:53)

Taeft B = Vag' + Vo' + Vi)
Vag" + Vac" + Ver)’

o %VUF de awlediduddnszneunnu liaugaussau i

A ' v 1
Vg Vg t1az Ve, fo auseau lihssuaaa

sazmsmiamsaau e uungega (Maximum - Voltage Deviation) @9f1uaa 18a1n

aumsn (3.5)

%VUF = Max(| 0, D,k =A B, C 3.5)
4 Ve - V., i 4 ¢ V., -V,
Tagh 6, = =%, 6, = —— 5. = — :
avg avg avg
_ VAB + Vsc + VCA
avg 3

oV, feuseanlvdundeszniaa (v)

Tunquiszimauounidyglsd vazuasgiu IBEE  daleulddrulsgnouauuias
(Symmetrical Component) tiludlszneuanyliauqanssdulvfwesszuyvimds #s
4 ] [
MIMIAIAINE1IA8951 zdeeldinsecliotarianay Faludvgtiu sl ludsena
Ine AMFIEmsuvuaulszaeuaumailumsmiaidilszneuaiu liauaausedu i
I Aq Ya 4 1T o [
WATTIUIEEE 1159 -2009 Humiasgiuileinsizimaiailszneuniuliauga

useau il nardanw ldanaaluscuu lddansle Ae dasrdarvesdiuilsenou
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guasa1nuaay (Negative Sequence Voltage) nuaauilsznoudumiasaaumauan
. Aa @ - I i o A 2 0 Y
(Positive Sequence Voltage) NAailulofidud amaunish (3.6) mdewil amnsorhunldm
v
araadsenounuliaugaludr 18 nenssdulddwaznszua i Tuuiasgiu
o 1 I Jd o v W ] o Y S
IEEE 1159 - 2009 fvuaauloiidua diuisuiilsznounnuluaugansauliihdein

Ty 2% Tasiarsanisuilyugiivesrouas Wi (IEEE, 2009)

Vneg

%VUF = x 100% (3.6)

pos

o v ae ussau Iihanuasdauslanin

pos

v, oo usean iihaunasdrdumaay
an ' ' Y A Y Y oA &L axA
uazuonnIsrimaNL laugaussau lvlihinandredu dalivnnile Fnaunso
1 1 o 4 1 v
Usznmannu ldauganssauldih e manianisainau luaugaus i i (Prediction

of the voltage unbalance) AUTNNT 17] (3.7

VUF = h (3.7
Sce

A 1 %

e VUF fe sdaisznouany liauaanseau i
S, avdmas ldihinguesdinaaaordi ldhdundoy

A

. . . = 1
S D Short=Circuit capacity vosanadl lihdas

cc
dred1agu Ansandeyaloszunlidi 3 wla Juseanldseniaaiy
230,0°, 237/ —-118° uaz 240.6.,119.6° Vi@ AB BC itag CA a1ua191l 910I5NI1THI

usaou limasmasaesszunavla az'ldn

V. %(\/AB Vo x 1A120° + V, x 1£-120°) = 235.8/0.5°

pos

Vy, = %(\/AB Ve x 1£-120° + V, x 12120°) = 6.18.£-159.4°

neg
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[

4
w2 ldulefiduddmlsznouanu liaugaussau i dail

6.18
%VUF = | | x 100% = 2.6%

|235.8|

o [ 1 J 3 Jd o 1 o '

dmsumsmandesidudailsznounnu liaugaussauvid nuvnisuia
nseau lihibesnugege awuasgiu ANSI €84.1 — 2006 a2 ldamseau lddundemas
@09 1M1y 235.9 V uazawsaau Ildudeavugegannusedu Iiunde minu 230 v iile

Y
Ansanalesiduddnlsznouanu luaugaussduluih dail

%VUF (ANSI) =

‘M‘ x 100% = 2.5%

aonaz 1975 nsvussau lihmaes i deaessznnaa a2 laanlesiFuaniu’li

E4
augausaan i aall

= 0.3338

g - (240* + 237" + 240.6°)
(2302 + 2377 + 240.6%)

%VUF = x100% = 2.6%

(1- /3-(6)(0.3338))

(D[ 3-(6)(0.3338))

< 1A N J < Jd o ' @
wiiuldan AmsmandeSiguddailsznounnuliaugauseau Ty
U as [ A o o U A " v Y
dauilsznevauinas uazismsvussau lddundemasaossznnadalinumng uaasld
3 1 an [ A o o 1 1 J 3 o
wuasmsseau liimasidsdesszunald aunsomanledidudadilszneuai

liguaauseau Il 1duiudusunu
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Tuanasg I IEEE 1159 - 2009 ammuasinlesiduaus sdu Il liauqa liasinu

o A o a 9 A o @
2% IﬂfJﬂ’]ﬁ']ﬂ‘VlllWaﬂﬂ’]ﬂﬂﬂu{]uﬁ’]u’]ﬁﬂﬂllﬂﬁ'lil M1319N 3.1 ﬂﬁglﬂ‘ﬂ!lagaﬂymgﬂjqﬂmﬂq

szuufad i

M3199 3.1 Ysznnuazanyaena lvosszuumaduniman Wi (EEE 1159 — 2009)

X R X Typical voltage
Categories Typical spectral content Typical duration
magnitude
1. Transients

1.1 Impulsive

1.1.1 Nanosecond 5 ns rise <50 ns

1.1.2 Microsecond 1 ps rise 50 ns— 1 ms

1.1.3 Millisecond 0.1 ms rise >1ms
1.2 Oscillatory

1.2.1 Low frequency < 5kHz 0.3-50 ms 04 pu2

122 Medium frequency 5-500 kHz 20 ps 0-8 pu

123 High frequency 0.5-5 MHz Sus 04 pu

2. Short-duration root-mean-square (rms) variations

2.1  Instantaneous

2.1.1 Sag

2.12 Swell 0.5-30 cycles 0.1-0.9 pu
2.2 Momentary 0.5-30 cycles 1.1-1.8 pu

221 Interruption

222 Sag 0.5cycles—3s <0.1pu

223 Swell 30 cycles—3's 0.1-0.9 pu
23 Temporary 30cycles—3s 1.1-1.4 pu

23.1 Interruption

232 Sag >3 s— 1 min <0.1 pu

233 Swell >3 81 min 0.1-0.9 pu
Long duration rms variations >3 8= 1"min 1.1-1.2 pu
3.1 Interruption, sustained
3.2 Undervoltages >1 min 0.0 pu
3.3 Overvoltages >1 min 0.8-0.9 pu
3.4  Current overload >1 min 1.1-1.2 pu

>1 min

Unbalance
4.1  Voltage steady state 0.5-2.0%
4.2 Current steady state 1.0-3.0%
Waveform distortion
5.1 DC offset steady state 0-0.1%
5.2 Harmonics 0-9 kHz steady state 0-20%
5.3  Interharmonics 0-9 kHz steady state 0-2%
5.4 Notching steady state
5.5 Noise broadband steady state 0-1%
Voltage fluctuations <25Hz intermittent 0.1-7%
Power frequency variations <10s +0.10 Hz




28

3.3.5 wansynuainmanannliauganssiullih
Taoa'ld a4 azdmuaa nasgiuaiany liaugansadu i
voeszu Wi azdeaiia Lty 2 wefifudmnszuy lwihiiselitunewes Iviiia
usasu T launadin sxdanansenuihlfuemes llihiinmewdaduinung iffesn
aszua Iihauinasdrdumaay (Negative Sequence Currents) Tnarthuemes Tuluilu
Swunn aszua lihanasaguslaanil o2 hatsanuimdndufuaunuimgn

(2

A o o o Y a 14 ~ Jd o a 19
imaaihau sildusdaveswones ifhasas luanzduewesaulnd arduniu
woauowes IWiheelianudiusduawsisu liihaumassdumlaavvesszoy i fe
aziiannuduniudinn 9 IndiReanuminnudumuveanemes luvaz S uAuAITo
v
(Locked Rotor Start Impedance) #a14 w15z un Inlihaziiansadu Indhavnasdrdumla
= I 9 < 19 1 Y J A 1 o
auisaaniosnaiy uadremanuaumuveswenes lihniinaneussau lidauuias
o w o Y Y A d':: dyd o Y a 1 o o
awulaay shlimanudumuliandunn g wqeaiiveh linamnszua ldihdauma
ausun nadhweome s vl ausiiliuemes lvlihiou wieerunamssizadenions
1
9 1
aaiu minweoaes ihyida 3 wlaldldluszoulddindanyldauga

o So < [l A A a A a
ussn Trldh AsuTuedsdendesiinisannsnmuainiin uazlseansnmaeuemes i

1 Yy =R Yo o . A qu
Adug lAe Famwanasgiu NEMA wag ANSI Idfiuadidaguan (Derating Factor) 1ive 1%
lumsaavuainauewes o wegnirldae l9aulusz vy Tadhnnsedu Ta il

o 1% { 1 o 1Y A J <
augany sanaaslugzii 3.17 9w wniwerae s Il b5 usz oo T atiswlesidu
A ldauaausgau lvlih iy 1% ansalduemes T Idmuiidadnd uadiszuu
] 9
TihiiawlefiduaNiluauaausaau v v gu 3%agdesanvuaiinavesusines
TWaamdeszina 90% vodwinealnd daoers¥u vemeivuia 10 usath ielFaui
anmzany liauganseau i 3% suainamazanaunae 9 used1 (10 HP x 0.9)
v < @ ] a ' ' o vq 9 4 @ U

0613 lsnaw vinuseau ldaugamundn 5%  lduuzihldldauvemes luanizaina?

A o Y Jd Y 1 <
Lu'lf]\‘]ﬁ]’lﬂ’1]$1/]'IGI,WiJ'E]m@iLﬁEIW'IEIVl@'ﬂU'Ni'J@li')

wennnaszna lihilszinn vewes Il 1T unansynunndaymaiu biauga

usasu Tl dadigalnsal luihdu o WldSumansznunnanyliauganssduliih dao
" ' Ja a 7 . Jd (v < = 4
IFUAY 191 9UnTeiolanNeind (Electronics Loads) aznomoilsunnuisisey seginsal

Y 9 |1 Y 1
Tdwail szmatdamnszua i ldaugadiu Feanszuealddilondiannnwenild
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syuutlosnuIvaninu (Over Load Protection) NANIIHINIU (Trip) Ieiiioaninnyaiie

nsvua 1 (Rectifies) voauomas WifwiiadiuanuEisen s a2 lasu lwvnszon i
' ] f

sevnaa emnse 1 liiun 1a@d (DC Bus) agnananan auiu winawmssau ldhiinsou
. a a 1 o 4 4 < U o

gaisoanszud Iiwlalaanilunaguiuniussan ldduladuimiae nezdwasiilieyge

v ] v 1

Foanszua liulainhanszuannniuaduiiae delinailvgunsaitleadu vl

a o Aa Y 1 % v & 1 ] @ ~ 1 = o

mamsnuiranata ldgunu duiu s liguaanssau i dioas 3% o1niinaih

y ¢ A 1w < Ya o Aa v 4
Tfuewes lhrialsuanuEisenIdinanmsaundanaiald tazuenainiinavesna

lirugaussau i i ldinadymensueiing (Harmonics) 1dondae

T~

0.9

Derating factor

A
N

0.7

0 1 2 3 4 5
Percent voltage unbalance

A J A o l
gﬂﬂ 3.7 ﬁiliﬁﬂugmﬂquﬂlﬁajaﬂaQLu’E—]\T‘ﬂ’]ﬂWaell’f]\nli\jﬂullwﬂ’llluauﬂa

131 : NEMA MG — 1998

3.3.6 aurgueamstdannulianaanseiuliih uazismsaa
Tagit llaumguanvesmaiani liaugaussdu vl azifiaainns e
nszua lilihd ldaugadaus 15 - 20% Y1l Faginsal i luTsanugaamnssy venan
m3ldgunsal lrldhaiia 3 wle daldgunsal Ildhaiiamadordesneglurcasi@eddi wu

£l Q

gunsaldninauais q szunliihuasaing vemed I udaiden nazdrvinvuiaves

gilngal Iliheiiamlai@oaivuialug Aazildaenszua i lundazwlai limduly
A ~ 9 ] o 1< o Y a a ds! a o ko =

Pnanmndrosunu nezsi liinanszua lddufadulumeiionda uenviniuminiing

T¥gulnsal WihlaReridluuvasiiediiianszuaens Tudindsauegarodiuduauunn
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Iya a

A ' A s s A a s = o
[ATONDYULDNETT waaﬂ”lwwﬁlﬁvemﬂmeu FAUITIEON LASIATOIADUNAUND T "lf\?@‘ﬂﬂﬁﬂ‘lqu’\l'l

1 dy 9 4 a o o A A 1 a o 19
WMAUHITHIWNILUTIITUDUNTAIAUN 3 (ANND 150 Hz) 'lmag“lumammammgma

A g’/ 1 ~ a o g’/ < = 1 A Y A ] 1
1’?3@11!‘1J'Nﬂ5\1ﬂ1ﬂ5$&!ﬁu11/‘l17‘h1’lul1’iaﬁluﬁTﬂu?ﬂﬁauu NDIINAGINIT ‘Viﬁﬂiﬂﬁlﬂﬂ\iﬂ‘ﬂ‘ﬂ']

[ Y
nszna i lumenlmasn'1d uaz lunganzlmnadym dail

1)

2)

3)

4)

5)

Lﬁ@1ﬂ?1ﬂ§@t§8lﬁﬂ%ﬂiﬂi$ﬂﬂ1ﬂﬂ1

Aausasu ihanmnaulunsaimsse Wiy Tnaauuumai@en
Rasuasonnnszualiihea el dudaduaefimia iflesanmeiimiad
useau Idhanog

ginsaitfosiunszua lvihdaneasasdu (Ground Over Current Relay) 11141
Aanaald (naean iz

mlinnavesszuy lnihiianas sadregaau nifeudaddihmdszuuina
19 1000 kva fisanszua Il lunsazmlamiiy 1500 A uadinszua Wi
191 T5901u luunazmlaiini 1480 1300 Baz 1270 (Wa A B uag C auaIay) ag
1@ nanszualumla B uag ¢ s luduinaaunsoseTvliiildon ualuvas

avle A I lndnina 3 lueunsomulaayila 3 wa'ldon

an A ' o
ﬁﬂ'ﬁﬁﬂNﬁﬂﬁg°|/|1]Lu@\jﬂ]ﬂﬂ]ququﬁﬂﬂﬁlliqﬂqu#ﬁ

D
2)

