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NDOXGL R DM E 1L LD LT 5 ZMEMXE &, KET@EESRX AT T
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BEEBRICB T 2@ ERE 1, BLBERKOLEL L —MIHN 5 EROR
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(4.1) L, EEDOLV— NV EFRNDERNPELWU, =0 OFRFIZEBEIRN E A
RICRELS THEEZ TN LE2R LTS, L ZAN, @Eiii kU, =0.1
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ETELA) v bR 5. BEREERBOLEIHZ2HRK 1% LT 5 &, EBIFEN 50Hz
J O 60Hz X3 T, IR O A AR Rl D A % bE T T2 355 DR E FIRE 7215
B AR 4. VIR T. FEREREFEO 0.8 fEOH AR T b LT 5%.
EIRFEH T, FERERZIC» D 5T, ERJERED 50Hz XHETiX 80Hz
OAF w5453k, BEIRE )Y 60Hz X [H Tl 96Hz OfF Sl R T 5. —
77, BRI TRWEalE, EIREE 50Hz X T, 500Hz T 72Hz, 1k
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F4. 1 EEEREN 1%EH LIZE X
A RIR = A 2 e LS CRRE AT REZR 1R BT

B EARERIET T (H2)
B (Hz) BIR B R 50Hz EIREIRE 60Hz
Hike Hitb Hike Hitb
300 80 75 96 91
400 80 74 96 90
500 80 72 96 88
600 80 70 96 86
700 80 69 96 85
800 80 67 96 83
900 80 66 96 82
1000 80 64 96 80
1100 80 62 96 78
1200 80 61 96 77
1300 80 59 96 75
1400 80 58 96 74
1500 80 56 96 72
1600 80 54 96 70
1700 80 53 96 69
1800 80 51 96 67
1900 80 50 96 66
2000 80 48 96 64

FHIECE LT, ZE L TEFATE 28&ER 11X, HiEalzBiL Tl SIN
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TEZEEND /A A —EREEY—27F— LV KL TELNELDE L— LVE
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TASEMIL 320mA i 2, BELZ ATCIEBOZIENAREE 72D,

HLUERIEE 1000m &35 &, FiEb TH 7T00Hz LA T OJE T 400mA %
Z, TS EROMLR N ATREL 72 5.

400m A

320mi

200 400 600 800 1000 1200 1400 1600 1800 2000
AW (Hz)

4. 8 HuERIFKZ(E O MEEN (G=0.36S/km)

47



(2) TEFRMEAEILXH

T VAV ATC 2B X O g EXEICEH T 556 TH, AN
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—J5, BEREFEICE LT, 5=y Fylc#aH 3 5 & 100Hz T 0.5A,
200Hz T 0.25A, 300Hz T 0.15A, 400Hz LA b Tix 50mA fBRERETSH Z &
272 %.

INHD A REEDOL ET, “ELTATCEEZH LIUEET 5 FEE M
AT 5.

BIRDOFBIR B ATC E B NICh 2562 ETH L, BELT
ATC 155 21570 T & 2 FASEIIFE M FHEIROK 8 (5HEMRT 2 LEDN & 5 0>
5, FERTNEEEEMRITIFRL. 3725, £EV 1050Hz T 1.3A, 2050Hz T
420mA ME L 720, EETHDIIRERBEENDLELRD. LR o
T, HrEp o X &[RRI BEIR O A 8k el 48 1 TE SRk A sk e+ 5

#F4. 3 MESNDar B e R O S E BT &
ZE L CEHT 5 7o OB e B A% A

N BHEERICEFN LREBRICBHEL
&K% (Hz) .. EffighE TR (mA) _
SEEHB (A) IAEEI (mA)

50 500.00 25000 200,000
150 80.71 4036 32,286
250 34.57 1728 13,827
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Iy Q SIS L2
X

4. 28 FIUXNLATC /A RNREk IR BY

73



10~ : . .
—— R —L— bt 120 bps
—a=-F—1L— b 240 bps
10-2 | N —j—u- F—1L—F 320 bps |
e %%u&»;mwmQ\
| [T 0%\
™ 1078 k‘:\
; \\x'§::~
-1—-—-_-
I 10—4 \..____ -‘-::
: —
10-°
109

