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Abstract — When evaluating the risks resulting from the 

effects of electromagnetic interference (EMI) on buried pipelines 
running near AC electrified traction systems, the harmonic 
distortion in railway systems should be considered.  This is 
because the tractive units enforce current harmonics on the 
interference source, in addition to the fundamental frequency. 
The presence of harmonics may exacerbate voltages 
accumulating on buried pipelines running in close vicinity to 
traction systems. Such voltages may cause danger to persons or 
may cause damage to the pipelines, in the long term. However, 
the technical standards on pipelines-traction systems’ separation 
disregard the impact of harmonics. They are based on the 
fundamental frequency induction. This paper uses state-of-the-
art modelling techniques to holistically assess EMI on 
underground pipelines near AC Traction systems. This is 
achieved through a realistic modelling of the infrastructure 
associated with a traction system and also by accounting for the 
presence of harmonics in the contact line system (i.e. interference 
source). 
 

Index Terms — Electromagnetic Interference, AC Traction 
Systems, Harmonics, Touch Voltage 

I. INTRODUCTION 
LECTROMAGNETIC interference (EMI) produced by 
High Voltage AC power supply systems and AC traction 
systems is a rigid concern for nearby buried metallic 

pipelines. The main concern lies with electrical hazards to 
people in contact with the pipelines’ exposed parts. Other 
adverse concerns are ranging from accelerated corrosion to 
pipelines’ failure. To this extent, many international standards 
[1]-[4] are providing safety limits, relevant to the interference 
that can be tolerated on the metallic pipelines. These limits 
primarily refer to the total acceptable interference voltage 
produced on pipelines, by the normal operating conditions of 
all nearby AC interfering sources (i.e. overhead lines, power 
cables, electrified railway systems). Within these standards, 
there is also an explicit reference to the acceptable interference 
voltage limits that apply, when the fault conditions, of a single 
AC interfering system acting alone, are considered.  
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 Nonetheless, estimating AC interference on pipelines is a 
complex problem with multiple interacting variables, affecting 
both the impact and consequences. To this end, EMI 
calculations on buried pipelines, produced by power lines, are 
thoroughly covered in the scientific literature. Previous 
published work to this objective, covers EMI evaluations 
under steady state operating conditions and fault conditions 
[5]-[13]. Other relevant works have covered interference 
issues on pipelines that occur under lightning or high 
frequency switching events [14], [15].  
 With regard to the effects of EMI on pipelines, caused by 
the operation of High Voltage A.C. traction systems, an 
explicit reference is made in the standard EN 50443 [3]. The 
recommended method for calculating the inducing currents is 
based on the CCITT directives "Inducing currents and 
voltages in electrified railway systems" [16]. The CCITT 
proposed method relies on the theory of ground return lines 
and it is applied in the form of equivalent circuit-based 
models.  

It should be kept in mind at this point that in AC electrified 
railway systems, there exist two main interference sources, 
namely: a) the overhead contact line and b) the traction return 
circuit (e.g. rails). The latter is because the train currents are 
largely using the running rails as their return path to the 
supplying traction substations. The flow of train currents is 
inevitably affected by the traction units’ operation mode. It is 
also affected by the relative location of adjacent traction 
substations which are usually electrically separated by means 
of Phase Separation Sections (PSSs) [17]. 

However, a fundamental question arises.  The question is 
whether it is necessary, when evaluating the impact of EMI, to 
consider that the traction units enforce current harmonics on 
the interference sources. That is, in addition to the 
fundamental frequency. The question is intensified by the fact 
that harmonic distortion in AC railways is an existing problem 
that receives particular attention with regard to power quality 
issues [18]-[19]. This is because many trains served by single 
phase 25kV 50Hz supply systems in particular, become a 
source of harmonics to the supply grid. 

The above raised question has not been thoroughly 
addressed so far. In particular the international standards on 
EMI caused by the operation of transmission/distribution 
systems, neglect the impact of harmonics in determining 
appropriate/safe interference distances. These distances are 
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merely based on the fundamental frequency induction. To this 
end, as quoted in [20], the CAN/CSA-C22.3 No. 6-13 [1] - 
which is one of the most recent standards on EMI for buried 
pipelines - states that: “the contribution of the third harmonic 
to induction on pipelines has been observed in some 
situations. Industry understanding of the impact on pipeline 
induction from harmonics on the transmission system is not 
mature at this time. Material on the subject will be considered 
in a future update to this Standard.” 