3)
4)

5)

6)
7)

assanisivetnsel fsiamla@es Iauaams 3 nla
finseanaoy Tnaa ldfuuua@eriivnalng edRnsandeniuinan
wia 3 e

niuasnaeuyaden i liHna & (Confrectors)

asvaeuganIuaunsIan 1 (Voltage Regulators) tuutenivla nazfimuaa
mshauldmngay

sadongunsal llhifinmansanudedaymius s Il liauga 1dgatu
15U 1AM TEC 61000 — 2 — 4 I@mvuadanuaany (Class) mmqﬂﬂm‘f"h\lﬁﬁﬁ
anunusetlymdganm llihiuanmeiy

a R [ 4
W91501A18I)MUAaA (Derating Factor) 1R nuweiaes lnh

AMsdenwiamMIeuaovvoulas e umlanmung ey
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3.4 wnaeudasaaidlWihvunaeunszuaady

] 9
Jagiuszuvaudwraruiianudidyaonisiauilszinaedg1agans Tudu

IS

Y ] v

IATHYND tasdIny UENINUMINUILVUVUEINIaFUNA U3duuumMsAuUNIInvaInyaiy
wazazadnaule salaiusrslunmsaaaulalumsauniauivneunelrsalsemealnsves
Y ' A 1 an kY = 1 Y 1 ~ a

NNOUNEIINIANIADNAY Fedara ldgadivnssunmsouietvesdszms Ine@u Taun
dy o 1 ] 1 g 1 A Yo a
Ju ez lutwiumsvudanasunsunivindugduuomsvudanarsui laSuanuiion
wniga Tagmwizszuuse lWihvudwwrasu lagldanudidyiumsasmunazseliina

M5UsLHIANEINY LAZAARUN UM TUUEN

dmdvaai lihvunaeunszuaaguioiniudasendnlunssrondaau i
Tfuszuusa i Fadaymdnluafinaluani ihdundounszuaady fe aa'l
augausaiu il azuseduanfigandiidmaaounszuaadn iileaninszuusa luldh
uoinesmsanaslamnasan lihnssuadan 25 kv lumsiunemed I daiu aoril il
Tunaeunszuaasusuiludosiuihonms ihuasiads Feszun Ifhamladh s
mssamslFauia nagmadenyiiansendonsondas ihawaivng au 919929
TRanadoun suuse i vazea Wfhfmeaeunssuaaan'ld dniu nioulasaond
Tldhdunaounszuaaguiinnusiiiulumsdng s luunnonasaail lihdmnaeu
nszuaaduniionmantsnoulddas nifoutlad vyl (Transformer) uazmsdousonse

uilad I lddvsussunae Inihdmaasunszuaeaay

3.4.1 visemlaghlih
&= 4 o % [ %
wieudas i Ae gilnsaiddoumadldihnszuaadunnszaunseau
% I o w % [ 1% X [ [ 1 <
niatumad IihaszuaadudnszaunsadunitaTasordoranmsveausman T vile
F
1 1 1 % ] <
wilasaaulvgidsznonlddrouania (Coils) w1 2 waduldwuseovunuaiman
. 1 dy 1 SId' 1 [ 1 A 9 v J 1 3 A
(Ferromagnetic Core) vaalaianil lilaionaonulaonss uagniyouarovldndutmiani
] < 1 = A v [ U @ @
Tnaluunuutmanuny vaarangurilsezgmiyenaenuurasnasann i inssuaady
=1 ] a . . . 1 = 1 é U 1 [ Y v
Fonnuaadnlgugd (Primary Winding) d@auvaaliadnngunilaszantenasaiulllnny

a

d ' a a . . Y oA = 1 a
Qﬂﬂim 13N UVARINNAYHNY (Secondary Winding) D1UUARIANQNUN 3 ILLTINNAAYYY

U

1 4 2 v AaAa 4 Aa o
(Tertiary Winding) vi¥iaudasienunsaldauldniessnairievulaninilandyiensiu

A FOU A a =) ' v A 2 Y J 1
¥O William Stanley o1l 2428 mﬂﬁwmuaﬂﬂugﬂm 3.18 TagiauAuINT L UUA 18T N

U
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1u5nv091anaenulae Thomas A. Edison Tutiioq New York 1ol 2423 ualszauiynises
[ Y
useauan wazanugudeluszuuaeas itiesnnlduseau 120 v iy whld bigunsods
9 ] Y
aszua il 1118 na dniu Seudludesldudonslas s lumsiiuns sdu i gaiu 3
annsodenszud T lddanvglnasen 118 Tudagiwasessuiialdddudansedu
] Y v
Tug29 12 019 25 kV gilunsaguIuszna1e 110 kV 09 1000 kv arengiontlaslineuiz
v A - v = o @ Yy 1 I A o l @
aaussaudnasenauiiu 12 8925 kv dmsudld linzdluiwnederds anuilszneuns
oz,
uaz Tseaw szuuliihusegaludszmalnelivinadae 12 kv 33 kv 69 kv 115 kv 230 kV

uaz 500 kv Tagagluanuaiuquauaved ms Iihhonaauialszmelne (nvlw)

517 3.18 wifomlas Ifnaninsaldauldinsoasn

NNveIn http://sites.ieee.org/ny-monitor/files/2011/04/4 PDF_MEL4.pdf

A o ' ' A

dmsuisenn vaz Tassas wvesndondas il faaulszpeuindrdned 3 dau Ao
I () 1 1 4 : g " v A v
unUMAN ¥AaIAAIE LazauIn 019 ldIulszneudesdug FeuegiuuIANAAYD
! { ) 1 v sol LY
wiioutlas 1wy wileudad I lglusz uugiutiae T T ussandfeudlas dhsiunide

= k% & v 9 & v 9 o A 3 9
wilag AsUTTVIBANINTBU VILTNAUATUGN VILTIAUATUAT LASDU Wuau

Y A o I ' < A Y o [ 4 [
1) upunan (Core): HanyauluHuvanuIg 9 AAOUAINUIUINIOATOUN UL 1

o { 3 a 2 3 S <
sunnuvesndontad v shmihndumeduveaduns wiman unumaniddeuiuman

soulidiunanvesd1sFaney Inududy 14 (Permeability) g9 magadoiioaninddines
~ . I ' ¥ 3 Aq w = o < <
Fer (Hyteresisloss) 1 Nanunuuiuvouduusauimanildlumsmiieniige duman
1 o ] < g}/ [
UsziamnsuToiouna (Gain oriented steel) RUIUNMRIVURNUHANNITDIATUTAIANN
I a A @ A A a = I
unuruemurigs ietosnumsgadeNinannnszud laiu (Eddy Current) ¥3aziiluais

ININIUY (Vanish)


http://sites.ieee.org/ny-monitor/files/2011/04/4_PDF_MEL4.pdf
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. . { o [ 3
2) YA (Winding): vaalah lasiundeutlas Inihiidnvaziiiuvaalaneans vie
A A Ay A A v < v & dAad A 9 o
yaalnegliflennduniomaoualenuiu o1vvztuldnsarauuuninunniidge
1] 1] d =)
fideudud viealranaun 18 nifeudaslwilivaata 2 e fio vaadalgugi (Primary
. . 2 a . . a I Ao 9 1
Winding) 11azuna1aNAggil (Secondary Winding) Tasvaaiadgugiivziluyainsulad au
a Aad {1
yaaranAsgiiugaioelnesnlyldau
4 o [ LY 1 < <
3) fUIU (Insulation): il KBitedesnu lildvaaradudasudunduunpuman
Y
nazosnulilduaaauaazsududanuld (Short Turn) indeems Idnululiguang uaz
a 4 @ o
nuanuieulduinszdounaoudlelaiimand (Viniflex) wiawunvalelvuunlson
J 1 &Y o d‘d { d’ (% d’ 1 o o
(Caprone) 11311 (Teleline) 13 0fhe aauanhnTNuRAMINAAU LT NI ADN U LAY
J o Y A d [ 3}; 1 I
audau liwesnana (Fiberglass) @15 URUAUNAUTEHINIFUVDIVAAIAT IUNINIEIT U

v Y
NITATHLIALUQ uaziﬁmmmmmﬂimmﬂzﬁuagﬂuwﬂ@ﬁmwawﬂ’@uﬂm"ﬁiﬂw

dy % ] a 1 ] 3 X
wennniideulas Iilihdsansamialszan ldawatiaglssvesnuminanas

o ' V2 2 . A v A
MADUHNULKANYAY ©) U (Laminated Sheets) Lwaaﬂﬂimﬁ"lwmu”lmﬂu 2 Uszn Ao

3 7 < 7 o ~ 3 s A w
UOUANUUUAD T LLASUNUWANLU LR muamiugﬂm 3.19 UNUHANUUUADIISUANH U

¥ v

<3 o 1 < o [ ] = = o
uﬂumaﬂmmmmumaﬂmqgﬂm 18 ﬂi%ﬂﬂﬂulﬂug‘ﬂﬁlﬁaﬂu HAZUAINITNUNITDIATU
3 5 7 ' <
UBDIUNUEUAN uazLmumamm‘uwaaﬂﬁzﬂauﬁlammumaﬂummu Three — Legged

<3 o
Laminated Sheets #30UAUHANILY E - TUAWARIANUIOU Center Leg

Magnetic paths

<] 4
f) UAUANLUVADS (Core Type)
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1 Main contactor 6 Commutation-pole winding -
2 DC traction motor 7 Field-weakening shunt

3 Starting resistor 8 Series contactor

4 Armature winding 9 Parallel contactor

5 Excitation winding 10 Bridge contactor
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v Constant force region

/

Constant power region

Tractive effort

Reduced power region

Speed
57 3.43 usagamsiunaouso
Fyas =M gsing (3.11)
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Third Rail Arrangement
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Running rails
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=2 o v A o 1 oA 4 =3
92QNAI9IN TR3, TR2, TR1 wuaz TR4 muaauidmnisse Tihed ieldnisas
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69 kV Grid A
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p
aOw

TS1 TS2

—~ —~ I~
TR1 ((j TR2 TR3 @ @ TR4

MPTS

Rails to earth

bonding

i TS: Traction Substation + Overlap Section
MPTS: Mid-point Track Section TR: Transformer
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319 3.49 wnuInnsl

NUVDININ ; http://4rail.taragany.fi/swe/swe _mtab_iore109 pantograph 1 150 kiruna 2011 600.jpg
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Contact wire
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Traction power substation

Lood 69 kV 50 Hz Drop wire Catenary or messenger

wire

Contact wire (C)

Running rails (R)

| 275KV 50 HZ%
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Power Source

(Converter)

! Contact wire (C)
urrentY_ ~275kV

0kV
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Substatlon Autotransformer Autotransformer

Contact wire

$ Current

~275kV

|

Running rails % ey

6 % \ \ % \ % ~0kV

,,,,,,,,,,,,, ’ -27.5kV
J Feeder W J /

Earth wire
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Return Earth (E) E g )

JU7 4.1 1DUT10090ITTVUANEANNTUATUDUHIADINAIAZTIIWUVTZUVIIBAT

aaua991n : Kulworawanichpong, 2003. (pp. Appendix : A-3)
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sznevdiemednidusia (Contact Wire) Uas a5 Uans (Messenger Wire) 38U UAIUN
dya 3 v o = v A A = A a .
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. = v o dyl ¥ o [ [
Radius) i5ona11a0ya11 A21ANNYT (C: Catenary)
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Pz =54T7f a3 4.2)

Tagf  pp Ao anmmiumumallihwesdn (Q-m)

f Ao Anudvedszuude IMhmaan 19w (Hz)

R =R A+l - 20)} 4.3)

)}

Tag R Ao anudumuigungil T 1a
R e A0 ﬂmm’ﬁumummﬁ”;ﬁwﬁqmwgﬁ 20°C

J H 1 a -
a fe dulszAnimsnasunasanudumuaoguigil (3.8 x10°)
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= A o A A a 0 0 ¥ a o o Aa
AIUUANLUUTAIAIT NN 4.2 NYUNHY 20 C uaz 40°C M luanmina tazanimuesdning

= ] A 1 9 2 1 Aq ¥ )
NITANNITOU 20% N1T1N 4.3 AANUATUNTIUVDITINWNVYUIANIAN 9 1/]16]5\11141/1'3llﬂ

A15199 4.1 ANNAIUMUAIEAaNNEYeiIla q Tuniiite mQ/km

A R at 20°C R at 40°C
conductor 5
mm new 20% worn new 20% worn

CuAC-80 80 223 278 240 300
CuAC-100 100 179 223 193 240
CuAC-120 120 149 186 160 200
CuAC- 150 150 119 149 128 160
Cu-80 80 = 229 - -
Cu-100 100 g 183 - -
Cu-107 107 B 171 - -
Cu-120 120 - 153 - -
Cu-150 150 - 122 - -
MW Cu 50" 360 - 390 -
MW Cu 70 271 3 292 -
MW Cu 95 191 - 206 -
MW Cu 120 153 - 165 -
MW Cu 150 121 B 131 -
MW Bz IT 50" 561 - 605 -
MW Bz II 70 422 - 455 -
MW Bz II 95 298 = 321 -
MW Bz II 120 237 = 255 -
MW Bz I 150 189 - 204 -
Conductor rails - -

Soft iron 5.100 2.5 - 25.2 -

Soft iron 7.625 15.0 - 16.8 -
Composite” 5.100 6.8 - 7.3 -
Composite? 2.100 16.4 - 17.6 -
FL 243 - AL1 240 118 - 126 -
FL 625 - AL1 625 45 - 48 -
MW steel 50" 3800 - 4230 -

U Seven — Strand

2 Aluminum — Steel composite rail

AC contact wire, MW messenger wire and FL feeder line with reinforcing conductor
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Overhead contact line

