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Abstract: With the rapid development of urban rail transit, there have been an urgent problem of excessive stray current. Because the stray
current distribution is random and difficult to verify in the field, we designed an improved stray current experimental platform by replacing
the simulated aqueous solution with a real soil environment and by calculating the transition resistance by measuring the soil resistivity,
which makes up for the defects in the previous references. Firstly, the mathematical models of rail-drainage net and rail-drainage net-
ground were established, and the analytical expressions of current and voltage of rail, drainage net and other structures were derived. In
addition, the simulation model was built, and the mathematical analysis results were compared with the simulation results. Secondly, the
accuracy of the improved stray current experimental platform was verified by comparing the measured and simulation results. Finally,

based on the experimental results, the influence factors of stray current were analyzed. The relevant conclusions provide experimental data

and theoretical reference for the study of stray current in urban rail transit.
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0 Introduction

Urban  rail
convenience, high passenger volume and high safety,

transit has the characteristics of
which is one of the main development directions of
modern rail transit" . The traction power supply system
of urban rail transit generally adopts the power supply
mode of catenary or the third rail to supply power to the
train and the current is back to the substation along the
rail*”. As the complete insulation between the rail and
the earth cannot be achieved, part of the return current
will leak to the periphery to form stray current®”, as
shown in Fig. 1. Stray current has strong instantaneity
and randomness, and its size is usually several milliamps
to several amps, which is difficult to measure in the lines
that have been put into operation. In some lines with
poor insulation, the instantaneous peak value of stray
current can even reach more than 2 000 A, resulting in
frequent action and even locking of rail over-voltage
protection device (OVPD) . Stray current will cause
corrosion and perforation of buried metal pipelines,
cause DC bias of grounding transformers and increase

reactor harmonics, which will bring serious hidden

dangers to the normal operation of urban rail transit

power supply system and urban power grid-'".
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Fig. 1 Stray current generation process

In recent years, scholars have done many researches on
the problem of stray current. Ogunsola et al."" ™ layered the
return circuit of urban rail transit power supply system, and
constructed a mathematical differential equation according
to the relationship between voltage and current at each
point. The influence and distribution of stray current caused
by variables such as rail longitudinal resistance were

simulated and analyzed. Du et al."**”

combined the power
flow calculation of urban rail transit power supply system
with the stray current distribution model to establish a

simulation model and analyze the dynamic distribution law
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of stray current and rail potential under the condition of
multi train operation. Charlamabous et al."® used computer-
aided design of grounding systems (CDEGS) to build the
stray current distribution model under tunnel conditions,
and evaluated the stray current under train regenerative

1718 established a stray current monitoring

braking. Li et al.!
system, but the real soil environment was not used in the
experiment, and there was a lack of equivalent calculation
of rail-ground transition resistance under experimental
conditions.

In this study, the mathematical models of rail-ground
and rail-drainage net-ground were derived, and then the
simulation model was established to compare the
mathematical analysis results with the simulation results to
verify the rationality of the simulation model. Furthermore,
an improved stray current experimental test platform was
built to replace the simulated aqueous solution with the real
soil, and the rail earth transition resistance and rail drainage
network transition resistance were calculated by measuring
the soil resistivity. In the experiment, eight resistances with
equal resistance values were connected in series to simulate
the rail, and the connection points at both ends of the
resistance were connected with the upper end of the data
acquisition module, and the lower end was connected with
the probe inserted into the soil. After the power was turned
on, the current flowed through the resistance in turn to
produce a voltage drop and form a leakage current. The
leakage current was measured by the data acquisition
module before flowing into the soil, and the stray current
was calculated according to the measured leakage current.
Finally, based on the experimental results, the influence
factors of stray current were analyzed.

1 Mathematical model of stray current

1.1 Model construction

The rail and the drainage network structure are
equivalently cut by infinitesimal elements, and the
traction substation and the train are equivalent to the
current source and voltage source under ideal conditions
respectively, and the other parts are replaced by
equivalent resistance, then the rail-ground and rail-
drainage net-ground stray current distribution models
can be constructed, as shown in Fig.2.

