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Abstract

:

Electric arcing is an unavoidable consequence of the current collection process by sliding contact in railways and metros, and in general in many electrified transportation systems (ETSs). The most relevant consequences in an electrical perspective are: the occurrence of transients triggering resonant behaviour and transient responses, reduction of the energy efficiency of the system, conducted and radiated disturbance, in particular for the new radio systems widely employed for signalling and communication. The involved parameters are many (type of materials, current intensity, DC and AC supply, relative speed, temperature), as well as the studied characteristics (arc instability and lifetime, dynamic behaviour, electrical system response, radiation efficiency and coupling to external radio systems). This work reports the state of the art in arc modelling, arcing experimental characterisation, interaction with the supply system, radiated emissions and disturbance to radio systems, providing a complete description of phenomena and of reference data, critically discussing similarity and differences between sources. Proposed arc models are many with different assumptions and simplifications for various applications, so that a critical review and discussion are a necessity, considering the many different approaches and not-so-obvious applicability. The comparison with experimental results highlights unavoidable discrepancies, also because of intrinsic arc variability and for the many involved parameters and operating conditions. The impact of the arc as embedded in the railway system is then considered, speaking of conducted and radiated phenomena, including interference to radio communication systems and arc detection. The most prominent effect for conducted emissions is the excitation of system resonances, including the LC filters onboard rolling stock and substations in DC railways, with consequences for disturbance and energy efficiency, and this is discussed in detail. Conversely, for high frequency emissions, the attenuation along the line circuit is significant and the effective distance of propagation is limited; nevertheless radiated electromagnetic field emissions are a relevant source of disturbance for radio systems within the ETS premises and outside (e.g., at airports). The published approaches to quantify performance reduction are discussed with emphasis on experimental methods.
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1. Introduction


The present work aims to provide a critical overview of the electric arc phenomena related to current collection in electrified transportation systems (ETSs) and the consequences for the electrical system (power supply circuit) and radio communication and signalling systems.



Electric arcs are an unavoidable byproduct when current collection is achieved by sliding contact in overhead and third-rail ETSs. As known, current is transferred through the electric contact between the pantograph (or shoe) and the supply conductors. Due to the movement of the train both in the longitudinal travelling direction and in the other two transversal directions (lateral and vertical), the electric contact undergoes making and breaking repeatedly: this causes arcing, due to the formation of a plasma column between gapped surfaces, and in general electrical noise, due to dynamic effects and instability.



The formation and dynamic behaviour of the plasma column is a complex process, that depends on the type of material, the relative movement and speed, vertical pressure, wind intensity and direction, and other environmental conditions [1,2], besides obviously the DC or AC current intensity. Often electric arcs are reproduced in laboratory using a setup comprising a spinning wheel (simulating the catenary, whereas a piece of catenary conductor is attached to the wheel edge) and a movable sliding contact [3,4,5,6,7]. The sliding contact structure may be adapted to simulate variable pressure and different detachment conditions, but differences are unavoidable with respect to real site conditions. An alternative setup based on a pendulum sliding the contact on a fixed short catenary section has been proposed by [8] providing results for the high-frequency behaviour.



Pantograph arcing is first of all responsible of increasing wear and erosion of the contact surfaces [9,10,11] and of reducing the useful life of both the pantograph sliding contact and the catenary [12,13]. A first comprehensive review of the results available in the ’70s or earlier appears in [14], considering data from both current interruption and current collection applications. Lee et al. [15] have very recently provided a new modelling framework to account for the combination effect of mechanical loading force and current, starting from the heuristic model proposed some years ago by Bucca and Collina [16]. Li et al. [13] in particular provide a thorough discussion of experimental findings, showing that not always researchers agree on the negative effect of the flowing current: whereas it is believed that the current intensity promotes roughness and abrasive characteristics of the sliding surfaces, some researchers [17] suggest that the current facilitates the formation of the facial mask of the surfaces subject to friction, and Wang et al. [18] instead think that the wear amount increases with current intensity, whereas the friction coefficient decreases.



On the other hand, in an electrical perspective, electric arcing is responsible of the deterioration of the voltage and current waveform quality [19,20,21,22], of reduced energy efficiency by various direct and indirect mechanisms [23], of triggering oscillations of onboard devices, such as AC loco transformer [24], DC loco power drive [25] and DC loco filter [26], as well as conducted and radiated emissions at high frequency [27,28].



The origin of the disturbance is the electric arc itself: a flash occurs when the detachment of the two surfaces begins and the opening contact voltage is large enough to trigger the formation of a plasma column; depending on the detachment speed and other factors the plasma column may then break and possibly reignite, giving place also to multiple arcs. This is particularly evident in AC applications with arcs triggered around the zero crossing of the voltage waveform where the derivative is maximum. When the electric contact is perfect (conductive) the voltage drop between the catenary and the pantograph is (nearly) zero; the plasma column, when detachment occurs, allows continuation of current conduction at the expense of a voltage drop (arc voltage); when the arc extinguishes without having re-established the conductive contact, there is no conduction any longer and the voltage difference may be as large as the line voltage. The physical and electrical behaviour are discussed in more detail in Section 2, comparing the proposed arc models and the resulting dynamic behaviour.



The general arc waveform is a step-wise voltage variation with then a rapid extinction of the current. As a steep transient, it is able to excite various transient responses of the entire electrical system. The electric arc is thus accompanied by various types of oscillations and impulses: examples are shown in [24] for a high-frequency oscillation in an AC railway and [26] for a low-frequency oscillation in a DC railway (shown in Section 3.1 and Section 3.2, considering the few research works on this topic). The overall response of the electrical system is briefly considered in Section 3, discussing the typical modelling approach that is, however, common to other types of study such as stability, power quality and interference to signalling.



For radiated emissions a radiation model must be considered: the transient current flowing in the various conductors is responsible for magnetic field emissions, whereas the triggering of step-wise voltage changes is responsible for electric field emissions. In addition, the electric arc itself may be considered a small (Hertzian) radiating element, although the entire circuit made of supply conductors and pantograph (or shoe) represents a more complex radiating structure, that is discussed in Section 4 on a purely experimental standpoint, ignoring modelling of the radiating system that is first of all common to many other electromagnetic radiation problems and in many cases not convenient, if the large domain and the meshing requirements are considered.



As the high-frequency radiated emissions are relevant for their disturbance coupled onto radio systems (used for signalling and communication purposes), the attention is focused on modelling the coupling with the relevant antennas on the train roof (and possibly also inside the train frame), rather than a general electromagnetic model. Modelling of coupled disturbance is necessary because no other electric field measurements are carried out in that portion of space (roof top), as all other EMC tests are carried out wayside. A more straightforward approach is that of using the radio communication system (RCS) antenna itself and deal with the disturbance hitting directly the receiver input port. The problem then complicates for the approach to use to estimate the resulting quality: the bit error probability is discussed in Section 5, touching theoretical formulation, use of amplitude probability distribution, APD (as a new informative performance index) and more standard measurements carried out with the spectrum analyser detectors. With some initial works published 15–20 years ago [29,30,31,32], laying down the fundamentals and including the use of corrective coefficients for basic spectrum analyser measurements, research has progressed considering APD [33,34] and the extension to scenarios of multiple impulsive sources [35] and more complex message coding schemes [36].



Detection, finally, is an important part for what entails verification of current collection quality and recognition of defects in the pantograph and catenary: it may involve phenomena that are not strictly electric (that form the core of this review), and, indeed, methods based on waveform distortion [37] and electromagnetic emissions [38,39] are sided by very promising techniques based on various forms of luminous emissions [40,41], including image scanning, pattern recognition and various artificial intelligence algorithms [42,43,44], that are discussed in Section 6.



It is believed that readers and researchers would benefit from a thorough overview of the research threads of the multifaceted problem of electric arc behaviour and emissions: published references are many and the selected ones are a representative subset spanning over a hundred years, but focusing then in the last twenty.




2. Physical and Electrical Behaviour of the Electric Arc


The physical behaviour of electric arcs has been studied for a long time in relation not only to the sliding contact, but also to current interruption in circuit breakers, welding operation and spark gaps. One of the first works has more than a hundred years [45] with a consistent production in the ’30s [46,47,48] and ’40s [49,50,51,52], and some of the findings are still valid and state-of-the-art today, such as for the Cassie’s and Mayr’s models [48,51]. A new research effort sprung up in the ’70s and ’80s providing improved models (as for the Schwarz’s and Habedank’s models [53,54]) and insight in the mechanisms of emissions of electrified railways, mostly from an experimental standpoint [55]. Electric arc models have been made more complex and complete thanks to the newly available computers and circuit simulators, allowing a systematic analysis of electric networks and power electronics, for which there has been a significant increase of contributions in the last 10–15 years.



2.1. Electrical Characteristics and Basic Physics


The electric arc is a discharge occurring between two parts at different potential (electrodes) through a conductive path taking place in an otherwise non-conductive medium, such as ionised air (plasma). The temperature is extremely high and at the contact between electrodes and plasma the vaporisation of conductive material (e.g., metal) takes place. The two regions near the two electrodes are called anodic and cathodic regions, separated by the longer region of the plasma column. The voltage difference across the plasma column is approximately distributed uniformly along it, so with a constant gradient; the two regions at the electrode interface instead feature a non-linear variation of the voltage profile and the largest instability [56].