. . . 2
Messenger wire cross — sectional area in Mm

configuration
Messenger 50 70 95 120 150
Contact wire )

wire 20°C 40°C | 20°C | 40°C | 20'C | 40°C 20°C | 40°C | 20°C | 40°C
Cu AC - 100" Bz1I 136 147 126 135 112 121 102 110 92 99
Cu AC - 100" Cu 119 129 108 116 92 100 82 89 72 78
Cu AC - 100” Bz1l 160 172 146 157 128 137 115 124 102 110
Cu AC - 100” Cu 138 148 122 132 103 111 91 98 78 85
Cu AC - 120" Bz1l 118 127 110 119 99 107 91 99 83 90
Cu AC - 120" Cu 105 114 96 104 84 90 75 81 67 72
Cu AC - 120” Bz 1l 140 151 129 139 115 123 104 112 94 101
Cu AC - 120” Cu 123 132 110 119 94 102 84 90 73 79
Cu AC - 150" Bzl 98 106 93 100 85 92 79 85 73 79
Cu AC - 150" Cu 89 96 33 89 73 79 67 72 60 65
Cu AC - 150” Bz 1l 118 127 110 118 99 107 92 98 83 90
Cu AC - 150” Cu 105 114 96 103 84 90 76 81 67 72
2Cu AC - 120" Bz Il 66 71 63 68 60 64 57 61 53 57
2Cu AC - 120" Cu 62 67 68 63 54 58 50 54 46 50
2CUAC-120”7| Bsu 80 86 76 82 71 76 67 72 62 67
2Cu AC - 120” Cu 74 80 69 75 63 67 58 62 53 57
2CUAC-120"| 2p.m 59 63 55 59 50 54 46 49 42 45
2Cu AC - 120" 2Cu 53 57 48 52 42 45 38 41 33 36
2CUAC-1207| 2.m 70 75 65 70 57 62 52 56 47 51
2CUAC-120°| 2y 61 66 55 59 47 51 4 45 37 40

Y New contact wire

2) Contact wire 20% worn
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A1319% 4.3 ANVATUMUADHUIBANNIUDI31929 T UN U MQ/km

. m' A GMR R’ m{/km
Rail type )
(kg/m) (mm°) (mm) Wear 0% Wear 15%

S 49 49.43 6297 44.77 35.7 42.0
R 50 50.50 6450 45.31 345 40.6
S 54 54.54 6948 47.03 32.0 37.6
UIC 54 54.40 6934 46.98 32.0 37.6
S 60 60.30 7650 49.35 28.9 34.0
UIC 60 60.34 7686 49.46 28.9 34.0
R 65 65.10 8288 51.36 25.2 29.9

1 (Y] 1 4 { a { o
szuue liiinszsuaaduazinaued AT5UeNUAUSNNAINANNHTHE11A8

v

H Y v
amanumtenvesd oAz Iuegn iy tazszezi1aveIn1sIneai aedian 1
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N
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. D
=R, + j27 T 1 i+ - in =S

—-a (4.4)
87 2z GMR.

P Me L D pe
=R, + j2rf Rt -In———— 4.5
Rt 1% ”"[&: 7 RGxGMRR] “3

~ 4

2 AMPUNLAUTFUDITVUANUTT (/km)

a A

=
f
1 4 A
ﬁi’) ADUNUAWFUYDI TN (Q/km)
A
f

9 AIANUMUMUADHUITANVEIIVDIANIUATILUT (9151997 4.1 W30S

N

1UIN)

A9 AINNUMUNIUADHUIIAVINIVDITINN (13199 4.3 H399INNITAUIN)
A 1 = 9 1 <

Ao Aramnay lamanimanueioina

A 1 = 9 1 < A
o ﬂ'lﬁﬂ'lW“]ﬁJul,WI/n\‘]L!iJlﬂﬁﬂ"ll@\ﬁ'lﬂ'N

RG A9 ATL8LIzHININ

GMR. fio m3almassnadinuesanimniugs

GMR, A MSALMAITIIANAT095199
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lumsamnatazinnmsnaaey awaaslugln 4.2

Contact wire: Cu 107mm? (20% abrasion)
Messenger wire: Bz 70mm?
Return Conductor: E-Al 120mm?

Rails: UIC 60, 15%

37
Earth wire
Messenger wire
7 Catenary (C)
Y, —
3 C
Contact wire
I
|
|
: 4.9808 m
i
|
L Rails (R)
B /
i ﬂ
[ —-] F 1 ‘ : ;E R
Earth surface
942.7120 m
Return Earth (E) E g

Y o v W A 4 4 a oA
‘ll@ll"a53‘]J‘1Jﬁ"lﬂﬂ'nﬂﬁllWﬁ'LL‘U‘UW'lﬂfJ']ﬂ'lﬁ!Lﬁ331\1'3\15119\13ﬂllV\Iﬂ']!LfﬁWfJﬁﬂliﬁﬁ\‘]ﬂﬁql%

A,
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9

947.6928 m

A v o v o 2 4 14 a J
qﬁjﬂ‘ﬂ 4.2 53‘]J1Jﬁ’lf]ﬁ:]u’]ﬁllﬂﬁl!‘]J‘UW’]@E]’]ﬂ’]ﬁLLagﬁ'l\?3\1"1]@\35ﬂ117‘|ﬁ']!l®§'1/‘|@§ﬁLiaa\iﬂ
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{ ° 1 A 4 1 Aa P A
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Pe

D =655 |~ =926950m

MuINITer D, A0 5382521119 D, 1595 19N198nI2AY v30A01e 1192AAN (Viaduct)
HAZANNGIVDIT N

D, =942.712m

MUIUATAUR AT VAN AVDIA I ANLUT

’107
Contact wire: Cu 107mm? GMR., =0.7788,[— =4.540 mm
s

/70
Messenger wire: Bz 70mm? GMR_, =0.7788, |— =3.670 mm
n

4
GMR. = \/GMR,, x D’ x GMR_, =80.800 mm

cMm
A A = o o A A 3
mmi;fﬁmaEﬁnﬂ‘wummummyjmmmmmmﬂu 4.980 m
o A ' o = A = o o A A
ATUIUITYS DCE D JTYTTITHIN DRE ﬂ‘lJmmt;NmaElmﬂwummm’duymmmmi
Y
aadu D, =947.693 m

~ Y1 a o o A AW A
NFAUNITN (44) i]x11@ﬂ’lE]llwuﬂuG]fU@Qﬁ'lﬂllﬂﬂu’liﬁ\iﬁ'ﬁ’]\iﬂ 4.4

an ° I a A 4 A
BMIAMUIMUINIDUNLAUTUD T
ANTLELTLHING19 RG = 1.435m

AUIUATAUR AT VIANAVDITIIN

7686

T

Rails: UIC 60, 15% GMR, = GMR,, = 0.7788 = 38.520 mm

4
GMR, = /GMR’ xRG? =0.235m

J ] < A 1
ﬂ1ﬁﬂ1wc§ﬂulﬁjﬂ1\‘llmmﬁﬂ‘ll’éNiN’J\iL“Vﬂ 450

~ Y1 a A 4 A o ~
INAUNIIN (4.5) i]gll@]f’ﬂ?J‘JJWLL@]HGHGU?NTN’N@N@1§NT] 4.4
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$ [ a J 1A o A
A1 19N 4.4 AMWITINIADTVDIAOUALUAUFUDIABUANUIIUALT 19

Model parameter

Catenary 0.184 +j0.604 Q/km

Running rails 0.37+j8.926 Q/km

ASNTVLVVIIADIT LV VIR TR AU UNIARIMALAL TV DTV IR o ag
1 4 4 [ o 4 [
ool Haruvesmeilawmes e ldnadeudunifoutasliihdumdeunszuaaduuunga
a o o ~ 1 4 ' v o o o 4
U3t uaznuugvlinan gl 43 daulaseddeou o wu meanhduda mewdsueos
F1 LALTLHLHIIA 9 VAUMIN UL UTIA09T LUV I8A NN TUATLULNIADINIALALT 19
BUUsEUUIERTIveasa i Taguuudiaedssuuamed N duAaIULNIARINALAZII9
9 Y A = o A A
wuuseuunsentatenla la@enaieilamasuuy FL 243-AL1 Tua13190915199 4.1 uag
o 4 I Y A A
JTOTANNGINNMIBd LS Dsanelame soanu Ul uszezANgUNIND 200 Jadwas

'Q P o ' Y
(Jungi, 2014) Taenduiiuaugvesmeila@esaiuialdnn aunsae Ui

T

o 1 1..D
=RF+J2ﬂfﬂo(g+gln%j (46)
F

~ 1T a A e ~ o
Tagn Z. Ao ADNNBARTEYDIT I HAIRDT(S/km)
1 1 [ J 4
RL A9 AIANUMUIMNUABHHIIANINENVBIEEIAADT (113190 4.1)
A 1 = 9 1 <
M, D fag sy 1an1umanyeeIna

A 1@ A = a = 4
- fo mMsalmassInaaveImglanes

Ay o 1T a A 4 = 4
MmN NLANTUo T eAIADS
INMIAUIUHIADUAUAUFUDIEBUANUTI AL TN
wld
D, =942.712m
° ' ° [l =t o o ' < 9)&’ Aa
MUIUNT STezHNRMMIIaeamaInudmunszuas Ivaldnuau
D, = D, + D_=949.412m

° o oA A A ) A A 9 ~ o
ATHIUATIAURAYLTUVIAUAVDIAIUULANLLUT Iﬂﬂi%ﬁ?ﬂﬂﬂ!ﬂ@il!ﬁﬂ FL 243-AL1

’240
Feeder wire: FL 243-AL rr=,— =8740mm
T
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Ay Y A Y1 a A 4 = J o A
Lmuﬂm"lﬂmaﬂuﬁumﬁﬂ 4.6 %3llﬂﬂ1EJ3JWL!.ﬂu%ﬂlﬂﬁﬁmﬂﬂ!ﬂﬂﬁﬂﬂﬂﬁNﬂ 4.5

. Feeder (F) F
N —m‘/
Earth wire . Dec
Messenger wire
> T Catenary (C)

. KC 4
| Contact wire
[ Der
|
| DCR
|
| D
| D, CE
| .
| 1>alls (R)
i

L2 1 »Z

[ Py iR
Earth surface
Dre
Return Earth (E) E 5 v

JUN 43 puassszuvmednhdudguupmaonauazs1wuszUUSontlates Ia

aaudagan : Kulworawanichpong, 2003. (pp. Appendix : A-3)

A J a 4 1A 4 = 2 ~ J
AT NN 4.5 mwnmmaimmmamﬁgmuwmmmmmuﬁ 51939 wazaeanes

2 Model parameter P
Catenary 0.184 +j0.604 Q/km
Running rails 0:37+78.926 Q/km
Feeder 0.126+ j0.744 Q/km

4.2.2 wpyeeansendasamitlihdumaeunszuaady
a a c’dy Y o o ' 9 )=} t% A
Tuanerfinus i ladwmuysiasenisrensiantasaodi I vumaey
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nuugausad nazuuugvman vmadeunuszuusa Il wesneSasaden onin
useau ldhase i ldludunaounaoiise lWdhdundounssuaady nazanuliauqa
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Y
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1) L!‘U‘UﬁWaﬂQﬂ'liﬁ'@‘HﬁlﬂllﬂaﬂﬁﬂWﬁhl“l/\lﬂ']ﬁﬂlﬂﬁf)l&ﬂﬁ%t!ﬁﬁﬁjﬂ!L‘U‘]JL“Nﬁ'LaEJ’J

(Single-phase connection model)

msaendouasaoil i dueasunszuaadusuumla@en Ao mMynovivoulas 1

a a

J = 9 a 9 9 a [ 1 =) v
e 2 gn unazgnuvaalanulgugil 1 va aunasgl 1 va aullguginenugulamednu

U

Ao givla a-b dau V,, Ao Tvaaussauda Main uaz V; Ao Traausiauds Teaser A331/9 4.4

e [Z0
ab o _ < 3
1, —- |~ £
] ] +z=—.{i>
N N, B 2lls ¢
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1, = = “—G;
_ - S—
I = =
s
VM 5 § 2
Transformer2 "
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U

TunynualFuyded
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2) uuuiiasamisdevdeudosanid i dumaounsenagadunuuadugle

(Cyclic winding connection model)
msaontoudasamil Tdhidumdeunszuaaduuuuaduge fe msaeniloutla

1 =\ Y a 9 a a 9 a [ U 1Y
1wla 2 gn upazgnivaalnaulgugil 1 ¥a AuNAsl 1 va auilgugiaeadugmany

{ ' { 1 @ J a J 1
fio gni 1 gula ab azgni 2 gl bc vazludogiuso il wosnesasadn 19n1sae

QU
9

wienlasmuuaaugindganaananiil idhduinaeu dvgui 45

= QQPB q::?c

abc i i
a . . I g c()
N, N, _ g .
RS [
b= £ ’

) * Transformert

I Iu—
e 3
Vy, £ by
L k.