In Fig.2, L is the section length, I is the rail current, I,
is the drainage net current, u, is the rail drainage net
voltage, u, is the drainage network earth voltage, R, is the
rail longitudinal resistance, R, is the drainage net
longitudinal resistance, R, is the rail-ground transition
resistance, R, 1s the rail-drainage-net transition resistance,

and Ry 1s the drainage net-ground transition resistance. It is
assumed that R,;, R, and R, are uniformly distributed, and
the catenary resistance 7 is ignored.
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Fig. 2 Stray current distribution model

1.2 Model of rail-ground

The double-layer differential structure is shown in
Fig.2(c). According to Kirchhoff’ s law, the following
differential equations can be obtained as

du,—I. R . dx,

dI, A e M)
R

d

Eq. (1) can be rewritten as
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I.=A e+ Ae ™, 2)
where 1= ,/R/R,, and A, and A, are undetermined

coefficients.
On an ideal boundary condition that

1.3 Model of rail-drainage net-ground

The three-layer differential structure is shown in
Fig.2(d). According to Kirchhoff’ s law, the differential
equations can be obtained as

1(0)=1,
I(I )—I 3) du,I.R,dr — I, R, dx,
. S du,_I, R, dz,
When Eq. (3) is substituted into Eq. (2) , we can get }
I dI._—*dx, (6)
AT -
RD
It ) dl, 2 dy — % dg.
A, = — . R, R,
14 e Futhermore , we can get
Combined with Eqs. (1) — (4) , we can calculate the ’ g
o A N A S N A
stray current by I,=Cie"" 4 Cse + Cie™ 4 Ce ™, ™
1 AL 2 Ir — /elCleA"' + kl(;geim'l + /32(/‘36/131 + /€2C4eibl,
et t+ete ™
II_I(lHeU') (5) where
1|/{R.+ R, , R, R,+ R, R, R.R,
/11 — _ - + + + 7 4 y
21\ R, R, R, R, R,R,
1|{R.+R, | R, R+R, R\  RR,
2|\ R, R, R, R, R,R,
R,—A,°R
k= — - : ,
RP
b — R, — /IzzRg.
RP
and C,, C,, C;, C,, k and k, are undetermined coefficients. (1 + /€1><Rs _ /lgRg><e*"" 4+ el A.l)
According to an ideal boundary condition that L=1I1— (/1% _ AE)R}ZU + ea.z,> N
I(0)=1, oL
IEO)) 0 (1+lez)<R<*/lng)(eA-’"+e“"e x-"’) an
D 9 B— ) R(14 &
I(L)=o. 2 Construction and verification of stray
When Eq. (9) is substituted into Eq. (7) , we can get current simulation model
C = kil Based on the mathematical analytical formulas of the
1+ EA;L two models obtained above, the simulation model was
C,= ol constructed in Matlab. To verify the accuracy and
ML L . . .
I+e reliability of the simulation model, all the parameters in
L= Lﬂ the analytical calculation and the simulation model were
1;} ?1 (10) set to be equal, and then the analytical calculation
C,= %, results were compared with the simulation results.
1R+i 7;( 2R The comparison between the analytical results and the
lzs—zyg, simulation results is shown in Fig. 3. In the analytical
(27— A7 )Rg . . . . .
iR calculation, simulation and experiment, the value of L is
b, = R—M the length of the experimental vessel, the resistance
(/12Z —A ’ )Rg

Combined with Egs. (6) — (10) , the stray current is
calculated by

value of R, 1s the same as the resistance value used in the
experiment, the value of R, is the same as the

longitudinal resistance value of the drainage net used in
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the experiment, and the settings of R; and R, were
calculated by the soil resistivity of the experimental soil.
The settings of specific parameters are shown in Table 1.

32
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Fig.3 Comparison of analytical and simulation results

Table 1 Parameter settings

Parameter Value
L/cm 40
R./(Qeem ™) 1
R./(Qecm ") 0.01
Ry/(Qecm™ 1) 35
R,/(Qecm ) 35

In the rail-ground model and rail-drainage net-ground
model, when the traction current is 1.5 A, there is a
certain error between the simulation value and the
analytic value, and the maximum relative deviation is
not more than 3.9% . When the traction currents is 0.5 A
and 1.0 A, the analytic values are basically consistent
with the simulation values, which proves the accuracy
and reliability of the simulation model.

3 Design and verification of improved
experimental platform

3.1 Experimental principle

To analyze the distribution of stray current in soil, an

improved stray current experimental platform was
established in combination with Refs. [17-20]. In the
experiment, the simulated aqueous solution was
replaced by the real soil environment, and the drainage
net structure was added in the rail drainage-net-ground
model experiment. The soil resistivity was measured and
converted into equivalent R, and R, through calculation,
which makes up for the deficiencies in the literature and
makes the experimental platform closer to the
The

diagram is shown in Fig.4, and the connection diagram

engineering practice. experimental schematic

of the experimental platform is shown in Fig.5.
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Fig.4 Experimental schematic diagram

(a) Stray current experimental platform

(b) Drainage net structure

Fig. 5 Connection diagram of experimental platform

In the simulation experiment, Faith FT10010 linear
DC power supply simulated the traction substation,



LI Yaning, et al. / Design and verification of an improved experimental platform for stray current in urban rail transit 383

resistance R simulated the train, R, — R; simulated the
rail resistance, and Ry — Ry; simulated the equivalent R,
and R,. The model of data acquisition module is DAQM-
4202 of Zhouzheng Technology. Its current and voltage
measurement ranges are £20 mA and 500 mV,
respectively, and the accuracy grade is &= 1%,, which
meets the needs of the experiment. When carrying out
the rail-drainage net-ground model experiment, a
reinforcing mesh with a length of 42.5 cm and a width of
30 cm was embedded, as shown in Fig.5(b) .

