SAKJIOMEHUE

OCHOBHBIMU pe3yJibTaTaMHM T€OPETUYE-
CKMX pacueToB, €CJIM CYMMUPOBAaTh CollepKa-
HUE CTaTbU, SIBJISIIOTCS aHAIMTUUYECKAas OLICH-
Ka MUHUMaJbHOI'O MHTEpBaJia MOMYyTHOTO
CJIeIOBaHUS TTOE30B TP IMTOCTPOSHUM CUCTEM
obecrnieyeHus 6€30MacHOCTU Ha 6a3e paauo-
kaHana (kinacca CBTC), omeHKa BeIUYMHBI
MWHUMAaJIbHOTO MHTEepBaja Mo CpaBHECHUIO
¢ MMHMMaJIbHO BO3MOXHO ITOTeHLIMAIbHO
OLICHKOM ISl «MI€aJIbHOM CUCTEMBI», aHAJIU3
MPUYUH, BIUSIONIMX HA YBEINYEHUEe MUHU-
MaJIbHOTO MHTepBaJia IMOIMYTHOTO CJIeIOBaHUS.
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BASED ON RADIO CHANNEL

ABSTRACT

Improving safety of metro trains in conditions of
growing intensity of passenger traffic requires
improvement of management, a combination of
automation and systems of information exchange by
radio channel. The article substantiates with theoretical

Background. Meeting the requirements of com-
fort and safety of passenger transportation, espe-
cially in the high-intensity schedule involves improv-
ing systems of automatic or automated train traffic
control. System of dispatch control, centralized au-
tomatic driving system, security systems should have
a single unifying origin [1,2].

Objective. The objective of the author is to pro-
vide theoretical calculations and justification for es-
timating minimum succession time for trains, operat-
ing, mainly, in metro.

Methods. The author uses engineering and
mathematical methods, analysis, coordinate method.

Results.

General provisions

Implementation of high traffic intensity is as-
sociated with the need to have sufficient power of
traction substations, reduction of traction networks
resistance and increase in level of their protection,
ability to distinguish between comparable load cur-
rents and remote short-circuit that are more and
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Baranov, Leonid A., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.

calculations the possibility of estimating minimum
succession time for trains passing along metro lines,
equipped with a safety system and information means
of aclass Communications-Based Train Control (CBTC).
The base is the author’s method that compares values
obtained with potential values of a «perfect system».

Keywords: underground, metro, train, succession time, traffic safety system, analytical assessment, methods,
mathematical calculation, algorithm, radio channel, information.

more important with increasing power of modern
rolling stock.

Compliance with restrictions associated with
power supply of given traffic intensity sets a task of
implementing required succession time by safety
systems and station centralization. On the domestic
underground a system of automatic locking ARS- ALS
is successfully operated, track circuits are used as
train positioning sensors, detectors of running rails
integrity, determinants of block section occupancy
[3, 4]. However, application of systems to ensure
traffic safety on the basis of the radio channel (class
CBTC-Communications-Based Train Control) is
widely debated [5]. Their obvious advantage is a lack
of fixed block sections, as well as track circuits, for
noise immunity of which filtering of noise resulting in
traction drives and power installations is required.

However, systems of class CBTC do not provide
control of running rails integrity, which is an obstacle
to their use. To remove this obstacle, options are
considered for development of individual control
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systems or combination of ARS and ALS and systems
for sharing information over the radio channel.

Arguments defining virtues of this approach are
the increase in traffic safety by parallel operating in-
dependent systems, implemented on different
physical principles. While at the same time there is
another problem: by parallel operating security sys-
tem restriction is adopted for safer signal. Conse-
quently, in these circumstances, advantages of the
system based on CBTC principles and designed to
maintain a minimum succession time will be in demand
in the event of malfunction of classical ARS- ALS
system.

Existing publications on CBTC systems describe
principles of their construction [6], range and kind of
solutions [7], requirements for radio channel [8].

This paper presents an assessment of minimum
succession time of trains passing along metro lines,
equipped with a traffic safety system on the basis of
information exchange over radio channel (class
CBTC). We used the technique to obtain potentially
possible minimum succession time, developed by the
author for the «ideal system» [9].