Transformer?
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° ' v ~ o A ) =
Huvvsiavaniidensoutlasaartt Wi duwmaeunszuaaduuuyd
(V — connection model)
msaendoutlasaoril i vumaaounszuaadunuul Ao maaonsiouilas 1 e 2
1 = 9 a 9 a a 9 a 1Y 1 v A d‘
gn uaazgnuvaalnmulgugl 1 va aunaegil 1 va awlgugiineaduglanune gni 1

auld c-b uazgni 2 gwla a-c vieAsuuLIRaA DA 1 AU Az 4.6

B b3 e
aboc i ) qp
< il s §+2
[ [ ] Sle
N, N, | SIE 1
V; ) 2 I<:>
ib—> S 5
- , * Transformer1
a M —
Sn—.O
V, 2
M - R
Ic—» ) g° s

~ o J Y = @ A @ =
5UN 4.6 Lmumammmaﬁuauﬂmﬁam"lWﬂwumaauﬂﬁzuﬁﬁammm

U

TununuallFuyaes

QU

o 1 Y =\ Y A @ 4
4) mJ‘]Jmammi@mﬁmeuﬂmﬁmu”M‘I/’\fwuma@uﬂizuﬁﬁauLLU‘}Jﬁﬂ@W}
(Scott connection model)

1 Y 4 v J 1
ﬂ”li@]@“l"fﬂj}ﬂll,ﬂaﬂﬁﬂ”lﬁthﬂ”lﬁll‘ULﬂﬁﬂuﬂi%t!ﬂﬁﬁ‘ﬂLL‘U‘UﬁﬂEWI@ ﬁ’f) f‘lﬁ@]ﬂﬁﬁlﬂllﬂﬁ\i 1

a2 gn uaazgnivaalamiuilgugil 1 va aunaend 1 va audoulasaiwilgugiida

QU

v
=

Y < a A <3 a
Traausanu Main9ziluidontasyianssuuniuninaig awilguglvesnifouasgni
1w < a { a
1 apnud a uazuninatd dnilgugiivewifainlaigni2 vazd il guglvesndoutlasgn

1 2 ponuga b-c A3 4.7

o ' 9 = o A @ 4
5) llfU‘U%Tﬁ’E]\‘]fﬂi@]’f]ﬁll’lf]l,!ﬂa\‘]ﬁi‘l'luul‘wﬂWﬂJﬂlﬂﬁﬂuﬂigllﬁﬁﬁﬂ!lﬂﬂlﬁflﬂﬂfl\iﬂ

(LeBlanc connection model)

@ o

1 Y =~ % A A 1 9
fﬂi@]’t]’ﬂll’E]L!“]JaQﬁﬂ1uul1/\|ﬁ1ellﬂlﬂa’t]uﬂi$uﬁﬁﬁﬂLHJ‘lJLﬂ’E')’UﬂENﬂ Ao NspenNouias

Y a A

1wle 3 9n uaazgnazlisiuauaaalradulgugiinudunagd liminu Auilgugiine

U Q U

1 9 a an d’ 1 d‘ [ 9 [ d'
HUWAAAT TAIUATUNAYDUUNITLIFOUADNHULDU ﬂ\iqﬁlﬂ‘ﬂ 4.8
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T1 quz q:apz
abc iT—> . g

Nlo% %‘Nz QVT '§§2
ib—> iy, — _>

o) (o, ‘ G
N, /2 2 v ,.§ £

i N, /2 v 3
L | “le

[ T 1
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mL&L “LUL

{ o 1 ~ o y [ J
31U 4.7 vuuraamsaerdeu)asao il lwihiumaeunszuaaduunuanend
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~ o 1 9 = @ A o 4
517 4.8 upuassmsaenieutasandl llihiunasunsuaadunuumevanan
a a J
Tunwmuailsuy@en
o v Y = @ A [ a 4
6) uuuiiadsaentanlasdoil ldihaadetinszuaadunuuyaniag
(Modified Wood - bridge connection model)
1 Y = @ A [ a d A 1 9
msaendeudasaoil ldihdundeunszuaadununlaniad Ao msaerdoutlas 1
' A o 9 a 9 a A 9 a
e 3 gn ugazgnazitiuiuvaalnauilgugil 1 va Mundgi 2 va Auilgugiidenuung
o w @ o 4 1 4 ]
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AuNAEYINMIFRNABLUINanT teniluaeuna Ap Main 1oz Teaser lnsfvld Teaser 9%
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Primary winding ~ Secondary winding

abc
1 )
NS 0 Contract wire
A
Rail
[ Feeder
1,
N [
A
Contract wire
[ )
[ = Rail
.
. O Feeder
N]
® 1_N_ Step-up Transformer
r 3

{ o ' =) LY . [ 2 4
517 4.9 npuraeansaerdeuasaaii liihiumaesunszuaadunuulaniad

E}

O c
1 R
Multi-W inding ==
Transformert Mult-Winding
F
e c1

2k
1 =2 ) -
—al1 7> g il R1
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Linear Transformer1 Aokt Winding
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m
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m
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U
M
&
g
Q
i
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=
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Transformer3

A o 1 9 = % A @ a 4
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7) meimmmwi@wﬂ’@uﬂmﬁmﬁ"lﬂﬁm‘i’umﬁauﬂizuﬁﬁﬁ’uu‘uugﬂmam

(Roof - Delta connection model)
1 Y =} Y A o A 1 9
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Tagnla Main 0151 %oUA0YARIALVLIATI UToUVUNAIA1I Y tazila Teaser HN15
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Tihaunaeunszuaadunuugaanm lunumual Fuyded

U

Primary winding  Secondary winding
abc

Contract wire
Rail

Feeder

Contract wire

Rail

Feeder
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4.2.3 nuudaesviusaliih
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Y 1 % Q'J U g}/ o U

kwh Tuideunsngiand 31 7u Aadlud Tueee 18y 744 42 Tus daiuee 1dmas i
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® |[Pajuntited b [Pajsubsystem23 v
@
=
&
=
Connt
v RMS
<>- Voltage Measuremert L———-——IRMS ToWorkspace
Conn2
»
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Simulink Library Browser

Three-Phase Source

Simscape->SimPowerSystem->Spacialized

Technology->Electrical Sources
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L!' 1 o = % tﬂ' % 1
MTNN 4.6 ﬁﬂuﬂﬁzﬂ@‘ﬂﬂlﬂﬂll‘ﬂﬂﬂTﬁfJ\‘138‘U‘Uﬁﬂ?l!'l‘l/\lﬁ"lsllﬂlﬂﬁﬂuﬂﬁmlﬁﬁaﬂ (99)

Three-Phase V-1 Measurement and Voltage

Measurement

Simscape->SimPowerSystem->Spacialized

Technology-> Measurements

Sequence Analyzer and RMS

Simscape->SimPowerSystem->Spacialized

Technology->Control and Measurements

Library>Measurements
Divide Simulink-> Math Operation
Gain Simulink-> Commonly Used Blocks
To Workspace Simulink-> Sinks

Portl, Port2, Port3 Connl and Conn2

Simscape->SimPowerSystem->Spacialized

Technology->Elements->Connection Port

o 1 a o [ § )
4) Mruanmuwesvesdrudseaon nldlumsadauusiaesszuuaaiil luih

VUIAAOUNTLUE A1)

o 1 a 4 o = a 14
- MUUAATINITINAD ILUUBIA DIV Three-Phase Source Tﬂﬁlllﬂ'lW'liHJm’Oi

vousaau TWihaumamny 69 kv anudnls as 50 Hz auszuune Inidunaouvss

so lwfhueswesasaasd luiadoh 3.2.3 uaaslugilii 4.20

o 1 a 4 o
-NIUUAATNITTUR D TLU VI DIVUDY Three-Phase V-1 Measurement Lm’ﬂﬂu

{ o I
3 U7 4.19 Tasn1viua Voltage measurement 193] phase to ground 0¥ Current measurement

‘]dJ‘LJ no

o—

and amperes.

Parameters

[J use a label

Current measurement no

Output signals in:  Complex

"k Block Parameters: Three-Phase V-l Measurement X
Three-Phase VI Measurement (mask) (link)

Ideal three-phase voltage and current measurements.

The block can output the voltages and currents in per unit values or in volts

Voltage measurement ' phase-to-ground

[J voltages in pu, based on peak value of nominal phase-to-ground voltage

Cancel Help

v

Apply

31 4.19 MsMuaR 1IN YU DT1ABT Three-Phase V-1 Measurement
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*i Block Parameters: Three-Phase Source X
Three-Phase Source (mask) (link) A

Three-phase voltage source in series with RL branch.

Parameters  Load Flow
Phase-to-phase rms voltage (V):

[69e3 |

Phase angle of phase A (degrees):
o |

Frequency (Hz):
[s0 |

Internal connection: | Yg ',‘
Specify impedance using short-circuit level

3-phase short-circuit level at base voltage(VA):

[2700e6 |

Base voltage (Vrms ph-ph):

[69e3 |

X/R ratio:
[10 |

i Eancel Help Apply

31U 420 MafruAA WIS 10IR0 T YDA DT1909 Three-Phase Source

5) Create Subsystem from Selection %30 1¥A1849 (Ctrl + G) 1P A1V VT 1A0ITT VY

= v d' [ g}/ A Y o < d'
amu'lwﬁwumaauﬂmmﬁaumﬂuu Create Mask w30z IrA1as (Ctrl + M) INDLHAINTN

U 1 o =) 4 AI v d'
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2) 11 Simulink Library Browser Lﬁﬂﬂm%l File = New -> Model #3018 (Ctrl + N)
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4 transformer - o X
Fie EM View Oisplyy Diagam. Simulation. Anayss Code Tooks Help
=-a Be-E-4OP » ©-[mo | [k o] | @~ i~
varatomer
© [Favarstomer =
& A (208 c
]
=
=]
Il
E ™ * =
Multi-Winding UM Multi-Winding UM
Transtomer | A==y, | Tensomert | ==
o o
o - § o
ct R 2 R
»
Ready

1 4.22 nyusraeantiontlas Inli lu'l9e transformer

"% Block Parameters: Multi-Winding Transformer2 X

Configuration | Parameters fAdvanced

T B

Nominal power and frequency [Pn(VA) fn(Hz)]:
[E]

Winding nominal voltages)jgisis2 .. Un] (Vrms):
L viv viv)

Winding resistances [R1 R2 ... Rn] (Ohm):
[R1R2) )

winding leakage inductances [L1 L2 ... Ln] (H):

123, - 'Y N
Magnetization resistance Rm (Ohm)
[Rm
Magnetization inductance Lm (H) j
[Lm

N
Saturation characteristic [ i1(A) , phil(V.s); i2, phi2; ...] 3‘

- L G

A5 S lehrrun e

{ g’/ J a 4 o
317 423 maasamnsnilimesvewnuaosnifoutlasliih

o o A ' 9 Jd o [ U o
- ’GT"I‘WS‘Uﬂ"li!.“lf't)ll@]f’)ﬁﬂJ'FJLL']JaQ"lV\Iﬁ"IHUUﬁﬂ?JWW NHUADATITIUVDIVIUIY
< '~ g ! < o oz A
yaadadlu 1: 1 ualunilnaieegluuaen Multi-Winding Transformer @4111/7a199 Tapped
. g v I .. 9 I y a o
winding Tv1ilu taps on upper left winding 19 Number of taps WU 1a9a 1M 1noived

Y 4 J a g1 H
upudraesndonasIvldhuaaalugzi 4.24 nazamnsiimesa q uaadluasiei 4.7
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fulsamnniwnes Anawmes
maa ldhmdeutlaalvlih (pw) 20 MVA
armianseuaq i Fu) 50 Hz
usasu Trlvhédulgugdl (viy) 69 kV
usasu TrldhdrumAegll (VL) 27.5kV
anusumundeudas vl 1 RD 13.8 mQ
anudumuneutladlvih 2 (R2) 0.1 mQ
anudmuneutlaalvih 3 (R3) 0.1 mQ
anumiionhmsoulad i 1 @) 90 mH
anumiionhmsoulasliih 2 L2) 14.4 mH
arumiionimitorlas i 3 1L3) 14.4 mH

o [ 4 ! s <3 . . .
-dmsumseuaendaudas IWihuuuaovasss 19uaen Multi-Winding
< o 1 ° I I Aa 4
Transformer @11Ua00 11 LoaTI@INVENTIOIUVARIAdY 1 1 1 Msdeamlmesuanslu
A =] < = < i Yy o 1 ) I -
51N 425 pgnilauden Dnapsudeniulitioasidiuvesiiuauvaadadu 1:2 n1saq

1 a o o 9 ~ 1 a Eaul
ﬂ'l'W'li13JLﬁﬂiﬂlﬂﬂllﬂﬂﬂ?ﬁ@ﬂﬁﬂ@uﬂaﬂnl‘l/\lﬂ']!&ﬁﬂ\iclugﬂﬂ 4.26 LAMWITIURADIAN € LT AN

Tuensian 4.7

3

i1

A
N

"3 Block Parameters: Multi-Winding Transformer
Multi-Winding Transformer (mask) (link)

Implements a transformer with multiple windings. The number of
windings can be

specified for the left side and for the right side of the block. Taps
can be added

to the upper left winding or to the upper right winding.

Configuration (" Pafameters™ ) Advanced

Number of windings on'left'side

3

[1

Number of windings on right side

[1

Number of taps (equally spaced):

Tapped winding |taps on upper left winding ¥

[1

[ saturable core

Measurements | None

Cancel Help Ap

ply

9
¥ °
4.24 mim!,mﬂﬂmwamuuma@mﬁ’auﬂaﬂwﬂw
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i Block Parameters: Multi-Winding Transformer2 X

Configuration =~ Parameters  Advanced
Units: | SI M
Nominal power and frequency [Pn(VA) fn(Hz)]:
|[Ptr Ftr] I

Winding nominal voltages [U1 U2 ... Un] (Vrms):
[[vHv viv=o.667 ] |

Winding resistances [R1 R2 ... Rn] (Ohm):
[[R1R2) |

Winding leakage inductances [L1 L2 ... Ln] (H):
[l 21 |

Magnetization resistance Rm (Ohm)

[Rm |

Magnetization inductance Lm (H)

[Lm

Saturation characteristic [ il(A) , phil(V.s); i2,phi2;...]
[0 0;0.9838

372.73;409.92 472.18]

T éncel Help Apply

‘ﬂﬁ 4.25 ﬂ'I3@NﬂTV‘IWi'lm@]ﬂiﬂlﬂﬁlm‘ﬂfmaﬂﬂﬁﬂﬂL!ﬂaQ"lWﬂﬁ]@]ﬁﬁ’Juéllﬂa’m 1:1

& BlockParameters: Mu!b-Windmg Transformerl X
ﬂ'_ o X - vt

Configuration Pmme s Imvanced

Units: | SI . |- | ! .
Nominal power and frequency [Pn(VA) fn(Hz)]:
[[Ptr Fir] |

Winding nominal voltages [U1 U2 ... Un] (Vrms):
[LvHv Viv=0,577 Viv=0.334] \

Winding resistances [R1 R2 ... Rn] (Ohm):

[[R1R2 R3] |
Winding leakage inductances [L1 L2 ... Ln] (H): 7‘
L1 213 | A

Magnetization resistance Rm (Ohm) .‘b
s \

‘ Maghetizatien indictance Lm (H)

[Lm |

Saturation characteristic [ i1(A) , phii(Vs); i2, phi2;...]
[0 0;0.9838 372.73;409.92 472.13]

v

| Cancel || Help || Apply |

‘]J‘ﬁ 4.26 msmmwwimmeimammumamﬁmuﬂaqwﬁmmwmumﬂmﬂ 1:2

o o 4 ' a < . T
-dmsumadeuasndoudaslidunyaniad 140a0n Multi-Winding

< o ! o g o < g N P
Transformer amuaaﬂﬁammmmmmmuﬂmmﬂm 3 paomilu 1 22 ﬁﬂ'li@]ﬁﬂ'lW'li'liJL@]E]i
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aanaaslugdf 427 Tudon Linear Transformer M1 s sau Td1iinsa’
1 A Jd o A a2 g . . . <] o Y
ﬂTWTﬁTNLﬁ@ﬁﬂQL!ﬁﬂﬂiugﬂﬂ 4.28 lagduaen Multi-Winding Transformer §#93Ua0NNIHUIN
3 9 = 1 o g’z < 3 =1 g}l 1 Aa J v
HJ“L!W?J@!HJ@\?ﬂﬂi@lﬂ@ﬂi1ﬁ3uﬂl@ﬂﬁﬂuﬂuﬂlﬂa'JWVN 2uaendu 1: 1 UNMSAInIMISINmesas

A 1 a Jd ~
uﬁﬂﬂugﬂw 4.29 HAZMWITIURBDIAN 9 weraslua1s1an 4.8

"% Block Parameters: Multi-Winding Transformer4 X

Configuration =~ Parameters  Advanced

Units: |SI %
Nominal power and frequency [Pn(VA) fn(Hz)]:
[tptr Fer] [ ] |
Wwinding nominal voltages [U1 U2 ... Un] (Vrms):
[ EHV/1.732 VLV/1.732 VIM/1.732]

Wwinding resistances [R1 R2 ... Rn] (Ohm):
[4.4086 0.0000001 0.0000001]

Winding leakage inductances [L1 L2.... Ln] (H):
[1.01 0.0000001 0.0000001]
Magnetization resistance Rm (Ohm)

44086

Magnetization inductance Lmi(H)
140.33

Saturation characteristic [i(A), phi1(V.s) ; i2 ;phi2; ... ]
[0 00,5118 717.34;212:001808 53]

!5‘]’!: ] ﬁncel Felp_ﬁ

{ B a Jd o @ 4 1 9 a J
5'1J17] 4.27 ﬂ']i@Nﬂ']W'l‘i']llm@iﬁ'l’ﬂi'IJﬂ'lil%f]l]ﬂﬂﬂﬂﬂllﬂaQVlWﬁ1ltﬂﬂgﬂﬂiﬂ%

U

"3 Block Parameters: Linear Transformer X

Click the Apply or the OK button after a change to the Units popup
to confirm the conversion of parameters.