The metal probe with radius 7, of 0.000 1 m was inserted
into the compacted soil, and the upper end was
connectedwith the data acquisition module. The distance r,
between adjacent probes was 5 cm, and the total length of
the simulation interval was 0.4 m. The measured current
value was the leakage current value, and the stray current
calculation was the sum of leakage currents at each point.

The resistivity of the soil used in the experiment was
measured by 4 pole method®’. The measurement
principle is shown in Fig.6. The size parameters of each
polar plate and insulated container in the soil resistivity

measurement experiment are shown in Table 2.

Measuring
electrode ~

Auxiliary -1

electrode

Insulated
container

Common
elecirode

Fig. 6 Schematic diagram of soil resistivity measurement

Table 2 Parameters of dimensions of each polar plate and

insulating container

Type Size/cm
Common electrode 15X15
Measuring electrode 8§X8
Auxiliary electrode 2X8
Insulated container 15X 15X 15

From R ZpL/S and i = U/R, the resistivity of soil
samples can be deduced as
US
e

where U is the reading of voltmeter, 7 is the reading of

o= (12)

ammeter, S is the area of the measuring electrode, and /
is the distance between the upper and lower plates.

The equivalent calculation method of R, and R, is
expressed as

R="1m"2. (13)

3.2 Comparison and verification of experiment
and simulation results

According to the 4 pole method, the soil resistivity was
measured and solved for three times, and the average value
was 45 Q-m™". Substituting the value into Eq. (13) , R, and
R, were calculated as 35 Q+-m . Finally, the measured R,
and R, values were brought into the simulation. The
drainage net structure used in the experiment was welded
by fine steel bars. For the convenience of calculation, the R,
was taken as 0.01 Q-cm ™ '##,

The comparison between simulation and measured

values is shown in Fig.7.

32
| —=— 0.5 A analytic value = o~ - 0.5 A simulation value
28 —*— 1.0 A analytic value =2 - 1.0 A simulation value
I —*— 1.5 A analytic value = o - 1.5 A simulation value
24

Stray current/mA
>
T

" " 1 n 1 " L " 1 " 1 1 1 P
-5 0 5 10 15 20 25 30 35

Distance/cm

40 45

(a) Rail-ground model

32
—a— 0.5 A analytic value — o - 0.5 A simulation value
28 —a— 1.0 A analytic value — & - 1.0 A simulation value
—e— 1.5 A analytic value — o - 1.5 A simulation value
241

201

Stray current/mA
—_
o
T

" 1 n 1 " 1 L 1 " . L L " L
-5 0 5 10 15 20 25 30 35 40 45

Distance/cm

1 1 1 1 1

(b) Rail-drainage net-ground model

Fig.7 Comparison of measured and simulated values

The measured value of stray current of rail-ground
model and rail-drainage net-ground model is basically
consistent with the simulation value, which proves the
accuracy and reliability of the experimental platform. In
the rail-ground model, the maximum deviation between
the measured value and the simulated value is
0.980 mA, the maximum relative deviation is 5.79%.
The minimum deviation is 0.029 mA, and the minimum
relative deviation is 0.23%. In the rail-drainage net-
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ground model, the maximum deviation between the
measured value and the simulated value is 0.705 mA,
and the maximum relative deviation is 8.15%. The
minimum deviation i1s 0.027 mA, and the minimum
relative deviation is 0.22%. When the traction current is
0.5 A, the
experimental results is the highest, followed by 1.0 A,

consistency between simulation and
and the lowest at 1.5 A. The reason for the experimental
deviation may be that the resistance heats up due to the

increase of temperature, resulting in the change of
20

| —=— 0.5 A without drainage net
16— 1.0 A without drainage net
| —*— 1.5 A without drainage net

—o-0.5 A without drainage net
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Comparison of leakage currents with and without

The values of leakage current and stray current at each

resistance value.

4 Influence of various parameters on

stray current

Based on the experimental data from the improved stray
current experimental platform, the influencing factors of
stray current are analyzed. The leakage current and stray
current distribution with and without drainage net are shown

in Figs.8 and 9, respectively.
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Fig.9 Comparison of stray currents with and without
drainage net

point are shown in Table 3 and Table 4, respectively.