Algorithmization of system

Let’s consider the algorithm of traffic safety sys-
tem functioning on the basis of information exchange
over radio channel. Let the information about coordi-
nate and speed of foregoing train (first) is provided
by radio channel to a server, which sends it to a train,
following in the rear (second). If the second train in
each sufficiently short time interval T, equal to the
amount of time of information transmission over radio
channel with account of the method of its construc-
tion, operation protocol and duration of information
processing in the server, receives information only
about the coordinate of the «rear end» of the first train,
and itallows its instantaneous stop, then determining
permissible safe speed of a train, following in the rear,
is considered control on coordinate of the «rear end».
When transmitting additional information about speed
of foregoing train the same operation for the second
train is performed in the light of emergency braking
distance of the first one. The calculation of permis-
sible speed is carried by onboard safety devices.

The results of calculation of minimum succession
time, obtained in the course of control, taking into
accountemergency braking distance, are more com-
mon. Firstly, under these conditions, the succession
time according to conditions of traffic safety is mini-
mum possible; secondly, if in expressions defining
minimum succession time, emergency braking dis-
tance of foregoing train is taken as zero (which is
equivalent to the assumption on equality of decelera-
tion infinity), then we have an option with control based
on coordinate of the «rear end». The difference be-
tween values of succession time for these two prin-
ciples of building traffic safety systems (hereinafter-
TSS) will assess the effectiveness of the use of ad-
ditional information about a foregoing train. This ap-
proach is used by the author to determine the poten-
tial minimum succession time at ideal TSS [9], in which
information about coordinates and speed of trains has
no errors, and data transmission is considered instant
and error-free.

We introduce the following notations:

0
S, S are respectively measured and true values
of the «rear end» coordinate of the foregoing train;

0
S,, S2 are measured and true values of the «<head
end» of a train, following in the rear;

0 0
AS, =8-S, and AS,=S,-S, are errors in mea-
surement of train coordinates;

0
v, V1 are measured and true values of speed of
a foregoing train;

0
I’ V> are measured and true values of speed of
a train, following in the rear;

0 0
AV, =V,=V, and AV, =V,-V, are errors in mea-

surement of train speed.

Since values of errors are random and can be
either positive or negative, further selection of the
error sign will depend on how it affects the calculation
result. Thus, the «minus» sign in front of error value
indicates that a measured value is greater than a true
one, otherwise, a «plus» sign is used.

When trains are moving between the «rear end»
of a foregoing train and «head end» of a train, follow-
ing in the rear under safety conditions should not be
less than the difference in the distance of service
braking S., of a train, following in the rear, the speed
of which is equal to V,, and the distance of emer-
gency braking of a foregoing train, the speed of which

0
is V. If Siis coordinate of the «rear end» of the first
0
train, and S: is coordinate of the «head end» of the
train following it, the above formulated conditions can
be written as:

0 0 0 0
S—8:28,0V2)-S,,(V1). (1)

In construction and operation of TSS measured
values of corresponding quantities are used. We show
that the replacement of true values with values mea-
sured errors without taking necessary amendments
could result in emergency situations.

For example, if the coordinate of the «<head end»
ofthe second train is measured with an error of +AS,,
and the coordinate of the «rear end» of the first train
with an error AS , the true distance between the «head
end» ofthe second and the «rear end» of the first trains
is
S,—-AS,-(S,+AS,)=S,~- S, (AS +AS,). (2)

Hence the value S-S, used by TSS for calcula-
tion of allowable speed, exceeds the true one by
AS,+AS,, which may lead to an increase in the allow-
able speed and, as a consequence, to an accident.

The same result occurs because of errors in speed
measurement. Let the true speed of the second train

0 0
be V2=V, +AV,,and ofthefirst V1=V, - AV, ; values

V,and V, are taken by TSS in calculating the permis-
sible speed as the original. Since S, (V,+ AV,) > S,
(V,), S;,(V,+AV,)>S_ (V,), then

Sp(Vo) =51, (V) > S, (V,+AV,) = S, (V- AV)).

If we denote

S (V,+AV,) = 5,(V,) =AS, (V,+ AV,),

S, (V,+AV,)) =S (V,) =AS,, (V,+AV,), then

STZ(VZ)_STI(VI)<ST2 (Vz)"'ASTz(Vz +AVz)_
=S, (V) +AS,, (V, +AN).