-

I
Parameters
|
Units | ST Py -4 ‘J
I fominal povier @nd fiequencyten(VA) fa(H2)T:
[Patr N I AT TIANS™

winding 1 parameters [V1(Vrms) R1(ohm) L1(H)]:
[oviv/1.732 R1at L1at] |

Winding 2 parameters [V2(Vrms) R2(ohm) L2(H)]:
[[viv R2at L2at] |

[ Three windings transformer
Winding 3 parameters [V3(Vrms) R3(ohm) L3(H)]:
[3.15e+05 0.7938 0.084225]

Magnetization resistance and inductance [Rm(ohm) Lm(H)]:

[[Rmat Lmat] |

Measurements | None ¥

Use SI units

Cancel Help Apply

A g’; 1 a 4 Y 1 [ [ g
gﬂ‘ﬂ 4.28 MIAIMWITIUMTVoIrLoulaslsuszauusiauay
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& Block Parameters: Multi-Winding Transformer1 X

Configuration Parameters  Advanced

Units: | SI ¥
Nominal power and frequency [Pn(VA) fn(Hz)]:
[[Pat fat] |

Winding nominal voltages [U1 U2 ... Un] (Vrms):
[ viat vaat] |

Winding resistances [R1 R2 ... Rn] (Ohm):
[[R1at R2at] |

Winding leakage inductances [L1 L2 ... Ln] (H):
[[L1at L2at] |

Magnetization resistance Rm (Ohm)

[Rmat

Magnetization inductance Lm (H)

Lmat

Saturation characteristic[ i1(A) ,-phil(V.s); i2, phi2; ... ]
0 78 64.823;7.3657182.109]

Cancel Help

P~ d a 4
317 4.29 m3namms e vieulasonIn

A 1 a Jd o o 1 9 a 4
MTNN 4.8 ﬂwmmmaimmummaﬂmuﬂaﬂwﬂmuug@mm LLﬁ$LL°lJ°lJ§1/\IL@1E“Iﬁ1

fulsmmimes Amsimes

mas lhmifeudaslhos In (Pat) 10 MVA
anwansouladlilihonIa ((Fa) 50 Hz
usagu llihgadnat (ERV) 230 kV
ussarlvlihdrumAegll (VLV) 55kV

useeu Il ddoudasenln (Viat, v2at) 27.5kV
anudumunseuilaytihonla (R 1atR2ad) 0.156 Q

anumiionhmdoulasiihesTa (Liat, L2at) 0.317 mH

o o 4 ' < . ..
-dmfvmaeuaendeudaslidwvugiaan 1¥uaen Multi-Winding
<3 v ' o <3| ¥ a 4
Transformer @1 VA0N Taolionsidrvvessiuanvaaradu 1: 1 Tnmsasaminlmes
o ~ =] = ¥ Ao J o < = ¥
aadaslugil 430 eguasnidervoniuionsidiuvesiiuiuvaatndu 1:2 nsas
1 a J v A a d . . . < o Y
ﬂ”IW”Ii”IﬁJL@]’fJiﬂQLLﬁﬂQGlugﬂ‘VI 4.31 1agyuaon Multi-Winding Transformer #93UADNNIHUIN
I 9/ A o v o ¥ <] I = ¥y a J o
dlundouaseelalidnsidiuvesdruavuvaainna 2 vdendu 1 : 1 Tmsaenimsilnesag

A 1 a Jd ~
Llﬁﬂﬂﬁlug'ﬂﬂ 4.29 HAaZMWITIURBDIAN 9 e lua1s1an 4.8



%k Block Parameters: Multi-Winding Transformer X

Configuration ~ Parameters  Advanced

Units: ISI ¥ E

Nominal power and frequency [Pn(VA) fn(Hz)]:
[tPtr Fer] |

Winding nominal voltages [U1 U2 ... Un] (Vrms):
[[EHv/1.732 vV |

Winding resistances [R1 R2 ... Rn] (Ohm):
[14.4086 0.0000001 0.0000001] ]

Winding leakage inductances [L1 L2 ... Ln] (H):
[[2.01 0.0000001 0.0000001] ]

Magnetization resistance Rm (Ohm)
[44086 |

Magnetization inductance Lm (H)
[140.33 |

Saturation characteristic [ i1(A), phil(V.s); i2, phi2 ;... ]
[0 0;0.51118 717.34;21_2.9_9 90_86_3]

C&cel | [ metp | [ Apply
= -

317 4.30 msdarniae 1wenaensonlas iduuugaan

oNI1FIUVARIA 1 : 1

i Block Parameters: Multi-Winding Transformer5 X

= == <= N\ 1 7 BE === y — ~

1" Confi gurahon . Parameters  Advanced

Vs RN M V27 <N
Nominal power and frequency [Pn(VA) fn(Hz)]:

[tPtr i) |

c Winding nominal voltages [U1 U2 ... Un] (Vrms): 7 a
[[ EHV/1.732 Viv/1.732 V] o

[1.01 0.0000001 0.0000001

Magnetization resistance Rm (Ohm)
|44086 |

Magnetization inductance Lm (H)
(14033 |

Saturation characteristic [ i1(A) , phil(V.s); i2, phi2;...]
[0 0;0.51118 717.34;212.99 908.63]

s

[ ox ]| cancel || el | [ apoly

‘]J‘ﬁ 431 ﬂ15mﬂwmmmai’mmuﬂﬁmfamawmuﬂaﬂﬂﬁmumﬂmam

9AI1E@IUVARIA 1 :2
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4) Create Subsystem from Selection #38 1¥81d4 (Ctrl + G) tNo a3 19D VT IA0 M D
Y v )
uilaa T vazviieuilasoe Tna1n1iu Create Mask W399 1149 (Ctrl + M) tNDUEAAIAIN

aedrauuiassndoutas lduaaslugli 432

g transformer *
File Edit View Display Diagram Simulation Analysis Code Tools Help
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Ready. 150%
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windmesnlavinmsiuu luiiven 4.2.1 leamisiiwes lunssiaosszunnaasly

A A ~ g’; = 1 9 o [ dy
A1319N 4.4 LATAT1TINN 4.5 YUYUADUTYALIDYANN ) Tumsasrauuusiasasil

1 @laTilsunsu MATLAB nanalugilii 4.14 w9 n1fu1¥AAn Simulink Library
Lﬁ@ﬁﬂﬂi%} Simulink Library Browser uaﬂﬂugﬂﬁ 4.15
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3) ﬁ%’mm‘u§1aawam‘uuﬁm'aqmﬂdqwmmmﬁuazﬁﬁﬂu rail file @91y

319 433 TagadrusgnoUve IV VT1a9 91181910 Simulink Library Browser 16014
Tuas1an 4.9

P rail/Subsystem13
File Edit View Display Diagram Simulation Analysis Code Tools Help

B-es 08B0 E- 40P @[ e Qs

Subsystem13

® (Farai » [afsubsystem1s

ELE®

Series RLC Branch

5]

c1 c2

Catenary Wire

R1 R2

Running Rails

F1 F2

Feeder Wire

31U 4.33 1UVT1009V0 U UDTINBIAHTINIABINIALALT 1IN TU rail file
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M1 NNN 4.9 ﬁ'Ju‘]Ji%ﬂE)‘UGU’fNLL'UUfl]'la'fNﬁ'lﬁm'lflhh/\lﬂ’iu@%]iﬂhh/\ll!agi']\i'N

gaulsenouvaaupIasy Simulink Library Browser

Series RLC Branch Simscape->SimPowerSystem->Spacialized

Technology->Elements

C1,RI1,F1,C2,R2 and F2 Simscape->SimPowerSystem->Spacialized

Technology->Elements->Connection Port

° ' A o ' { ° '
4) MruanImIines luaiulszaounldslunmsairauuudiaosaisdaniaeina

1AY31929 1UA15190 4.9
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"4 Block Parameters: C X
Series RLC Branch (mask) (link)

Implements a series branch of RLC elements.

Use the 'Branch type' parameter to add or remove elements from the
branch.

Parameters

Branch type: RL o

Resistance (Ohms):
[Re=s11 |

Inductance (H):
[Le=s11 |

[ set the initial inductor current

Measurements None s

Cancel Help

A o 1 Aa 14 o .
QT]J‘I/l 4.34 DMTIMUUAMNNITINADIVDILVUD0DN Series RLC Branch

H a 4 o 1 A
GﬂiNﬁ 4.10 WF1UADTUBDILDVINABDITWAINIADINIALAL TN

dulsmmined AMnimes
ANUAUMUEANNTUAE (Ro) 0.184 Q
mmﬁ'mmuswﬁa (Rr) 0.037 Q
ANuduMuMEianes (Rf) 0.126 Q
anumiisnhaedanihduda (Lc) 1.923 mH
mmmﬁmmﬂﬁa (Lr) 28 mH
arumiionhadilawes (LD 2.360 mH
usaau 1o sso 1vlvh (Virain) 25 kv
advesd g Wil (Virain) 50 Hz

5) Create Subsystem from Selection #38 1914 (Ctrl + G) i1 VU IARIT B
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dudsenovveauusany Simulink Library Browser

Series RLC Load and Parallel RLC Load Simscape->SimPowerSystem->Spacialized

Technology->Electrical Sources

Cl and R1 Simscape->SimPowerSystem->Spacialized

Technology->Elements->Connection Port
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Nominal voltage Vn (Vrms): o)
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Nominal frequencyfn (Hz)s
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Active power P (W):

Ptrainl2 . _7_-7_ 7— ' 1| Y

Inductive reactive power QL (positive var):
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Capacitive reactive power Qc (negative var):
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0 |
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P4 depot - X
File Edit View Display Diagram Simulation Analysis Code Tools Help
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Parameters I

Nominal voltage Vn{Wrms)-
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Nominal frequency fn (Hz):
El I = |

Active power P (W):

[289e3 \

Inductive reactive Power QL (positive var):

[179e3 |
Capacitive reactive power Qc (negative var): 7‘
[0 ] ~N
[J Set the initial capacitor voltage |b

I ?agagtg_rﬂin@p_i‘p!voltage W)

d |

[ Set the initial inductor current

Inductor initial current (A): v

Cancel | Help | Apply
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3-car train 7-car train
Tare weight: 131 tons Tare weight: 299 tons
Rotary portion of tare weight: 6% Rotary portion of tare weight: 6%
Maximum payload: 44.9 tons Maximum payload: 105.7 tons
Maximum design speed: 160 km/h Maximum design speed: 160 km/h
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Maximum acceleration: 1 m/s2

Maximum acceleration: 1 m/s2

Maximum deceleration: 0.88 m/s2

Maximum deceleration: 0.88 m/s2

Gear/Motor/converter efficiency: 82%

Gear/Motor/converter efficiency: 82%

Maximum auxiliary power: 200 kVA

Maximum auxiliary power: 450 kVA

Maximum tractive effort: 200 kN

Maximum tractive effort: 400 kN

Train resistance formula: 91NAYNITN (3.1D)

Train resistance formula:91N&NAITN 3.11)

A=21222 A =428438
B =10.00618 B=0.01412
C=0.3197 C=0.53287
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TR Transformer T: Train

SS:*Substation OCS: Overhead Contact System
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TR: Transformer T: Train
AT: Auto transformer

SS: Substation OCS: Overhead Contact System
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Scenario Headway Train configuration: | Total'weight (ton) | Auxiliaries power
(min) (kW)
S1 15 3 car train 183.76 200
S2 12 3 car train 183.76 200
S3 12 7 car train 422.64 450
S4 10 7 car train 422.64 450
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Power of train
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Total train power (MW)
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Comparison of VUF:Symmetrical Component
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run ('run_ trainmove')

tic;

........................................................................... Rated

Ptr = 20e6;

Ftr = 50;

VHV = 69e3;

VLV = 27.5e3;

R1 = 0;

R2 = 0;

L1 = 0.0909;

L2 = 0.0144;

Rm = inf;

Im = 0;

........................................................................... Railw

Rc = 0.184;

Lc = 1.923e-3;

Rr = 0.037;

Lr = 0.028;

........................................................................... Train

Vtrain = 25e3;

Ftrain = 50;

treal=1l; % time

z = 1;

while treal<5002 %5002
Mid = 8078; &% Substation posit
Last = 28193; % Last position
a=0; % declare a for counting
in up-track
b=0; % declare b for counting
in up-track
c=0; % declane)e,for~counting
in down-track
d=0; % declare d for counting

in down-track

o

dx=1; %
Ptrainll =
Ptrainl?2
Ptrainl3
Ptrainli4
Ptrain2l
Ptrain2?2
Ptrain23
Ptrain24
VA1l = 1;
VAl2 =
VA1l3
VAl4 =

Line distance to avoid
1;

’

Ne Ne o N

R = = = W Sy

~.

