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Abstract: - 25Hz phase-sensitive track circuit has become the first selection of coded track circuit in railway
station. The transmission characteristics of 25Hz phase-sensitive track circuit in broken state for analysis under
the premise of considering the choke transformer. Take into account the impact of the choke transformer and
adjacent track sections fully, and join the equivalent input impedance between the midpoint of the starting and
the end of the rail line and the earth. Then the four terminal network model of the track circuit in broken state is
established. And application of the distributed parameter method to solve the four terminal network coefficient
of track circuit in the condition of broken state. Then, the transmission characteristics of the track circuit in
broken state is carried out simulation analysis by using MATLAB simulation software. The simulation results
show that broken rail state of track circuit power supply terminal voltage and current with position of broken
rail, rail surface conductance and ballast resistance are related closely. Finally, according to the results of
simulation analysis, the method of improving the sensitivity of the track circuit in broken state is proposed. The
specific measures include: reducing the length of track circuit properly, increasing ballast resistance, increasing
the rail surface conductance coefficient.

Key-Words: - Phase-sensitive track circuit, Transmission characteristic, Distribution parameter, Broken rail
state

1 Introduction results have been obtained in the method of broken
With the increase of the train running speed, the rail detection. In the late 1980s in our country has
state of the track circuit has become a major barrier introduced the UM71 joint-less track circuit which
of the train running safety. When the track circuit in was researched and developed by French CSEE
the broken state, the electrical characteristics of the company. And on the basis, the ZPW2000 series of
sending and receiving terminal should be changed joint-less track circuit is developed, which has the
greatly. It is necessary to have sufficient capacity to function of all the broken rail detection [1,2]. In
detect and protect its broken rail, which requires the 1997, Shooman proposed a method to detect the
receiver to receive signals should be less than its broken track by using a traction reflux [3]. There are
receiving threshold under the condition of the track defects in the traction reflux detection method,
circuit in broken state. And detection of the which can only be detected by the track of the train
occurrence of the broken rail promptly and shut it entering the detection range and the traction reflux
down automatically. Prevent the train from entering, flow over the two track. This method is not suitable
effectively prevent the accidents which caused by for operating line in the railway station. Ultrasonic
the broken rail. testing is often used broken rail detection, which is

Research on the detection of broken track has a based on the principle of mechanical wave [4-6].
long history both domestic and foreign, and many Based on ultrasonic detection method of broken rail
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track, the rail flaw detector needs more manpower.
And the high speed rail inspection car cost is high,
so it does not apply to the busy station. Optical fiber
detection as a high-sensitivity detection method, and
it can be used in short track detection [7,8].

In the paper [9]and [10], modeling and simulation
of track circuit with ballast-less track. However, this
kind of track circuit is different from the structure of
the ballast-less track circuit. So the model is not
suitable for the current ballast-less track circuit. The
influence of the equivalent circuit parameters of the
receiving end of the circuit is mainly analyzed in the
paper [11]. The paper [12] models and analyzes the
on the broken rail mode of a track circuit of center-
fed double-side current-received type. However, the
structure of this kind of track circuit is special, so its
modeling and analysis is not suitable for other track
circuits. The receiver signal of an audio track circuit
under the condition of the broken state is analyzed
and calculated by paper [13] and [14]. However, this
method does not take into account the impact of
track-bed conditions. In the paper [15], the model of
mechanical insulation track circuit is modeled by
using the small and distributed parameter model.
Regard it as a uniform transmission line, which is
used to analyze the non-uniform distribution
parameters. The uniform transmission line theory is
an effective method to analyze the distributed
parameter circuits.

2. Four-terminal Network Model of
Chock Transformer and Track Circuit

2.1.1 Four-terminal Network for Solving the
Coefficients of Choke Transformer

Choke transformer equivalent circuit as shown in
Fig. 1, the equivalent circuit consists of three parts:
the ideal autotransformer, T-type equivalent circuit
and ideal transformer turns ratio of (2N:N,). Where
Z; is the magnetic flux leakage impedance of the
traction winding (the number of turns is 2Ny). Z,’ is
the magnetic flux leakage impedance of the signal
winding is converted to traction windings, and Z, is
converted to the traction windings of the excitation
impedance [16].

|

Fig. 1. Equivalent circuit of the choke transformer
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We can know from Fig. 1 that four-terminal
network of the choke transformer is a type of T
network, as shown in Fig. 2 [17].
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Fig. 2. T-type equivalent circuit of choke
transformer
For a T-type network, because we know the value
of the excitation and leakage impedance, so the
four-terminal network choke transformer coefficient
is,
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2.1.2 Distributed Parameter Model of Track
Circuit [18,19]

Track circuit is a circuit with uniform distribution
parameters, which is characterized by two-way
asymmetric leakage current. One-way current from
the rail leak into the earth directly, the other way
current through ballast and sleepers surface leakage
by a single rail to the other.