The arc phenomenon in a DC system with fixed electrode distance shows a peculiar behaviour where the arc voltage   V  a r c    is inversely proportional to the arc current intensity   I  a r c   , until a levelling point is reached at a given current intensity. In general, going insight a dynamic behaviour and following the model provided in [57], when inter-electrode voltage is initially applied there is a very small current flow and the plasma is not established yet (the “capacitor“ phase); when the voltage is reached that conduction through ionised plasma is possible the voltage immediately falls to a minimum value to sustain the current flow (the “arcing” phase); any increase of the current requires a small amount of voltage increase, in proportion to the electric arc resistance (the “burning” phase). This mechanism is shown in Figure 1; the curve is normalised by scaling factors, that for the chosen values are by coincidence realistic values for strong arcs in   SF 6  , as commented by the authors [57], except for heat conductivity  λ  that is too large, by about an order of magnitude.



At low current, in fact, heating is moderate and the arc is characterised by lower temperature values, so that at any change of current there is a change of temperature and resistivity, as a consequence. At large current the temperature stabilises at the maximum allowed values, the plasma column particles have all the same temperature and local thermal equilibrium is reached with constant current density and with loss proportional to the arc cross section with air (or other medium) flow taking heat away from the whole plasma column. This is the starting idea of the Cassie’s model discussed below in Section 2.2.



The simple waveforms characterising arc ignition in AC systems see an almost sinusoidal current with a zero value interval around the zero crossing when the voltage is not sufficient to sustain the arc. The voltage in fact reignites at each half cycle as soon as the voltage is above a minimum ignition value, almost immediately returning to a lower value that represents mostly the voltage drop along the plasma column. A sketch of this behaviour is shown in Figure 2.



Increasing the electrode distance, the required voltage for conduction is larger and the arc is less stable and more exposed to turbulence; however, not all arc quantities have a definite monotonic behaviour with respect to the arc length:




	
the average electric field intensity   E a   and arc temperature   T a   increase almost linearly with separation of electrodes [58];



	
as expected, also the arc voltage increases linearly, at a rate of 2 V every 1 mm for a current conduction of about 100 A [58];



	
in [59] instead two practical expressions for   E a   are reported that do not include dependency on length:    E a   ( 1 )  = 1200  V / m    to   1500  V / m    using literature references between 1946 and 1960, and    E a   ( 2 )  = 950 + 5000 / I   with I expressed in  A  from [60]; the underlying assumption is that for long arcs almost the total voltage drop develops across the arc column;



	
the inception voltage for AC phenomena has an indefinite behaviour for small to intermediate arc length values (a larger value at 2 and 5 mm, reducing at about 10 mm and increasing again), but definitely larger for very long arcs (50 mm).









2.2. Electric Arc Models


Electric arcs for conductive phenomena at low frequency are generally modelled as a non-linear resistance, that encloses the complexity of the arc phenomena offering a more convenient circuit-oriented approach. The arc resistance   R  a r c    depends on many parameters, such as arc length, shape and materials of electrodes, external conditions, etc., for which a great effort was carried out in the literature to recollect and define such dependency on the basis of experimental observations.



2.2.1. Static Electric Arc Model


Experimental studies have collected results at various current intensities and test conditions in the effort of deriving a parameterised V-I relationship. In the following the arc current   I a   is expressed in  A , the arc voltage   V a   in  V  and the inter-electrode gap d in  mm .



	
Steinmetz [45] more than 100 years ago carried out experiments on carbon electrodes for DC arcs at a fixed separation of   25.4   mm (1 inch), reporting the following synthetic expression:


   V a  = 36 +   5.118 ( d + 8.382 )    (  I a  )   0.5     



(1)




having adapted the expression from inches to mm for the quantity d.



	
Always for DC systems, Nottingham [61] reported for copper electrodes:


   V a  = 27.5 +  44   (  I a  )   0.665     



(2)




where the exponent n of   I  a r c    is indicated by the author himself as 0.665 for the tested separation   d = 3  mm    and on average 0.67 for the separation ranging between 1 and 10 mm. In addition, it is observed that the exponent value is ruled by the material of the anode, being 0.995 for a carbon anode (ideally 1), although the used cathode was copper.



	
Browne [62] comments on the influence of short and long arcs and then reports an expression of general use:


   V a  = 30  ( 1 + 0.0394 d )  +   11.81 d   I a    



(3)




having adapted the expression from inches to mm for the quantity d.



	
Fisher [63] carried out AC measurements up to 20 kA and for a 25 mm to 100 mm arc length d, resulting in this empirical expression:


   V a  = 25   25.4 d      (  I a  )   0.15    



(4)




having adapted the expression from inches to mm for the quantity d.



	
Stokes and Oppenlander [64] identified a transition current level    I t  = 10 + 0.2 d  , above which they derived an expression based on several measurements up to 20 kA and a 5 mm to 500 mm arc length d:


   V a  =  ( 20 + 0.534 d )     (  I a  )   0.12    



(5)







	
Van and Worrington’s model [65] has been discussed in [59] for a better interpretation and interpolation of the original data; the originally proposed formulation and the one using outlier removal by robust fitting are:


   V a  = 28.69 d /   (  I a  )   0.4    



(6)






   V a  = 11.39 d /   (  I a  )   0.427    



(7)







It must be noted that [66] reports a coefficient of 28.71 instead of 28.69.



	
Terzija and Koglin [59] provide also their own arc model:


   V a  =  ( 0.8553 + 0.4502 /  I a  )   d  



(8)




having taken the value of the arc voltage gradient from [60]; a ‘1000’ dividing factor is added to keep d expressed in  mm .



	
Goda et al. [60] report previous studies formulating a linear relationship


   V a  =  ( 0.95 + 5 /  I a  )   d  



(9)




again, having included a dividing ‘1000’ factor to express d in  mm .



	
Andrade et al. [66] provide a thorough evaluation of models for long arcs and high voltage levels, some of which are already reported above;



	
Paukert collected various measurements from other researchers ranging from 100 A to 100 kA and gaps between 1 mm and 200 mm.






It is observed that expressions (8) and (9) have been derived for long arcs, to the extent that tests in [60] were carried out with arcs   3.4   m long.



The above expressions are plotted altogether in Figure 3 for three different inter-electrode gap values (  d  =  10 ,  30 ,  100  mm   ) selected to match the most common values for the distance between the catenary and the sliding contact during detachment and bounces. The consider arc current values range from 1 A to about 3000 A, covering all pantograph current values for the most common DC and AC applications.



By analysing the spread of curves as shown in Figure 3, it is evident that there is a group of curves with similar slope and values and that there are some outliers with almost opposite or quite different behaviour: Fisher expression (4) has an increasing behaviour due to the selected exponent at the origin; Nottingham expression (2) detaches progressively from the rest of the curves and this is justified as it was derived for a 3 mm gap and held valid for the 1 mm to 10 mm interval.



For the remaining expressions it is possible to say in any case that the spread of predicted arc voltage values is large, even for expressions apparently derived under the same general assumptions.




2.2.2. Dynamic Electric Arc Model


Modelling of the dynamic behaviour is more complex and is less easy to prove experimentally. The electric arc dynamics are modelled by a differential equation in the current   i a   or by defining its dynamic conductance with its change through time. A good overview appears in [67] of the original contributions by Mayr [51] and by Cassie [48] and their combination in more complex models.



	
Cassie’s model is based on the assumption that the arc current density is constant, and so its resistivity and stored energy per unit volume. The resistance r is expressed as a function of voltage referred to a constant steady-state arc voltage   E 0   and of arc time constant   τ C  , equal to the ratio  θ  of the energy stored and the energy loss (named energy loss rate), both per unit volume.


   1 r    d r   d t   =  1  τ C    1 −   v 2   E 0 2     



(10)







The use of conductance g in place of resistance r is to ease the numeric calculation of expressions, as at very low resistance values convergence problems may arise.


  g +  τ C    d g   d t   =   v 2   E 0 2    



(11)







	
Mayr’s model instead assumes a heat loss occurring at the periphery of the arc, so that arc conductance varies with the stored energy.


   1 r    d r   d t   =  1  τ M    1 −   v i   P 0     



(12)







It is interesting to observe that for almost steady (or slowly varying) conditions,   v i =  P 0    and the model describes a hyperbolic characteristic and that   P 0   may increase well above the product   v i  , allowing lower and lower current until arc extinction. Also in this case, rewriting for arc conductance brings to a simplification:


  g +  τ M    d g   d t   =   i 2   P 0    



(13)










Various approaches have been proposed to provide a dynamic model able to comprehend both low- and high-current behaviour, including detailed dynamics and losses, depending on the relevance of each quantity for the specific application: besides the electric arc from a sliding contact considered here, there are in addition current interruption, welding and plasma torch for melting and pyrolisis, to cite the most diffused applications [68]. So, more complex arc models have been investigated, mostly by combining different elementary arc models for different arc current amplitude intervals (called “series subarcs” in [69]), rather than forcing one arc conductance-energy model to fit all operating points. In particular, much different temperatures or atmospheres have justified the adoption of slightly different assumptions, resulting in some other models and variants applicable e.g., to gliding discharge scenarios [70] and variable plasma column length e.g., for current interruption applications [71], that are appended at the end of the Section.