Nonetheless, in the CCITT directives "Inducing currents 
and voltages in electrified railway systems" [16], there is an 
explicit urge to take into account the currents flowing in the 
contact line conductors of the traction system for each 
harmonics concerned. That is, when determining the 
disturbances resulting from the effects of inductive coupling 
on nearby telecommunication systems. However, the impact 
of these harmonics on nearby interfered systems (e.g. 
telecommunication systems, buried pipelines, etc.) is not 
discussed nor resolved. 

A. Explicit Contributions beyond the State-of-the-Art 
Bearing the above remarks in mind, the main objective of 

this paper is to holistically assess EMI on underground 
pipelines caused by single-phase 25kV, 50Hz AC traction 
systems which are supplied by one or more single-phase 
transformers (see Fig. 1).   

 
Fig. 1.  Supply Principles of a single-phase AC Traction System 

 
In particular, the explicit contributions of this paper are 

listed as follows: 
• Electromagnetic field theory (instead of equivalent circuit-

based models) is applied, through a commercial software 
tool, to simultaneously account for the EMI on nearby 
pipelines - associated with the operation of single phase 
25kV, 50 Hz Traction Systems. 

• A complete network of conductors, by including all sections 
of an AC traction system (see Fig. 2), is modelled. In 
particular, the software used [21] allowed us to model the 
AC supplying system, the traction return circuits and their 
grounded parts as they are in a real system. This 
subsequently allows for calculating induced voltages and 
currents throughout all the neighboring conductors (e.g. 
buried pipelines) sharing the same corridor with the AC 
Traction System, for a number of kilometres. Thus, the 
correct topology and collocation length of: (a) all 
interference sources and (b) all interfered systems can be 
accounted in the study. This is particularly important when 
determining the interference effects since the accurate 
topological arrangement of (a) and (b) can have a significant 
effect on the interference levels, including considerable 
mitigating action. 

• Most importantly, the interference evaluation has been 
executed both in the frequency domain and in the time 
domain. This is done to acquire fundamental knowledge to 
resolve the impact of harmonic distortion – with regard to 
the operation of AC railways - on the induced voltages 
accumulating on nearby buried pipelines.  
 

 
Fig. 2.  Topological Arrangement of a single-phase AC Traction Supply 

and Supporting Systems relative to a Buried Gas Pipeline 
 

II. GENERAL PRINCIPLES OF AC INTERFERENCE MECHANISMS 
FOR STEADY-STATE OPERATING CONDITIONS 

Steady state conditions designate the normal operation of 
the AC electric traction system which can vary from low to 
high loading states, depending on the trains’ motion 
characteristics (i.e. acceleration, constant speed, or 
deceleration).  

Inductive coupling is the dominant interference mechanism 
under normal, AC traction systems’ operating conditions. The 
magnetic field levels during steady state conditions arise due 
to the flow of current in the contact wire (i.e. the electric 
conductor of an overhead contact line with which the train 
current collectors make contact –as per IEC  50 811-33-15). 
However, the effect of induced voltages on buried pipelines 
should also be assessed under the magnetic field levels that 
arise due to the current flow in the return circuit (i.e. all 
conductors which form the intended path for the traction 
return current). Depending on the direction of current flow in 
the return circuit there may be significant magnetic field 
cancellation. The conductors forming the return circuit 
conductors can be for example: a) running rails b) return 
conductor rails, c) return conductors/cables. The inductive 
impact should be thoroughly examined in places where large 
collocation lengths (i.e. buried pipelines and contact 
wire/running rails run in parallel for large distances) exist.  