We can regard the two rails and the earth as a
circuit composed of three wires by using the
distributed parameter method for the track circuit
modeling. The earth can be considered as the
conductor of the infinite area. These three wires are
connected by a uniform distribution of leakage of g,
gz and g1». The equivalent circuit of a short circuit
dx of the track circuit, as shown in Fig. 3.

1, +dly, 1,

z,dx — the first track
— >

1
l U, +dU,, lel g,dx
2, dx 92X groung
U,, +dU,, \ U,, g,dx
the second track

LT

,dx T I
L : I, +dl,, 1 [P R
r dx I~ X "
Fig. 3. Equivalent circuit of short dx for track

line
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In Fig. 3, z1, z, for the single rail impedance ratio
(Q), g1 and g, are the specific conductance of the
rail to the ground (S). g is the conductance of a
ballast surface and sleepers (S). zy is a mutual
impedance between two rails (). X is the distance
between the connecting load and the rail line
terminal (m). Iy, and I, respectively represent the
current in the two rails, which is the positive
direction by the supply terminal to load (A). U, and

U,, respectively represent the voltage of two rails to

the ground, the positive direction from rail to the
ground (V).
According to Kirchhoff's law, a short dx of the
rail line can be expressed as,
U,, +dU,, U, =zdxl, +z,dxl,,
U,, +du, -U, =z,dxl, +z,dxl, @)
I.lx ""dl.lx - I.lx = gldxulx + ngdXle - ngdXUZX
|.2>< + d|.2x - |.2>< = gdeU ax Tt ngdXU 2x ngdXU].x
The formula (2) is obtained as follows:
U,, = A coshy,x+ A,sinhy,x+ A coshy,x + A, sinhy,x (3)

U,, =M (A cosh y,x+ A, sinh y,X)

4
+N (A, cosh y,x+ A, sinh y,x) “)
Iy = Vg (A sinh 7, x+ A, cosh y,x) )
+Y;, (Aysinhy,x+ A, cosh y,x)
I'Zx =Ya (Aismh 7, X+ A, cosh ;/1x) (6)
+Y,, (Aysinh y,x+ A, cosh 7, x)

where,

S e T N P B
n= 231 4a1 29 V2 = 2a1 4a1 2

A, Ay, Az, A4isaconstant of integration;

M :712_21(g1+g12)+zmg12 N :722_21(91+912)+ZM912 .
Zy (gz + ng)_ 2,0y,

Zy (gz + 912)_ 2,95,
a = 912(21"'22 _ZZM)+9121+ 0,2,,

a, :(zlzz - ZMZ)(gng +0,0,+9,0;,);

_,— Mz, 7, —Nz,
Yu=n 70 Y2 =72 22
4,2, — 17y Zy — 1y
Mz -z, Nz -z,
Yon=Nnh—"T""3 Ya=VoT T3
4,2, — 7y 47, — 1y
2.1.3 Solving the Four-terminal Network

Coefficients of Track Circuit in Broken State

The equivalent circuit of the four-terminal network
of the track circuit in broken state is shown in Fig.
4. Taking into account the influence of the adjacent
track section, in the beginning and end of the rail
line, the Zigx and Zygx are respectively connected
with the neutral point of the ideal self-coupling
transformer. Zygx and Zggx represent the input
impedance of adjacent track section between the
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transformer and choke point of the earth. So the
equivalent input impedance Zgxy and Zygx Of the
elements and the ideal autotransformer connected to
the Dbeginning of the equivalent circuit. The
equivalent output impedance of the Zgyk and Zygx of
the various components which are connected with
the ideal self-coupling transformer are also present
in the terminal.