0 1000 2000 3000 4000 5000 6000
FE (Hz)

4. 29 FIHNVATCREFEKEEE 7L —Lx2T7—F

—_
o

[ [ '
—— H—1L— | 120 bpsi
1{.\ —4= F—L—F 240 bps
T\ —a— FH—L— bt 320 bpsi
Vi

[E5 L~ : 100mA

AR . 10% '\

BAR T 5 —#BewR] ()
S = D2 L = ol & -1 0o W
-

_“_h-':?_.hﬁ
0 1000 2000 3000 4000 5000 6000
R (Hz)

4. 30 TVHIVATCIEZEBEE KRRT T —HkbiiH

74



4. 2 HEEMENMNOD ) A Xkt B8
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T UV EMAINL, BERD ) A X KR T 5
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— X R =N RV BRITIWHRENDDT, TOBT—EZNEHFEINRTH
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EEEEIVYTHRELT, TOPWWRELIRM TE LD RBSLETH 5.
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7 U= MERE DR EIZ B L TR A I
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Advanced Automatic Train Protection System

Ikuo Watanabe, Tetsuo Takashige
‘ Railway Technical Research Institute, Japan

Abstract:We present a new automatic train protec-
tion system. Such messages as the distance to the
preceding train or the speed restriction on switches are
transmitted to each train instead of the limit speed set
for the train. This is done through the rails using digital
codes. An on-board processor generates a braking
pattern using these messages and the braking perform-
ance. And if the speed exceeds the calculated value, the
brake is applied. As this system controls the train speed
in one step from full speed to stop, it can shorten the
train headway. And it can effectively cope with a
mixture of trains with different braking performances.

I. INTRODUCTION

The existing automatic train protection (ATP) system
was introduced when the Tokaido shinkansen opened in
1964, Afterward it has been introduced on Yamanote line,
Keihin-tohoku line, Saikyo line in Japan railways groups
(JR). No serious collisions, and no passenger casualties
happened, proving it is a highly safe system.

In the existing ATP, only a speed signal which specifies
the maximum speed on each block section is transmitted 1o
an on-board processor through the track circuits. The
speed signal is generated by modulating a track circuit
carrier frequency at one signal frequency or combination
of two signal frequencies, corresponding to the limit speed.
The on-board processor compares this signal with the train
speed. When the former is larger than the latter, the brake
is applied automatically. And when the train speed be—
comes lower than the indicated speed, the brake is released
- (shown in the upper graph in Fig.1).

The existing ATP has some drawbacks as follows:

(1)When a train is to be stopped, it must be slowed down
below the speed indicated in each block. The driver must
repeat applying and releasing the brakes to stop. It gives
the riding passengers a discomfort.
(2)Each block length is appropriately selected with a
margin distance and an idle running distance for brakes.
These distances are stored. Consequently commercial
speed becomes low and train operation density cannot be
reduced further.

(3)When trains with different braking performances are

operating on the same track, the block section length is
determined by the train with worst performance. This
results in trains with superior braking having to slow down
earlier than is really necessary. This again reduces line
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capacity. :
(49)Recently high-speed Shinkansen operation at more than
350km/h is scheduled. However all frequencies of existing
ATP signals to be used have already been allocated, This
makes it necessary to improve the related equipment so
that a new frequency of ATP signal can be allocated to
transmit a higher speed signal.

Advanced ATP would correct these drawbacks.

II. ADVANCED ATP SYSTEM

Advanced ATP system is outlined in the lower graph in
Fig.1. This figure mainly shows the operation sequence of
a succeeding train when it approaches the preceding one.
The ground processor detects train positions through track
circuits in the normal way. And it transmits to each train a
message consisting of the distance to the preceding train,

or the start point of a speed restriction such as the platform

loop turnout, and a block identification number through
track circuits.

The distance signals to the preceding frain are transmit—
ted as the number of unblocked sections to minimize the
data capacity. The rear limit of a block section occupied by
a train is represented in the message as zero unblocked
section. The next block section in the rear is No.1, fol—
lowed by 2, 3 and so on. Each track circuit has its identifi—
cation number so that the track circuits actually occupied
by a train may be identified in the message transmitted to
the succeeding train.