’

1
1.
1

’

’

TR .

ion
m
the

m

number of trains on the left

the number ofwtrains on the right

the number of trains on the left

the number of trains on the right

zero
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VA21 =
VA22
VA23 =
VA24

o N

’

I

e

I

% Counting trains on the left and right
R I R e I b b b b I S I e b b b b b b b I I 2 b b b b b b I I b b b b b b b 2 b b b b b b A I b b b b b Y
UP-track
for i=4:-1:1
if (S(i,treal)<=Mid)&&(S(i,treal)~=0)
a=a+l;
UP(1)=1i;
elseif (S (i, treal)>Mid) &&(S (i, treal)~=Last)
b=b+1;
UP(1+4b)=1;
else
end

end
%'k'k'k'k'k'k'k'k'k'k'k*********************************************

o\

o\

[

% Down-track

for i1=5:8
if (S(i,treal)<=Mid)&&(S(i,treal)~=0)
c=c+1;
DOWN (1)=1;
elseif (S(i,treal)>Mid)&&(S(i,treal)~=Last)
d=d+1;
DOWN (1+d)=1;
else
end
end

%********************************************************

% UP-track
There is one train on the left
if a==1
swll = 1; % 1 = close
S11 = (S(UP(1l),treal)) /1000;
S12 = (Mad-S11)/1000;
Ptrainll =P (UP (1), treal);

o

VA1l = VAAUP(L), treal);
else
$There is no train on‘.the-left
swll = 0; $ 1 = open
S11 = dx/1000;

S12 = (Mid-S11)/1000;
end

%$There is no train on the right

if b==

swl2 = 0;

swl3 = 0;

swld = 0;

S13 = dx/1000;

S14 = dx/1000;

S15 = dx/1000;

S16 = (Last-Mid-S13-S14-S15)/1000;
elseif b==

%$There is 1 train on the right
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swl2 = 1;

swl3 = 0;

swld = 0;

S13 = (S(UP(2),treal)-Mid)/1000;
S14 = dx/1000;

S15 = dx/1000;

S16 = (Last-Mid-S13-S14-S15)/1000;
Ptrainl2 = P(UP(2),treal);

VA12 = VA(UP(2),treal);
elseif b==
%$There are 2 trains on the right
swl2 = 1;
swl3 = 1;
swld = 0;
S13 = (S(UP(2),treal)-Mid)/1000;
S14 = (S(UP(3),treal)-Mid-S13)/1000;

S15 dx/1000;
S16 = (Last-Mid-S13-S14-S15)/1000;
Ptrainl2= P(UP(2), treal);
Ptrainl3= P (UP(3),treal);
VA12 = VA(UP(2),treal);
VA13 = VA(UP(3),treal);
elseif b==3
%There are 3 trains on thegright

swl2 = 1;

swl3 = 1;

swld = 1;

S13 = (S(UP(2),treal)-Mid) /1000;

S14 = (S(UP(3),treal)-Mid=S13) /1000;

S15 = (S(UP(4),treal)-Mid-$13-814) /1000;
S16 = (Last-Mid-S13-S14-S15)/1000;
Ptrainl2 = P(UP(2),treal);

Ptrainl3 = P (UP(3),treal);
Ptrainld4 = P(UP(4), treal);

VA12 VA (UP(2),treal) ;

VA13 = VA (UP(3),treal);

VAl4 VAAUP (4) ,treal) ;
end

%*******************k*************************************

% DOWN-track
$There is one train on the left
if c==
sw2l = 1; % 1 = close
S21 = (S(DOWN(1l),treal))/1000;
S22 = (Mid-S21)/1000;
Ptrain2l= P (DOWN (1), treal):;
VA21 = VA (DOWN(1l),treal);
else
$There is no train on the left
sw2l = 0; $ 1 = open
S21 = dx/1000;
S22 = (Mid-S21)/1000;

end

%There is no train on the right
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if d==
sw22 = 0;
sw23 = 0;
sw24 = 0;
S23 = dx/1000;
S24 = dx/1000;

S25 = dx/1000;

S26 = (Last-Mid-S23-S24-S25)/1000;
elseif d==

%$There is 1 train on the right

sw22 = 1;

sw23 = 0;

sw24 = 0;

S23 = (S(DOWN(2),treal)-Mid) /1000;
524 = dx/1000;

S25 = dx/1000;
S26 = (Last-Mid-S23-S24-S25)/1000;
Ptrain22= P (DOWN (2), treal);
VA22 = VA (DOWN(2),treal);
elseif d==
%$There are 2 trains on the right
sw22 = 1;
sw23 = 1;
sw24 = 0;
S23 = (S(DOWN (2),treal)-Mid) /1000;

S24 = (S(DOWN(3),treal)-Mid-S23)/1000;
S25 dx/1000;
S26 = (Last-Mid-S23-S24-525)/1000;
Ptrain22= P (DOWN (2), tread);
Ptrain23= P (DOWN(3), treal) ;
VA22 = VA (DOWN(2),treal);
VA23 = VA (DOWN(3),treal);
elseif d==3
%$There are 3 trains on the right

sw22 = 1;

sw23 = 1;

sw24 = 1y

S23 = (S(DOWN (2),treal)-Mid) /1000;

S24 = (S (DOWN (3),treal)-Mid-S23)/1000;

S25 = (S (DOWNW4)ytreal)-Mid-S23-S24) /1L0007;

S26 = (Last-Mid-S23-524=825) 71000,
Ptrain22 = P(DOWN(2),treal);

Ptrain23 = P(DOWN(3),treal);
Ptrain24 = P (DOWN (4),treal);
VA22 = VA (DOWN(2),treal);
VA23 = VA (DOWN (3), treal);
VA24 = VA (DOWN (4), treal);

end

sim('T1")

........................................................................... DiSPlayesesesenes

[ShowVrmsAB (end) ShowVtrainO (end) ShowVtrainl (end) ]

VSSab (z) = ShowVrmsAB (end) ;
VSSbc(z) = ShowVrmsBC (end) ;
VSSac(z) = ShowVrmsCA (end) ;
VSS1l(z) = ShowVtrainO (end) ;
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VUFsc(z) = SVUFsc(end);

X

% VUF RMS

B(z) =

( (ShowVrmsAB (end) *4) + (ShowVrmsBC (end) ~4) + (ShowVrmsCA (end) *4) ) / ( (ShowV
rmsAB (end) "2) + (ShowVrmsBC (end) "2) + (ShowVrmsCA (end) "2) ) "2;

VUFrms (z)= (((1-(3-6*B(z))"0.5)/(1+(3-6*B(z))"0.5))"0.5)*100;

[

% VUF Max.Voltage deviation

Vavg (z)= (ShowVrmsAB (end)+ShowVrmsBC (end) +ShowVrmsCA (end) ) /3;
gA (z)=(ShowVrmsAB (end) -Vavg (z) ) /Vavg (z) ;
(z)
(z)

I N

’

gB (z)=(ShowVrmsBC (end) -Vavg (z) ) /Vavg
gC (z)=(ShowVrmsCA (end) -Vavg (z) ) /Vavg

’

VUFmax (z)=(max ([gA(z) gB(z) gC(z)]))*100;

z = z+1;
treal = treal+l

end
toc;
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Modeling and Simulation of Voltage Unbalance in AC Electric
Railway Systems using MATLAB/Simulink

Nattapong Mingpruk, Uthen Leeton and Thanatchai Kulworawanichpong

Abstract—this paper presents the modeling and simulation of
voltage unbalance for AC electric railway systems. The
development is based on MATLAB/Simulink program to
determine voltages at the substation. The voltage unbalance
factor (VUF) is used for this evaluation. Suvarnabhumi Airport
Rail Link (ARL) in Bangkok, Thailand, is chosen for test. This
test system is supplied by a cyclic winding connection of two
single-phase traction transformers in which its primary side
connected to the 69-kV transmission system of MEA
(Metropolitan Electric Authority) power grid. The AC railway
power feeding is a direct feeding scheme via 25-kV overhead
catenary system. The total service distance of the ARL is 28.298
km with 8 passenger stations. The multi-train movement
simulation is developed and embedded into the MATLAB
program. The simulation results show that the operating
voltage and the VUF during the train service can be obtained.

1. INTRODUCTION

In urban rail systems with high dense traffie, 1t has an
impact on following train's speed profile when the preceding
train is delayed at station The impact 1s that the fol
train will decelerate, even to stop, to wait until the
area 1s clear [1]. Asymmetric loading of the three
power supply system is one of the most relevant 1
of single — phase AC electric railways operation. T}
voltage unbalance mn the three ~"phase sys
theoretically be caused by all the elements mvolv
production, transmission and power /consumptior
operation practically the only reason 1s one or t
load. As the primary source of voltage unba
must be considered. The voltage unbalance ol
impedances, which in twmn- affects other consumers of
electricity [2]

This paper shows how.to model the AC railway power
supply system for Suvamabhumi Awrport Rail Link by using
multi-train simulation’ - program instructed in
MATLAB/Simulink. This paper-s divided into six sections
Section two explains “a basic of multi-train simulation
Section three 1s a review.of AC railway power supply and
VUF. The simulation of the AC railway power supply
system 1s nted in Section four. Section five gives
simulation % and discussions. Lastly, the conclusion is
Section six.

g’ AIN SIMULATION
Train movement ca ﬂ ?m the Newton’s
laws of motion, taking into“al n)ﬂ

N. Mingpruk, U. Leeton and T. Kulworawanichpong are with the School
of Electrical Engineering, Institute of Engineering, Suranaree University of
Technology, Nakhon Ratchasima 30000, Thailand. (Corresponding author
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restriction, modes of operation, etc. [3]. The net force
applied to accelerate a train is F' = M,za, where F is the net
force, M,y 1s the effective mass and a is the train
acceleration. In this section, the basic modules within the
multi-train simulation are briefly reviewed.

A. Train movement calculation

The train motion is opposed by various forces, e.g.
train resistance, track gradient force, etc. By applying
Newton's second law, the train movement equation 1s
expressed n (1)

Figure 1

Resolution of mass force on a gradient

F=TE ~ F gy~ Ta=Mya 0

Where TE 18 the tractive effort (N), Fyq is the gradient
force (N), 7 18 the train resistance (N), My is the effective
nass (kg) and @ i the train acceleration (m/s) which will be
positive for uphill running, negative for downhill running
and zero for flat track running

e Tractive effort(7E): The force which a locomotive
can exert when pulling a train is called tractive effort [5]. In
order to use this anformation easily in calculations of
acceleration .and deceleration, 1t is helpful to develop an
approximation which covers the speed range of interest.

e Gradient force (F,
slopes requires substantial t
small, see Figure 1. And us
Ah/Iwhere Ah 1s the vertic
horizontal distance fr

small arhidfa
oraees "0

=M, gsinf = ”— 2

,\mu ]

‘,J) To push a heavy train up
sradients on railways are
xpressed in the form of

nce 11s the slope length or

t Ato B, see Figure 1. With a

the gradient force can be

2)
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e Train resistance (73): The motion of the train is
opposed by a number of resistive forces. The overall
resistance on level track can be formulated as follows [6]:

TR=.4+BV+CV: 3)

Where v is the vehicle speed (km/h) and the
coefficients 4 (KN), B (kNh/km) and C (kNh*/km?) are all
constants, referred as the Davis coefficients [7].

e Effective mass (M,z): The rotational inertia of the
rotating components on the train must be taken into account
in order to properly calculate the acceleration of the tran.
This is usually done by adding a rotary allowance term to the
mass of the train. This 1s expressed as a fraction of the tare
mass of the train which 1s the mass of train without loads or
passengers [6]

M, =M1+ 2,)+M, (4)

Where M, 1s the tare mass, A, is the rotary allowance
and M; is the freight or passenger load.

B. Power consumed by a train

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

TE xv
n

®)

Where 5 denotes the efficiency of conversion of
electrical input power to the mechanical output pow
wheels.

Vinf-- . *1 - MAXIMUM operating $,
3z
A
% i :
Accelerating |Constant speed..  Coasting _ Braking
mode | mode i mode  * mode
Distance

Figure 2. Operating modes for the train

C. Speed and position update

Onc train acceleration 15 obtained. speed and
position of 1s calculated by the following equations,
) 2w+ At ©)

M EauInAn

where v, and v, are the terminal and initial speed, At is the
time step, 0.1 s in this paper, s, and 5, are the position after
and before updated.

D. Summary of train movement calculation

The train movement calculation can be summarized
as follows:
e Use the speed from the previous time update to
evaluate the tractive effort and thus the power
consumption (Equation (5)).

e Determine the gradient force, train resistance, etc. and
then compute the train acceleration (Equations (1) -
(4)

e Update the train speed and position (Equations (6) -
@)

III. ACRAILWAY POWER SUPPLY AND VUF

A. AC railway power supply

Normally, the electric locomotives are powered by AC
three-phase power supply system from the national grid and
step-down transformer. ARL power supply system uses two
20 MVA transformers connecting each other by means of
cyclic permutation of phases as shown mn Figure 3 to step
down the voltage level of 69 kV to 27k kV, see Figure 4.

| i -
o

Figure 3., Connection by cyclic permutation of phases

The connection by cyclic connection of phases (Figure 3.)
can be considered for the advantages in disposition and
easier operation of substation, whereas the three — phase
short = circuit power in the primary network is remarkably
high if compared winth single — phase load power. In this
arrangement the single transformer is fed with two phase and
obviously each of the different phases of the primary three —
phase netwerk can -be balanced by systematically
distributing the phase connection base on the traction loads

3]

The entire line of “ARL
(traction power substation) 2x20 MVA transformers,
located at km - 807 ar the passenger station of

RamLham ng ort circuit power at the point
emm AT 6912: SSC = 2.7 GVA
! gfegmer data: Ur = 69/27.5 kV Sr = 20

=12 % as shown in Figure 4.

ok” 1s fed by one TPS
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Transformer |

Teansformer 2

T
L

Contact Lime

Toack 1
Ruming Rail
Contact Line
Tk 1
Ruanieg Rail
Figure 4. The substation infeed with two transformers

B. VUF (Voltage Unbalance Factor)

Three-phase power system should be balanced both
voltage and current. Practically, three-phase power systems
used in engineering applications or industries ar¢ normally
imbalanced which causes the impact on power system in
factories such as copper loss in wires with greater amount of
current, less life expectancy and efficiencys; There are 3
equations to calculate VUF: Sequence Component. R
- voltage, and Max voltage deviation

Imbalance (sometimes called unbalance) in a thr
system is defined as the ratio of the magmitud
negative sequence component to the magmtud
positive sequence component, expressed as a pe
This definition can be applied for either voltage of
The current imbalance can be considerably higher, |
when single-phase loads are present. Mathem
voltage imbalance is represented by equation (8

VUF[%] = 2 100%: (8)
Where VUF is the voltage unbalance factor. I, is of the
magnitude of the negative sequence component voltage and
Vs 1s the magnitude of the pesitive sequence component
voltage
One of the main problems presented in fed ficld is the
inability to determine the sequence components when you

have only S meters, however, the voltage unbalance
factor can b ulated using only the RMS values of the
phase — to %ﬁ voltage without angle as shown m
equation (9) and ~,

VUF[%] =

%,ﬁﬂlnnm

4 4 4
B = W—+m (10)
Wig Vs Vo).
where Vs, Vi and Ve, are the RMS line - to - line
voltages.