The straightforward combination of Cassie’s and Mayr’s models would offer both benefits, handling both low- and high-current scenarios, including extinction of the arc. The Mayr’s model alone instead can be improved, leading to the so called Schwarz model. A larger flexibility is achieved by combining three parameterised independent arc equations in the so called KEMA model, necessitating then a more complex tuning by fitting to experimental values by means of e.g., genetic algorithms [67], compared to more traditional non-linear least squares methods, such as Levenberg–Marquardt [72] or Powell’s dog leg [73] for the solution of the simpler Schwarz model.



Guardado et al. [74] comment that almost all proposed models can be represented with a general relationship of the type


    d v   d t   = Φ  ( v , i )    d i   d t   − v  F  ( v , i )   



(14)




where   Φ ( v , i )   and   F ( v , i )   characterise the different models and, for example, for Cassie and Mayr models above they take the following form:


      Φ C   ( v , i )      =  Φ M   ( v , i )  = v / i     



(15)






      F C   ( v , i )      =  1  τ C      v 2   E 0 2   − 1      



(16)






      F M   ( v , i )      =  1  τ M      v  i   P 0   − 1      



(17)







Models are discussed here below, including more recent studies that used and evaluated models’ behaviour against experimental results.



	
An improved Mayr’s model was proposed by Schwarz [53], where the time constant   τ M   and the cooling power threshold   P 0   were made dependent on the arc conductance following a power law with two exponents, p and q:


   1 g    d g   d t   =  1   τ M    g p       v  i    P 0    g q    − 1   



(18)







This method is what is in reality assumed by [73], with phrasing “first modified Schwarz model with two time-variant parameters”, namely  τ  and   P 0  , with the time-varying characteristic indirectly assigned by means of dependency on the arc conductance g.



	
Habedank proposed the straightforward approach of defining a threshold current   I 0  , holding (13) valid below it and (11) above it [54,75]. However, it is apparent that a problem of consistency occurs of the left and right derivatives at the transition point. This can be cured by allowing a smooth transition, that means mixing the results of the two intervals with a variable, but continuous, weighting factor   σ ( i )  [76]: the two conductance terms   g C   and   g M   of the two Cassie and Mayr models, respectively, are then combined as


  g =  ( 1 − σ  ( i )  )   g C  + σ  ( i )   g M   



(19)







In [76] the selected function is   σ  ( i )  = exp  −  i 2  /  I 0 2    ; Dai et al. [77] assign the value 1.2 to the exponent for a arc heater application. It is evident that  θ  is still to be defined and that it represents another degree of freedom of the model, or in other words a parameter that needs a further assumption on the internal physical behaviour of the arc: in [76] it is assumed that the energy loss rate  θ  is larger at low current and then stabilises to a lower value   θ 0   with an exponential decay:   θ =  θ 0  +  θ 1  exp  − α | i |   .



	
Schavemaker et al. [78] proposed a more detailed analysis of the transition between Cassie and Mayr models, de facto improving the Habedank model. Another positive feature of the proposed model is that, compared to e.g., KEMA and other modified Mayr’s models, it requires fixing only 3 parameters, so easing the convergence of the fitting algorithm.


   1 g    d g   d t   =  1 τ     v  i    P 0  +  P 1   v  i   − 1   



(20)




where   P 0   and   P 1   are two cooling constants: the former measured in  W  is related to the design of the breaker in the original work (and transferable to the sliding contact arc); the latter is a pure coefficient controlling the influence of the electrical power at the input on the cooling power, so including the pressure build-up caused by ohmic heating during arc extinction;  τ  is a time constant in  s . The values provided by the authors [78] for the experimental data measured at KEMA Laboratories are:   τ = 0.27  μs   ,    P 0  = 15917 W   and    P 1  = 0.9943  .



An improved expression was then proposed by observing that modelled arc voltage was lower than the measured one for large currents, but this is a workaround where the correct value   V *   is determined experimentally a posteriori:


   1 g    d g   d t   =  1 τ     v  i   max (  V *   i ,  P 0  +  P 1   v  i )   − 1   



(21)







	
As for the combined Mayr-Cassie model proposed by Tseng et al. [76] with smooth transition across the defined threshold, the Schavemaker model was augmented by a smooth transition of the exponential type into a Cassie model, as proposed by Guardado et al. [74]. In their work they consider the behaviour near the zero current zone, characterised by a low voltage with fast variation, in order to study problems of re-ignition in circuit breakers. The model is quite complex with several parameters:


   1 g    d g   d t   = β  ( v , i )  +  1   τ c   ( v , i )       v 2   v cr   − 1  +  1   τ m   ( v , i )       v  i    P 0  +  P 1   v  i   − 1   



(22)




where the introduced parameters are:


     β ( v , i )     =  1 v  −  1  i  Φ ( v , i )       



(23)






      τ c   ( v , i )      =  1 v  Φ  ( v , i )   τ c   ( i )      



(24)






      τ m   ( v , i )      =  1 v  Φ  ( v , i )   τ m   ( i )      



(25)






     Φ ( v , i )     =   v  1 +  e  − ( i −  i cr  ) / ξ    −  v cr    i  1 +  e  − ( i −  i cr  ) / ξ    −  i cr    +   Δ v  ξ    e  − ( i −  i cr  ) / ξ     1 +  e  − ( i −  i cr  ) / ξ    2       



(26)




with   v cr   and   i cr   representing two thresholds that separate two regimes of operation of the arc with different characteristics,   Δ v   being the voltage fall when the current i reaches   i cr   and the Cassie model can be applied, and  ξ  is the parameter of a Fermi-Dirac like distribution function that describes the shape of the current around the transition point   i cr  .



The authors [74] underline that these   v cr  ,   i cr  ,   Δ v   and  ξ  are newly introduced parameters that must be determined based on measured data. Calculated and measured values (taken from a high-voltage circuit breaking problem) match quite well with a worst-case deviation within 5%. Since the demonstration was carried out using only one set of measurement results, it is not clear to which extent parameters were tuned to the specific measured data to improve the correspondence with simulation results.



	
The already introduced KEMA model was first proposed in 2000 by Smeets and Kertesz [79] and then discussed and used more recently [67,80]. The model consists of three modified Mayr’s models connected in series, that are then subject to numerical fitting. The physical explanation is that of evident variability of behaviour for different current levels, at least for what already commented regarding the 500 A threshold that brings to select a Cassie or Mayr model. In [79] the proposed general arc model is


    d  g i    d t   =  1   Π i   T i      g i  λ i     v i 2  −   g i   T i     i = 1 ,  2 ,  3  



(27)




where   T i   is the time constant, and   λ i   gives the degree of freedom of transition between a Cassie (   λ i  = 1  ) or Mayr (   λ i  = 2  ) model and, as a consequence, the generic parameter   Π i   takes the form    Π i  =  P 0    or    Π i  =  E 0 2   , for the two cases, respectively.


   1 g  =  ∑  i = 1  3   1  g i      v =  ∑  i = 1  3   v i   



(28)







The authors acknowledge the large number of parameters, but fix some of them as “empirical constants” (without pointing out if they are somehow customised instead to the specific problem)


   λ 1  = 1.4   λ 2  = 1.9   λ 3  = 2.0   T 2  =  T 1  /  k 1    T 3  =  T 2  /  k 2    Π 3  =  k 3   Π 2   











From the  λ  values it is clear that one model is a Cassie-Mayr and the other two are a quasi-Mayr and a pure Mayr model. In the reported results the k values are given for each tested circuit breaker, but not the T and  Π  values.



	
Another model was developed [81], that we may call Khakpour’s model, providing a richer set of power terms related to arc physics, namely radiated and turbulent power loss, and power loss due to axial and radial mass flow. The power terms are then related to several physical parameters of the arc, such as the axial and radial mass flow, the speed of sound in the arc, besides geometrical parameters and several tuning parameters. Then the arc conductance would be simply    g K  =  i a 2  /  P tot   , where   P tot   is the sum of all power terms. A more practical model that introduces the dependency on the arc diameter was proposed then in [82] and is reported below:


   1 g    d g   d t   =  1 τ     v  i    V *    | i |   a  d k c    − 1   



(29)




having indicated with a and c two parameters and with   d k   three different expressions for the arc diameter, namely:


   d 1  = b    | i |     d 2  =   b  | i |  q    d 3  = b    | i |  q    e  −   a | i |  d     











For the tests carried out both at AC (2 kV) and with a switched DC square wave (7 kV), the values of the parameters are as shown in Table 1.








[image: Table] 





Table 1. Parameters of Khakpour model [82].






Table 1. Parameters of Khakpour model [82].