The on~board equipment stores the following informa-
tion as track data: absolute locations (kilometerages from
the terminus) of track circuits; sequence of track circuit
number; absolute locations of curves and gradients; and
sizes and locations of turnouts. The on-board processor
detects its own position in the unit of the block section by
the transmitted identification number of the track circuit.
And it also detects its own position continuously by calcu—
lating the covered distance within the block section by a
pair of axle rotation detectors. Using a pair of axle rotation
detectors can avoid errors due to wheel spin or slide. The
calculated position is corrected by comparing the value
with one stored in data about the track when the train ad-
vances into a track circuit and the carrier frequency for
ATP signal changes. The on-board processor generates the
braking pattern by combining the transmitted message with
its own braking performance and stored data about the
track. This is compared with the actual speed. As the two
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Fig.1 TRAIN OPERATION CURVE FOR ATP

speeds converge, an alarm sounds to alert the driver. When
the train speed surpasses the limit speed, the brakes are
applied automatically. Present speed, limit speed, distance
to the preceding train, and brakmg curve are all displayed
in the cab.

As this system controls train speeds in one step from a
maximum speed to stopping, it can shorten the train
headway and an energy saving operation can be attained
by eliminating wasteful braking and acceleration. Other
advantages of this system are that the driver gets advance
notice of need to brake, the maximum speed can easily be
increased, and the on-board processor can perform to suit
trains with different braking performances.

~

III. DATA TRANSMISSION

This is a reliable method using track circuits for trans—
mitting data from wayside to train equipment for control-
ling the train speed. The transmission lines are very robust
because they are constituted of rails. However the traction
current may interrupt a normal transmission of data and a
large leakage conductance may force track circuit length to
be shortened, As track circuits are used to transmit the
digital coded message, they must be immune to electro-
magnetic interference from traction current. The polarities
of two pick-up coils for ATP signal are set such that each
voltage induced by the signal current is added together and
each voltage induced by the traction current is canceled out

Pick-up Coil
Train J Traction Current

/- /
ALY AN
ATP Signal Current
Axel .
e
L]

Traction Current

Fig.2 POLARITIES OF PICK-UP COILS

as shown in Fig.2. But when the traction currents flowing
on the right and the left rail are unbalanced, an interfer—
ence of harmonics occurs. The maximum unbalance per—
centage is about 10%, So the ATP signal bands are select—
ed such that the signal current fesists the interference due
to the 10% of the harmonics of traction current. On Shin—
kansen lines, the maximum traction current is about
1000A. The large interference frequencies of traction
current are odd harmonics on AC electrified section. In
the case of 50Hz, the principal harmonics emerge at inter—
vals of 100Hz - that is, 150, 250, 350 and so on as shown

200 e ae e s
r

100

50

8
]

(=4

=4

Harmonics of Traction Current @A)
. .
I

. 06

o2 | i
50 100 200 600 1000 2000 5000

Frequency (Hz)

Fig.3 HARMONICS OF TRACTION CURRENT
ON AC ELECTRIFIED SECTION
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in Fig.3. This figure shows the example of harmonics

generated by one of motor units in a train on AC elecirified.

section. It is advantageous to use as high a carrier fre—
quency as possible {o transmit data because the harmonics
becomes small in higher frequency. On the other hand,
data cannot be transmitted to a train over a long distance
with a high frequency. So the carrier frequency should
have the same band as the existing ATP(700Hz~1200Hz).
A minimum shift keying (MSK) system is preferable for
this system. MSK achieves a fransmission speed which is
numerically almost the same as the bandwidth of a recejv—
ing filter. Transmission speed is 80bits/s in this case.

The frequency of the traction current changes slightly.
Then the frequency of the odd harmonics changes. So the
carrier waves for data transmission of wayside processors
are generated synchronizing with the wave of the traction
current to make it free from the intexference due to these

harmonics of traction current (Fig.4). ‘ ,

Transmission items include thie track circuit identifica—
tion number, the number of unblocked sections, and arriv—-
al/departure track. For these items, 24 bits are allotted. 8
bits are available for future. 8 bits of cyclic redundancy
check (CRC) code are added to this. This means that 40
bits are required in all, but the total is raised to 46 bits
when codes for frame transmission are added. These codes
are repeatedly transmitted through the track circuits.
Transmission can take place 1.7 times/sec.