The values of the voltage unbalance index depend on the
voltage level to which the load is connected. In many
countries of the European Union the following compatibility
level on LV and the planming limit on MV and HV are
adopted: for LV VUF < 2% , for MV VUF < 2% and for HV
VUF =1% . In standard adopted in other countries, like
United Kingdom, the above values are: for LV VUF < 2% ,
for MV VUF < 2% and for HV VUF < 2% [9, 10].

In France, for the case of high speed trains new values
have been proposed: VUF < 1% for periods higher or equal
to 15minand VUF < 1.5% for periods less than 15 min.

In some countries, voltage unbalance level is defined as
the maximum phase voltage deviation from the average
value of the three phase voltages. reported to this average
value. In this case, for the three phase voltages it is
computed an average value I, and the deviation d,;, dp and
dc[11]

g - o o an

The voltage unbalance 1s established by

KUF([%] = Max(|5, [)x100% , k = 4, B, C (12)

IV, THE SIMULATION. OF AC POWER SUPPLY SYSTEM FOR
ARL

The model of AC railway power supply system for
double- track ARL 1s.a 25 kV 50 Hz system receiving power
from the 69KV MEA utility grid and stepping down to 27.5
kV. The total service distance is 28.298 km with the traction
substation located at 8.078 km, away from the first passenger
station (Phaya Thai Station) 79ain operation is that the
first tramns on each track "m from Phaya Thai Station
and Tran5 from Suva néi Airport Station) start to run
positc direction. Then, 1t operated
Iw minutes. The arrangement of the

simul aneo

hlagram of the model of the power supply system
for ARL are shown in Figure 5.
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S = E -

Figure §

the model of power supply system for ARL

The train operation is simulated in MATLAB/Simulink
creating block diagram illustrated in Figure 6 to determine
voltage and VUF profile of traction power supply system for

ARL.

- s - e I
= | B = =

- - - o fa

Figure 6. Block diagram of traction power supply system n
MATLAB/Simulink

Start

v
Declaration and
initiation of all

variables, set up the
relevant parameters

A}
Run train mn\'cmcrq
program

'
I\

Run simubnk $ystem and
calculation VUE three
equation

-Sequence gomponent

-Rms line - voltage |
-Max. voltage deviation

L YES
~Check if the lasttrin
seaches the last statfon

o N

Display the results

e

Figure 7. Flowchart or algorithm of AC power supply study for
Suvarnabhumi Airport Rail Link

1dginaiula

The algorithm of the simulation for ARL is firstly
declaration and imtiation of all variables, set up the relevant
parameters. Next, execute train movement program with
MATLAB/M-File for calculating power of trains, speed
profile and train positions. Next, run block diagram model
with MATLAB/Simulink to obtain voltage of the mamn
transformer (M) with the teaser transformer (T) at every time
step and calculate VUF in three different equations: 1)
Sequence component, 1) RMS line voltage, and 1)
Maximum voltage deviation at every time step. Next, check
whether the last train reaches the last station or not, if not,
then update simulation time and run block diagram model in
MATLAB/Simulink again, 1if yes, display the results as
shown in Figure 7

V. SIMULATION AND RESULTS

In this section, The Suvarnabhumi Airport Rail Link
system was modeled for the simulation tests [12]. The
Suvarnabhumi Airport Rail Link was the first electric mass
transit railway overhead catenary system or overhead contact
system to commence operations in Thailand. The
Suvarnabhumi Airport Rail Link i1s composed of 8 stations
and | traction substations as shown in Figure 8. Parameters’s
setting for this simulation can be found in Appendix I.

Airport Rail Link Route

Phaya Thei  Ratchaprarop  Makkasan  Ramkhamhaeng Hus Mek n..&. Lt
e A sinezdy aun e Gwdidhe wwiede

wers U‘b

Figure 8. Suvarnabhumi Airport Rail Link map
n
M
"
0

| Ll MMMUU

e

Figure 9. Total train power

Figure 10. Multi-train position
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®
Toe fone)

Figure 11. VUF: Sequence component

Figure 12. VUF: RMS line voltage

Figure 13. VUF: Maximum voltage deviation

Figure 9 shows the total train power aga
Figure 10. shows that multi-train position. It is
the voltages of a certain substation are changed when' the
train moves close to, passes by, and beyond that substation
Figure 11 shows VUE obtained by sequence component
from equation (8). Figure12 shows obtained by equation (9)
Figure 13 shows VUF obtained by equation (12)

TABLEI RESUL 2§ OF VOLTAGE UNBALANGE FACTOR,
Type of VUF Maximum value (%) | Minimum value (*%)

Sequence cof ent 0.3478 0.0020
RMS line - vol 0.3478 0.0020
Max. voll_agM 03122 00018

The stmulano ﬂ
substation depends o
transformer, the ma\xmum
minimum voltage 1s 26.825 kV and for
maximum voltage 1s 27444 kV and minimum voltage 18
27.048 kV. According to the results of voltage unbalance
factor, voltage unbalance factor has non-smooth profiles

real that the voltage profile of
zlleﬂ-For the teascr

since the train has been switched between braking and
accelerating mode frequently depending on whether the
current speed 1s greater or less than the command speed and
voltage of train at every time step. It is observed that VUF
depends on two factor: the amount of consumed power n
each phases (M and T) and the differences of consumed
power between phase-M and phase-T. The former means
VUF 1is likely to be high if the transformer take a large
amount of loads 1n either phase and for the latter. the more
differences between phase-T and phase-M loads, the more
imbalance in three-phase system. Two points in simulation
are selected to compare the load conditions giving high and
low VUF. At the simulation time of 30.35 min., phase M and
phase T feed the train load of 9.5356 MW and 5.0183 MW,
respectively, so the difference 1s 4.5174 MW resulting in the
maximum VUF. In contrast, at 29 min, there are loads of
007 MW and 02504 MW in phase-M and phase-T,
respectively, which are much less than those at 30.35 min.
then the difference 1s 0.1804 MW leading to the low value of
VUF

VI. CONCLUSION

This paper presents the model of AC railway power
supply system for Suvarnabhumi Airport Rail Link The
purpose of this work 1s to study tram movement, The
simulation of AC power supply system and determination of
VUF by 1) sequence component, i) RMS line voltage, and
1) maximum voltage deviation The test system has the
service distance of 28.298-km and is fed through the
overhead contact wire. To verify the correctness, the
proposed model is simulated with the same situation as in
literature [paper Power Quality Assessment of Specially
Conneeted Transformers] The results are compared and
correspond to each other. Also, the results show that VUFs
obtained by sequence component are similar to those
obtained by RMS line voltage. And, the least values of VUF
are attributed to the maximum voltage deviation. All results
are compliant with the IEEE Standard 1159 -2009: voltage

imbalance [13].
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APPENDIX I

Overhead catenary system for ARL:
« Contact wire: Cu 107mm? (20% abrasion)
* Messenger wire: Bz 70mm?
« Return Conductor: E-Al 120mm?
* Rails: UIC 60, 15%

Traction power substation for ARL:
* 2x20 MVA transformers (cyclic connection)

69/27.5 kV, 12% impedance, ONAN
« Short-circuit power of the substation is 2/7 GVA

3-car train set (City Line) for ARL:
« Tare weight: 131 tons
« Rotary portion of tare weight: 6%
* Maximum payload: 44.9 tons
* Maximum design speed: 160 km/h
« Maximum acceleration: 1 m/s”
« Maximum deceleration: 0.88 m/s’
« Gear/Motor/converter efficiency: 82%
* Maximum auxiliary power?200 kVA
* Maximum tractive effort: 200 kN
« Train resistance formula:

A =00162. > m,,, +0.00017 l~v-m__ sana ks v
N kg s m
With  Fm[N]
Mirsn in [Kg]
vin [m/s]

< 2
% N

Nenaginaiula®e
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This paper presents the modeling and simulation of the voltage unbalance in the power
supply system of an AC electrified railway. The operating voltage at the traction substation
is obtained by MATLAB/SIMULINK program and the voltage unbalance is evaluated by
considering the voltage unbalance factor (VUF). Suvarnabhumi Airport Rail Link (ARL),
in Bangkok, Thailand, is chosen to be a case study. The ARL is supplied by two single-phase
traction transformers connected as a cyclic permutation of phases. According to the
extension plan of the ARL, four service scenarios with different headways, auxiliary loads
and total weights of the trains were simulated to study how the different scenarios influence
the VUF at the three=phase side. It can be summarized that at the same headway, the VUF
was increased when the train weight and auxiliary power load were increased. In case of
different headways, the longer the headway, the more voltage unbalance. The extension
plan of the ARL in the near future can be achieved with the voltage unbalance level under

the maximum allowable value.

1. Introduction

This paper is an extension of work originally presented in
IEEE/SICE International Symposium on System Integration
(2016) [1]. However, the additional experimental pieces proposed
in this paper is that the voltage unbalance at an AC traction
substation is effected by the three factors of the train operation,
including train headway, number of train and additional auxiliary
power. This consideration is evaluated for the extension plan of the
ARL in the near future. The results would be verified and discussed
as follows:

There are presently various forms of ground transportation that
help the passengers; particularly the international tourists, to make
adecision. The masstapid transit system is one of the most favorite
ground transportation systems and currently vital to developing
countries, especially Tegarding. the fund | economy and
society. In Thailand, the tounism industry grows quickly.
Therefore, the number of*“the int€fnatienal “tourists at the
Suvarnabhumi airport also increased..The cheapest cost and
shortest time to travel from the Suvar i airport to Bangkok
city center and other mass rapid transit lines is traveling by the
Suvarnabhumi airport rail link (ARL).

‘C ponding Author: Th hai K ichpong, 111 University Avenue
Muang, Nakhon Ratchasima 30000 Thailand | Email: thanatchai @gmail.com
Www.astesj.com

The power feeding system of the ARL is the 25 kVims
overhead catenary system receiving electric power from the three-
phase AC tramsmission system. The traction substation
transformers are connected as a cyclic permutation of phases, i.e.
an alternate phase connection such as A-B, B-C, and C-A. In
practical, the voltage unbalance and voltage drop are frequently
occurred at the point of common coupling depending on the train
operations. In additions, the State Railway of Thailand has planned
to extend the service from Suvamabhumi airport to Don Muang
airport in the near future. Therefore, the energy consumption by
trains at the traction substation will definitely increase. Obviously,
the voltage unbalance at the three-phase side of the traction
substation is likely to increasetoo. To assess the feasibility of the
extension plan, four expected train operational scenarios have been
simulated by using MATLAB/STMULINK to evaluate the voltage
unbalance and to study the effects of the headways, train weight,
and auxiliary power of'théwoltage unbalance.

Thispaper presents the study of the voltage unbalance at the
tractiofl substation of the ARL in four different scenarios. The
contents are divided into six sections. Section 1 is an introduction.
Section 2 describes a train movement, power consumption, and
voltage unbalance factor (VUF) calculation. Section 3 describes
the ARL power supply system and parameters calculation. Section
4 presents the modelling in MATAB/SIMULINK and simulation
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procedure. Simulation results and discussion are described in
section 5. Lastly, a conclusion is in section 6.

2. Train Movement and Voltage Unbalance Calculation

A train motion is calculated by the Newton’s second law of
motion taking account of gradients, speed limitation, modes of
operation, etc. In order to obtain the required power, speed, and
position of the train, it is indispensable to simulate a train
movement. In this section, the basic modules within the train
simulation are briefly reviewed [1]. In addition, the definition of
the voltage unbalance factor is proposed.

2.1. Train movement calculation

A train motion is resisted by several resistive forces, e.g. train
resistance, track gradient force, etc. The free body diagram of all
forces acted upon the train on an inclined plane is shown in Figure
1. By applying Newton’s second law, the train movement equation
is expressed in (1):

Figure 1. Free body diagram of a train on an inclined plane [1]

F =TE-F,,, -F, =Mg& m
where TE denotes the tractive effort (N), Fy:,q denotes the gradient
force (N), Fr denotes the train resistive force (N), M. denotes the
effective mass (kg) and a denotes the train acceleration (m/s?)

e Tractive effort (TE): the force generated by a locomotive to
pull a train [2].

e Gradient force (Fya): the weight of a train opposes the train
movement when a train is on a positive slope and helps
accelerate when it is ona negative slope. The gradient force
is usually expressed in the form of Al/l, where Ah is the
vertical distance, | is the slope length or horizontal distance
from point A to B, see Figure 1. With a small arbitrary
angle 6 the gradient force can be approximated by using
(2), where gas the acceleration rate due to gravity of the
earth.

M, gAh

Fou =M &8n0= @

o Train resistive force (Fr): the motion of the ttain is opposed

by a number of resistive forces. The overall resistance can
be formulated as follows [3]:

F, = A+ Bv+CV 3)

www.astesj.com

where v is the vehicle speed (km/h) and the coefficients A
(kN), B (kNh/km) and C (kNh?/km?) are all constants called
the Davis coefficients [4].

o Effective mass (Mes): it is the sum of tare mass (mass of
train without loads or passengers) and rotational inertia of
the rotating components on the train which is expressed as
follows [3]:

M, :M,(lJrA‘,)+Ml 4)
where M, is the tare mass, 4, is the rotary allowance and M, is the
freight or passenger load.