Conductive coupling may be also given due importance 
under normal AC traction operating conditions. This type of 
coupling is attributed to the presence of earth current flow that 
can interfere with nearby buried pipelines. The earth current 
represents the amount of current leaving the running rails - 
when these are used as part of the return circuit – to return to 
the remote supplying substations. The value of the earth 
current is mainly determined by the soil resistivity and the 
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rail-to-earth conductance (which typically varies from 0.2 
S/km to 1 S/km [17]. It should be kept in mind however, that 
the rail-to-earth conductance values are likely to increase in 
wet weather and also in the longer term as the track 
deteriorates with age.  

III. FUNDAMENTAL UNDERSTANDING OF EMI ON BURIED 
PIPELINES CAUSED BY AC TRACTION SYSTEMS 

The objective of this sub-section is to model a small scale 
example to investigate the effects of EMI on a buried pipeline 
that runs in parallel with a single-phase AC Traction system. 
The analysis considers that the current flowing in the contact 
line system of the traction system contains harmonics. 

A. Description of Physical Model  
The topology of the AC supplying system, the traction 

return circuits and their grounded parts have been set 
according to the dimensions of the physical system described 
in Fig. 2. Moreover, the electrical characteristics of the 
considered single-phase AC Traction system are shown in 
Table I, while the characteristics pertaining to the traction 
feeding system are shown in Table II. The characteristics of 
the track are shown in Table III. 

 
TABLE I 

ELECTRICAL CHARACTERISTICS OF THE SINGLE-PHASE AC TRACTION SYSTEM 
Nominal Line Voltage 25kV  
Frequency 50 Hz 
Supply Single Phase AC 
Maximum Load (Train) Current 500 A  

 
TABLE II 

CHARACTERISTICS OF THE FEEDING CIRCUIT 
Contact Wire (CW) Cu 107mm2  
Messenger Wire (MW) Bzll 65mm2  
Return*/Earth Wire (RW)  Al/St 90/15 (95mm2)  
Supporting Metallic Pole Height 11m, 250mm diameter 

Supply Substations (SS) 
Contribution  

One-side fed isolated supply 
sections (SSs) to avoid unwanted 
short circuits between adjacent 
sections. The electrical separation 
of adjacent SSs is obtained by 
means of the Phase separation 
sections (PSSs). 

Supply Substation (SS) Spacing 40 km 
Phase Separation Sections (PSSs) 
spacing 10 km 
Supply Substation Earthing 
Impedance 2 Ω 

*Note: The current return to the substations is achieved through the 
running rails. However, near substations an overhead return earth wire 
(RW) is used to accommodate fault currents.  

 
TABLE III 

CHARACTERISTICS OF THE TRACK SYSTEM  

Rail Characteristics  UIC 60 (CSA: 78.68cm2,  
R = 32.5 μΩ/m) 

Resistance to Earth (Track) @ 
Service 1 Ω.km  

 
The track system (i.e. the two rails) is assumed to sit on a 

three-layer soil configuration which includes the ballast, the 
sub-ballast and the natural soil. The characteristics of each 
layer are provided in Table IV.  

 

TABLE IV 
SOIL MODEL CHARACTERISTICS 

 Description Resistivity Value 
(Ωm) Thickness (mm) 

Upper 
Layer Ballast 2000 (dry) 300 

Middle 
Layer Sub-Ballast 500 150 

Lower 
Layer 

Subgrade / Natural 
Ground 100 infinite 

 
Finally the characteristics of the buried pipeline, shown in 

Fig. 2, are given in Table V. 
TABLE V 

PIPELINE CHARACTERISTICS 
Pipeline wall resistivity (relative to annealed copper) 20 
Pipeline wall permeability (relative to free space):  250 
Pipeline coating resistivity 108 Ω-m 
Coating thickness 0.0015m 
Internal Radius 0.2465 m 
Outer Radius 0.254 m 
Buried Depth (upper edge) 1.40 m 

