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ABSTRACT

In this paper, we propose a protection algorithm for virtual coupler in train-to-train communication based
autonomous train control system. For safe virtual connection and disconnection of moving trains, we propose a
new allocation scheme for track resource that should be exclusively shared between the trains. The proposed
shared resource allocation scheme merges so that a master train can own the track resources that are owned
exclusively before virtual coupling. We propose the minimum safety distance between virtually coupled trains set
which should be secured according to train characteristics and driving speeds, and propose a train braking model
for virtual train coupling for this purpose. Simulation results show the changes of the minimum safety distance
of the two trains before and after the coupling process, and the effect of train speed, communication, and delay
of the braking system. Since the proposed protection algorithm in this paper for train-to-train communication
based virtual train coupling does not use physical coupler, it can improve the flexibility of train operation and

line capacity.

R AT IFATedTd Feksie] A AleR FaEE

+° First and Corresponding Author : (ORCID:0000-0003-3436-9765)Korea Railroad Research Institute, Autonomous Vehicle Research
Team, soh@krri.re.kr, 331

* (ORCID:0000-0001-8028-2957)Korea Railroad Research Institute, Autonomous Vehicle Research Team, hchoi@krri.re.kr
= E 1 201810-315-C-RU, Received October 10, 2018; Revised November 5, 2018; Accepted November 6, 2018

1894

www.dbpia.co.kr



AAAEEAA YN PRS2 S STl

A& o] $13elnl AR QAE welslel £ul
She 74e 2l 2|4 4

= Sl @A Al zEle] ARE PRI (safety
interval)& WA == 79 AAAA2HS &
A} 55 W (protection)s7] 1344 B¢l E-E
AR =t dte] At 22l QA AE
= TR AdeellA 97 A poll EoR o) F
o12)7] Wil A7 A7) Zn QA Qe o3k
= 2 2o Akae] g1de] sl ol2fd olf® ¥
el At Hels 5 A5 Alelska
AdE7] ofgie}. webA, Alska obd3t A3t
= flElAes Aaplloi A 2gle] B st AAprt
AFger 3 B elet At 7hedt 7]
7]l Beset

FT 7pdedAdr)el Aedste] A Ut A5t
A= Qe Ak Fded el el el
A QA e wes] AR AR Sl A
Ydztele] EAA 7] Aol Bt A7} glent
7pEedA A A AFeE SRlelA ] e AR
upzt glek

s A 2 FA M AT Ao A
=(ATCS: Autonomous Train Control System)™®” %
Zgellx] 7715 SI7 WE dare]ES Akl
Ak We e At Faske AdzAlE
mfebq o afelar gt ARlE HA RS A

it

o2
ofN X

e
AC)

ofgiel. ) F Aabe] AMdAs A4 918 A%
A ks o afshe ARANS A% olF
el

o] dxl] os)] Agat 5 == xj9le] weke
Fagicl. ko] 543 & wet 7 Ag
A 7t gEslokste FA AR E AlAEkH
o] = 93l 7t A7IE 7 A AlTRES Aok
Sia=d

Akl Wksdae] S
Axke] Ajt A F GApe] Ha A
EelolA A¥g vlashe G2k &, §A1 2 AlE
A|2Elo] 7R = % =
s Elgich

2
>
L
s
b
B
r o
rN
o
AL
2
=

. it 7+ S| SRKISTARIOAIAL

2.1 AlAE T4

ATCSE= 13 13} o] ZA| A 28lo} 2| 43A]
2HloR P APFA2ES dAF 7 AAA Q)
FATMDE Adsks FASAA], Aedxps
(ATP: Autonomous Train Protection) ¥ A& X}
Z(ATO: Autonomous Train Operation) 7]55 #|¥
k= AP, IHALRS 913 ef=rlE, X EA
< SF Wz e AR AA 2R el
AzE A EAS= @A) ATS(Automatic Train
Supervision) ¢} A= 2}<12] wield F-f-5 I3 B4
2~ FH2]ZHRM: Resource Manager), 2|42~ Alo]wd3]
< FAlsle] ARk BanE Alolshe 2o Alo]
7|2 FA=

ATCSeA 2lazi= Faf Zhol| mjebd o2 4R
of = A=Y, ¥717|(switch), ZHEF T3 E0]
(PSD: Platform Screen Door)S 2|v]gic}