	Test Type
	V* (V)
	    τ ( μ s )    
	b
	q
	a
	c





	AC sin.
	53
	95
	   2.85 ×  10  − 5     
	0.8
	1.2
	0.04



	DC sq. w.
	220
	21
	   9.50 ×  10  − 6     
	0.8
	2.64
	0.18








The Habedank model, as the straightforward combination of the two basic and most known models of Cassie and Mayr, is quite widespread and several authors have applied it for arc phenomena in railways [83,84], but also for photovoltaic systems [85] and DC distribution [86] applications.



The Schavemaker’s model has been successfully used to analyse pyro-breakers for superconducting applications [87].



It is observed that for applications where low current operation prevails, possibly with frequent arc ignition and extinction, also the Schwarz’s model alone has been used [72,73].



So far, dynamic models have not included the effect of the arc length: both arc conductance and cooling power depend in reality on the arc length, although they are usually assumed constant. Modelling work for variable arc length has proceeded in two directions, considering both a simple dependency on arc length to fit with experimental data, or a more complete understanding of arc physics and supporting assumptions. In the following the arc length is indicated with l, to distinguish it from the inter-electrode distance d, that’s shorter for elongated arcs.



	
In [69] the cooling power   P 0   is linearly proportional to the arc length, including dynamic scenarios where the arc length is subject to change during e.g., circuit breaker opening.



	
Li et al. [58] discuss a “cybernetic” model [88], based on the definition of the time constant   τ = γ I / l  , where l is the arc length, I is the maximum arc current and  γ  is an empirical constant (that in [58] is set to   2.85 ×  10  − 5    ).



	
From this Li et al. [58] introduce their own improved Schwarz arc model with the arc length d introduced directly into the former   τ M   quantity:    τ M  = γ I / d  .



	
Variable arc length conditions were considered by Sawicki addressing dynamic elongation of the arc during e.g., circuit breaker opening, with contacts getting farther apart during manoeuvre, but equally applicable to detachment during a pantograph bounce [71]. His works start from the quantification of the heat dissipation process, considered first as a slow process with respect to external influence, depending on the lateral surface or the volume of the arc column. In [71] several models are discussed, but notation is sometimes ambiguous and numeric values and ranges of variation not always provided; the discussion of such models is anyway interesting, as not only points out similarities between models, but also because it covers a part of the research results that is not often considered by the mainstream publications.



	‒

	
A Cassie-Berger model is introduced [89], using a variable Cassie voltage    U C 2  = a l   (following the arc length l with a parameter a) and a power term p that depends on the arc length variation:   p = b  | d l / d t |  .


   1 g     d g   d t   =  1 θ     v 2    U C 2  + p / g   − 1  =  1 θ     v 2   a l + b / g  | d l / d t |   − 1   



(30)








	‒

	
Considering heat dissipation is slow and power loss is going to be determined mainly on the basis of the static characteristic, that we have discussed above in Section 2.2.1, Kulakov modified the Mayr’s model introducing anyway a dependency on arc length variation, but using an estimate of the electric field based on the static characteristic:


   1 g     d g   d t   =  1 θ    i  g  l  E  s t a t     − 1  −  1 l    d l   d t    



(31)








	‒

	
Connecting in series the two conductance terms of the Berger’s and Kulakov’s model, Sawicki shows how a model similar to the Habedank’s model can be obtained. The relative weight of the two conductance terms is introduced, as already done by [76,77].


   1 g     d g   d t   =  1 θ    ( 1 − σ  ( i )  )    v 2    U C 2  + p / g   + σ  ( i )   i  g  l  E  s t a t     − 1  − σ  ( i )   1 l    d l   d t    



(32)








	‒

	
Abandoning the assumption of a slow heat dissipation process, variations of length and diameter of the electric arc (assumed of cylindrical shape) are taken into account in the model proposed by Voronin (considering the arc column lateral surface) and Sawicki [90,91] (considering the arc volume). The two equations are basically identical, but with a different selection of parameters.


   1 g     d g   d t   =  1  θ S      v  i   P S   − 1  −  1 l    d l   d t    1 + ln   g  l    σ 0  S    +  1 S    d S   d t    1 − ln   g  l    σ 0  S     



(33)






   1 g     d g   d t   =  1  θ V      v  i   P V   − 1  −  1 l    d l   d t    1 + ln   g  l    σ 0  S    +  1 S    d S   d t    1 − ln   g  l    σ 0  S     



(34)







The parameters are: damping for the surface model    θ S  =   q 0   p S     S /  4 π     , damping for the volume model    θ V  =   q 0   p V    , dissipated power for the surface model    P S  =  p S   l    4 π S     and dissipated power for the volume model    P S  =  p V   l  S  .




	‒

	
The two equations may be combined creating two new parameters describing the combined effect of surface and volume dissipation:


   θ  S V   =   q 0    p V  +  p S     4 π / S      



(35)






   P  S V   = l  S    p V  +  p S     4 π / S     



(36)






   1 g     d g   d t   =  1  θ  S V       v  i   P  S V    − 1  −  1 l    d l   d t    1 + ln   g  l    σ 0  S    +  1 S    d S   d t    1 − ln   g  l    σ 0  S     



(37)














Due to the difficulty of understanding the subtleties of the different models and of accessing experimental data and fixing the parameters of several models at once, model comparisons are few, whereas they would be extremely useful to assess the range of validity and reliability of models and underlying assumptions.



A first comparison of many of the mentioned methods was proposed in [92], but the analysis is limited and the results are not extensively discussed and critically evaluated.



Li et al. [58] provide a comparison of the Mayr, Schwarz, cybernetic and Li’s improved Schwarz models, using multi-physics simulation as benchmark, matched within 1% by the proposed improved Schwarz model at the selected 40 mm arc length. Results in [58] confirm also the intrinsic variability of arc phenomena, for which using the proposed test setup repeated arc events at the zero crossings of the AC waveform have slightly different peak and rise-time values.



Cassie, Mayr, Schwarz, Habedank and KEMA models are considered in [67], optimising their parameters with a genetic algorithm applied to a short-circuit scenario at a traction power station, rather than what discussed so far (pantograph arc). Habedank and KEMA result in an almost identical conductance curve vs. time, well matching the recorded data, as witnessed by the   R 2   fitting performance in excess of 99%. However, as for the simulation of the evolution of voltage and current waveforms vs. time, tested on two examples, all models except Cassie behave almost similarly in terms of   R 2   and maximum (or peak) error; the Habedank model is probably the least reliable of the remaining four models, if correspondence between curves is visually evaluated.





2.3. Electric Contact Resistance as a Function of Contact Force, Sliding Speed and Flowing Current


First of all it it is worth distinguishing between the static and the dynamic contact resistances (of electric nature) with obvious meaning and observing that the dynamic contact resistance can be made correspond to the electric arc resistance.



	
The static contact resistance   R c s   arises from the configuration of the stationary pantograph strip pressed against the contact wire and is subject to measurement under different intensity of the flowing current: the behaviour is inversely proportional to both the current intensity   I a   and the applied force   F m   with a larger variation in the low range of both, e.g., up to 20 A and 50 N to fix some reference values. A qualitative sketch is shown in Figure 4.



	
The dynamic contact resistance   R c   characterises all configurations with train motion; its behaviour versus current and force is more complex, basically considering that the purely vertical contact force of the static configuration is now skewed by a transverse friction in the direction of motion, with possibly minor components in the lateral direction due to the catenary staggering. The overall behaviour versus speed is an initial increase followed by a saddle with local reduction of the   R c   values and then a further increase; it is interesting to observe that this behaviour follows that of the friction coefficient. The exact shape depends of course on the applied force   F m   and the flowing current   I a  : as for the static contact resistance the most significant variations are observed at the lowest values, similar to the previously identified boundaries of 20 A and 50 N. A qualitative sketch is shown in Figure 4 distinguishing the dependency on train speed v and flowing current   I a  .
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Figure 4. Static contact resistance vs. arc current   I a   for various contact force   F m   values: blue (about 20 N), pink (about 30 N to 50 N), light brown (about 50 N to 80 N), green (about 80 N to 120 N). 






Figure 4. Static contact resistance vs. arc current   I a   for various contact force   F m   values: blue (about 20 N), pink (about 30 N to 50 N), light brown (about 50 N to 80 N), green (about 80 N to 120 N).
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Several measurements were carried out in [93] keeping the sliding speed    v s  = 100  km / h    and the arc current    I a  = 200 A   in DC, showing almost doubled contact resistance values for the graphite strip than for the Kasperovski copper strip. Two interpolating expressions were derived for the contact resistance   R c   in  Ω  versus the loading contact force   F m   in  N , but the original measured data are quite dispersed, as shown below.


      R c   ( Kasp )      = 0.013 + 0.09   e  − (  F m  − 14 ) / 11          R c   ( graph )      = 0.015 + 0.18   e  − (  F m  − 4 ) / 7       



(38)







An overall sketch of the results and of their distribution is shown in Figure 5. The curves in Figure 5a show the inversion phenomenon that creates a saddle at about 40 km/h to 70 km/h, after which there is again an increase with speed, but with a slightly lower slope [94]. The graphical representation in Figure 5b aims at showing the areas of clustered measured points (large coloured areas) indicating then where there are dispersed results (coloured circles).



