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In order to accurately analyze the in�uence of electromagnetic transient signals on the jointless track circuit when the elec-
tromagnetic transient signal propagates in the rail, it is necessary to consider the frequency-variable load terminated in the ZPW-
2000A jointless track circuit and the frequency-variable loss inside the rail. A method is proposed for calculating the transient
response of transmission lines system with frequency-variable end load of jointless track circuit. Firstly, the transmission lines
model of jointless track circuit is established, based on multiconductor transmission lines theory, the model equation is deduced
and discretized by �nite di�erence time domain (FDTD).�e vector �tting method is used to express the admittance of the tuning
region in the track circuit, and the rational approximation function of the tuning region is derived from the poles, residues, and
constants. �e voltage and current at nodes in the tuning region are calculated by piecewise linear recursive convolution al-
gorithm. Combined with the discrete transmission line equation, the current and voltage expression of the transient electro-
magnetic signal at the receiving end of the track circuit in time domain is obtained. Compared with state variable method, the
error is less than 6%, which veri�es the correctness of the proposed method. Finally, this paper studies the in�uence laws of
di�erent factors on the overvoltage at the receiving end of jointless track circuit and the weak links of jointless track circuit under
the in�uence of transient electromagnetic signal. It provides theoretical reference for fault research and anti-interference analysis
of ZPW-2000A jointless track circuit.

1. Introduction

Jointless track circuit is the key equipment used to detect the
occupancy of train section, the integrity of rail, and the
transmission of running information in railway line, which
is an important basic equipment to ensure the safe operation
of high-speed railway [1]. With the increasing complexity of
railway construction environment, the rail and signal
transmission equipment laid outdoors are easily disturbed
by strong electromagnetic signals. Electromagnetic inter-
ference signals use rail as transmission medium to produce
conduction interference or radiation coupled interference
on jointless track circuits [2]. �e investigations show that
lightning strikes can cause failures of trackside tuning
matching units, signal transmission cables and lightning
protection analog network disks, transmitters and receivers,
etc. Jointless track circuit is easy to make wrong responses by

this disturbance, which will threaten the safety of train
running. �erefore, it is important to analyze the interfer-
ence of transient electromagnetic signal to track circuit.

�e theory of multiconductor transmission lines is the
theoretical basis of time-domain transient analysis of track
circuits. Kunz and Luebbers [3] �rst solved the transmission
lines equation by FDTD method, which provided a theo-
retical basis for time-domain solution of transmission lines.
With the complex changes in transmission lines termination
equipment, Wang et al. [4–6] respectively proposed a nu-
merical algorithm based on �evenin equivalent circuit
method, state variable method, etc., to solve the terminal
frequency-varying load and combined with the transmission
line equation to solve the electromagnetic impulse response
of the system. In the study of transient response of jointless
track circuits. Mazloom et al. [7] proposed a method based
on transmission line equation and ATP-EMTP simulation
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model to analyze the voltage response of track circuit at the
moment of train entering and clearing. Zhao et al. [8] ob-
tained the general solution of current and voltage of rail line
by Laplace transformation of the transmission line equation
of track circuit, which simplified the calculation model and
ignored the electrical insulation section; Yong-jian [9] used
the state variable method to analyze the receiving end of the
DC track circuit and solved equation of the track circuit by
combining the transmission line equation, but it was difficult
to write the state equation when the circuit structure was
complex. Zhichao et al. [10] analyzed the overvoltage of each
signal equipment during lightning strike catenary by
establishing lightning strike simulation model of signal
system.

ZPW-2000A jointless rack circuit includes parallel
nonlinear equipment and rail with frequency variation
characteristics. In order to accurately calculate the electro-
magnetic transient response of track circuit transmission
line system, the influence of terminating frequency variation
load and rail frequency variation loss must be considered.
Firstly, according to the transmission characteristics of
ZPW-2000A jointless track circuit, the transmission line
model of track circuit is established. &e model cannot be
calculated directly due to the presence of parallel or ter-
minated nonlinear lumped elements in the track circuit.
Based on the multiconductor transmission lines theory, the
model equation is solved by FDTD. &e vector fitting
method is a powerful tool for the modeling analysis of
frequency-dependent systems, which is used to fit the ad-
mittance of the tuning region. &e rational approximation
function of the track circuit is derived from the poles,
residues, and constants. &e relationship between voltage
and current at both ends of the admittance is derived by
piecewise linear recursive convolution, which is submitted
into the discrete equation of transmission lines. Finally, the
time-domain expression of the current and voltage at the
receiving end of the track circuit is obtained. Compared with
the state variable method, the error is less than 6%, which
verifies the correctness of the proposed method. &is
method is used to analyze the influence of lightning stroke
distance, electromagnetic signal frequency, and track bed
resistance on the overvoltage at the receiving end of track
circuit; it provides a theoretical basis for the anti-interfer-
ence analysis of track circuit.