On the departure fracks of depots, and in station plat-
forms, a large amount of data about the track are transmit-
ted to standing trains. The on-board processor receives
and stores the data. Transmission speed through MSK with
a carrier frequency of 25 kHz is 4800 bits/s. This frequen~—
Cy to transmit data through track circuits is high. So the
transmission range from a transmitting point is about
100m.

Furthermore train-to-wayside transmission through
track circuit can be added 1o realize an effective train con—
trol system[1]. Using this function, the wayside processor
can get the information as follows; train identification
number, train speed, the request by the driver for setting a
departure route of a frain. Transmission speed through
MSK with a carrier frequency of 35 kHz is 4800 bits/s.

IV. ARCHITECTURE

A. Wayside Equipment .

When the new ATP is to be superimposed on existing
lines.to enhance the speed or capacity, the track circuits
will continue to be used in their present form for train
detection.

On newly constructed lines, a non—insulated track cir—
cuits will be adopted. This is a multi-frequency track
circuit with the power supplied centrally. Train detection
and ATP transmission use their respective frequencies as
shown in Fig.5, and ATP signal is transmitted only to the

6T BT AT 31 21 IT
F F r F F P
R | [
l | v b F 3 I"*l
0S5, 6 TRS | TOR4 oS3, 4| TOR3 | TORZ  TDSI,2
ATPS6 ATPS5 ATPSA  ATPS3 ATPS2

TDSn :Transmitter for train detection
TDRn :Receiver for train detection
ATPSn:Transmitter for ATP

fn
F

:Ca
:Ca

rrier for train detection
rrier for ATP

Fig.5 STRUCTURE OF NON-INSULATED TRACK CIRCUIT
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TABLE I
SPECIFICATION FOR WAYSIDE
Carrier Frequencics;
~Train Detection 1000 1o 1100Hz
-ATP Signal 1300 to 1500Hz

Modulation Frequencies;
~Train Detection
-ATP Signal

12,16.5,21,27,32 and 38.5Hz
80 and 120Hz

Receiving Shunt Current Minimum 100mA

Rail Leakage Conductance Maximum 0.2S/km

Length of Controlled Section Maximum 1.5km

Equipment Concentration Range 30 to 40km

(Maximum Cable Length 20km)

block section occupied by a train. The carrier for trajn
detection leaks into the adjacent track circuits. It would be
unsafe to judge that there is no train in a block section
even when a train occupies the block section because of
this overreaching. So track circuits with the same frequen—
cies should be separated from each other with an interval
of more than 10 track circuits. The specifications for the
wayside equipment are given in Table I,

The safety of microcomputers at wayside equipment is
assured by a clock synchronous system[2]. It has been
extensively adopted for conventional ATP and solid state
interlockings. The microcomputer systems will be duplex
to ensure reliability.

B. On-board Equipment

The microcomputer, will be used for the on-board
processor. The approach to safety is the same as the
wayside equipment, and the on-board equipment will also
be made duplex to ensure reliability.

A block diagram of the on-board equipment is shown
in Fig. 6. ATP signals and track data are picked up by the
two coils at the front end of a train. Using a braking pattern
generator, braking curves are calculated from output data

Train
Cab display
Track data
Sﬁ::g/ Brake receiver
brake pattern
control generator Digital ATP
device receiver

—[J_‘}- Pick-up Coil

N ; Axle rotation )
Brake application detectors |

Fig.6 BLOCK DIAGRAM OF ON-BOARD PROCESSOR

of the receiver, present train location and stored data about
track. Through the speed check/brake control device, the
present train speed and limit speed are compared to control
the brake. These speeds are displayed in the cab for the
driver.

V. TESTING

We are developing this new ATP system as an ATP for
Shinkansen which will replace the existing ATP. Further—
more, with minor modifications, this new ATP system can
be adopted for inter-city and. busy commuter lines. In this
system, the key technology is the wayside-to-train trans—
mission using digital codes through track circuit. For these
reasons, field tests for grasping the properties of the trans—
mission have been implemented in cooperation with JR
East and JR Hokkaido on various lines; Shinkansen lines,
commuter line on a DC electrified section, and inter—city
lines on AC electrified sections. The field tests confirmed
that the basic functions work stably.