It is worth underlining that the tests documented in the literature were carried out mostly at low-medium contact force values, in the order of some tens of  N  up to a hundred. With increasing speed the contact force increases and for high-speed trains values in the order of few hundreds  N  are common, as documented in [95], where the effect of pre-sag of the catenary and in general the dynamic behaviour of the contact force during a train run are shown. A significant oscillation of the contact force takes place, touching a minimum in the order of 50 N to 80 N every 50 m of simulated catenary (50 m corresponds to the separation of catenary masts). At each occurrence the electric contact resistance increases and there are the conditions for some arcing, e.g., as triggered by added train bouncing and wind force.



Starting from a different standpoint, that of very long arcs in static conditions, a simple formula is proposed in [59]:


   R c  =   2  2   π     V a  L   I a    



(39)




where   V a   and   I a   are the arc voltage and current (as defined previously in Section 2.2.1) and L is the electric arc length in  m , which is intended as a large value for long arcs, so several times larger than the usual gap values at the sliding contact. It is worth noting that for long arcs the arc length L may be much longer than the electrode separation d.



A rapid comparison of this expression using the   E a   values considered in [59] (discussed in Section 2.2.1), taking   L = 10  mm    and an arc current    I a  = 100 A  , the resulting arc resistance value is 0.11  Ω  to 0.13  Ω , so among the worst values reported in Figure 5b. Reducing then the arc length to 5 mm, the predicted arc resistance would be half, so in the centre of the measured values, but going to shorter arc length values the effect of the surfaces and of the electric field distribution around the cathode cannot be ignored any longer.




2.4. Arc Duration and Electrode Erosion


2.4.1. Arc Duration and Its Dynamic Behaviour


The average arc lifetime (AAL) is an important measure of arc stability, taken as the time between arc initiation and self-extinction. Arc stability was identified in [14] as an important parameter for current collection, although we must underline that arcing occurs only at the detachment of pantograph and catenary, whereas the impression is that what was assumed at that time (47 years ago) was a more rigid current-collection system.



Arc stability at large current is confirmed by [14], where a 100 A arc is more tolerant to the variation of the inter-electrode gap (between 1 and 10 cm) than a 50 A arc, that shows a reduction of its AAL of two orders of magnitude. The Authors cogitate that the internal instability may be caused by increased susceptibility to self or external magnetic field or to the turbulence of the gas flow.



The cathode electrode shape is also highly important for the stabilisation of the electric arc, as explained quantitatively in [96], where the aligning force per-unit-length is calculated:


  d F / d L =  10  − 6     I a 2   L sin α    ( 1 − cos α )   



(40)




L being the arc length in  mm ,   I a   the arc current in  A  and  α  the arc inclination angle in degrees.



A small cathode electrode (like a pointed one) will exert a lower aligning force for which hollow cratered electrodes are usually preferred. The resulting AAL is generally ten times longer for the latter.



An overall picture of literature findings for the AAL dependency on the electrode geometry and arc current is reported in Figure 6.



As for the dynamic behaviour, arcs established between stationary electrodes possess their own speed of movement due to the interaction with the own magnetic field: values of arc velocity reported by Spink and Guile [97] for   9.6   mm brass electrodes are approximately linear with the arc current (about 80 m/s/kA for a   3.2   mm gap) and with a slope inversely proportional to the inter-electrode gap (longer arcs are slower, approximately linearly with their length).




2.4.2. Wear and Erosion of the Current Collection System


Although the focus of this work is on the electrical behavior of electric arcs for current collection in railway applications, selection of materials and technical solutions are heavily influenced by their behavior with respect to wear, that has a dramatic impact on reliability and safety of the collection system (pantograph or shoe) and of the overall ETS.



As well documented by Bucca and Collina [16] and further analyzed by Lee et al. [15], the normal wear rate (NWR) of the pantograph (expressed in volume of lost material per sliding distance, namely in    mm 3  / km  ) is a combination of the effect exerted by loading force and flowing current, including some experimentally adjusted parameters.



The original expression in [16] is:


  N W R =  k 1     1 2   1 +   I a   I 0      − α       F m   F 0    β    F m  H  +  k 2     R c   I a 2    H  V    ( 1 − u )  +  k 3  u    V a   I a    V   H m   ρ    



(41)







The overall NWR expression is reworked isolating several terms that indicate the contribution of the loading force   F m   alone (  N W  R 1   ), of the flowing current   I a   alone (  N W  R 2   ), of arcing erosion (  N W  R 3   ) and the contribution of combined loading force and flowing current effect, distinguishing between synergy wear of flowing current to mechanical loading (  N W  R 4   ) and viceversa of mechanical loading to flowing current (  N W  R 5   ):


     N W  R 1      =   k ˜  1      F m   F 0    β    F m  H      



(42)






     N W  R 2      =   0.333  k 2   I a 2    H  V    ( 1 − u )      



(43)






     N W  R 3      =  k 3  u    V a   I a    V   H m   ρ       



(44)






     N W  R 4      =   k ˜  1   − α   I a   I 0   +   α ( α − 1 )  2      I a   I 0    2  −   α ( α − 1 ) ( α − 2 )  6      I a   I 0    3  + ⋯      



(45)






     N W  R 5      = −    k 2   I a 2    H  V    ( 1 − u )   ( 0.333 −  R c  )   [ 1 e m ]      



(46)




where:



	  F m  
	is the total normal contact loading force in  N ;



	  F 0  
	is the reference contact force in  N  (=90 for the results in [16]);



	H
	is the material hardness in  MPa  (=700 for copper);



	  H m  
	is the fusion latent heat of the contact wire in   kJ / kg  ;



	  I 0  
	is the reference arc current in  A  (=500 for the results in [16]);



	  I a  
	is the arc current in  A ;



	  k 1  
	is an experimentally determined parameter related to the mechanical contact loading (adimensional, =22.4 for the results in [16]);



	  k 2  
	is an experimentally determined parameter related to the arc current (adimensional, =10.3 for the results in [16]);



	  k 3  
	is an experimentally determined parameter related to arc erosion (adimensional, =0.4 for the results in [16]);



	 α 
	is the coefficient of dependence on the arc current (adimensional, =4.5 for the results in [16]);



	 β 
	is the coefficient of dependence on the loading force (adimensional, =1.8 for the results in [16]);



	  R c  
	is the contact resistance in  Ω ;



	u
	is the fraction of time for which the contact is lost (adimensional);



	  v s  
	is the relative sliding velocity of the contact surfaces in   m / s  ;



	  v 0  
	is the reference velocity at the sliding contact in   m / s   (=44.4 for the results in [16]);



	  V a  
	is the arc voltage, that is the potential difference between the contact wire and the current collector, in  V ;



	 ρ 
	is the mass density of copper in   kg /  m 3    (=8940).








The expressions reported above stem from least mean square fitting of the experimental results of [16] that are indeed quite dispersed, as previously shown for the electric contact resistance values in Figure 5.



Interestingly Lee et al. [15] observe that   N W  R 4  + N W  R 5    is a negative term, that is reduces the effect of the two   N W  R 1    and   N W  R 2    terms, and is for this reason usually called “current lubrication”, adding some interpretation to what was stated in [16].



One last factor to consider for better understanding of wear is the power associated to the arc, that indeed depends on the arc voltage   V a  , in addition to the flowing arc current   I a  . The arc voltage has a complex dependency on the arc length, and on the arc current itself, the former related to the gap between the catenary and the contact strip (variable at each bounce and detachment) and the relative air flow speed (that depends in particular on the train speed) [93].






3. Electrical System Transient Response and Low-Frequency Conducted Emissions


Electrified railways, whether DC or AC, are characterised by a complex response that combines the natural transient response related to the physical length of the line sections [98] with the additional spurious responses caused by lumped loads, such as substations, rolling stock, and autotransformers, booster transformers, etc.



As a matter of fact, electric arcs are a wide-band excitation of the ETS transient response modes. The ignition of the electric arc corresponds to a step-wise voltage decrease or increase (depending on tractive or braking conditions) of the onboard internal line voltage downstream the pantograph. Such a step variation excites the rolling stock transient response and at a lesser extent the line transient response:




	
Rolling stock features a main response caused by the resonance of the onboard filter (DC rolling stock) or of the onboard transformer (AC rolling stock); whereas the DC onboard filter resonates around 10 Hz to 20 Hz [26,99], AC transformer resonances may be located at higher frequency, in the order of tens and hundreds of Hz, as they are caused by the stray inductance terms.



	
Line resonances for DC and AC railways are very similar, as they depend on the physical length and the per-unit-length parameters (not so different for lines with similar geometry) [100,101,102]; an exception is represented by the low-frequency resonance caused by the substation filter of DC railways studied extensively in [98,103,104].








3.1. Onboard and Substation Filters Excitation in DC Railways


The LC resonant filter located onboard DC rolling stock is quite relevant, as it is always provided although with different sizing and influences largely the system response [104].