Onboard Security Radio | Security Radio
(LTE-R) (T2T)
I I
Onboard Equipment
Autonomous Train
Operation
Autonomous Train
Protection
I [
‘ Tachometer ‘ Tag Reader

|
O OO

Wayside Secuity Radio Security Radio
TE-R TE-R

Automatic Train
Supervision

Resource
Manager

Resource Controller

a2 1. ATCS Alz=dl A4
Fig. 1. System configuration of ATCS

2.2 ATCS ZHH|0]

ATCS = Aple] Faol Bag AzANs
e QA el LalES A wedoR af
s} 2t ARRle] A (A B AAE Aol

Q1 7%

ghe}, 13 29} o] AR} T13 T2 ) 3 =
T gxte] AdEaR wjEat 7EAAe] vlgke o)
Zrek

1895

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-11 Vol.43 No.11

Vi)

¥

| Resource Manager

08 2. ATS®] HzbA Ao
Fig. 2. Safe interval control for ATCS

i. 97 T1S AZAY (@), b)F 2fdlar ole
] AREE 2] (b)el] WHEF AFHZKRA: Resource
Authority) & RMel| A58t} FAlol 184 3ok

ii. RM< T19] £40] 5317 el $J8) =}
A ()l g RAE el F ad A4S v] AR A
2 F 5 AR AA3S Tl Al

ii. I3 T2& AZ22K (o), ()F AaF3kr 3l
W 7AE 918 RMS 53 A1) A4 A
FAlgk

v. 42 T2 Ald SRS B zale] A 7}
T ALl TS Al AZAR (b)ell gk
RAE RMel 84333} SAlo A ()E 3]
el (d)ell 3 RAES A3k

v. RM-2 492} T27}F 3] 843 2191 (d)7) T2
29E RAE 53l )l F 208 v] A A=
st AEAl 243 2K )7 A 7P A
olx] &l F 120l 2R (b)ol] 3 RAE Allg3lc)

vi. 42} T2+ AR Agwe}l 34 2419 A
sJdzt T19] L5 o]8ste] zMile] &hugl Ad=xt
< (o), )ALl 3 7sdt Sz aallS Akt
ct.

oo

. JWRIZTIE Sist wEATAE

3.1 7HIIZIIE I3t Rrekz

i
779 Agle)l Bels S

n
n‘,@ =2

== 4
-
—_

#F T27F 53 ol 9lom A3} T2+= 3| ATS
AlZell s 2pale] Abeiet A QA T1}
SAg) A T1-> 92k T27) A4l e] Fsd a4t
A2} T T2 257 AR o= A3 7hedt A
gl F A3 T2 Al ws gk 93 T2
T13} A4 sl gAle] 7Fs’t 717] o= ZAi3h]
3l Alald 2] best-case A5 E o83 7HAA|

o

O do & o |»

1.

it

Wi
o ©l

1896

ii), iv)

m)

Y

Resource Manager |

T8 3. 7MAAE g glas e
Fig. 3. Resource Allocation for Virtual Coupling

= I A3 A 9 TS T29] 34 oM
& r]3(Minimum Safe Rear End)7}A| #}Ale] <z}
dololl E3hekc} A3 T13) T29] A A6l F+
AA1e] AEAp] ek ohgat

i. 93 T2 2R 278 A 22 b)<2) (o)l
g RAE 93} Tlell Algstad 52l 7H3A s
A 2R o o)Ak zRale] A 2AIS RMS 53l &
Halx] gt

ii. 92} T1= AZA (a),0b),(0) 5 EF &3
aL glom zpale] Feidat T200 o8 ARl A=At
A (©F 3] g TI25E] AP RAS
o|-4sle] RMeol| SHd 84 il

iii. RM-> T1o] A|E3 RAE £l 8o 53
2] gl & 7§alEl 2@ 3S Tlof Algsic

iv. TI-S Ao] FA=E 53k RME £ F3)oll
Jagh Aol AEAds gusle] T29F Ffidhe
g T29] Fmiy) Blel AdEApdS gk

o
X

Z
(e}

TPFe A% dak= WAl ATSS| =A% <]
& T oo S3% 9x2 sk 23 49} o)
A2t T1= F8d2t T2 Eelollars ASstal T2+
A4 g A7} TRt R 1S
FAReE QA T13} T29] #2] APdellA] 7 @Ak
Az el ohgat 3k

i 42k TI2 A=Z2H (a), b)F 2k ol
v R Admapde] el (el H RAE F3
A2} T20 AlgRiek ol A2z (b)e] A= T1
o Fr7E 2t A1) e Al es A3t

ii. 92 T2 RMS 53l Faol] Fagh Ad=asl
& 8AsA FAlel AR ARE Wil

iii. RM-2> T29] 8A4of uje} ubdelh z14l-e- 3hls}
T 8343 Ao tig RAS AlZshd 7gAlE Az