2. Modeling of Transmission Line of Track
Circuit with Frequency-Variable
Load Terminated

&eoutdoor equipment of jointless track circuit is composed
of steel rail, tuning unit (BA), air-core coil (SVA), signal
cable, matching unit and compensation capacitor, etc. &e
tuning unit and the air-core coil part form an electrical
insulation section to prevent cross-zone signal transmission
from adjacent sections. &e compensation capacitor is used
to improve the transmission performance of the track circuit
and increase the transmission distance of the track circuit

information. According to the transmission characteristics
of track circuit, the rails are equivalent to uniform trans-
mission lines [11]; it is characterized by two asymmetrical
currents, one of which leaks into the ground, and the other
flows from one rail to the other through ballast and sleepers.
Taking a certain interval of track circuit as an example, the
MTL equivalent model of jointless track circuit is established
[12], as shown in Figure 1.

Here, r1 and r2 are the self-resistance of the rail; l11 and l22
are the self-inductance of the rail; l12 is the mutual induc-
tance between rails; g11 and g22 are the leakage conductance
between rails and Earth; g12 and g21 are the ballast resistance
parameter of track characterized by conductance; c11 and c22
are the self-capacitance of the rail; c12 is the mutual capacity
of the rails; and z1 and z2 represent the tuning region,
respectively.

Transmission line losses are reflected in the conductor
and the surrounding mediums; in general, these losses are
frequency dependent, and the increase of frequency will lead
to additional high-frequency losses. &e most important is
caused by the skin effect in the conductor and the polari-
zation in the dielectric. Dielectric loss has little influence on
transmission lines and can be ignored [12]. &erefore, the
frequency domain expression of transmission line equation
based on multiconductor transmission lines theory is

dV
⌢
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dz
� r(w) + jwli(w)􏼂 􏼃􏽢I(z, w) − jwl􏽢I(z, w)
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(2)

where impedance and admittance are, respectively, 􏽢z(w) � 􏽢zi

(w) + jwl, z
⌢

i(w) � r(w) + jwli(w). 􏽢y(w) � g(w) + jwc.
Converting the frequency domain equations of (1) and

(2) is transformed by Laplace transform into the time do-
main given the convolution equation as
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In the case of high frequency, unit length resistance,
internal inductance, and unit length conductance of con-
ductor loss parameters are functions of frequency. &e
approximate formula A + B

�
s

√
for conductor losses is based

on the transformation pair conversion; the inverse Laplace
transform of the impedance in the conductor is
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where A � rdc, B � rdc/
��
π

√ ���
f0

􏽰
, rdc is DC resistance.

&e convolution of the calculation in (3) is expressed as
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&e convolution term (6) is discrete with time step and
divided by Δt segment. Discrete convolution is approxi-
mated in the following way:
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where F(t) � zI(z, t)/zt, Z0(m) � 􏽒
m+1
m

1/
�
τ

√
zτ.

According to the FDTD algorithm, the position length of
the transmission line is discretized by Δz, and the time
length is discretized by Δt. &e whole transmission lines are
divided into NDZ segments, and the total solution times are
divided into NDT segments. In order to ensure the stability
of discrete calculation, the voltage of NDZ+ 1 at discrete
point V1, V2, . . . , VZ, VNDZ+1 and the discrete point current
I1,I2, . . ., INDT does interleaving calculation. &en, (3), (4),
and (7) can be discretized as
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&e recursive relation of current at discrete points inside
the transmission line is
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3. Tuning Region Transient Modeling

In the ZPW-2000A jointless track circuit, the electrical
insulation section realizes the electrical isolation of adjacent
track and the stable output of local signal by forming series

and parallel resonance for different carrier frequency signals.
In the matching part, the rail impedance and cable im-
pedance are matched to realize the output of high power
signal to the rail [14]. &e structure of electrical insulation
section in jointless track circuit is shown in Figure 2.