The low-frequency transient response of the onboard filter manifests as an impressed current transient, as the filter inductance value is quite large, corresponding to several km of traction line inductance. Similarly, the traction power station (TPS) filter oscillation can be triggered by such a transient event if the locomotive happens to be not too far away: in this case the combined action can take the form of the oscillatory response shown in Figure 7. The slow onboard filter oscillation at about 20 Hz (corresponding to 50 ms) overlaps to the faster TPS filter oscillation, at about 120 Hz (corresponding to   8.33   ms, visible in the central portion left of   91.5   s). The appearance of TPS filter oscillatory response is a known byproduct of DC railways, as shown in [103], where a resonance peak of the pantograph impedance curve is visible slightly above 100 Hz and is clearly exposed to the excitation of an external source, such as the loco electric arc itself.



The relevance of such oscillatory responses is manifold. First of all, they are a source of low-frequency disturbance, not only for signalling circuits and devices connected to the track, but also for the control of the onboard braking chopper, causing undue energy dissipation [23]. The terms contributing to power losses are the arc itself (taking simply the integral of the voltage-current product), the triggered oscillations of onboard filter and the undue triggering of the rheostatic chopper (stabilising a catenary voltage excess that in reality is not there).



Filter oscillations then represent a bias for the components at higher frequency, possibly leading to out-of-scale issues, when for example measuring harmonics to assess disturbance to signalling. In fact, observing Figure 7, the otherwise small normal ripple around the DC line voltage of about 3800 V is masked by significant over and under voltages (peaking about   2000   V and   − 1400   V). The same for the pantograph current that was initially negative (braking condition) and then slowly return to the pristine value after the transient.



Finally, what reported as a power drive electromagnetic torque oscillation [25] brings indeed the signature of the onboard filter oscillation, as the reported curves have a 18 Hz resonant component. As discussed in the other case above, the onboard filter oscillation of a DC rolling stock has two significant drawbacks for the ETS electrical system: the capacitor voltage excursion may be significantly large disturbing the operation of the electrical systems onboard and the filter inductor behaves like a high-impedance current source, injecting its oscillating current back into the traction line by virtue of its larger inductance.



It is finally remarked that such oscillations occur mostly at low frequency, up to a hundred  Hz , and that the damping of the traction supply circuit is negligible: the running rails in fact increase their longitudinal resistance because of skin effect only above it in the hundreds Hz and  kHz  range [105].




3.2. Onboard Transformer and Converter Excitation in AC Railways


The problem of electric arc effects on AC locomotive equipment was considered in [24], where a simple resistive-inductive circuit was used to observe the behaviour at the arc occurrence: the typical transient over-voltage at the current zero crossing is shown to have a sort of exponential decay with subsequent reduced amplitudes of the peaks and normal operation established after 3–4 periods; due to asymmetry of the positive and negative voltage peaks a DC component appears, as well as a 3rd harmonic, of p.u. amplitude 12% and 38%, respectively, for the studied example. What is observed is the triggering of the resonance of the input circuit, that for what reported is limited to the input transformer model: the resonance is not further discussed, but counting the ups and downs of the jagged voltage waveform the resonant frequency seems at about 4 kHz.



The simulated impact of pantograph arcing on a four-quadrant converter [106] identifies first of all the obvious effect of a temporary reduction of the DC link voltage (and of the AC voltage as well), as the arc voltage is in series to the pantograph input line. The corresponding current quantities are not visually affected, but their spectral analysis reveals a significant increase of the DC, 2nd and 3rd components of the AC current. In particular, the DC component increases as long as the arc duration 1/8 of the 50 Hz period, resulting in 20 A out of about 1 kA of nominal current, and this could create issues of transformer saturation. Similarly, the 100 Hz component increases by more than a factor of 2 passing from an arc duration of 1/8 to 1/2 of the 50 Hz period. In this case the most likely effect is the appearance of additional non-characteristic low-order harmonics.




3.3. Excitation of Line Resonances


ETSs, featuring long line sections interconnecting substations and loads, undergo the problem of resonant behaviour extended over several decades of frequency, whenever the poles of the transfer functions of ETS’s electrical quantities have low damping. Depending on the extension of the traction line, the first resonance may be located between some hundreds Hz and several kHz, inversely proportional to the length of sections between supply points. DC railways feature a shorter length of such sections (in the order of a dozen km or shorter for metros and tramways), whereas AC railways may be longer, ranging from 20 km to 40 km for 2 × 25 kV systems using Auto-Transformers (ATs) (with neutral or phase separation points to separate adjacent sections with different phase) to a hundred km for the other systems operated at 16.7, 50 and 60 Hz.



The theoretical model of line sections to predict resonances is based on a distributed parameters approach [107], as introduced long ago. Whereas AT-equipped railway lines have an asymmetric section termination with TPS at one side (with impedance   Z  T P S   ) and neutral section at the other side (assimilated to an open-circuit condition), the other AC and DC lines have a symmetric termination with TPSs at both sides of each section, as observed in [102]. The expressions for the impedance seen by the moving train for the single TPS configuration (  Z  1 T P S   ) and for TPSs at both ends (  Z  2 T P S   ) are:


   Z  1 T P S   =  Z c  cosh  γ ( D − x )     Z  T P S   cosh  γ x  +  Z c  sinh  γ x     Z  T P S   sinh  γ D  +  Z c  cosh  γ D     



(47)






   Z  2 T P S   =    Z c   (  Z  T P S   cosh  γ ( D − x )  +  Z c  sinh  γ ( D − x )  )   (  Z  T P S   cosh  γ x  +  Z c  sinh  γ x  )    2  Z c   Z  T P S   cosh  γ D  +  (  Z c 2  +  Z  T P S  2  )  sinh  γ D     



(48)




where x is the train position over the D length of the supply section,   γ =   ( r + j ω l ) ( j ω c )     is the propagation constant (neglecting as obvious transversal conductance terms),   Z  T P S    is the TPS impedance and    Z c  =   ( r + j ω l ) / ( j ω c )     is the characteristic impedance of the traction line.



The major source of resonance excitation is represented by the distortion of the rolling stock current absorbed through the pantograph (or sliding shoe, for some metros). Switching harmonics, as caused by pulse-width modulation schemes of the input converter typical of AC systems, extend with a significant amplitude up to a ten of kHz and able to excite the said line resonances. Electric arcs, as impulsive transients, have spectrum components of lower amplitude, although more extended in frequency, and represent a phenomenon common to both DC and AC railways. Resonances tend to reduce their factor of merit as the frequency increases, where line conductors and connected systems provide more damping. To this aim there are some phenomena that need to be included in any ETS model for a correct prevision of high-frequency resonant behaviour:




	
line conductors’ resistance is affected by skin effect [108], that depends not only on the magnetic characteristics of the conductor material (copper and copper alloys for supply conductors, magnetic steel for running rails [109]), but on the conductor cross section and shape (small conductors trigger skin effect at higher frequency);



	
proximity effect also plays a role [108], in particular when conductors are closely packed, as in the rolling stock input transformers, significantly increasing high-frequency damping and losses [110];



	
the soil is one of the conductive paths forming the return circuit, besides the running rails and aerial or buried earth conductors (in electric parallel through various connections and mutual leakage, represented by earth conductance terms).








As seen, the pantograph arc may be represented as an instantaneous voltage drop (a voltage source) appearing in series with the pantograph line and characterised by an internal resistance of moderate value, providing a first approximate static equivalent circuit. The dynamic behaviour is introduced by considering one of the electric arc models discussed in Section 2.2.



A direct interaction in an AC railway of the pantograph electric arc using a Mayr’s model was assumed in [111], modelling the railway line response based on the equivalent transmission line circuit described in [98]. However, modelling of the traction line is approximate indeed, as the measured (or simulated) response spectrum does not show any resonance phenomenon. Resonance of modern ETSs occurs over a broad frequency interval between some kHz and tens of kHz, with smaller value of the factor of merit as the frequency increases. In [26,112] in fact pantograph electric arcs in a DC railway trigger line resonances, to the extent that in [112] the transient response is used to identify the electrical parameters of the traction circuit itself: the results are good, but quality is affected by the limited sample rate available at the time of measurements for a resonance frequency in the order of 50 kHz. The resonance triggered by the electric arc [24] and previously commented as due to transformer resonant behaviour, could be as well the result of a combined line and transformer resonance.



A source able to trigger transient responses, strongly related to the pantograph electric arc, is the one associated with neutral (or phase separation) sections in AC ETSs. Each supply section is electrically separated and there is a procedure for the rolling stock to pass under such isolation phase changeover point, so that during passage the pantograph line of a long train does not risk the contemporary connection to two different supply sources with   120 ∘   phase rotation. A bold short circuit is prevented by lowering the pantograph and opening of the locomotive circuit breaker, that does not prevent the occurrence of dangerous events such as overvoltages caused by non-terminated transmission lines (either part of the neutral section or along the travelling train roof line, both approximately 200 m long) [113,114].





4. High-Frequency Transients and Radiated Emissions


Besides the excitation of the traction supply line circuit or large power devices (transformers and filters) in the low-frequency interval by their entire energy content of sub-ms duration, electric arcs are able to excite transient response at much higher frequency, by virtue of their faster turn-on time and intermittency.