B. Description of Simulation Model  
The simulation model is formulated in the HiFREQ module 

of the CDEGS software [21]. The program relies on the 
numerical solution of Maxwell’s equations for performing 
EMI and earthing assessments for systems that contain a 
power line corridor that may contain transmission lines, coated 
pipelines, traction systems, etc.  For EMI studies, the 
particular advantage of HIFREQ is the concurrent calculation 
of inductive, capacitive and conductive couplings. In 
particular, the solution of Maxwell’s equations is performed 
directly, without simplifying assumptions, other than the 
conductor segmentation. By solving Maxwell’s 
electromagnetic field equations, the software allows the 
computation of the current distribution in a network consisting 
of both aboveground and buried conductors, oriented in 3D. 
Moreover, the influence of a uniform or multi-layered soil, 
having arbitrary resistivity, permittivity and permeability is 
fully integrated in the solution process. This is achieved 
through the usage of the full Sommerfeld integrals. More 
details about the solution methods used by the software can be 
found in [22]-[24].  
  The ideal computer model formulated, for the physical 
system shown in Fig.2, is illustrated in Fig.3. In particular the 
model is formed by a network of conductors to topologically 
represent (in 3D) a 2 km section of the AC traction system that 
is running in parallel with a 4km gas pipeline. The traction 
system assumes a uniform construction and standard along its 
length.  A single point train-load at 1 km, supplied by one 
substation that is located at 0 km, has been considered. With 
reference to Fig.3 the numbered items are described in more 
detail in Table VI. 
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Fig. 3.  Topological Arrangement of the simulation model for a single-phase 
AC Traction Supply and Supporting Systems relative to a Buried Gas Pipeline 

TABLE VI 
FURTHER PARTICULARS OF THE SIMULATION MODEL 

 Description Auxiliary Remarks 

1 

Track (2 rails) 
 

Length Modelled: 
2km 

(0km - 2km) 

The running rails (UIC60) are modeled as solid 
conductors having a longitudinal resistance of 
40 mΩ per kilometer.  This is approximately a 
19% increase in the nominal longitudinal 
resistance of 32.5 μΩ/m to account for wear 
that will take place during the running of the 
system. Furthermore, the effect of 
sleepers’/fastening configuration is modeled by 
assuming that the rails are coated with a 
resistive coating. The coating value is set 
accordingly to account for resistances to earth 
of 1 Ω.km. The positioning of the two running 
rails is geometrically accurate as per Fig.2. The 
developed model assumes that the traction 
return current goes through one rail only (the 
other is used for signalling). 

2 

Gas Pipeline 
Length Modelled: 

4km 
(-1 km – 3 km) 

The pipeline length modelled is 4km. The 
collocation length with the AC traction system 
is 2km. The pipeline characteristics are as given 
in Table V.  

3 Supporting poles 
The supporting poles have been modelled as per 
the details given in Table II. The poles are 
modelled every 60 m, for 2km. 

4 Earth Wire 
(0-1km) 

The earth wire has been modelled as per the 
details given in Table II and Fig.2. The length 
of the wire modelled, is 1km.  

5 Messenger Wire 
(0-2km) 

The messenger wire has been modelled as per 
the details given in Table II and Fig.2 
respectively. The length of the wire modelled, 
is 2km. 

6 Contact Wire 
(0-2km) 

The contact wire has been modelled as per the 
details given in Table II and Fig.2. The length 
of the wire modelled, is 2km. 

7 Supply Substation 
Earthing Impedance 

This is modelled as an equivalent conductor 
having an earth impedance of 2 Ω. The running 
rails are solidly bonded to the earthing 
impedance. 

8 Train Load 

The train has been modelled as equivalent 
conductor-impedance between the contact wire 
and the current-return running rail, at 1000m. 
The value of the impedance is adjusted to 
provide the desired load (train) current for a 
25kV voltage supply source. 

C. Description of Model’s Energisation Principle 
The simulation model has been energised through the 

voltage energization and equivalent source impedance method 
offered in the HIFREQ module. When using the voltage 
source, the equivalent source impedance is adjusted to drive 
the desired amount of current through a network of 
conductors. This is an artificial component of the software that 
allows a snapshot of a static current flow scenario. Under this 
energisation principle, the model is subsequently able to 
compute an accurate flow of current through each individual 
conductor that forms part of: a) the AC Traction system (i.e. 
overhead contact line and running rails) and b) the buried 
pipeline (by induction). The energization principle is shown in 
Fig. 4 (X-Z plan view). The numbered items in Fig. 4 are the 
same as in Fig. 3 and Table VI. 