0
It follows that the replacementin (1) of values V>

0
and Vi with V,and V, decreases the right side by a
value AS,,(V, +AV,)+AS,, (V, +AV,) , which in its turn
leads to violations of safety requirements.
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Safety conditions for above fixed values of errors
are respected when

S, =8, 2[S;, (V,)+AS, +AS,, (V, +AV,) |- o
- [STI(VI)_ASI _ASTI(VI +AV1):|
Sl _Sz 2STZ(VZ)_STl(V1)+

+[AS, +AS, +AS, (V, + AV, +AS,, (V, +AV,) | (3

From this expression it follows that to determine
the allowable speed with respect to safety conditions
while using measurement results of distance and
speed with errors itis necessary to introduce a protec-
tive gap with length of
S o > AS +AS, +AS, (Vi +AV) + AS,, (V, +AV,), (4)

determined by values and signs of corresponding
errors.

Safety conditions (1), valid for an ideal system, in
the case of real measuring channels change and have
a form of

S] _Sz ZSrz(Vz)_STl (Vl)+ST2(I/2)_ST1 (I/])+Spmt (5)

It should be separately noted that the choice of
length of S, is directly related to the evidence base
that allows to find maximum values of corresponding
errors.

In the stochastic approach an evidence is required
that a probability that a measurement result for a
certain range does not exceed a value, set by a stan-
dard.

Thus, the selection of the permissible speed of
the second train should be carried out within the
framework of the control at the end of protective
period, which moves along with the «rear end» of a
foregoing train, taking into account (or without) its
emergency braking distance.

Succession time at some point S, of the haul is

determined by the formula
T.(S)=T,(8)-T(S,), (6)

where T, (S ) and T, (S,) are moments of passing of
apoint S by «head ends» of respectively the first and
the second trains.

If a «<head end» of the first train is located at the
point S, of the route (hence, «rear end» of this train is
located at the point S, — I, where |, is length of the
train), «head ends» of the second train at the point

8, =8-S, =S, (V,)+S,, (V) TSS system still does

notlimit the speed of movement V,j of a train, following
the rear. This can be written as follows:

T[S, =8-S, — S+ S, (V) |2 T(S)+T,, (7)

where T, is time, when «head end» of the second train,
which moves at speed V,, is located at the point
5,=S, _Spm! -85 (VZ)+ST1 (V1) ;

T,istime, when «rear end» of the first train, which
moves at speed of V,, is located at the point S ;

T, is time of delivery of information about the
coordinate of the «rear end» and speed of the first
train to the second train.

Assessment of the value of T, will be given later.
We assume that the time of delivery of information
does not depend on coordinates of trains.

In inequation (7) coordinates S,, S,, V,, V, are
measured variables, which differ from true values. To
compensate the effects of errors and the driver reac-
tion time (or train device of automatic driving system)
F .. is facultative, in particular, typically equal to 5 s
for conditions of underground.
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Therefore, according to(7):

SZ =S1_Spml_
Fminzj-; V) _T;(Sl)_T:i.

8
_Srz(Vz)"'Sn( 1 (8)

If, respectively, from left and right sides (6) we
deduct left and right sides (8) and transpose F,, to
the right side, we get

E(SU)ZE(SO)_T;(SU)"'F@“+771+71'(S1)_

~L[8,=8,-5,, - S (V,)+S, (V)] (%)

Since succession time T, satisfies safety condi-
tions, ifinequality (9) holds for all >S, T, the value of
T, . isminimum succession time, which is determined

umin

by the maximum value of the right side of (9):
Fmin +7:1 +712(SO)_
SZ = Sl _Spmr - :|
+
_Srz (Vz) + STI (Vl)
+ T(8) =T (S,)

T,

umin

= max —T{ (10)

The point with coordinates Sf and respectively

V,', in which the maximum of the right side (9) is

provided, is called limiting.
A necessary condition for the maximum of the
right side of (9) has a form

L{Fwn—ﬂ(&)w(&)— }_0
ds, |- 1,[8,=8,-8,, - S, (K)+S, (W)
from which

dT2|:S2=S1—SW— }
ars) | =Sn("2)+Sn(1)

ds, ds,
J1:8n0a) |
ds,
and
VZ[SZ =Sl _Spro! _STz(Vz)"'STl(Vl)] _
. 8500 W)
ds,

Putting in this expression Spm, = 0, we obtain a
result, which coincides with appropriate conditions
for a perfect traffic safety system [2].
as, )

ds,

decelerated motion during deceleration of emer-
gency braking b, from speed V,, denoting time by t:

We estimate for a model of uniformly

V(S
STI(VI)=—12(bB');
0 s -
1 e 1
1 avi(s,) dr _

~—

dt dS,

h 4 =
where v5) (S) =
and here g, = h(s)

dt
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Si(1)  S.(1)

»t

Pic. 1. Dependence on time t of the coordinate S, of the «rear end» of a foregoing train and coordinate S, of the
«head end» of a train, following in the rear while driving on the haul with constant speed V,=V,=V.

means acceleration of a foregoing train. Thus:

ValS5 =8 =S Sn(Vz)+Sn(K)]_V(S) 12
7 =V(s).  (12)

1+-+

b

e

Equation (12) together with predetermined mo-
tion trajectories of trains enables to determine coor-

dinates of a limiting point( S, V;" ).

