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Abstract: In this paper, two objective parameters
concerning the potential damage due to stray currents
from DC railways are proposed. These are the total
stray current (as a function of time), and the gross
electric charge 1leaked from the railway during a
period of time. These two parameters can serve as an
indication of the extent of the stray current problem.
Computer simulation methods for obtaining these
parameters are also presented. Some results are
obtained and analysed.

1. Introduction

DC powered electric railways are widely used for
urban transportation, usually in the voltage range of
600 to 1500 volts. Very often, the running rails are
used as the return conductor for traction current, in
addition to their main function of supporting the
trains. Due to this arrangement, two problems are
created, namely, the rail potential rise, or touch and
step voltage problem and the corrosion problem. The
two problems are interrelated. This paper is mainly
concerned with the corrosion problem. The touch and
step voltage problem will be addressed in a future
paper.

Normally, all the running rails that are used as
the return conductor are bonded together regularly so
that these rails carry the return current evenly.
Since the rails have the same potential in the same
cross section, they can be treated as a single
conductor when dealing with the Tleakage current
problem.

Take a simple static feeding situation as an
example, as shown in Fig.l (a). The longitudinal rail
resistance exhibited to the return current causes a
voltage drop, between the two points T and S, where
the current enter and leaves the rails respectively.

Due to the imperfect insulation between the rails and
the surrounding ground, there is a current exchange
between them, therefore, the rails exhibit a potential
with respect to the remote ground. Assume that the
rail-ground conductance 1is uniform in the section,
the rail potential profile is shown in Fig.1 (b).

The current exchange between the rails and the
ground is described by a current density function s(x)
against position x. This is shown in Fig.1 (c). In the
rail section (1/2,1), current leaves the rails to
enter the ground. This is the leakage current. In the
section(0,1/2),the leaked current leaves the ground to
enter the rails. §(x) is called the leakage current
density. Here, the end effects of the rails are
neglected.

In the ground, the leaked current is known as the
stray current, together with stray currents generated

from other sources to the ground. Therefore, the DC

railways are a source of stray current.

As is well known, stray currents cause corrosion.
The stray current generated by a DC railway may cause
corrosion to buried metallic facilities within its
sphere of influence, as well as causing corrosion to
the rails themselves. In engineering practice, it is
highly desirable to design a railway system that
fulfils its functions, and at the same time, to cause
no damage or minimum damage to useful facilities.

The corrosion problem has been a major concern to
the railway and other parties involved since the early
days of DC railways [2]. Various measures have been
adopted by the railway authorities to overcome this
problem. There has been a renewed concern over this
problem, with a recent upsurge of interest in the
urban rapid transit systems ([3] to [17]).
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Fig.1 Schematic diagrams for a simple feeding section



However, due to the Tack of - detailed d@ta, it
is very difficult to compare the merits of different
approaches to the problem on a scientific basis.
the past, designs had to . be based on experience
aceumulated over a Tong period of railway construction
and operation.

objective parameters

In this paper, two
to stray currents

concerning the potential damage. due
are proposed. These are the total stray cgrrent (as
a function of time), and the gross electric charge
Jeaked from the railway on a hourly, monthly or annual

basis. These two parameters can serve as an indication
of the extent of the stray current problem. They can
be obtained from computer simulations based on
detailed modelling of the earthing and conductor
configurations and the operational conditions, using a
specially developed stray current analysis module,
linked to an existing double-track, multi-train
movement and power supply simulator.

2. Proposed Design Parameters for Stray Current

2.1 Faraday’s la

In a corrosion cell, the relationship between the
amount of metal that reacts and the charge Q that
causes the reaction is described quantitatively by
Faraday’s Law [1]:

m = kQ 03]
where m is the weight of metal decomposed (grams)
and k is the - electrochemical equivalent of the metal
in grams/coulombs. If the charge is produced by a
constant current I over a period of time t, then,
Q=It, and

m = kit (2)

In this case, the constant k may be expressed in
the more popular term, kg/Ampere/year, i.e., the
annual corrosion rate in kg by applying one Ampere of
constant current. A few values of k for different
metals are listed in Table 1.