Firstly, the transient model of tuning matching unit is
established, and the drive point admittance of the tuning
unit port is obtained by the short-circuit test method. &e
frequency domain admittance is fitted to a rational function
expression by the vector matching method, as shown in (10).
Secondly, the frequency domain rational function is
transformed into time-domain expression by inverse
Fourier transform. Finally, based on the piecewise linear
recursive convolution method, the recursive iterative rela-
tion of admittance current is derived in (14). &e admittance
can be fitted to a rational function in the complex frequency
domain by the vector matching method and the objective
function Y(s) expresses its s-domain admittance in pole and
residue form [13]:

Y(s) � 􏽘
n

i�1

ai

s − ci

+ sh + g � 􏽘
n

i�1
Yi(s) + Y0(s), (10)

where n is the order, i is an integer (i� 1,2, . . ., n); ai is the
residue, and ci is the pole, both are real numbers or conjugate
complex number pairs, sh is the coefficient of the first term,
and g is the constant term.

&e fitting order of the poles in the tuning area is 12 to
achieve appropriate fitting effect. &e amplitude charac-
teristic and phase angle characteristic function are fitted
according to the pole and residue values. Compared with the
admittance model of the tuning unit, the results are shown in
Figures 3 and 4.

&e results of admittance fitting of the tuning element
are consistent with those of the exact value and meet the
requirements of calculation. According to the admittance
rational function, the current equation of the connection
node is derived. &e voltage current relationship of the
tuning unit in time domain is expressed as Iz(t) � Y(t)∗
Vz(t). Defining two parameter variables [5],

χm � 􏽚
(m+1)Δt

mΔt
Y(τ)dτ,
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1
Δt

􏽚
(m+1)Δt

mΔt
(τ − mΔt)Y(τ)dτ.

(11)

Using piecewise recursive convolution integral, we know
that if the two variables are satisfied,

ρ �
ξm

ξm−1
�

χm

χm−1
. (12)

&en, the time-domain current In
z can be written in the

recursive iterative form:

I
n+1
z � χ0 − ξ0( 􏼁V

n+1
z + ξ0V

n
z + ρI

n
z. (13)

&ere are number of real numbers Nr and conjugate
pairsNg in the fitting residues of loads in residue regions and
the poles, then the total current of the connected nodes is
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In+1/2z � PVn+1z + QVnz + I
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t , (14)
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4. Transmission Line Voltage Equation of
Track Circuit

When the transmission line load is pure resistance load, the
current is I0 � (V0 − V1)/R.�e central di�erencemethod is
used to discretize it.
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According to the average value of power supply IS
current, (3) and (4) can be discretized:
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�e initial voltage expression of the transmission line
equation of the track circuit is

Vn+1
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�e internal point voltage iteration formula of the
equation is

Vn+1
k �
Δz
Δt

c +
Δz
2
g( )

− 1 Δz
Δt

c −
Δz
2
g( )Vn
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(19)

According to the average value of load current IL at the
load at the end of the transmission line, the transmission line
equation can be discretized as follows:

1
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In+1L + InL
2

[ −In+1/2NDZ ] +
1
2
g Vn+1
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NDZ+1[ ]

+
c
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NDZ+1[ ] � 0.

(20)

When the nonlinear lumped element of a track circuit is
terminated with a tuning unit as the terminal condition, the
terminal condition gives the relation IL between voltage and
current at the same time and position. According to (14), the
current and voltage equation IL at its endpoints is

In+1/2L � P Vn+1
k+1 − Vn+1

L( ) + Q Vn
k+1 − Vn

L( ) + In+1t . (21)

�e terminal voltage equation of the transmission line
equation of the track circuit is

Vn+1
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cΔz
2Δt
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gΔz
4

( )
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2Δt
−
gΔz
4
− Q( )Vn
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+ PVn+1
L + QVn

L − Int + In+1/2NDZ ].

(22)

5. Method Validation

To verify the validity of the constructed track circuit model and
the transient response formula, taking P60 rail carrier fre-
quency signal 2300Hz and 1.4 km track section as an example,
the lightning wave adopted the double exponential lightning

electromagnetic signal with wave head of T1 � 1.2 μs and
wavelength of T2 � 50 μs, recorded as 1.2/50µs standard
lightning wave [15], and the amplitude was 30 kA for simu-
lation. According to the transmission line model of track
circuit, the overvoltage of track surface at the receiving end of
track circuit is solved. �e state variable method is used to
compare the response results with the proposed method.