A good evidence of two behaviours is provided in [115]: a “type-I arc” is reported with a more definite behaviour of arc initiation, ignition and extinction phases in the time domain and a spectral content mostly located at a few  MHz ; the “type-II arc”, instead, is characterised by a jagged time-domain waveform with no definite phases and a spectral content moved to higher frequency, visibly in the tens of  MHz . The amplitude of emissions is shown to be mostly influenced by speed, reporting an almost doubled amplitude at some characteristic frequencies, passing from 350 km/h to 450 km/h, where the latter speed is probably at the physical limit of the catenary system, that responds with more oscillations.



It is also interesting to observe that the 22 MHz frequency of relevant spectral components observed in [115] agrees with that reported by [38], discussed later in Section 6.3.



Considering then the propagation of the high-frequency components along the catenary system, we may say that the higher the frequency the shorter the propagation along the ETS, due to the larger resistive terms and associated losses [116]. It must be remembered that the focus is on the e.m. emissions originating from arc phenomena, and that not so many works have reported measurement results clearly related with such phenomena, rather than overall rolling stock and ETS e.m. emissions.



A pioneering work measuring radiated e.m. field in controlled conditions from stationary and rotating arcs in air and argon was carried out by Klapas et al. [117]. From a phenomenological and measurement standpoints conclusions may be summarised as:




	
results are expressed in dB μ V/m/MHz using a resolution bandwidth of 10 kHz and measuring distance for the antennas of 1 to 30 m; results are then expressed for a reference distance assuming a far-field radiation mode and that distance was selected as 1 m, invoking the now superseded standard MIL STD 462 [118];



	
there is no appreciable influence of the inter-electrode gap on the measured electric field strength;



	
arc at low current (below about 50 A) tend to be more unstable and produce slightly higher e.m. emissions; this was particularly evident at 100 MHz (about 5 dB between 50 and 100 A, and almost 10 dB between 100 and 200 A), whereas at 400 MHz the influence reduces to 4 dB between 50 and 100 A and 3 dB between 100 and 200 A;



	
frequent ignition and extinction of arcs increase the level of emissions, confirming that stable arcs (as observed at higher current intensity, and we will see in the absence of significant movement of the electrodes and wind) have lower emission profiles.








When carrying out measurements of e.m. field emissions by means of antennas, a second delicate point is ensuring that oscillating components appearing in the recorded signal are not introduced by one of the self-resonant modes of the antenna itself. This occurs for sure for narrowband antennas (such as those for radio communication systems) [119], whereas for broadband measuring antennas this should be a minor problem, although such antennas are (almost) never tested for their impulse response, nor this is declared as being verified or considered in scientific works.



A second systematic error in measuring e.m. field emissions of electric arcs is represented by the influence of the circuit feeding the electric arc itself, that in a real scenario includes the pantograph, the traction conductors and the train roof. Different setup geometries could impair reproducibility when attempting to compare results from different sources, e.g., spotting out the significance of some parameters, in particular speed.



Although the overall arc duration in real conditions may be in the order of hundreds of   μ s   or few  ms , arc discharges are able to couple significant disturbance to receiving antennas nearby, where the tuning of such antennas is in the hundreds  MHz  or few  GHz  range and the separation distance exceeds several meters. This is discussed further in Section 5.



Recording of arc events may be challenging as a compromise between different exigencies. There is no “one size fits all” method, as each one in time or frequency domain has advantages and drawbacks.



	
A straight time-domain acquisition at high sample rate is unmanageable in terms of amount of data to store and subsequent post-processing; the small subset processed in [120] amounted to 25,700 records of about 2 MB each, over a 100 min travel time.



	
Arc transients last for a short time (the time duration   T D  ) and are separated by a long time interval (the repetition interval   R I  ), for which suitable triggering is able to capture and store only the relevant portions, reducing storage requirements and need to locate the transient within much longer recordings; nevertheless the   R I   information should be retained for its relevance to interference to radio communication system (RCS) (see Section 5).



	
Frequency domain equipment could be used to reduce the amount of data, set to max hold with a fast sweep or in zero span mode; the latter in fact would allow to follow the entire test run with multiple arcs, although it is applicable to RCS interference scenarios, having defined the centre frequency and the resolution bandwidth (RBW); the short   T D   values, however, require sufficiently large RBW values, larger than most of RCS bandwidth values; in the end even selecting 10 MHz may require some compensation for pulse desensitisation [121], sec. 9.2.13, that could be troublesome in the presence of sequences of arc pulses with variable duration.






Reference values of e.m. field emissions in clear relationship with electric arc phenomena are few. Two recent publications [122,123] provide two sets of data for measurements taken at high-speed AC railways, including a location with a neutral section. The values of the parameters a and b normalised to 10 m of distance are summarised in Table 2.


  E  ( 10 m )  = a + b  log 10   ( f )   



(49)




where f is expressed in  MHz .



It appears that the two sets of results are different, but a comparison of the numeric values in the frequency interval of interest shows a moderate discrepancy, in the order of some dB. For the values provided by [122] the neutral section features higher values by about 20 dB than the normal line. As a recommendation new studies should compare to past published values, if they are supposed to apply to similar or identical conditions.




5. Radio Communication System (RCS) Disturbance


With the widespread use of radio communication services (RCSs) in ETSs for both safety and non-safety relevant applications, there has been a renewed research impetus for the modelling and prediction of interference, considering in particular the impulsive and random nature of electric arc emissions.



The commonly analysed RCSs for railway applications are:




	
The GSM-R is the bespoke GSM protocol adapted for railway signalling, using two reserved frequency bands at the margin of the commercial band, namely 873 MHz to 876 MHz and 918 MHz to 921 MHz for up-link and down-link, respectively [124]; the GSM-R is the data carrier for the European Train Control System protocol, implementing at the various levels voice and data transmission; the bandwidth of the single channel is 200 kHz and the used modulation is GMSK ensuring a data rate up to 172 kbps, quite slow if compared to the more modern LTE-R.



	
The Terrestrial Trunked Radio (TETRA) is a two-way mobile radio system extensively used for communication of maintenance staff, emergency coordination, fire squad and police within transportation systems of the metro and light railway transit type (railways operating often with the GSM-R); the emergency services operate over the 380 MHz to 385 MHz and 390 MHz to 395 MHz band, whereas civilian applications besides the remaining space between 385 MHz to 390 MHz and 395 MHz to 400 MHz are usually moved to 410 MHz to 470 MHz and around 900 MHz; the system also uses a TDMA assignment of time slots to users; the communication speed is limited to approximately 7 kbps per slot (half if IP encoding is used).



	
The LTE-R (Long-Term Evolution for railways) operates on a wide range of bands, from 450 MHz to   1.8   GHz, using a much larger bandwidth variable between 1 and 20 MHz and ensuring a quite high data rate that is not symmetric for the up-link (10 Mbps) and down-link (50 Mbps).



	
Wireless LAN (WLAN) systems are used instead on a local basis, for instance to implement train-to-wayside communication for both safety and non-safety related functions, such as CCTV, passenger information, train control (the Communications-Based Train Control, CBTC, is based on a WLAN protocol). Interference from commercial systems operating in the same   2.4   GHz and 5 GHz bands may occur (even as simply overloading causing a flood of packet rejections), so that there are implementations using a frequency offset of some hundreds MHz. Performances are those known for the commercial applications, not dissimilar from those of the LTE.








The study of the interference can be seen as a two-step process, where first a dataset of recorded representative waveforms or spectra is set up, and then it is fed to some simulation models of the victim RCS or just expressions synthesising RCS performance versus incoming noise (the latter corresponds to the known theory of the optimal receiver using the signal-to-noise ratio figure, SNR).



It must be remembered that when testing RCSs on site, especially at the highest operating frequencies, other interfering phenomena take place (and overlap to the effect of the electric arc impulsive disturbance), such as, not only multi-path fading (against which MIMO receivers are quite effective), but also Doppler shift (that unfortunately depends on the train speed as well) [125].



5.1. Electromagnetic Field Estimate at the RCS


The most direct approach to form the experimental dataset for a particular RCS is that of recording ETS noise (and in particular that originating from the electric arc) as captured by the RCS receiving antenna [119,126,127,128]. This approach has two drawbacks that hinder generalisation and re-use of data: as commented before, the impulse response of the antenna (usually a narrowband antenna tuned on the RCS frequency band [120]) appears within the recorded signals, casting some doubts on the reproducibility of the experiment with a different antenna for the same type of RCS; the signals measured through the RCS antenna cannot be use directly as an estimate of the e.m. field strength in that portion of space, unless the RCS antennas is characterised for its antenna factor and voltage standing wave ratio, as it is done for measuring antennas. These two negative points do not represent an insurmountable obstacle to the generalisation and re-use of a dataset for other RCSs, but require a complete characterisation of the RCS antenna.



General purpose EMC antennas have been used by other researchers [116,129], especially with the measuring station being located track-side and not on the train itself. Safety problems in fact dictate the use of roof installed antennas when doing tests onboard and discourage the use of larger EMC antennas, unless located inside the rolling stock [130]. As a note, the term “EMC antennas” identifies those antennas like loop, biconical and log-periodic commonly used for emissions tests in EMC. Nevertheless, results in [129] are expressed in  dBm  and generalisation of e.m. field strength values is not directly possible; however, the antennas are identified by their model numbers and reverse engineering of their antenna factors can be done offline.