 
Fig. 4.  X-Z Plan View of the Simulation Model to Illustrate the Energisation 

Principle 

D. Description of Calculation Method and Results 
1) Static Model – Spatial Results 

The calculated, worst case, steady state total interference 
result, under the conditions described in sub-sections A, B and 
C, is shown in Fig. 5. In particular, the magnitude of the 
induced touch voltage along the length of the pipeline, for a 
maximum load current of 500 A, is 5.5 V. (Note: this result 
pertains to the case where the train is at 1000m along the 
length of the track). Figure 5 shows that the magnitude of the 
touch voltage distribution in this case, is not entirely 
symmetric. This is due to the fact that, the length of the 
pipeline modelled is 4km (from -1km to 3km), while the 
length of the traction system modelled, is only 2km (from 0 to 
2km). That is, the collocation length of the two is 2km. 

Moreover, the minimum touch voltage (i.e. 0.35V) along 
the pipeline is observed at 610m. This is because the leakage 
current to earth at this point is at its minimum. The location of 
the minimum touch voltage is determined by the induced EMF 
on the pipeline which depends on: a) the relative location 
between the traction system – that embraces the two 
interference sources - and the pipeline and b) the position of 
the train-load. In this model, the maximum touch voltage 
occurs at the two end points of the pipeline, which are 
considered insulated. This is due to the strong discontinuity of 
the EMF at these two points. The discontinuity forces a large 
leakage current from the pipeline to earth, and therefore it 
causes a large ground potential rise and touch voltages at the 
two end points. It should be also noted that, the interference 
result shown in Fig. 5 is mainly inductive. This is because the 
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insulation of the running rails is sufficiently high to prevent 
significant leakage currents to earth. 

However, the readers should interpret the results shown in 
Fig. 5 with care. This is because the calculated results have 
been confined to the specific collocation length modelled. If 
an additional length of the system, on both ends of the 
collocation is included in the model and at the same time the 
distance between the single point train-load and the supply 
substation is increased; then the induced voltage on the 
pipeline would also be increased.  Moreover, it is important to 
stress that is possible to have considerable voltages being 
transferred beyond the end of the common corridor of the 
traction system and the pipeline. A major consideration, to this 
extent, is how much of the two systems should be modelled in 
order to obtain accurate results. In case of doubt it is 
recommended to model a little more of the systems’ length 
(for example including conductors that are not proximate to 
either, the energized or exposed conductors) and verify that 
the results are indeed unaffected.  

 

 
Fig. 5.  Magnitude of Worst Case Touch Voltage along the Length Of 

the Pipeline. 
.  

2) Static Model – Time Varying Results  
The next set of simulation results pertain to calculating the 

time variation of the induced touch voltage magnitude at 
specific locations on the pipeline.  These results have been 
obtained through the use of the FFTSES module of CDEGS 
[21]. It is a Fast Fourier Transform engineering module 
designed to perform time domain analysis based on frequency 
domain results obtained by the HIFREQ module. (Note: 
HIFREQ has been used for producing the spatial results in Fig. 
4). As a benchmarking scenario, the model shown in Fig. 3, 
has been energized by a pure 50Hz current signal, with a 500 
A amplitude, assuming the same conditions and input 
parameters described in sub-sections A and B. The 
energization signal is shown in Fig. 6. 

Figure 7 illustrates the calculated time variation of the 
induced touch voltage magnitude at specific locations on the 
pipeline. In particular, the graph illustrates the results 
calculated, at three monitoring locations (i.e. 0m, 610m, and 
1000m). It should be kept in mind that the model in this 
analysis is static (i.e. the train is assumed to be located at 
1000m). In particular the results in Fig. 7 show that the time 

variation of the induced touch voltage is accurately reflecting 
the spatial results, at 0m, 610m and 1000m, shown in Fig. 5. 
That is, at the monitoring locations of 0m, 610 and 1000m, the 
touch voltage is oscillating, with a 50 Hz frequency, between -
5.5V and +5.5 V, -0.35V and +0.35V, -3.5V and +3.5V, 
respectively.  