2.2 Total Stray Current

Definition of total stray current

Given the simple static situation shown in Fig.1
(a), and the leakage current density function in Fig.1
(c), in section (1/2,1), current Teaks to the ground.
Let the rails be designated as conductor 1. By
integrating the current density function over this
section, the total current leaked to the ground is
obtained as I.,.

10
_~ Similarly, in section (0,1/2), the leaked current
is p1cked_up by the rails. The total current picked up
by the rails is IB}. According to. Kirchhoff’s Current
ren

Law, the total ¢ t leaked to- the ground is  equal
to the total current that is picked up - from the
ground, or

lop = Iyo (3)

In
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Table 1

Type of Metal k (kg/Ampere/year)

Aluminium 2.93
Tron 912
Zinc 10.69
Copper 26.6
The Tleaked current in the ground is the stray

current. The total amount of the current leaked to the

ground is defined:as the total stray current (TSC).

When the substation. ground is connected to the
rails, the leakage pattern is different. Further, when

more- trains and substations are - involved; .the
situations - become more- complicated. But- the 'same
principle applies. That is, . some-parts of the ' rails

Teak current, other parts pick up the leaked current.
This is abstractly shown in Fig.2. :

Rails

I I

10 01

Fig.2 Total leakage current from the rails

The total stray current can be obtained by - using

computer simulation, which is described in the
following section,
Stray Current Collection Mats

In some DC railway systems, -concrete slabs are

used to support the rails, instead of wood or concrete
sleepers. The concrete slabs are reinforced "with
reinforcing bars (rebars for.short). - These slabs are
manufactured in the works or built on site, typically
50 meters long for each section. Within each section,
the rebars are bonded together to form an electrical
entity, called a rebar mat. "There is no  electrical
connection between rebar mats of different - sTab
sections. .

In  practice, the électrical - power supply
engineers have tried to use the rebars in the.concrete
slabs to - collect the leakage currents, in
collaboration with the civil - engineers. In such
installations, a separate "fault current return" (FCR)
conductor is used (also referred to as the "traction
earth conductor"). The return conductor itself is
insulated from the rails and ground. - It leads fto  the
negative terminal of the source via a diode.

The concrete is the first conduction medium for
Teakage currents from the rails. By connecting -the
rebars.in each section of the slab to the FCR;, it -is:
intended that a substantial :part .of the -Teakage

current should follow the“path of the FCR. In  this
way, the rebar mats are —used as Tleakage current
coltection mats, in addition to. ‘their structural



functions. The electrical connections are

schematically shown in Fig.3 (a).

The effectiveness of such schemes depends on the
factors that affect the rebar-earth resistance, the
rail-earth resistance and the rail-rebar resistance,
such as weather conditions.

The rebar mats and the FCR can be treated as a
single conductor, with appropriate parameters. The
interchange of current between the rails (labelled as
conductor 1) and the rebars (labelled as conductor 2)
in a section are schematically shown in Fig.3 (b).
The total stray current is (110+120). Obviously,

To1*To2 = T1otlao (4)

Total Stray Current as an Objective Parameter

As 1is understood, the total stray current is
involved with the corrosion of the rails themselves.
If a buried pipeline is within its sphere of
influence, part of the stray current may be picked up
by the pipeline. Those parts of the pipeline that are
made anodic by the stray current are subject to
corrosion. The areas made cathodic by the stray
current are protected against corrosion. The part of
the stray current that does not enter the pipeline is
harmless to the pipeline.