The prototype wayside and on~board equipment were
manufactured in 1993. In 1994 the performance of this

ATP will be confirmed on an inter—city line on AC electri—

fied section in cooperation with JR Hokkaido.
VI. CONCLUDING REMARKS

We present a new ATP system which would correct the
drawbacks of the existing ATP. This system will improve
the intelligence of train equipment by giving it a large
amount of data for controlling the train. And it can be
adapted to any lines at reasonable cost because it makes
effective use of the existing track circuits.

VII. REFERENCES

[1] M.Naoe,K.Kimizuka, "Bidirectional transmission using track circuits
for controlling trains", Railway Technical Research Institute Report,
Vol.2, No.8, Aug 1988,

[2] K. Akita, T.Watanabe,H.Nakamura, L. Okumura, "Computerized inter~
locking system for railway signaling control : SMILE", IEEE Trans.
on I, Vol.IA~-32, No.4, May/June 1985.
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We are developing a Digital ATC system, in which the ground equipment detects train lo-
cation by using track circuits and transmits digital coded data through track circuits. Trans-
mission items include the track circuit identification number, the number of unblocked
sections, and other data required for train operation. The on-board equipment generates a
one-step braking profile using an on-board database, the data received through track circuits,
and its own position detected by the integration of axle rotation. We have carried out field
tests on the Kagoshima line of JR Kyushu. We verified that the Digital ATC system func-
tions as originally designed.

Keywords : ATC, track circuit, brake control

1. Introduction

The existing system of automatic train control (ATC)
was introduced when the Tokaido Shinkansen was opened in
1964. There have been no serious accidents which proves the
effectiveness of the high-level safety features of the sys-
tem. But there are some matters to be improved in order to
increase the train traffic volume, and reduce traveling time
to destinations. We proposed the Digital ATC system for
the next generation ATC, and have been studying its per-
formance and safety features in order to improve these
matters? ?. The on-board equipment of the Digital ATC
system is intelligent to effectively cope with various re-
quirements. We present the operating principle of the sys-
tem, performance test results of prototype equipment and
evaluation of system safety.

2. Digital ATC system
2.1 Operating principle of system

The Digital ATC system is outlined in Fig.l. The
ground equipment detects the train position using the track
circuits in the normal way, and transmits digital coded
data to each train through track circuits. The transmission
items include the track circuit identification number, the
distance to the preceding train, the arrival or departure
track, temporary speed restrictions and other data. The dis-
tance to the preceding train is expressed as the number of
unblocked track circuits in order to minimize the required
data capacity. The rear adjacent section of the track circuit
occupied by a train is represented in the data as zero
unblocked sections. The next track circuit in the rear is 1,
followed by 2,3 and so on.

The on-board equipment detects its own position in the
unit of the track circuit length by the received data. It

32

Digital ATC Braking Profile

Speed

calculating the distance using

| —axle rotation detectors Preceding

Tr

Unblocked (2 I { ; |
Section Numbers 3 2 1 0

Fig. 1 Outline of Digital ATC

detects its own position continuously by calculating the
running distance within each track section using axle rota-
tion. The calculated position is adjusted after being com-
pared with that stored in the database when the train
advances into a track circuit and the carrier frequency of

- ATC signal changes.

The on-board equipment has a braking performance da-
tabase. It also has a track database concerning track cir-
cuits, gradients, curves and turnouts. It receives the data
transmitted from ground equipment through a pair of
pickup coils at the front end of the train and gemerates
braking profiles using received data and stored data. The
three kinds of braking profiles (the emergency braking pro-
file, service braking profile, braking profile for display)
are generated. When the train speed exceeds the service
braking profile, a lenient brake is applied for several sec-
onds and then the maximum service brake. The service
braking profile is generated by using the deceleration, mar-
gin distance for braking, response time of braking, gradient
and so on. The emergency braking profile is generated using
the other values for the same parameters. As the larger de-
celeration and the smaller margin distance for braking are
used in order to generate the emergency braking profile, the
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emergency brake is not normally applied. The braking pro-
file for display is generated at a speed of about 5 km/h
lower than that for the service brake. It is displayed on a
panel in the cab. The brake is not applied while the driver
controls the train speed according to the displayed braking
profile. As the train speed approaches the service braking
profile, an alarm sounds to alert the driver.