 

 
Fig. 6.  Variation of Train Current Load with Time 

 

 
Fig. 7.  Time variation of Touch Voltage at three locations on the Pipeline 
 
However, an important subtlety coming out of the results 

displayed in Fig. 7, rests with the physical interpretation of the 
ac corrosion mechanism on the pipeline. In particular, the 
results in Fig. 7 show the cathodic half way and the anodic 
half way of the voltage induced on the pipeline. This is 
aligned with the description of the ac corrosion mechanism, 
described in the standard EN 15280 [2]: “when an A.C.  
voltage is present on a pipeline; current will flow through the 
metal surface at defects (holidays) on the coating. The amount 
of current flowing depends on the A.C. voltage and the 
impedance of the system.  During the cathodic half wave the 
amount of current entering the steel surface and therefore the 
rate of cathodic reactions on the metal surface generally 
increases. During the anodic half wave of the A.C. voltage the 
current will leave the metal surface if the A.C. voltage is 
sufficiently large. A current leaving the metal surface is 
associated with oxidation reactions and can, therefore, cause 
corrosion”. 
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3) Static Model – Time Varying Results accounting for the 
Impact of Harmonics 

It is important at this point to reiterate that because of the 
non-linear character of the tractive unit, the current in the 
contact line system contains harmonics. These harmonics are 
generated by the tractive unit in addition to the fundamental 
frequency. Predominantly, the harmonic currents in the 
contact line system originate from train-engine (i.e. 
locomotive) currents [16].  It is also reported that the harmonic 
currents found in the contact line system are dependent on the 
impedance of the contact line system and the impedance of the 
train-engine [16]. 

Thus, to determine EMI effects from the operation of an AC 
traction system on a nearby buried pipeline, it is therefore 
necessary to consider that the current flowing in the contact 
line system contains harmonics. To this extent, a set of 
simulation activities are performed in this section to resolve 
the impact of harmonics, on the voltages induced on nearby 
buried pipelines.  

Starting from fundamental principles, we note that 
harmonics are steady-state components of periodical 
alternating voltage or current. Therefore, the train-load current 
(IL) through the contact line system can be defined as given in 
(1) for n harmonics. 

∑ =
+⋅⋅×=

α ϕω
1

)sin()(
n nnL tnItI   (1) 

Moreover, to facilitate the investigation process the total 
harmonic distortion (THD) of the train-load current signal is 
defined as in (2). THD is a metric that defines how much of 
the distortion of the current is due to the harmonics in the 
signal. 

rms

n rmsn

I

I
THD

_1

2
2

_∑ ==
α

   (2) 

Taking into account the above remarks the following train-
load current signals are defined. Each signal forms a 
corresponding simulation scenario, as shown in Table VII.   

TABLE VII 
DESCRIPTION OF SIMULATION SCENARIOS TO RESOLVE THE IMPACT OF 

HARMONICS ON PIPELINE INDUCED VOLTAGES 
 Signal Amplitude (p.u) 

IBase=500A THD 
(%) Fundamental 

Frequency 3rd Harmonic 5th Harmonic 

50Hz Signal 1 - - - 
Scenario 1 0.9981 0.06990 0.0299 5 
Scenario 2 0.9913 0.1388 0.0595 10 
Scenario 3 0.9518 0.2418 0.1466 21 
Scenario 4 0.7785 0.3892 0.1557 38 
Scenario 5 0.7032 0.4360 0.2461 50 

 Signal Phase Angle (degrees) 
Fundamental 

Frequency 3rd Harmonic 5th Harmonic 

Benchmark 
Scenario 0 - - 

Scenario 1 0 90 90 
Scenario 2 0 90 90 
Scenario 3 0 90 90 
Scenario 4 0 90 90 
Scenario 5 0 90 90 
 
The common characteristic of the defined scenarios, in 

Table VII, is that they have the same peak magnitude (i.e., 500 
A) - despite their different harmonic content. This is 
graphically illustrated in Fig. 8.  

 
Fig. 8.  Time variation Train-Load Currents for each Simulation Scenario 
 
The logic of this benchmarking approach is twofold: a) The 

prime objective is to resolve whether the maximum train load 
current anticipated in an AC traction system is sufficient to 
calculate the worst case, steady state total interference result. 
b) The second objective is to resolve the impact that, the 
harmonic content in the train load current has, on the total 
interference result. 