Even when there is no stray current generated by
railways in the vicinity of the pipeline, the pipeline
still corrodes due to electrochemical action. When the
stray current is present, it acts as an accelerating
factor for the natural pipeline corrosion. It is
similar for any other buried metallic structures.
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as stray current collection mats
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Fig.3 The use of rebar mats for
stray current collection
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In practice, the exact distribution of stray
current in the ground is extremely complicated and
difficult to analyse and quantify. The total stray
current is easier to obtain from computer simulation.
Therefore, it 1is proposed that total stray current
should be used as an objective parameter, which serves
to indicate the extent of the leakage current problem.

Jotal Stray Current as a Function of Time

For an operational railway system, the train
positions are varying at different times and the total
demand on power supply is changing, which results in
changes of train and substation current and
consequently the leakage current. The value of total
stray current thus varies with time. By observing the
total stray currents over a period of time, a function
of total stray current against time may be obtained.
This is schematically shown in Fig.4.

2.3 Gross Leakage Charge

Refer to the total stray current function,
shown in Fig.4. Let i(t) denote the total stray
current from a DC railway at time instant t. An
integration between tl and t2 gives the total charge

as

delivered by the DC railway to the ground

t2
Q= i(t) dt (5)
tl
This charge 1is defined as the gross aka
(GLC) that is emitted from the railway to ground

during the time interval (t1,t2). According to
Faraday’s Law, the weight of corroded metal from the
rails is directly proportional to this charge.

Total Stray
Current (A)

i)
F\\“\\ Gross Leakage
#————— Charge (Coulombs)
t1

0 t2

N

time(second)

Fig.4 Total Stray Current as a Function of Time

As it happens, part of this charge may also be
involved in the corrosion process of other buried
metal works, although it is very difficult to find out
what proportion of the gross leakage charge actually
gamages such metal works, as this depends on a lot of

actors.

Since the GLC is easier to obtain, it is proposed
that it should be used as an objective parameter in
the evaluation of stray current emission from a DC
railway.

When a DC railway is being designed, a Tlot of
factors affect the leakage current. Such factors are
the system voltage level, substation spacing, system
earthing condition, rail resistance, track gradients,
rail insulation and so on. When a railway is under



operation, the operational conditions also affect
leakage current. Such factors are traffic density,
vehicle Toading conditions, driving system

characteristics, and so on. .

It is intended that the objective paramete?s may
used to compare leakage current for different
conditions. The following

be
system and operational

section describes the computer analysis model to
obtain these parameters.
3. Computér Simulation Model

The computer simulation model consists of two

major parts: a transmission line analysis model and a
multi-train simulator. These are explained as follows.

3.1 Transmission Line Model

Assume that the Tlongitudinal resistance and
leakage conductance of the rail are given. Assume also
that at a certain instant of time, the railway system
loading condition is given, that.is, the train
positions, train currents and substation currents are
known. Then the rail-earth system can be treated as a
transmission line under shunt energisation at multiple
points 18], as shown in Fig.5 (a).

The transmission 1line can be best solved
digitally by taking into account of the nonuniformity
of the rail parameters and the earthing and bonding
conditions. If the rebar mats and other conductors are
involved, a transmission line system is formed, which
can be solved by using multi-conductor theory [19]. A
schematic diagram - for the multi-conductor model is
shown in Fig.5 (b).

Detailed modelling methods for the
conductor model and the multi-conductor model
given in [15] and [16] respectively.

single
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(a).- A transmission 1line with distributed
parameters under shunt energisation
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(b). A multi-conductor system

Fig.5 Circuit models for.a single transmission Tine
and a.multi-conductor system
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3.2 The Multi-Train Simulator

A multi-train simulator has- been developed in the
University of Birmingham in the last two decades. It
has been extensively used:as_ a design aid to study the
operational conditions of- train_  movement and
performance, and the traction power _supply network
conditions in both mainline and urban transit " railway
systems [20][21][22]}. Detailed treatment -of - the
simulator is outside the scope of this paper. A brief
description suffices for the purpose of understanding
the stray current analysis package. .