2.2 Features of system

The features of Digital ATC are as follows:

(1) A highly safe and reliable system is realized by using
track circuits for detecting train location and trans-
mitting control data.

(2) Safe data transmission is secured by checking the track
circuit identification number and CRC code.

(3) The on-board equipment can cope with trains with dif-
ferent braking performance.

(4) The maximum train speed can easily be increased.

(5) The driver can get an advance notice for braking.

(6) The system can increase the train traffic volume with-
out dividing the track circuit and shorten the train op-
eration time to the destination because it controls the
train speed to the target speed by a one-step braking
profile.

2.3 Data transmission

In the existing ATC system, the ground transmitters
modulate the track circuit carrier frequency by the signal
frequency corresponding to the limited speed. If the trac-
tion current includes harmonic noises corresponding to an-
other speed signal, the on-board ATC signal receiver may
mistake in deciphering the speed signal. However, the sys-
tem adopts a priority logic to take lower speeds over higher
ones to secure safety.

In Digital ATC, dozens of coded data added with 8-bit
CRC codes are used. The check codes can detect 3-bit errors,
all odd bits errors and all burst errors less than 8 bits. In
addition, the validity of the track circuit identification
number is checked. So it is improbable that the on-board re-
ceiver mistakes noise for a speed signal.

2.4 Train locating

In Digital ATC, the on-board equipment detects its own
position in the unit of the track circuit lengths by the re-
ceived data. It detects its own position continuously by cal-
culating the running distance within each track section
using axle rotation. The calculated position is corrected
after compared with that stored in the database when the
train advances into a track circuit and the ATC carrier fre-
quency changes in insulated track circuits. In non-insulated
track circuits, the on-board equipment can detect the
boundaries between track circuits by the following steps.
(1) In Fig. 2, the track circuit No.2 detects the approaching

train before it arrives at the point A. o
(2) The transmitter No.2 transmits the ATC signal and the

transmitter No.l transmits the TD (train detection)

signal. The on-board equipment receives these two sig-
nals. '
(3) When the train passes the transmitting point A, the on-
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Fig. 2 Correction of train locating

board receiver does not receive the TD signal and it can
detect the point A.

3. Performance test
3.1 Outline of test

We tested the Digital ATC system using prototype
equipment on the Kagoshima Line of JR Kyushu. Digital
ATC signals are overlaid with the three existing divided/
multiple frequency track circuits on the down track between
Hainuzuka and Setaka stations as shown in Fig.3. The
band-pass-filters, called bypass-bonds, were attached at the
ends of track circuits in order to pass only the Digital ATC
signal to the neighboring track circuit. So the track circuit
condition was similar to that of non-insulated track cir-

Virtual Curve Virtual Turnout

130k 12 t/

7' 133k 14 |Signal House

i

Hainuzuka —} } =} } (e e
D3A D3B D2A D2B DIA DIB \_
1LC Setaka
o® to® ® h@ Signal H
D3 D2 D1 1LB e

T/R 3

T/R 2

3

EDSA} D3B ID2A1 D2B : D1A fDlB{

Fig. 3 Digital ATC ground equipment

<>

I
Braking Profile Generator ——’I Cab Display

/Speed Check
v
Brake Control Pilot Signal
Device Axle Rotation Detector
|

L7

Fig. 4 On-board equipment
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Table 1 Test phase
Test Phase | Running Time | Car Type| Position of On-board Equipment
1 107 783 Under Floor
2 72 813 On Floor
3 35 783 On Floor

cuits. The six Digital ATC track circuits weré overlaid on
the test section.

The on-board equipment is shown in Fig. 4. The receiver
inputs the ATC signal through the pickup coils and inputs
the pilot signal from the train main control line. It outputs
braking commands through the brake interface control
unit.

The tests were implemented from 1995 to 1996. The test
phases were divided into the three as shown in Table 1. The
test trains ran on the test section more than 200 times. We
verified the performance with respect to the digital coded
data transmission, train location detection, braking con-
trol, the response when the equipment was purposely broken
down and other functions.