It can be seen from Figures 5 and 6 that the numerical
algorithm for transient response of track circuit proposed in
this paper is consistent with the calculation results of state
variable method. �e calculation error is less than 6%.

5.1. Impact Tolerance Level of Signal Equipment. When the
electromagnetic �eld induced by lightning reaches a certain
level, the signal equipment will work improperly or be
damaged. �e lightning tolerance level of signal equipment
terminals is obtained through the destructive lightning
shock tolerance experiment, which is the key factor to de-
termine the lightning resistance of signal system equipment
[10], as shown in Table 1.

6. Analysis of Influencing Factors

6.1. In�uence of Lightning Transmission Distance on Rail
Surface Voltage. When lightning strikes the rail, the change
of track surface overvoltage with distance between the
lightning point and the tuning area of the track circuit is
shown in Figure 7.

It can be seen from Figure 7 that with the increase of the
distance between the lightning point and the receiving end of
the track circuit, the rail surface overvoltage decreases
rapidly with the increase of the distance. Especially when the
transmission distance is less than 700m, the overvoltage
generated by lightning will exceed the withstand voltage
range of the tuning unit end, and there is a risk of breakdown
of trackside electronic equipment.

6.2. Considering the In�uence of Di�erent Frequencies on Rail
Surface Voltage. In ZPW-2000A jointless track circuit, the
rail is used as the transmission channel of frequency shift
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signal, and the rail parameters have the characteristics of
frequency change. In the high-frequency electromagnetic
environment, the load at the end of the transmission line
usually shows the frequency change e�ect. In order to an-
alyze the variation rules of signal overvoltage at the receiving
end of track circuit when interference signals of di�erent
frequencies act on track circuit, the calculation results are
shown in Figure 8.

In Figure 8, the simulation results show that the fre-
quency of electromagnetic interference signal has a great
in�uence on the voltage amplitude at the receiving end of the
rail surface. At the same time, the higher the frequency of the
interference signal is, the smaller the amplitude of the rail
surface voltage is at the receiving end. With the increase of
signal frequency, the rail impedance increases, the loss of
interference signal on the track circuit increases, and the rail
voltage amplitude decreases at the receiving end. �e in-
ternal frequency loss of the transmission line is very little
a�ected by the change of frequency and can be ignored in the
future research.

6.3. In�uence of Track Bed Resistance on Rail Surface Voltage.
�e primary side parameters of the jointless track circuit will
a�ect the transmission of interference signals on the rail.�e
P60 rail is selected, its impedance value is a certain value,
while the resistance of the track bed will change with the
di�erence of ambient temperature and humidity [16]. In
order to study the in�uence rule of track bed resistance on
rail surface voltage at the receiving end of track circuit, when
the resistance value of track bed is 2Ω·km, 2.5Ω·km,
4Ω·km, and 5Ω·km, the in�uence rule of di�erent track bed
resistance on rail surface overvoltage is analyzed, as shown in
Figure 9.

As shown in Figure 8, the greater the ballast resistance is,
the greater the overvoltage is. Meanwhile, the faster the rate
of rise and attenuation of overvoltage are. With the decrease
of track ballast resistance, the amplitude of rail surface
voltage decreases at the receiving end.

Table 1: Lightning resistance of signal system.

Device Port Shock withstands voltage/kV
Power box Power terminal 5∼ 8
Discrete component (Resistance, capacitance) circuit 3∼ 5
Tuning matching unit Rail side to cable side 15

Signal cable Core pair shielding layer 10
Core pair 15
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7. Conclusion

(1) &e transient response model of track circuit is
established. A numerical calculation method of
transient electromagnetic response of track circuit
transmission line system considering terminated
frequency-varying load and frequency-varying loss is
proposed, which is suitable for the analysis of
transmission line model with terminated frequency-
varying load. It provides theoretical reference for the
transmission performance of jointless track circuits
and the anti-interference design of track circuits.

(2) &e frequency of electromagnetic interference signal
has great influence on the amplitude of rail voltage at
the receiving end. However, the frequency has little
effect on internal loss of rail. &e overvoltage and the
time of signal attenuation to stability increase with
increasing of the ballast resistance.