The simulator consists of two major modules
functionally: a train movement module and a power
network module. The movement module itself consists of
two parts: part A and part B. The main function of the
simulator 1is to assemble ‘the two modules to simulate
the dynamic interaction of the train movement and the
condition of the power supply system. - The flow. chart
of the simulator is shown in Fig.6.

The movement simulator is time based and it is
assumed  that time proceeds: in . discrete steps:
typically of one second. In each time step, the power
network status is steady, and the train accelerations
are constant. :

Movement Simulator

Module (Part-A)
lPower Network ModuTe l

Movement Simulator

Module (Part-B)

next update
Fig.6  Flow Chart for the Multi-Train Simulator

Movement Modysle Part-A; The movement. simulator

part-A establishes train modes. The possible operation
modes are: motoring, braking; coasting and waiting. It
is assumed that at the start .of each update interval,
the positions and velocities of all trains are known.

Power Network Moduie: ‘Using the information
train position, velocity, operational.mode and
known voltage for each train, an approximate
network is derived for the whole electrical network
consisting of  substations,  trains, and supply
conductors. . The resulting -network is solved -and the
results checked against nonlinear. - constraints which
represent nonreceptive conditions at each substation
and an overvoltage Timit in regeneration on each
braking train. This process is repeated until -all
system constraints are satisfied. The final solution
enables the energy consumption for the current update

of
Tast
Tinear



interval to be deduced and a new voltage at each train
to be assigned.

Movement Module Part-B: When the voltage at each

train is known, the train performance may be
calculated from the mode, velocity and 1last known
voltage using movement simulator part-B. This is done
for each train and the new train positions are
updated.

Once the calculations for the existing update
interval are complete, the process can be restarted
for the next update interval.

3.3 The Integrated Model

The integration of the muiti-train simulator and
the multi-conductor model makes it possible to study
the Tleakage current problem in more detail. The two
objective parameters of total stray current and the
gross Tleakage charge in a DC railway system can be
evaluated. The flow chart for the integrated
simulation model is shown in Fig.7.

A

Movement Simulator
Module (Part-A)

Power Network Module

Stray Current
Analysis Module

Simulator
(Part-B)

Movement
Module

next update

Fig.7 Flow Chart for the Integrated Simulation Model

3.4 One Hour’s Equivalent Gross Leakage Charge

Summa?ions The simulation performance is done
over a period of time, e.g. from t1 to t2. Because the
digital simulation is performed in discrete time
steps,' the gross leakage charge has to be obtained
approximately by summations over the discrete time
intervals. During each interval the total stray
current is regarded constant. The shorter the time
interval chosen, the more accurate the representation.

The summation is described by the following
expression:

t2

x =) i(t)at
X %;()A (6)
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In practice, one sinh]ation performance may be
done over a period of time that is different from

another. In order to make the results comparable, the
equivalent GLC over 1 hour’s time is defined.

Let the duration of simulated time be Tx
(seconds), Tx=t2-tl, and the corresponding GLC be Qx

(Ampere-seconds, or Coulombs), then the equivalent GLC

“over 1 hour’s time (Qh) is

Qh = 3600.0Qx/Tx (in Coulombs) (7a)
or

Qh = Qx/Tx (in Ampere-hours)  (7b)

In practical operation of a DC railway Tline,
different service conditions (e.g., different

headways) may be used at different times for one day’s

service. For example, in a rapid transit system, a
shorter headway in peak hours and a longer headway in
off-peak hours is wusual. Such conditions can be

simulated by having several simulation performances,

and the equivalent GLC over 24 hours derived.
Ultimately, an annual equivalent GLC can be derived,
by taking into account seasonal variation of basic

parameters, such as rail-ballast resistances, earthing
resistances, and so on.

4. Results and Discussions

The results are presented in two parts in this
section: the static results and the dynamic resuits.
The static results are obtained for a fixed frame
picture under some assumed Toading conditions. The
dynamic results are obtained by using the integrated
model to simulate a railway system under practical
operational conditions. Emphasis is given to system
earthing conditions.