Following the procedure described in [2], we can
show that the review process of an emergency brak-
ing as a uniformly decelerated motion hardly makes
errors in the calculation of T, ..

Determination of succession time during
movement on the haul at a constant speed

Formed dependences on time t of coordinate of
the «rear end» of a foregoing train and coordinate S,
ofthe «head end» of a train, following in the rear, mov-
ing on the haul ata constant speed are shown in Pic. 1.

1) S, (1) S, Syt S

Location of the limiting point S, and speed V," of

a foregoing train at this point is determined from the
equation (11). As trains move at constant speed V,
thena, = 0. In thiscase V,=V,=V'=Vand T, . do

u min

notdependon S, . Puttingin(11) S,=S +l, andV,=V,

=V, we get
T = Fon + Ty + T, (S, +1,)—

_TI:S—S —Sn( )+Sr1( )]+
+ T (8)-T(S, +1,) =
= Fpy + T, 4 om TIZ/(V)_STI(V)'

Dependences S, ,(V)and S, (V) can be obtained
from traction calculations.
For a model of uniformly decelerated motion

v? V2
Sn(V):T9 TI(V)
b

s b

e

(13)

where b and b, are respectively deceleration during
service and emergency braking.

After substitution of S_,(V)and S, (V) in(13) we
obtain

I +S
T = Fop 4T, 40 W+V 1
% b b

(14)

Increase in the minimum succession time as
compared to appropriate for an ideal system is

S
AT, =T, + 22
14

(15)

Testing for extreme point the function Tu (V)

we get speed value V,,, minimizing T, ..

d]—;:min __lff +SP"0’ l i_i -
dv V? 2| b, b,
; (16)
Tminopt me+T +
120, +S,,)| 1 1
21 |n e (17)

While basing the control process on the coor-
dinate of the «rear end» of a foregoing train b ,—
and

[ +S V

Tymin = Fogn + Ty + 2 — -
Umin min v 2bs H (18)
opt_'\)2(l +Spmt)b: ; (19)
1
Tminopr me+T +2b5 (l +Sprﬂt)b
(20)

L, +S,,

NG +Spm,

Interval between departing and arriving
trains

Let the coordinate of the «head end» of the
train standing at the station (otherwise — points of
its stop) be S=I,. Then S = 0 is coordinate of the
«rear end» of this train. Duration of its stop is de-
noted by us as T . The second train approaches
the station, usually on slowing-down. Its speed with
account for restrictions on permissible ascent and
descent from the area with zero profile to 3% can
be assumed to be constant and equal to V,,. The
assumption of constancy of V,, will be used to
simplify calculations T, ..
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The interval between the first and second trains
we define at the point S =1, according to (6):
T=T,,(S,=1)—T,,(S,= (21)
where T, (S,=, ) nd T (S =1,) are moments of
departure of the first and the second trains from
the station.

Since T ,, (S,=1,) =T ,(S,~1,) +T,, where T,
(S,=1,) is moment of stop of the second train at the
station, T ,,(S,=I,) =T,(S,=0), where S, is coordi-
nate of the «rear end» of the first train, then
T=T,(5,-1,)-T,(5,=0)+T, (22)

The speed of the first train at the limiting point Sf

is determined from ( 12) under the condition of control
with account of its emergency braking distance:

v(s)=Ler (23)

9

b

e

where a, = a_is acceleration of speeding-up of a
departing train. Coordinate of the limiting point S,

can be found from traction calculation as a
distance, covered by a train from the moment of

start-up to the speed Vf. Coordinate, at which

«head end» of the second one can be located at a
point, corresponding to safety conditions:

S, =8 ~1,-5,, (24)

Hence itis apparent that the point (limiting for
the second train) is within the approach to the sta-
tion.