21 @3S T20 ATk
iv. G2} T1-2 t] o]A} z}ile] AxpAo]dl| T2 & |t
dsH] ekov] RME &) F-afol] Fagh AdwAple

www.dbpia.co.kr



AT AN AN E 91 S dael

v W N v v
Linlog:
- — (b) o~ a)

i)y v)
*Y

Resource Manager

J2 4. 7p3ad siAE A e 9
Fig. 4. Resource Allocation for Virtual Decoupling

aAsiA] FAlel ARl A8 ubdRich

v. RM2 T12] 83 ulz} ubdgl #1912 313}
233 21l tlgF Al ZS RAS AlEse] 734l
H A2 #3ke- A3} Tiel| Al

<

3.2 7peidT|E RIS MlE2E

ATCS+= ¥*}°] GEBR(Guaranteed Emergency
Braking Rate)ol| that H<9|E Algkeic). 7ddd7]1=
AAF 7 AAFANE AR A 2 wlel| A s
Adegd=e] best-case AlE721E o]-8shk= ZHAA]
[3]9,],_ o] Agly Adsidae) Zsldxt 7k A& o}
& GEBR WS15 7Wlck 7Pdad 2 A Adsidatel 5
P2y 7= GEBR HS1= A (1) 2 A )¢
o] s 4 gk

N

1
————+GEBR,;, < GEBR,
1T AT

((‘EBR + GEBR,;,)

max

+(GEBR, .+ GEBR,;,) < GEBR

1 2
<35 (3GEBR

max

GEBR,;,)

3714 GEBR,; 3 GEBR,, + Z7t ATCS 4
A7h Rgshs GEBR #3530} #9Hgkol™, GEBR,
9} GEBR;+= 217k 7kl d = dxje] Asidx}el
Fajdxte] GEBR, ATE AIA*7F GEBR A
A7 F7HARL A< SrIdeh AT GEBR,®)
W17} GEBR,,. — GEBR, ;3 43 W5 2%
= 3k

Asdate] GEBRS $-3)

roz 7k A%l Ay

Hi T3] HEE WsE 5 %D‘r.

a8l 5= 7pedAr] Alends
AEA2E W] ¢8| worst-case?] -5~ BIAHA|

Distames

O2 5. 7S 98k AlEnd, (A-B-C-D-E)worst case
Alsmd, (W-X-Y-Z)best-case A5

Fig. 5. Braking models for virtual coupler,
(A-B-C-D-E)worst case braking model, (W-X-Y-Z)best-case
braking model

FAA] B A At v T A
o] zote] AlFAeE 9nlsh, HIZ best-case®]
75 BIAEAIA AAellA] At Hdizks: 4l
7520 A AlsARE ovigel s AgE 7
Ix= worst-case AERP(A-B-C-D-E  77hH3}
best-case A|T=RH(W-X-Y-Z 72HS AXRE} A3t
| dxte] At AAle] A3 EAke] best-case
AlsmElS o]83to] worst-case AlEA2E AXRE
ol Ax A A28 Z]dFt 7L B
zq]i/\]/\rjl ;qoﬂEo]- }41:“7],_’;\_:'7—7‘_]:’ cx oﬂ;z}_q] =l
< 2Adsle] 55573877 D= GEBR,,, =4 A7t
2| 7H&she 7Y, B GEBR,, ©] 3=0] 23t
47 Suld) @ Wi Aol A se Ad
AT X ATALY ALEL Ak
%’L{P = GEBR,, =% A7H sk 778,
2 GEBR,, o #¥5le] Hd) 14ahe 702 ©)
w|ghch

i

3.3 7hdAZIIE <SSt FAMHAE

7WAA71 = GEBR, 54 GEBR°] =315 &9
1S 2] Wikl GEBR =3 AA(t,) A7) Al
Aaxtele] ARE Ha AR R Aot 4 ok
7hg A= Aol FRAA o] Haskd Az
= A @) Ak

MSD= wBD; —bBD, + PUu; — PUo, + PUu, 3)