4.1 Static Results for the Total Stray Current

To obtain some simulation results for the total
stray current in the static situation, a section of
test track is used. The test track is an 8 km Jong,
double-track railway 1line. This is illustrated in
Fig.8. There are three substations on the Tine,
namely, SS1, S$S2, S$S3. Each substation has an 1 ohm
ground. In the SS3 area, a depot is connected to the
line. The input resistance of the depot seen Tlooking
from the rails at 8 km in the dry condition is 0.08
ohm. In the wet condition it is 0.025 ohm.

The longitudinal rail resistance is 8
milli-chm/km (4 rails in parallel with regular
bonding). Two types of rail support structures are
used: ballast with wood sleepers for ground level and
concrete sleepers for aerial structures. These
structures are used 1in a mixed pattern. Table 2 lists
the Tocation of each structure.

Table 2
section end position type of
number of section(m) sleeper
1 2215.4 wood
2 3384.6 concrete
3 5169.2 wood
4 5784.6 concrete
5 6461.5 wood
6 8000.0 wood
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The rail-earth Tleakage resistance for the two

of structures are different. For the wood
it ranges between 5 and 10 ohm-km; for the
it ranges between 5 and 100 ohm-km
These are assumed values. In
be obtained
theoretical

types
sleeper,
concrete sleepers,
(4 rails in parallel).
practice, the rail-earth resistance can
either by site measurement or by
calculations [18].

For the
considered,
diode ground.
A current on the track.

substation grounds, 3 conditions are
namely, ungrounded; direct ground and

There is one starting train with 4000
The 3 substations supply
1500, 2000, 500 A currents respectively. The earthing
conditions, loading condition and the rail parameters
are all shown in Fig.8.

Test Runs

A number of test runs for this test track are
done, in order to observe the results under different
conditions. These are classified in 4 series, each
series having 3 separate runs.

Series 1: Dry condition, no depot connection. Leakage
resistances for the rails are 10 ohm-km for wood, 100
ohm-km for concrete. 3 runs are made by considering
different earthing conditions:

run 11: ungrounded;
run 12: direct ground with 1 ohm earth;
run 13: diode ground with 1 ohm earth.

Series 2: Dry condition with depot connection. Other
conditions as in series 1. Run numbers 21,22,23,
corresponding to runs 11,12,13.

Series 3¢ Wet condition. Leakage resistances are 5
ohm -km for both wood and concrete. Other conditions
as in series 1. Run numbers 31,32,33.

Series 4: Wet condition. Other conditions
series 2. Run numbers are 41,42,43.

as in

The conditions for the 4 series are listed in Table 3.

Table 3
Series depot track
No. connection condition
1 no dry
3 yes dry
3 no wet
4 yes wet

For all the runs, it is assumed that the running
rails do not extend beyond the 0 to 8 km section. The
rail potential and Teakage current densities for run
numbers 11,12,13 are shown in Fig.9.

For each run, the total stray currents are
derived, and a maximum rail potential is identified.
The results are listed in Table 4. The corresponding
histograms are shown in Fig.10.

Conclusions

A number of conclusions about the total stray
current and the maximum rail potential may be drawn
according to the simulation results.

Earthing Conditions: For the total stray current, the
ungrounded scheme results in the lowest TSC, the
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direct-ground scheme results in the highest TSC. The

ascending order for different earthing schemes is:
ungrounded;  diode-ground; direct-ground.  This is
understandable in that the more connections (bonding)

from rail to ground, the higher the leakage current.

For the maximum rail potential, when the depot is
not connected to the track, the ungrounded scheme
results in the lowest maximum-potential and the diode
ground results in the highest maximum-potential.  The
ascending order is: ungrounded;  direct-ground;
diode-ground. If the depot is connected to the track,
the direct-ground scheme results in the Towest
maximum-potential. The ungrounded and the diode-ground
schemes give almost the same maximum potential.