The modes of train motion considered in this study include
accelerating, constant speed, coasting, and braking modes. The
speed-distance curve describing each mode of motion is illustrated
in Figure 2.

Vo V. : maximum operating speed

Speed

Accelerating ‘Constant speed|  Coasting | Braking
mode mode mode mode

Distance

Figure 2. Train operating modes [1]
2.2. Train Power Consumption

The power required by a train P is given by the following
expression [5]:

TE
p_ IExvV
n

where 5 denotes the efficiency of conversion of the electrical
power to the mechanical power, TE denotes the tractive effort, v
denotes the instantaneous speed and P.uwx denotes auxiliary power.

+P (5)

aux

2.3. Voltage Unbalance Factor

The voltages of a three-phase power supply are ideally equal
in magnitudes and phase angles of 120° apart from each other. The
three-phase system with those conditions are called a balanced
three-phase system and its phasor diagram is shown in Figure 3-
A. If the three-phase voltage umbalance occurs, both magnitudes
and phases are altered, see Figure 3-B. It can be seen that the
neutral point (n) will move t0'the position of n2. The effects of
voltage unbalance, for example, are: the reduction of three-phase
induction motor opetating lfetime, performance or even failure,
etc.

According to TEEE 1159 - 2009, unbalance in a three-phase
system is defined as the ratio of the magnitude of the negative
sequence component to the magnitude of the positive sequence
component, expressed as a percentage. This definition can be
applied for either voltage or current. Typically, the voltage

1087




144

T. Kulworawanichpong et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 2, No. 3, 1086-1091 (2017)

unbalance of a three-phase service is less than 2%, especially
when a single-phase load is presented. Mathematically, the
voltage imbalance is represented as follows [7]:

9%VUF = M x100% 6)
il
where %VUF is the percentage of the voltage unbalance factor,
Vos i the positive sequence component and Vneg is the negative
sequence component.

A B
Figure 3. A) Phasor diagram of a three-phase voltage balance and B) Phasor
diagram of a three-phase voltage unbalance (modified from [6])

3. ARL System Description and Parameters Calculation

To obtain the voltage solutions of the three-phase powersupply
and the voltage unbalance factor at the point of common coupling
of the ARL traction substation The parameters calculation and
structure of an AC ftraction power supply, a transformer
connection, and an overhead contact system are briefly proposed
as follows:

3.1. Cyclic permutation of phases connection

The connection by cyclic connection of phases @§ shown in
Figure 4 can be considered for the advantages in disposition and
easier operation of substations, whereas the three-phase short-
circuit power in the primary network is remarkably high if
compared with single-phase load power. In this arrangement, the
single transformer is fed with two phases and the primary three-
phase network can be bal d by sy ically distributing the
phase connection based on the traction loads [8].

b

< ] 1

| lieed T

il — T2
Contact e

Y 4

(X Rail

Figure 4. AC traction substation‘with cyeli€ p ol phase

3.2, Structure of the ARL Traction Power Supply

The entire line of the ARL is supplied by a traction power
substation (TPS) with 2x20 MVA transformers, located at 8.078
km near Ramkham Haeng station. A minimum short circuit

www.astesj.com

capacity of the utility grid is 27 GVA. Transformer’s
characteristics data are: Ur = 69/27.5 kV, Sr = 20 MVA, Oil
Natural Air Natural, Ukr.= 12 %. The single-line diagram of the
substation is illustrated in Figure 5.

Transformer |

e

Contact Line

Running Rail

Contact Line
i Track 2

Running Rail

Figure 5. The substation infeed with two transformers [1]

3.3. Overhead Contact System

The overhead contact system in Figure 6 consists of catenary
(C), rails (R), and earth (E) described as follows: the catenary (C)
is formed by a contact wire and one or two messenger wires. They
share the current and are always at the same potential. To reduce
the system complexity, their impedances are combined all together
to form a single conductor. There are two rails (R) in the same
track, which are treated as a single cylindrical conductor, There is
a wire called “earth wire” that is used for safety reasons and it
normally carries no current. It is assumed that the leakage current
from the rails flows underneath the track with a depth of De
through a virtual conductor called the return earth by (7) and an
earth resistivity can be calculated by (8):

D, =655, ”;—“ @)

2 JEK ®

where f is an operating frequency (Hz) and p, is the earth
resistivity (L% m)s

Areactance caused by electrical induction play an important role
in'a transmission system for an AC railway power supply. The
value of conductor’s reactance in the system is dependent on the
conductor arrangement and the distance between conductors, see
Figure 6. Impedance per unit length of the catenary and running
rail is expressed in (9) and (10).[9]:
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Messenger wire
Earth wire
| Catenary wire (C) ¢
1 Centact wire.
I
|
|
| b
i ol
|
1 Dey
{Han. ®
|
R
_— [ 4
/777 Earth surface 77 x
Retum Earth (E)

Figure 6. Overhead contact system configuration [9]

Z, =R+ j2m | I ©)
87 27 GMR,

Z, =R+ j2ntu, (ﬁ i —DLJ (10)
87 m RGxGMR,

where

Zc is catenary’s impedance per unit length (Q/km)

Zg is rail’s impedance per unit length (/km)

Ry, is catenary’s resistance per unit length

Ry, is rail’s resistance per unit length

Ho is magnetic permeability of air

4, is magnetic permeability of rails

GMR, is catenary’s geometric mean radius

GMR, is rail’s geometric mean radius

RG is a distance between rails in the same track

Dce is adistance between catenary and earth

Dge is adistance between rail and earth
4. Modelling and Simulation Procedure

The model of the traction transformer, catenary, rails and train
of the ARL aresmodelled by using the built-in blocks in
MATLAB/SIMULINK, The configuration of the ARL power
supply system is briefty-mentioned. Lastly, the evaluation of the
VUEF at the traction substation of the ARL with different scenarios
of the train operations is discussed as follows:

4.1, The model of the transformer in the traction substation
The two traction transformers in the ARL traction substation
are alternately connected to different pairs of phases. To estimate

the operational voltage and voltage unbalance at the traction
substation, the transformer model is formed by using the multi-
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winding transformer built-in block in MATLAB/SIMULINK
program described as follows:

This connection has the same configuration as the single-phase
connection except it connects to different pairs of phases. For
example, the first transformer is connected to phase AB and the
second transformer is connected to phase BC as shown in Figure

7.
> > >
RS | =
DEC & by )
) 3 g ) Dv’ : ;
Lo I )
) —_— )
= I
MO [ EJ !
I | S S N
L = € %\J
Figure 7. Cyclic permutation of phase connection in MATLAB/SIMULINK.

4.2, ARL traction power supply modelling in MATLAB/
SIMULINK

The AC traction power supply modelling is developed in the
block models in MATLAB/SIMULINK. The model consists of 4
main parts: (i) AC traction substation, (ii) transformers, (iii)
overhead catenary system, and (iv) electric trains as shown in
Figure 8. The 69 kV three-phase AC transmission system is
represented by the three-phase source built-in block. The
transformers will step down the voltage from 69 kV to 27.5 kV
using the multi-winding built-in block connected as a cyclic
permutation of phases. The overhead catenary and running rails
have the impedances obtained from the textbook [9] and BS EN
50149:2012 standard. The series RLC branch built-in block is used
to model this transmission and return circuit system. Lastly, the
electric trains are modelled as a series RLC load.

Traction Substation

~ Transformers

st e

ey

Qverhead contact wire

Train

Figure 8. The power feeding components™ models in
MATLAB/SIMULINK.
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The ARL system was modelled for the simulation tests in this
paper. The ARL was the first electric mass transit railway operated
with overhead catenary system or overhead contact system to
commence operations in Thailand. The ARL is composed of 8
passenger stations and one traction substation as shown in Figure
9. Parameters’ setting for this simulation can be found in
Appendix.

Airport Rail Link Route

Ban
PhayaThai Ratchaprarop  Makkasan  Ramkhamhaeng HuaMak Thap Chang Lat Krabang

d [65 0
wors (i) Suvamebhumi

amagh

Figure 9. Suvarnabhumi Airport Rail Link map [1].

The AC traction substation of the ARL draws the electrical
energy with the voltage level of 69 kV from the metropolitan
electricity authority (MEA). The traction substation transformers
with an alternate phase connection transform the grid voltage into
the train’s nominal voltage of 27.5 kV. The total service distance
is 28.298 km and the traction substation’s position is at 8.078 km.
In the simulation, the trains depart from both tracks at the same
time with the same headway throughout the service, e.g. the first
and fifth trains start the operation at the same time, also the second
and the sixth trains and so on as shown in Figure 10.

Traction Substation

oo—00

Figure 10. The schematic diagram of the ARL traction power supply system
1.

e
|

omele

4.3, Simulator structure

The simulator has 2 major parts: main program (script M-file)
and the power network solver (SIMULINK). The main program
performs the multi-train movement, performance calculation, and
the network capture, ie. sorting trains on service, setting the
distances between the components in the system and the train data.
Then, the trains’ positions and powers together with the distances
recently mentioned are transferred into the SIMULINK block
model to solve the voltage solution (primary and secondary
voltages of the substation) and VUF. Finally, those values are
returned to the main program to-be stored and display the graphical
illustration. The operating diagram is shown in Figure 11.

5. Simulation Results and Discussion

The results showed the VUFs at the point of commeon coupling
of the ARL traction substation with four different scenarios as
shown in Figure 12. The operational conditions, i.e. headways and
the train configurations, are given in Table 1. Each train has the
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maximum speed of 70 km/h and the speed profile is shown in
Figure 13.

M-File (Main Program)

Multi-train System Simulator
> Train movement & pesformance calculation
» Network Capture

l SIMULINK

» Call the Power Network Solver Power Network Soiver

> Caleulate substation yohages
> Calculate voltage unbalance factor by
Symmetrical component

Store and display T
the results

Figure 11. Diagram of the simulation program

VUF-Cye e permutstin of phases comnection irsomformer

Figure 12. Percentage of VUFs in each scenario

Table 1: Operational ditions of St bhumi Airport Rail Link.
A Train Total Auxiliary
Scenario  Headway i sn weight
S1 15 min 3 car train 18367t 200 kVA
S2 12 min 3 car train 18367t 200 kVA
S3 12 min 4+3 car train 42264t 450 kVA
S4 10 min 413 car train 42264t 450 kVA
Speed pofie
100, N Y
90}

0 s B W ¥ 15 20 %
Oistarce (k)

Fgure 13. Speed profile

Considering scenario S1 and S2 in Figure 12, the VUF
obtained from S2 was found to be lower than that from S1 because
the total weight and auxiliary power of S1 and S2 are equal to each
other but the headway of S1 is longer than that of S2. It can be
noted that when the headway is shorter, the number of trains appear
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Appendix
Overhead catenary system for ARL:

in the system, so the total loads on the left and the right of the
substation were more likely to have the same values leading to less
voltage unbalance. To study the effect of different total weight and
auxiliary power of the train on the voltage unbalance, scenario S2
and S3 were compared. As the total weight and auxiliary power
load of S3 were greater than those of S2, more power would be
consumed in S3, and there was more possibility of different
amount of consumed power between the left and right side of the
traction substation. Thus, the voltage unbalance of S3 was more
than that of S2. In addition, the comparison between S3 and S4
gave the same result as the S1-S2 comparative result. However,
due to more weight and auxiliary power load in S3 and S4
compared to S1 and S2, the voltage unbalance in S3 and S4 was
more than that of S1 and S2, respectively and the voltage
unbalance of S3 was more than that of S4 because the headway of
S3 was longer. In the viewpoint of the maximum %VUF for each
scenario as shown in Table 2, it helped confirm the above
explanation since the results seen from Figure 12 were cc

* Contact wire: Cu 107mm? (20% abrasion)
* Messenger wire: Bz 70mm?

* Return Conductor: E-Al 120mm?

* Rails: UIC 60, 15%

Traction power substation for ARL:

Train resistance parameters:

* 2x20 MVA transformers (cyclic connection)
* 69/27.5 kV, 12% impedance, ONAN
* Short-circuit power of the substation is 2.7 GVA

3-car train 4+3-car train
Tare weight: 131 tons Tare weight: 299 tons
R ion of tare weight: 6% Rotary portion of tare weight: 6%

Maximum payload: 44.9 tons Maximum payload: 105.7 tons

M mmmdcsxgnspocd 160 km/h

design speed: 160 kmh

with the results from Table 2.

From the results, it could be concluded that the longer the
headway, the more voltage unbalance. That meant the voltage
unbalance was more reduced when the trains were released more
frequently. The total weight and auxiliary power also affected the

voltage unbalance. According to IEEE 1159 -2009 d
9%VUF must not exceed 2%. Therefore, the service extension of
the ARL can be carried out without any violation of voltage
unbalance based on this simulation results,

Table 2: The Maximum %VUF
Comparison with IEEE 1159 -2009

Scenario %VUF Max standard (29%)
s1 02717 Less than 2% (passed)
S2 0.1946 Less than 2% (passed)
S3 0.2993 Less than 2% (passed)
S4 0.2906 Less than 2% (passed)
6. Conclusion

This paper presents the study of voltage unbalance caused by
the AC railway power supply system using MATLAB/Simulink .
The VUF was the key factor in this consideration. The test system
was the ARL linking Suvarnabhumi airport to the Bangkok city
center .The traction transformer connection type was the cyclic
permutation of phases .The VUF was estimated in four scenarios
of the train operations. The results showed that at the same
headway, the VUF was increased when the train weight and
auxiliary power load were increased due to the increase in energy
drawn by the trains .For different headways, the longer the
headway, the more yoltage unbalance. However, the i d
VUF was still withinhe limit of 2% imposed by IEEE 1159 —
2009 in every scenario .Accordingly, the extension plan of the
ARL by increasing routes, sexyvice distance, and the number of
trains in the future will slightly ‘affect the voltage unbalance.
However the VUF is limited within the acceptable value.
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A 1 11 m/s2 Maxi I 1 n/s2
i decel 0.88 m/s2 i decel 0.88 m/s2
Gear/Motor/converter efficiency: 82% | Gear efficiency: 82%
Maximum auxiliary power: 200 kVA | Maximum auxiliary power: 450 kVA
Maxi tractive effort: 200 kN Maximum tractive effort: 400 kN
Train resistance formula: Train resistance formula:
A=21222 A=48438
B =0.00618 B =0.01412
2 C=0.3197 C=0.53287
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