!
: _ Zy
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‘

L X 1,
«— e »
< | >

0
o

Fig. 4. Equivalent circuit of four-terminal network
of the track circuit in broken state

The track circuit is considered as the boundary
between the two four-terminal networks at the time
of track circuit in broken state. The first half of the
track circuit is represented by Ny;, second half of the
track circuit is represented by N,,. The connection
of the four-terminal network of the track circuit in
broken state is shown in Fig. 5.

i, A

) B .
IJC Iz

u 22
U, i N, U;cl N,
1 u 2

c N D

.

Fig. 5. The connection of the four-terminal
network of the track circuit in broken state
The voltage of the broken rail to the ground is
indicated byU,., internal current represented by I .

Therefore, the following equation was established,

(0ot 0
l,c =CLU, +D,l,
(oAt sa .
I, =C U, +Dylc

The equations between the power supply and the
receiving terminal are established as follows:

ql - Agz + B'I'z ©)

I, =CU, +DlI,
Because the four-terminal network N is composed
of Ny; and Ny, there is the relationship can be

expressed as:
|:A B:|:|:A11 Bll:|.|:A22 BZZ:|
C D Cll Dll CZZ D22
Substituting x=0 and I,, =0 in (6), and can be
obtained,

(10)

Y + YA =0 (11)
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Substituting x=0 and I, =
obtained,

I in (5), and can be

Yl + Y Ay = Iilc (12)
Substituting x =0 andU,, =U,. in (3), and can be
obtained,
A+A= UlC (13)
In the same method as described above Fig.4 and
can be obtained,

l-le +U2H +2Z,5x (I.lH + I.ZH ) =0 (14)

Put x=1, into formula (3) to (6), U,,, U,,, I

and I,, can be obtained, and then the equation can
be obtained,

kA +kA +kA +k,A =0 (15)
where,
K, :( '*CMF) Bl + Zgx (y11 +5}'9P) 7k
k, = (1+M)sinhy,l, +2Z 5 (Y, + Yy, ) cOSh ], (16)
ks = (1+N)cosh y,l, + 2Z 5 (Vi + Yop )SinN 7,1,
Ky = (1+ N)sinh |, + 27,05 (Y, + Y2, ) COSH 7,1,
In the case of rail line symmetry,
1 1
M=1,N=-1, Yu=Ya=S—1Yu="Yn=— (17)
ZBl ZBZ
1 \/— 1 1
ZBl :EEZB 1+P, ZBZ = EZB ) ZKBX = ZHBX :EZBl (18)
Substituting (17) in (11), (12), (13) and (15),
Ai + As = UlC
1 1
Z_AQ +_A4 - |1c
s @9
A A =0
ZBl ZBZ
klAi +szz +k3A3 +k4A4 =0

From (19), the equivalent can be expressed as,

1 0 1 0
o L o L [A] [U
ZBl ZBZ A2 — Ilc (20)
1 2o LA 0
A% Zg, || A 0
_kl I(2 k3 k4 n

The upper formula is solved and obtained:

(AL A A AL
:12 A, A, A A 91(:
7 |
= =1 e 21
a7l S5 A A | @D
A, Zg, 0
| 0 T A34 A44_

The formula (21) is further solved,
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ZBl I

As :Ulc +T 1c (22)

A =Ze (23)

Substituting x =1, in (3), (4), (5) and (6), U, ,
U,,, I, and I, can be obtained, and then the

equation can be obtained, U,and I, can be expressed
as,

U, =(1-M)(A cosh ], + A, sinh y,) (24)
+(1=N)(A;coshy,l, + A,sinhy,l,)

-1 .

l, :E[(yn_yzl)(ALS|nh71I1+AZCOSh 7’1'1) (25)

+(Yi = Y22 ) (Assinh I, + A, cosh 7,1, )]
Substituting (17) and y, = in (24) and (25), U,

and I, can be simplified as,
U, = 2(A,coshyl, + A, sinhyl,)

I, = i(A3 sinhyl, + A, cosh y1,)
ZBZ
Substituting (22) and (23) in (26) and (27), U, and
I, can be simplified as,
U, =2cosh(y1,)U . +(Zg, cosh yl, +Zg, sinhyl, ) I,. (28)

(26)
(27)

I, = Zisinh(yll)u'1C +

B2

l[ﬁsinh 7l +cosh 7|1] I, (29)
2 ZBZ

Four-terminal network Ny coefficients are as
follows,

A, =2coshyl,

By, = Zg, coshyl, +Z, sinh 1,
1 .