Table 3 Leakage current values of each point with or without drainage net

Leakage current/mA

Distance/ Traction current 0.5 A Traction current 1.0 A Traction current 1.5 A
o WODN WDN WODN WDN WODN WDN
0 0 0 0 0 0 0
5 2.978 2.475 6.805 5.844 10.979 9.315
10 1.715 1.386 4.146 3.608 6.940 6.228
15 0.688 0.925 1.928 2.764 3.547 5.404
20 0.287 0.178 0.454 1.465 0.796 0.439
25 —0.584 0 —0.927 —0.689 —2.068 —0.956
30 —0.649 —0.977 —2.126 —2.494 —3.254 —4.111
35 —1.760 —1.221 —3.633 —3.254 —6.422 —6.681
40 —2.676 —2.755 —6.642 —6.405 —6.681 —9.644

WDN is the case with drainage net, WODN is the case without drainage net.

Table 4 Stray current values of each point with or without drainage net

Stray current/mA

DISIC?CC/ Traction current 0.5 A Traction current 1.0 A Traction current 1.5 A
WODN WDN WODN WDN WODN WDN
0 0 0 0 0 0 0
5 2.978 2.475 6.805 5.844 10.979 9.315
10 4.693 3.861 10.951 8.652 17.919 15.543
15 5.381 4.786 12.879 11.016 21.466 20.947
20 5.668 4.964 13.333 12.181 22.262 21.386
25 5.084 4.964 12.406 11.792 20.194 20.430
30 4.435 3.987 10.280 9.598 16.940 16.319
35 2.675 2.766 6.647 5.927 10.518 9.638
40 0 0 0 0 0 0

WDN is the case with drainage net, WODN is the case without drainage net.
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4.1 Traction current

In the rail-ground model, when the traction current is
0.5 A, 1.0 A and 1.5 A, respectively, the maximum
leakage current of the rail ground model is 2.978 mA, 6.805
mA and 10.979 mA, respectively, and the minimum
leakage current is — 2.676 mA, — 6.642 mA, and
—10.494 mA , respectively. The maximum stray current
18 5.668 mA, 13.333 mA and 22.262 mA , respectively,
and the minimum value is 0. In the rail-drainage net-ground
model, the maximum leakage current is 2.475 mA,
5.844 mA and 9.315 mA, respectively, the minimum
leakage current is — 2.676 mA, — 6.642 mA, and
—10.494 mA , respectively. The maximum stray current
1s4.964 mA, 12.181 mA and 21.386 mA respectively, and
the minimum value is 0.

When the distance between the train and the traction
substation 1s the same, with the increase of traction
current, the leakage current and stray current also
increase, and the increase is obvious. It shows that
traction current is one of the important factors affecting

leakage current and stray current.

4.2 Distance between train and traction

substation

With the same traction current, the leakage current
gradually decreases with the increase of the distance
between the train and the traction substation, while the

stray current increases first and then decreases.
4.3 Drainage net

When the traction current is 0.5 A, 1.0 A and 1.5 A,
respectively, the maximum difference of leakage current
with and without drainage net is 0.584 mA, 0.961 mA
and 1.857 mA,
difference of stray current is 0.832 mA, 2.299 mA and
2.376 mA, respectively. After adding the drainage net,
the stray current is reduced by 17.73%, 20.99% and
13.26%, respectively.

When the traction currents are the same, the leakage

respectively, and the maximum

current change little after adding the drainage network
structure, while the stray current shows a decreasing
trend. It shows that the drainage net has a certain degree
of inhibition on stray current. When the traction current
is 1.0 A, the drainage net has the most obvious inhibitory

effect on stray current.

5 Conclusions

In this study, we designed and verified an improved

experimental platform for stray current in urban rail
transit by combining mathematical analysis, simulation
analysis and experimental verification. The main
conclusions are as follows.

1) The meathod of replacing the water solution of the
simulated soil with the real soil and calculating the rail
earth transition resistance and rail drainage network
transition resistance by measuring the soil resistivity,
which makes up for the neglect of the solution method of
transition resistance in the experimental platform in the
previous literature, and makes the experimental
conclusion more rigorous and accurate.

2) The maximum deviation between the measured
results and the simulation results of the rail-ground
model and the rail-drainage net-ground model are
5.79% and 8.15%, respectively, with small errors. It
verifies the accuracy and reliability of the improved stray
current experimental platform.

3) The traction current, the distance between the train
and the traction substation, and the structure of the

drainage net all have a certain impact on the stray current.
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