1714 wBD;= FEAk] worst-case AE712],
bBD, = XA best-case AFAE, PUu= F
A} A AR, PUo, = A T 414

1897

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-11 Vol.43 No.11

23} PUu, =X
QA7) 34
WA el

svf o]E72]

f V;dt>/ Vudt—i—/(l/;—DFbBt)dt @)
t, te ty

3714 V.ok t = DAt RS Al Al el
o] &xo} AL, Dot t, = GEBR,,, =3 A7t
A dape] el AIATRE o,

259l A3 best-case AlsAR] AR 4
& GEBR,,, & 243k=d Zele A7 F
At 7 AR AR FRdRt s
worst-case A=A 2|9} APAx7} 71x]2= best-case
AsAE= A 5) 2 A (6)F o] I 5 9Jrk

Aol P 917051 ejlait
;‘q_ ]——- /K]XJ‘ HE1 GEBRmm ie:]
*1

e S7MIEA AN,
A @) e 15Ale] A,

rlr s mlo l"_u

wBD[:/ {V[+E/m
et A (resperayme T tcometayrne )} dt

+/ v, dt
te

wp, = [
t, +n+: (6)

+ Dp.".s‘/f (t TCSDelayMin + t(‘mw/)w/m/.u/n +)}tdt

®

A7 1, A A 2E WAL, VSt T,
& Agdre] Sust Lroe, A, T
‘,41:]]7 ]"’—*“v tjCSUelugMzrg} (}nnUemng'E HDH oéi}
A A7) A7 BAADAL, V) 1, L
Adte] et oo, D AR 4
3, L rcspelayasin™ + t Com Delayin =
i s R e B e E A S e i Bl B R A el

M A Aadatel Fadahs T2T AT
o 93] AIARE S5 914 3 FHA| o=
2] oA Ao FAAe] #EE Zes At
AEE AAsHA =k

N

[o

ﬂ‘
e

a

al
=

V. Al

oo

HL

.I
>

& A Matab o163 Al 5l

2
rO
E
N
T
o
2 3
ol
~
o
fot S
O
.
J
_Y‘i
a
kS
\(
)
X
R
E
>
-
(o3

o o
7]—;4 CBTC ‘;-4 ATCSPJ 7&7.4xﬂ<>1 H 3} B] L BA
g} CBTCE 712> = *JEB%Z} 3}
=9} FAIgle] FH I $]el 7|uksled QHxIzHA
Aksled, ATCSS] 7FAAI = Adeed=e] 0 kmy

Yo 44, i

:* NIO

1898

L7HAe] AlsARE o8-8t bR AE Akt

4.1 AEo|M =

7Wda77] #a dAElE CBTC ¥ ATCS 7t
Ao A3 vlal AlEHe A $I3 JerE=
1ol AABIe Axke] Hude U 7k A
FAAEE TFATA ] AlFS 88l e, 7
Aol AHEEl= BA A3} 7F A9l FA(direct
T2T)S 7Hsisi o, dxpalo] A 2wle] whg-A 7k}
2)x] 92} 9 &% AlM 9= [EEE 1474.1°] CBTC
vleprleMe 2-gsieich

[

flo fx

E 1. AEdeld FelviE
Table 1. Simulation Parameters

Term Value | Unit
train length (D) 200 |m
maximum line speed( V) 80 km/h
maximum train speed( V;, V) 100  |km/h
coefficient of inertia (o, @) 0.09
acceleration rate (A4 ;) 3.0 km/h/s
maximum service brake deceleration rate 35 /s
(D Dyrsp)
minimum GEBR (GEBR,;,) 4.5  |km/h/s
maximum GEBR (GEBR,,.) 5.0  |km/h/s

GEBR delay time for preceding train (A7) 58.8 |ms

GEBR range, Rayleigh distribution

. h,
(GEBR,,. GEBR,;,) R
braking response time after EB initiated (%) 0.3 s
equivalent braking response time for EB (¢,) 13 |s
minimum TCS delay (% 7csperaynin) 02 s
maximum TCS delay (t zespeayasas) 075 |s
minimum T2T communication delay

0.1 s
(T competayrsin)
maximum T2T communication delay

0.5 s
(T competayntaz)
position uncertainty for preceding train +6.25
(PUu,, PUo,) 0.2 m
position uncertainty for following train

+6.25 |m
(PUuy, PUoy)
speed error (Vs Vi) +2 km/h
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