——sinhyl,

B2

1( Z, .
D, = E[Z—Zsmh 71, +cosh yllj

C11 = (30)

For the four-terminal network N, the solution
method is same to four-terminal network N;;. The
calculation process I; and Zygx are changed to I, and
Zygx Simply. For the four- terminal network Ny, U,
is calculated as the terminal-voltage. And for the
four- terminal network N, U,.is calculated as the

voltage at the beginning. That is to say, the energy
transfer direction of the two four-terminal network
has changed. And for a four-terminal network when
the energy transfer direction is changed, the position
of the four-terminal network coefficient matrix and
will also exchange. So the coefficients of four-
terminal network N,, can be expressed as,
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D,, =2coshyl,
B,, = Z;, coshyl, + Z, sinh yl,

1 .
C,, =Z—S|nh 71,

B2

(31)

1( Zg, .
==| =2tsinh yl, + cosh y1
A, 2[232 71, 72}
Substituting (18) in (30) and (31), then the results
are substituted into the formula (10). The four-
terminal network coefficient of symmetrical rail that
track circuit in broken state is obtained as follows,

A= cosh yl + 2E~1+ P cosh(yl,)sinh 1,

B = Z;[sinh yl + 2E~/1+ P cosh(y1,) cosh #1,]

32
C= Zi[sinh vl +2E~1+ P sinh(y1,)sinh #1,] (32)

B

D = cosh 1 + 2E+1+ P sinh(y1,) cosh #1,

3 Broken Mode Choke Transformer
Combined with Track Circuit to Solve

a Four-terminal Network Coefficients
The equivalent circuit of the combination of track
circuit in broken state and choke transformer is
shown in Fig.6. The rail lines were connected with
the sender and receiver choke transformer
respectively at the start and the end terminal [20].

[ ]

Fig. 6 Equivalent circuit of the choke transformer
combined with track circuit in broken state

The transmission terminal choke transformer is
represented by four-terminal network Ngg, the
receiving terminal of the choke transformer is
represented by four-terminal network N, the
middle part of the rail network circuit is represented
by a four-terminal network Ng. And then Fig. 6 can
be equivalent to Fig. 7.

i, A B
— A By 1 Ae B

e 5 .
U, l Nee Ne Ny l U,
-

e ] Co Dy ] C. De

[¢] N D

Fig. 7. Cascade four-terminal network of the choke
transformer and the track circuit in broken state

It can be obtained from Fig. 7 that overall

coefficient of a four-terminal network is:

|:A B:|:|:AFE BFE:|_|ZAS BG:||:AJE By

C D CFE DFE CG DG CJE DJE

} (33)
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Substituting (1) and (32) in (33), the overall four-
terminal network coefficient of the track circuit in
broken state can be expressed as,

A= (0'234 + 0.42523}”‘“(70 +0.850Z,EV1+P cosh(71,)-

B

cosh(yl, ) + 0'268

Ev1+ Psinh(yl,)sinh(yl,) +

B

2.028Ev1+ P cosh(yl,)sinh(yl,) + 0.028E~1+ P+
sinh(y1,) cosh(y1,) +1.028cosh(y1)

B (0501+1_014ZB]sinh(7l) +2.028Z,E~1+ P cosh(y1,)-

B

22 T Pinh(,)sinh (/1) +

B

cosh(yl,) +

0.068E/1+ P cosh(yl,)sinh(y1,)+ 0.068E~1+ P+
sinh(y1,) cosh(y1,) + 0.068cosh(y1)

c- [1-;’14 +0.17SZBJsinh(7l) +0.356Z,Ev/1+ P cosh(r,)-

B

2.028

cosh(yl,) + Ev1+ Psinh(y,)sinh(y1,) +

B

0.850E+/1+ P cosh(y1,)sinh(y1,)+ 0.850E~/1+ P
sinh(y1,) cosh(y1,) + 0.850cosh(y1)

D= [0';34 + 0.42525Jsinh(7l) +0.850Z,E+/1+ P

B

0.068

cosh(yl,)cosh(yl,) + Ev1+ Psinh(yl,)sinh(yl,) +

B

0.028E+/1+ P cosh(y1,)sinh(yl,) + 2.028E~/1+ P
sinh(y1,) cosh(y1,) +1.028cosh(y1)

4 Simulation Analysis on
Transmission Characteristics of Track

Circuit in Broken State

MATLARB is the abbreviation of Matrix Laboratory,
and it was developed in around 1980. After
continuous development, the MATLAB has more
than just a "matrix laboratory™, and has become a
widely used in engineering calculations and
numerical analysis in the field of the new advanced
language [21].