To fulfill these objectives, the simulation scenarios have 
been executed in the FFTSES and HIFREQ modules of 
CDEGS. Further details on the computation approach and 
algorithms can be found in [22], [23]. In particular, the 
simulation approach is in accordance to the flow chart shown 
in Fig. 9. The explicit steps followed are:  
Step 1: Frequency Decomposition of the train-load current 
(IL) through the contact line system. The decomposition 
provides the computation frequencies for the subsequent 
electromagnetic fields response. The decomposition is 
performed in FFTSES through a forward Fourier Transform 
algorithm.  
Step 2: Computation of the Frequency domain system 
response V(ω). This step effectively entails computing the per 
unit induced voltage on the pipeline, at each computation 
frequency determined in Step 1. The computation takes place 
in accordance to the HIFREQ model shown in Fig.3 and its 
parameters - assuming the same conditions and input data 
described in sub-sections A, B and C. 
Step 3: Computation of the time domain system response V(t). 
This final step is used to compute the time domain response of 
the induced voltage on the pipeline. The computation can take 
place, at different locations along the pipeline. The time 
response relies on the use of an inverse Fourier transform 
algorithm, using the computed voltage on the pipeline for each 
computation frequency (step 2). 
Thus, when following the above three steps, the time variation 
of the induced touch voltage at specific locations on the 
pipeline can be calculated. In particular, Fig. 10 illustrates the 
results calculated, at 0m of the pipeline while Fig. 11 and 12 
are displaying the results at 610m and 1000m respectively. In 
all cases, the results are benchmarked against the induced 
voltage on the pipeline obtained by the pure 50Hz signal. To 
facilitate the benchmarking of the results, shown in Figures 
10-12, Table VIII summarizes the maximum touch voltage 
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induced on the pipeline, for each scenario and monitoring 
location respectively. 
 

 
Fig. 9.  Flow Chart for obtaining the Time Domain Induced Voltage on the 

Pipeline 
 

 
Fig. 10.  Time variation of Induced Voltage on the Pipeline at 0m, for each 

Simulation Scenario  

  
Fig. 11.  Time variation of Induced Voltage on the Pipeline at 610 m, for each 

Simulation Scenario 

 
Fig. 12.  Time variation of Induced Voltage on the Pipeline at 1000 m, for 

each Simulation Scenario 

TABLE VIII 
BENCHMARKING OF CALCULATED INDUCED VOLTAGES FOR ALL SCENARIOS 

  

Pipeline’s Maximum Touch Voltage - Volts (Calculated) 

50 Hz 
Signal 

THD 
5% 

THD 
10% 

THD 
21% 

THD 
38% 

THD 
50% 

Location: 0 m 5.45  6.44 7.81 10.55 11.75 13.66 

Location: 610 m 0.42  0.45 0.58 1.11 1.33 1.81 

Location: 1000 m 3.50  4.43 5.55 7.89 8.85 10.58 
  

Percent Increase in Touch Voltage Relative to 50Hz Signal Induction (%) 

 50 Hz 
Signal 

THD 
5% 

THD 
10% 

THD 
21% 

THD 
38% 

THD 
50% 

Location: 0 m 
 - 18.2 43.3 93.6 115.6 150.6 

Location: 610 m - 7.57 36.92 163.1 216.5 329.2 

Location: 1000 m - 26.31 58.41 125.1 152.5 202.0 
 
The main conclusions than can be drawn from the results of 

Table VIII are as follows: 
The first conclusion is that the maximum train load current 

(i.e. interfering current) under normal operating conditions is 
not by itself adequate to calculate the worst case, steady state 
total interference result. Nonetheless, in the EN 50443 
(informative section B 2.2), it is stated that, the interfering 
current that will be used in the evaluation process, can be 
confined to that of the fundamental power frequency only. 
However, the analysis performed above has clearly indicated 
that the total interference result depends on the entire 
frequency spectrum of the interfering current.  

To stress the importance of the frequency spectrum content 
in the interference analysis, let us consider two cases (shown 
graphically in Fig.13), where the train-load current (IL) 
through the contact line system has the same peak magnitude 
(i.e.500 A) and THD (i.e. 21%), the latter however resulting 
from different frequency components (see Table IX).  