3.2 Data transmission characteristics

We measured the digital coded data transmission char-
acteristics using track circuits when the test trains ran on
the test section. The frame error rates are shown in Fig. 5.
The errors necessarily occur at the ends of track circuits,
bypass-bonds and sectioning devices. The error rates except
these necessary errors are indicated in Fig.5. The error rate
in the phase one is larger than that in the phase three while
the same train was used for both tests with a different
space between receivers. This result means that, in addition
to the traction current, noises reached directly from vari-
ous equipment affects the error rate. Smaller error rates
(10~4~1075) were gained by other similar tests. So, if the
interconnection between the pickup coils and the receiver is
completely shielded, and the receiver is set in a less noise
circumstance, a smaller error rate (1.0X10~%) can be real-
ized.

The longest error time is 1.7 sec. In the Digital ATC
system, the on-board equipment receives in advance the in-
formation concerning the distance to the target point where
the train shall stop or decrease its speed, so stable train
speed control can be maintained irrespective of momentary
disconnection of the control data. When it can not continu-
ously detect the carrier wave for more than a second, or it
can not continuously receive the data for more than six
frames, it judges that it can not receive the ATC signal and
applies the brake. During the test, cases of missing a signal
did not occur.

S 8

= 6.860 X 10-3

X .

% 6 —5.099 X 103

~

~ 4 JE—

g 2.775 X 10-3

" 2

Q

g

s .

=0 L L . )
Phase 1 Phase 2 Phase 3

Fig. 5 Frame error rate
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We consider the rate of unsuccessful data reception. If
it is assumed that the frame error rate is 2.78 X 1073 which
is the value in the phase three ; the number of track circuits
to pass are 2000 ; the number of trains are 500, the rate of
unsuccessful data reception is 8.23X10~"/day and the mean
time before failure is 3330 years at the end of the track cir-
cuits. Tt;is 1.15X1078/day at places other than track circuit
boundaries. This result indicates that stable digital data
transmission through the track circuits can be realized.

3.3 Train locating performance

The characteristics of train location detection were ex-
amined by comparing the detected location with the meas-
ured value when the test train stopped in the test section.
The result is presented in Fig. 6. The error in Fig. 6 indi-
cates the value subtracting the measured value from the
one detected by the on-board equipment. The calculating po-
sition is corrected every time the train advances into the
next track circuit. The error corrected once is between -10m
and +5m. The target point is set at dozens of meters before
the end of the track circuit. So the result indicates that
these errors are small enough for securing the safety train
control.

3.4 Brake control performance
The brake control performance was tested. The Digital

ATC activated the brake when the train speed exceeded the
allowable speed of the braking profiles generated by the

25
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15 Position for
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Correction
5F }‘/
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|
5| 2 H g E |
.10 F B o E
-15
20 b [ o
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Absolute position
Fig. 6 Error in train locating
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Fig. 7 Sample of generated braking profile and
running curve
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Table 2 Test results when equipment break down

Ground Equipment On-board Equipment
Test Item Result Test Item Result
Power Supply Off| Stop by Service [Power Supply Off Stop by
Brake Emergency Brake
Pilot Signal Off | Stop by Service Out of order Stop by
Brake Brake of Service |Emergency Brake

virtual proceeding train. The margin distance was set at
90m for service brake, and at 40m for emergency brake con-
sidering the boundary train detecting characteristics of the

non-insulated track circuits. It constitutes a stable speed’

control, if the Digital ATC controls the train speed without
applying the emergency brake.

Samples of generated braking profiles and running
curve are shown in Fig. 7. The distribution of train stop-
ping points in the braking test is shown in Fig.8. Train
speeds over the braking profiles were set at various values
(80km/h-125km/h). Every train was steadily controlled
without emergency brake application. Train stopping posi-
tions distribute from Om to 30m before the stopping target
point. The tests were also implemented so that the train
speed was controlled by the virtual speed restrictions on
turnouts or curves. We could gain satisfactory results.