The process is simulated with a MATLAB
language program. Already know rail impedance
2 =0.62242° [km, the track relay must be ensured to
fall off when the track circuit in broken state. The
voltage signal receiving coil terminals of the choke
transformer is U, =0.57498,73.23° V, and the

current is I, =0.06821,65.07° A. The change curve

of signal coil of the sending terminal choke
transformer’s voltage and current with broken rail
position, surface conductance and ballast resistance
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are emulated. Simulation results are shown in Fig. 8

to 13.

U (V)

0

Fig. 8 The variation curve of the sending terminal
voltage with the position of the broken rail

0.5

1, (km)

1

15

0

Fig. 9 The variation curve of the sending terminal
current with the position of the broken rail

0.5

1, (km)

1

15

Fig. 10 The variation curve of the sending
terminal voltage with the conductivity coefficient

10

Fig. 11 The variation curve of the sending
terminal current with the conductivity coefficient
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0 5 10 15 20 25 30 35 40
1, (-km)

Fig. 12 The variation curve of the sending
terminal voltage with the ballast resistance

I (A)

1, (Q-km)
Fig. 13 The variation curve of the sending
terminal current with the ballast resistance
Fig. 8 and 9 shows in ballast resistance
rs=0.6Q2-km and rail surface conductance coefficient
P=5, the broken rail position I; as a variable, and
then simulate the transmission characteristics of the
track circuit. Fig. 10 and 11 shows in ballast
resistance ry=0.6Q2-km and the broken rail position
1,=0.75km, P is used as the variable of the rail
surface conductance coefficient, and then simulate
the transmission characteristics of the track circuit.
Fig. 12 and 13 shows in broken rail position
1,=0.75km and rail surface conductance coefficient
P=5, the ballast resistor ry as a variable, and then
simulate the transmission characteristics of the track
circuit.
Based on the above simulation results, the broken
rail sensitivity Kop can be analyzed.

K. — |ZDUAN|
” N |ZTIAO|

Where, Znao is the transfer impedance of track
circuit under the condition of the most unfavorable
adjustment state, Zpuan is the transfer impedance of
track circuit in broken state under the condition of
the most disadvantage, and N is the number of
devices in the track circuit.

Because the ratio of the terminal voltage to the
receiving terminal current is represented as Zmao OF
Zpuan- It is shown that the receiving terminal current
is also increased with the increase of the surface
conductance coefficient from the Fig. 10 and 11. So
Zouan increases with the increase of the surface

(34)
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conductivity coefficient, and the Kgp increases
correspondingly. So the measures to improve the
sensitivity of the broken rail are: appropriate to
reduce the length of the track circuit, increase the
ballast resistance and increase the surface
conductivity coefficient.

5 Conclusion

First of all, the system structure of 25Hz phase-
sensitive track circuit is introduced, and its working
principle is described in this paper. Then the choke
transformer and the track circuit is modeled, and the
equivalent circuit for four terminal network’s
coefficient is solved, the overall choke transformer
and track circuit composed of four-terminal
network’s coefficients is solved. Finally, MATLAB
is used to program the simulation. The simulation
results can be seen that the transmission
characteristics and the broken rail position 1;, the
surface of the rail conductance coefficient P and the
ballast resistance rq of track circuit is related closely.
Through the analysis of the simulation results, and
finally come to improve the sensitivity of the
relevant measures. Because the track is longer, the
ballast resistance is smaller, transfer resistance Za0
in adjustment state is greater and the broken rail
sensitivity Kop is smaller. It is possible to reduce the
length of the track properly and increase the ballast
resistance to improve the sensitivity of broken rail.
And because the receiving terminal current is
decreased with the increase of the surface
conductivity. Therefore, the transfer impedance
Zouan INncreases with the increase of the surface
conductivity and broken rail sensitivity Kop is also
increased  accordingly. So  increasing the
conductivity of the track surface is also an effective
measure to improve the sensitivity of the broken
rail. Improve the sensitivity of broken rail can
ensure train operation safety effectively. And put
forward the improvement method of keeping the
stability of the rail and energy saving.
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