(3) According to withstand voltage level of the signal
equipment, when the distance between the lightning
strike point and the receiving end of the track circuit
is small, there is a risk of insulation breakdown on
the rail side of the tuning unit, so measures need to
be taken to strengthen the protection of the signal
equipment.

Data Availability

&e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

&e authors declare that they have no conflicts of interest.

Acknowledgments

&is work has been financially supported by the Natural
Science Foundation of China (No. 5196070019), the Natural
Science Foundation of Gansu Province (No. 21JR7RA292),
and the Youth Scientific Research Fund of Lanzhou Jiaotong
University (No. 1200060833).

References

[1] H. Zhang, J. Zou, Z. Wang, J. Yang, and Z. Qiao, “Impedance
decomposition method and its application in calculating the
impedance of ballastless track,” Transactions of China Elec-
trotechnical Society, vol. 32, no. 12, pp. 164–170, 2017.

[2] N. Xiang, W. Chen, and C. Li, “Lightning transient model of
isolation transformer for high-speed railway track circuit
system,” High Voltage Engineering, vol. 42, no. 05, pp. 1594–
1599, 2016.

[3] K. S. Kunz and R. J. Luebbers, =e Finite Difference Time
Domain Method for Electromagnetics, CRC Press, New York,
NY, USA, 1993.

[4] Z. Wang, G. Jin, Y. Zhang, S. Ning-xian, and M. Chen,
“Transient analysis of ZPW-2000 track circuit based on FDTD
interface method,” Journal of Southwest Jiaotong University,
vol. 54, no. 1, pp. 196–201+218, 2019.

[5] Z. Chen and C. Qing-xin, “Novel FDTDmethod for modeling
arbitrary linear lumped networks,” Journal of XiDian Uni-
versity, no. 2, pp. 262–266, 2008.

[6] C. Wang, R. Jia, Y. Zeng, and L. Wang, “A numerical algo-
rithm for the transient response of a frequency-dependent
transmission line system excited by EMP,” Journal of Beijing
University of Posts and Telecommunications, vol. 43, no. 2,
pp. 52–58, 2020.

[7] Z. Mazloom, N. &eethayi, and R. &ottappillil, “Indirect
lightning-induced voltages along a railway catenary-track
multi-conductor transmission-line system with lumped
components,” IEEE Transactions on Electromagnetic Com-
patibility, vol. 54, no. 2, pp. 537–539, 2011.

[8] B. Zhao, Y. Zhang, and W. Lei, “Analysis on the time re-
sponses of track circuits,” Journal of the China Railway So-
ciety, vol. 36, no. 9, pp. 68–72, 2014.

[9] Z. Yong-jian, Some =eoretical Studies on Pantograph-Cate-
nary Arc Electromagnetic Interference Propagation, Zhejiang
University, Hangzhou, China, 2013.

[10] Q. Zhi-chao, N. Xiang, Y. Jin, and L. Zhang, “Research of
lightning transient model for high-speed railway signal sys-
tem,” Journal of the China Railway Society, vol. 4009,
pp. 90–96, 2018.

[11] Z. Xu, Study on at Network Model, Southwest Jiaotong
University, Chengdu, China, 2015.

[12] L. U. Xiao-qin and W. Xiao-ru, “State-space model of high-
speed railway traction power-supply system,” Proceedings of
the CSEE, vol. 37, no. 3, pp. 857–869, 2017.

[13] B. Ngustavsen and A. Semlyen, “Rational approximation of
frequency domain responses by vector fitting,” IEEE Trans-
actions on Power Delivery, vol. 14, no. 3, 1999.

[14] Z. Gao, S. Zhang, and L. Hao, “Modeling and analysis the
effects of EMP on the balise system,” Computers, Materials &
Continua, vol. 58, no. 3, pp. 859–878, 2019.

[15] B. Zhao and Y. Zhang, “Transient analysis of track circuits
based on FFT &Q-D algorithm,” Journal of the China Railway
Society, vol. 38, no. 3, pp. 78–83, 2016.

[16] Y. Zhang, W. Dong, B. Zhao, and Z. Jia, “Research on cal-
culation of rail self-impedance of track circuit considering the
influence of earth,” Journal of Railway Science and Engi-
neering, vol. 17, no. 11, pp. 2929–2937, 2020.

Computational Intelligence and Neuroscience 7