3.5 Performance when equipment break down

We verified the control performance of the system
when the ground or the on-board equipment break down.
The test items and its results are shown in Table 2. The
Digital ATC could satisfactory control the brake in all
cases.
4. Safety of Digital ATC
4.1 Safety of system

It was confirmed that the Digital ATC system could

function as a train control and protection system in more
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than 200 train running tests. Now we are testing the per-
formance at higher speed on the Sanyo Shinkansen line.

Now, we verify the safety of the Digital ATC system.

With regard to data transmission, it is improbable in
the Digital ATC system that on-board receiver deciphers
data for others caused by noises, as shown in Section 2.3.
With regard to hardware, key safety measures used for
train control and protection systems are redundant con-
figurations, control of input and output methods, and error
detection and consequent actions. These measures are also
adopted for the Digital ATC system.

The calculation results of braking profiles, the value of
deceleration set and the train location detection include er-
rors. We verify the effects of these errors on safety.

(1) Errors in the braking profiles

The braking profile is discretely calculated between the
stopping target point and the train location. Errors in the
calculation result are always lower (on the safe side) as
shown in Fig.10.

(2) Errors in the value of deceleration set

The actual deceleration fluctuates caused by changes in
the adhension coefficient between rail and wheel, brake
cyrinder pressure, response time of the equipment and other
factors. So, the deceleration for calculating a braking pro-
file is set smaller than that of the braking performance
specification. Discrete values are allotted to each speed
stage.

The train response was simulated in the case where the
actual deceleration is smaller than that used for calculating
braking profiles. The deceleration used in this simulation is
shown in Fig. 10. The initial speeds were set to 100km/h,
200km /h and 300km /h. The actual deceleration was
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Table 3 Train stopping location when deceleration is

smaller
Rate of Deceleration Distance over Target Point for Stopping
to Specification 100 km/h 200 km/h 300 km/h
85% = - —
80% 9m - —
5% 11lm 1lm -
70% 18m 17m 17m
65% 42m 41lm 42m
60% 51m * 51m * 42m *

— 1 stop before target point for stopping
* : stop by emergency brake

changed from 85% to 6096 of the specification values. The
result is shown in Table 3. The distances over the target
point are indicated in the Table. The symbol “-” indicates
that the train stops before the target point. The symbol
“ %" indicates that the train stops by the emergency brake.
It was assumed that the actual emergency braking decelera-
tion is 85% of the specification. The margin distance for
stopping is 50m.

The result indicates that the trains can be safely con-
trolled by the service brake while the actual braking decel-
eration is larger than 65% of the specification.

(8) Errors in the train location detection

Error in the train location detection caused by the
error of wheel diameter set, wheel spins, wheel slips, errors
in correcting the train position at the boundary of track
circuit and so on. Errors can be smaller to detect the train
position using plural axle rotation detectors, or combining
it with other sensors.

4.2 Safety of software

In the Digital ATC system, various processes are exe-
cuted by software. So we must adopt some reliable methods
for calculating the braking profiles. It is under review that
some formal methods are applied to developing software®.
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With regard to the databases of on-board equipment, it
is under review that false data and mistaken operations are
excluded by checking various validation conditions. With
regard to programs, it is now being reviewed that specifica-
tions and algorithms are noted in the formal specification
language in order to prevent mistakes. Now we are study-
ing to'note the braking profiles in the formal language and
verify the specification.

5. Concluding remarks

We have verified digital coded transmission through
track circuits, train location detection, brake control per-
formance of Digital ATC using prototype equipment. It
was confirmed that the basic-functions added with the
function corresponding to non-insulated track circuits
could be realized. We are now implementing a test on a
higher speed line and are verifying safety to realize a prac-
tical system of Digital ATC.

Lastly, we thank the members of JR Kyushyu, JR
West, and Japan Railway Construction Public Co. who
have kindly provided their cooperation for these tests.
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We are developing a Digital ATC system, in which the ground equipment detects train location by using track

circuits and transmits digital coded data through track circuits. Transmission items include the track circuit iden-

tification number, the number of unblocked sections, and other data required for train operation. The on-board

equipment generates a one-step braking profile using an on-board database, the data received through track cir-

cuits, and its own position detected by the integration of axle rotation. We have carried out field tests on the Sanyo

Shinkansen line of JR West. We verified that the Digital ATC system functions as originally designed.
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