TABLE IX 
DESCRIPTION OF SIMULATION SCENARIOS FOR SENSITIVITY ANALYSIS 
 Signal Amplitude (p.u) 

IBase=500A THD 
(%) Fundamental 

Frequency 3rd Harmonic 5th Harmonic 

Case 1 0.8734 0.2559 0.0472 21 

Select the train-load current (IL) through 
the contact line system.

Perform Forward Fourier Transform on
the IL signal. This will provide a set of
recommended computation frequencies
(Module Used: CDEGS/FFTSES)

Compute the per unit induced voltage
V(ω) on the pipeline, for each
recommended computation frequency.
(Module Used: CDEGS/HIFREQ)

Frequency 
Spectrum 

of (IL)

Modulate Frequency Spectrum (Module
Used: CDEGS/AutoTransient)

Perform Inverse Fourier Transform to
compute the time domain induced
Voltage V(t) on the pipeline.
(Module Used: CDEGS/AutoTransient)

Step 1
Step 2

Step 3
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Case 2 0.9048 0.1532 0.2298 21 
 Signal Phase Angle (degrees) 

Fundamental 
Frequency 3rd Harmonic 5th Harmonic 

Case 1 0 90 90 
Case 2 0 90 90 

 

 
Fig. 13.  Time variation Train-Load Currents for Sensitivity Analysis 

 
The results of the above described case studies are shown in 

Fig. 14. In particular, the results refer to the time variation of 
the induced touch voltage magnitude at 0m on the pipeline. 
Thus, the maximum touch voltage calculated on the pipeline 
for case 1 is 11 V, while for case 2 is limited to 8V. That is, 
about 27 % difference in touch voltage, despite the fact that 
the interfering current (i.e. train load current through the 
contact system) has the same peak magnitude and THD. This 
is because the interfering current in case 2 has a significantly 
higher 5th harmonic content (0.2298 p.u), than the current 
considered in case 1 (0.0472 p.u.). The straightforward 
conclusion is that each harmonic component is contributing 
to the induced voltage on the pipeline. Assuming linear 
conditions, this contribution can be evaluated by the vectorial 
summation of the induced voltage that each frequency 
component of train load current is causing on the pipeline.  

 

 
Fig. 14.  Time variation of Induced Voltage on the Pipeline at 0m, for 

Sensitivity Analysis 
 

Finally, the second and most important conclusion is that a 
pipeline, sharing the same corridor with the traction system, 
may experience a much higher induced voltage than that of the 
fundamental frequency case. However, the existing technical 
standards provide acceptable interference distances based on 
the fundamental frequency induction.  (Note: Within EN 
50443 [3], the interference distance is defined as the 
“maximum distance between the pipeline system and the A.C. 
power system for which an interference shall be considered”.) 
Usually, this distance is a priori defined (based on the 
fundamental frequency induction) in the standards, with the 
objective to limit the complication of EMI assessment. That is, 
to limit the volume of the interfering systems (and hence 
interfering currents) to be considered in the analysis - for the 
particular interfering distance defined. 

IV. CONCLUSION 
The paper has examined a number of simulations to 

highlight that, when evaluating the risks resulting from the 
effects of EMI on buried pipelines, running near AC 
electrified traction systems, the harmonic distortion in railway 
systems should be considered.  The simulations performed 
rely on a topologically accurate model that includes, the AC 
supplying system, the traction return circuits and their 
grounded parts as they are in a real system.  

The important conclusion that derives from the paper is that 
a pipeline, sharing the same corridor with the traction system, 
may experiences a much higher induced voltage than that of 
the fundamental frequency case. This conclusion contradicts 
the standard practice of neglecting the impact of harmonics 
when determining the suggested interference distances for 
EMI evaluations. 

Finally, the quintessence of the paper’s conclusions can be 
realized when estimating the degree of pipelines’ earthing 
requirements to mitigate AC interference during the normal 
operating conditions of a nearby AC traction system. That is, 
by not considering the impact of harmonics in the analysis, 
this may lead to under designed mitigation systems.  
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