For a model of uniformly decelerated motion
of the first train

. V2
S =1
" (25)
Minimum interval according to (10):
T::mm me+T +T +T( 2=ltr)_
1 [Sl +8, + S (V] )]+T,(Sl')—Tl(O). (26)

Here it is taken into account that at S,=I, mo-
ment when the «head end» of the first train is lo-
cated at the point S, its «rear end» is located at
the point taken as the origin of coordinates for the
route Sy-1,=0, i. e. T, (S, ~1,)=T,(0).

Let’s transform formula (26) to a form conve-
nient for calculations based on the assumption of
constant speed V,,

Tl‘xmm me+T +T +T (I/lx)+T'2T(VZH)+
+ Ly 8 +8702(Va) = 820 (Vo) = 81, (V1 ) —

Viu
T, =T(S)-

time of a train, departing from a station, to a speed
of V;

T,.(V,,)istime of target braking of the second
train starting from speed V,,,,

S,u (V) is distance of target braking of the
second train from speed V,,;

S, (V) is speeding-up path of the first train to

S (27)

Where T,(0) is speeding-up

speed V,
8. (")) is braking length of the first train at the

moment of emergency braking at initial speed V,
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All quantities in (27) can be obtained from trac-
tion calculations. Speed Vf is determined by the

formula (23).

While basing control on the coordinate of the
«rear end» of a foregoing train its length of emer-
gency braking is assumed to be zero. Here b ,—x,

V' =V, , from (27) it follows:

Toin = Fon + T, + T+ T, (Vo )+ Ty (V) +

. L+ 8 + S0 (Vai) = S50 (Vo) = 81, Vo) (28)
Van
Ifin(27) and (28) we assume T,=0; S, =0, we

obtain an expression of a mln/mum t/me interval
for a perfect system [9]. Therefore, the expression
for calculating the minimum time interval assuming
uniformly decelerated motion of trains can be
obtained in the same way as in [2], considering

that T, ==0andS o7 0
. N A
5, ()= Sle(Vm)— - Tl,,(Vl )=%
S (VZH):VI_‘Z; T;T(Vzn):V_; ; Srz(VzH):ﬁ
2b, b, b,

where b, and b_are respectively deceleration at
targeting and service braking of the second train.
Substituting these expressions into formulas
for the minimum interval (27) and (28), we obtain:
— For control taking into account emergency
braking path of a foregoing train

L+S
L4 prot
T;mm T +me+ d+ +
Vau

Yoo VeV

A (29)
]

e

— for control based on coordinate of the «rear
end» of a foregoing train (b —»x)

1 +S
T..=T +F +T+J+VZ”

Lo Yo
umin min VZH 2b » 2(15

+5, - (30)

Given the error AV,
provided that AV, <<V,

in measurement of V,,

1 +S 1 1 1

AT,y =| — 5t ———— |AV,, <<
& 2b,  2b, 2a:[1+&J
I +S (31)
20 0 s 20{1_'_&)
be
bt S Vo Vau Vo |AVay

= +2 4
I/ZH 2b1b

2, [V
2a, [1 + &] o
b

P

The minimum succession time can be esti-
mated as the sum of T, +AT

u min umin®
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Analysis of the expression (29) shows the pos-
sibility of determining the optimal speed of ap-
proach to the station via the criterion of minimum
train-to-train interval:

daT, . I +S
umin _ () ¢ VZH,,,: ’ : o Wi! ] (32)
2H ” - -
2
O gqf14% |+ L
s ) 2,

For control based on the coordinate of the
«rear end» of departing train (b,—wx):

(33)

Assessment of duration of the message
delivery

Paths T are duration of message delivery to a
train, following in the rear, in the absence of de-
coding refusal, P are probabilities of refusal of
decoding of one message.
P(T,=T)=1-P.

Probability that duration of delivery T ,is equal
toiT:
P(T=iT)=(1-P) P~"i-1, 2,......

From which average delivery time is:

_ © . T
Ti=>iT(1-P)P"' =——;
4 ;: (1-P) 5
Variance of random variable T, is:
=2 T ; PT?
Ti= iT-——)(1-P) P = .
d ‘z:]:(l 1_1‘)) ( ) (1—P)2

Probability that message delivery time will not
exceed nT is:

P(T, <nT)=3 P (1-P)=1-P"
i=l

In that case, if the algorithm of TSS operation
contains a mechanism of allowable timeout, i. e. pe-
riod with no information updating, upon expiration of
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