Table 4
Max. Max. Max. Total
Run  positive Negative Transferred Stray
potential potential  Potential current
No. ) (v) (V) (A)
11 27.4 -16.84 44,28 3.328
12 31.3 -12.54 43.80 14,509
13 37.7 -6.42 44.11 7.001
21 43.2 -0.80 44,01 9.890
22 40.2 -2.70 42.94 36.297
23 43.3 -0.74 44.01 9.923
31 25.7 -18.36 44.11 8.849
32 29.8 -13.84 43.63 19.075
33 31.0 -12.70 43.73 17.106
41 42.6 -0.71 43.33 27.387
42 40.9 -1.37 42.23 54.413
43 42.6 -0.69 43.33 27.412

Depot Connection: The depot acts as a Tow resistance
ground. Connection of the depot to the track results
in higher leakage current.

is
earthing

Under this condition, the maximum-potential
also increased significantly under each
condition.

Rail-Earth Leakage Resistances:
resistance (or higher conductance)
current significantly.

A lower rail-earth

increases leakage

On the other hand, a lower rail-earth resistance
only reduces the maximum-potential marginally.

Maximum Transferred Potential: The maximum transferred
rail potential is mainly governed by the longitudinal
rail resistance and the current carried through it.
Since the TSC is only a small proportion of the
traction return current in any case, the maximum
transferred potential is not significantly affected by
earthing conditions nor by leakage resistance.

4.2 Dynamic Results for the Gross Leakage Charge

To obtain some dynamic results, the practical
data for an operational double track rapid transit
railway Tine is used. The track Tength is 17 km, with
7 substations and 15 passenger stations. Each
substation has a ground resistance of 1 ohm. Using an
120 second headway, the electrical solutions are
obtained from 1700 to 1820 seconds. Fig.11 shows the
tqta1 stray current and maximum rail potential against

ime.
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maximum value is
the maximum

For each run, an overall
identified for the maximum potential,

transferred potential and the maximum total stray
current, over the whole period of time simulated. The
results are summarised and listed in Table 5. The
results confirm the conclusions drawn from the static
results.
Table 5

Earthing Un- Direct Diode
conditions grounded ground ground
Grand Max. rail 78.10 83.94 108.94
potential (V)
Grand Max. transferred 147.53 142.26 145.20
rail potential (V)
Grand Max. total 32.91 167.74 59.26
stray current (A)
1 hour’s equivalent
gross leakage charge 15.77 80.78 32.13
(ampere-hours)
Average system 12.09 12.09 12.09
loading (MW)

These results merely demonstrate what the

simulator can achieve. no other results

are listed.

For brevity,

Changes 1in other system parameters, such as
system voltage levels, substation spacings, traction
motor characteristics, etc., result in changes in the
total stray current function and the gross Tleakage
charge. Different operational conditions, e.g.,
traffic density, headway control, will also result in
changes in these two parameters.

Having built up this simulation package, a DC
railway line can be studied in great detail about its
stray current emission, in addition to the acquirement
of other useful data. It is hoped that this will
enable rational comparison between different designs
and operational control strategies.

5. Conclusions

In this paper, two objective parameters
concerning the potential damage due to stray currents
are proposed. These are the total leakage current (as
a function of time), and the gross electric charge
leaked from the railway for a certain time duration
(e.g. on a hourly or annual basis). These two
parameters can serve as an indication of the extent of
the stray current problem.

Computer simulation methods for obtaining these
parameters are also presented.

Simulation results show that when there is no
other intentional connection between the rails and the
general ground, the ungrounded scheme performs better
than the diode-ground scheme and the direct-ground
scheme in terms of the two proposed parameters.
Additionally, the results show that the ungrounded
scheme is the best choice for controlling touch and
step voltages.
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is recognised that other factors,

However, it
may preclude

such as safety under fault conditions,
the use of an ungrounded arrangement.
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