For replication in the laboratory an ingenious approach is described in [131]: the pantograph arc is modelled by means of short    L  a , 0   = 30  mm    wire and the GSM-R antenna is represented by a quarter-wavelength monopole; extensive numeric modelling was carried out to define the most relevant elements and parameters, considering for example the infinite catenary condition, so its extension beyond the metallic train roof and a way to terminate it (by two 200  Ω  resistors at each end). The coupling coefficient   S 21   between the electric arc and the GSM-R antenna was determined as   − 44.9   dB after some sensitivity analysis for variable length of the two catenary segments outside the train roof area. After validation by a scale model, the sensitivity to realistic conditions was assessed, by considering inclined arcing (as expected due to train movement at speed and corresponding to an arc length   L  a , i    increasing beyond the   L  a , 0    nominal value), zig-zag arrangement of the catenary (staggering), variable height of catenary from train roof due to mechanical oscillations (implying a change of the length of the electric arc), and movement and folding of pantograph (again due to changes in the vertical height). The   S 21   coefficient varied by   5  dB    due to a 3 × change of    L  a , i   = 3  L  a , 0     and by   ± 5  dB    due to a factor of 3 below and above the nominal length   L  a , 0   .



Many instances of electric arcs were reproduced in the lab by means of a spinning wheel and the total power measured in a reverberating chamber under various conditions of rise time and resolution bandwidth of the spectrum analyser. The main problem in using the reverberating chamber is the trade-off between its Q-factor and time constant, the latter in the range of 0.12 μ s to 0.76 μ s, so always longer than the electric arc duration and rise-time used in the experiments. It is a sort of desensitisation of the reverberating chamber response, that is compensated experimentally by determining a corrective factor sending several simulated pulses by means of a transmitting antenna inside the chamber. The result is an apparent insensitivity of the spectrum analyser readings to the pulse duration and rise time, as if the method as an overall low-pass response compensated for the average value.



The received power was calculated then by applying directly the estimated   S 21   coefficient and the electric field strength estimated by square rooting the result, demonstrating a practical approach. Of course, with more complex antennas a direct measurement of   S 21   can be carried out, providing that the electric arc as radiating element is simulated by some kind of short conductor.



As commented in [132], to the aim of the validation of the results in [131], the highest estimated power level does not seem feasible with the operation of the GSM-R itself, if compared with its sensitivity of −85 dBm to −90 dBm, but the lowest discussed value is compatible with the frame error rate (FER) reported in [119,127].




5.2. Characteristics of the Electric Arc Transients and Interference to the RCS


Interference to RCSs is usually evaluated based on the signal-to-noise ratio (SNR) figure, that by virtue of the modelling of the electrical symbols sent over the physical channel, of the decision criteria and of the positive action of any error correcting code, give the resulting bit error rate (BER) and frame error rate (FER), up to an estimate of the availability and performance of the RCS function.



Many modern RCS of the narrowband type are based on a hybrid frequency- and time-based exploitation of the communication medium: the physical channel for transmission and reception is frequency coded, but the access to the medium is arranged in time slots, that is physical channels are defined with a Frequency Division Multiple Access (FDMA), but multiple subscribers share the same channel on a Time Division Multiple Access (TDMA) basis. This scheme is common to the GSM-R, TETRA, LTE-R etc. systems, where the narrowband nature facilitate not only transmission and reception, but also their protection by establishing limits of disturbance in the selected frequency bands at the standardisation level. Other RCSs may exploit instead broadband transmission methods, such as ultra-wideband (UWB) systems in use especially indoor for smart connection of personal devices and sensors.



The frequency-delimited physical channel simplifies the evaluation of interference using an approach based on channel power, that is in principle implemented with a zero-span reading centred on the channel carrier frequency and using a resolution bandwidth (RBW) to cover the channel extension. Large RBW values imply a fast spectrum analyser impulse response able to adequately follow the pulsed emissions dynamics. An opposite requisite is that of simulating the RCS bandwidth: consider for example the 300 kHz RBW value used by [133,134] to simulate the GSM-R bandwidth. The rise time of the intermediate frequency RBW filter is evaluated for various filter architectures in [121], sec. 9.2.5, encompassing Gaussian, analogue and digital filters, based on the few specifications provided by some manufacturers. Feasibility of sweep time values indicated by standards with respect to the selected RBW is then discussed in [132].



A first work to define the best measuring method for RCS interference assessment was carried out by [29], where one of the objectives was to rule out the quasi-peak detector as representative of the behaviour of modern RCS, promoting instead the use of the rms detector and noting a peculiar characteristic, that the output of the rms detector does not depend on the pulse width of the incoming repetitive pulsed noise. This holds if the pulse width is shorter than the RCS symbol rate, that does not always apply to our case: the mean pulse duration of about 20 ns reported in [119] is well below a GSM-R or TETRA symbol duration, but comparable to a LTE or WLAN symbol duration. Also for the repetition frequency (RF), the one observed in reality and discussed in Section 5.2.3 is at the limit of that assumed in [29] of about 10 kHz, after which the observed relationships for bit error probability and rms-measured signal-to-noise ratio lose their linearity and tend to saturate.



5.2.1. Amplitude Probability Distribution (APD)


Looking at the weakness of the swept frequency-domain method and achieving a better definition of the susceptibility of modern RCSs, the Amplitude Probability Distribution (APD) method is being studied extensively [31,33,135,136,137]. The APD detector quantifies the amount of time that the measured envelope   r ( t )   of an incoming disturbing signal exceeds a given level [31], or, in other words, it is the complement to unity of the cumulative distribution function of the envelope.



The APD may equivalently be expressed in terms of the envelope energy (to compare with a threshold R) or, as customary for some RCS analyses, in terms of voltage, with a corresponding threshold, U calculated taking into account the receiver impedance Z and the bit duration   T b  , so to related energy and power.


  A P  D R  = Pr  r ( t ) ≥ R  = Pr  u  ( t )  ≥ R   Z  T b     = A P  D U   R   Z  T b      



(50)







A basic relationship relating the probability density function   f r   of the envelope r to the APD is:


   f r  = −  d  d r    A P  D r   ( r )   



(51)




being   A P  D r  = 1 −  F r   ( r )    by its own definition.



The APD is particularly well suited to quantify interference to a wide range of RCSs and resulting bit error probability. The APD method was shown to be applicable to some relevant digital RCS receivers [31,34,136] and could be equivalently transferred to other receivers and protocols, such as LTE [138].



The APD measurement can be achieved using a spectrum analyser (SA) with an envelope detector over the RCS band, as indicated in the CISPR 16-1-1 [139] (since this version usable also below 1 GHz), but a time-domain approach has more flexibility [33,140].



For use of a SA measurement, the resolution bandwidth (RBW) must be very similar to the RCS channel bandwidth, as transformation to other RBW values is not straightforward [31] and is considered more extensively in [141], where a method to change the APD values applicable to the class of pulse-modulated signals is discussed.



The APD implementation in time domain is described in [33], where an 8-bit digital sampling oscilloscope (DSO) is used and settings are optimised so that the DSO storage constraints can be met by choosing a short (channel 1) and a long (channel 2) time window, the former to capture the waveform of the single pulse and the latter to capture the duration and periodicity of the bursts of pulses. The pulse captured on channel 1, after a pre-selection band-pass filter to reject out-of-band components and the image signal, is passed through a mixer operating at the RCS frequency (indicated in the paper as   f c  ) with a chosen intermediate frequency and then to the RBW band-pass filter that has the same bandwidth of the RCS channel. This approach was chosen not only to strengthen the similarity with the SA approach, but also to make conveniently fast the transient response of the numeric RBW filter. A synthetic signal is then created using the filtered pulse captured on channel 1 and the information on burst duration and repetition obtained from channel 2. This signal is passed to the APD after a stage of envelope detection implemented with a Hilbert transform.



The APD is a flexible and comprehensive measure to use as performance index for RCS performance not only with steady Gaussian-noise-like sources, but also with impulsive noise sources, as discussed in the next section. However, regarding the applicability in general of the APD to complex communication protocols, it must be observed that the APD is a cumulative measure that does not indicate the original order in time of the envelope samples: there might be different noise waveforms producing the same APD. This is irrelevant if the receiver has no memory, as the bit decisions are statistically independent [31]; it is not for convolutional codes and when in general forward error correction is to be considered, as discussed below.




5.2.2. Bit Error Probability with Impulsive Noise Sources


It has been ascertained that the behaviour of the victim RCS in terms of bit error probability (BEP) and block (or frame) error probability (BLEP) is significantly affected by the type of received noise: the theory of the optimal receiver is well developed for incoherent noise, usually taken as an additive white Gaussian noise (AWGN); the railway electromagnetic environment is instead characterised by overlapped impulsive noise, as the one caused by electric arc emissions. From a practical standpoint, measuring the total disturbance average power within the RCS frequency band is a simple approach and is the extension of what has been normally done for a long time, by invoking the so called “Gaussian approximation” (GA). However, considering the waveform of the disturbance signal, and its impulsiveness in particular, RCS performance can be significantly affected with deviations from the expected behaviour under GA.



Since AWGN and impulsive sources overlap and their respective power may be higher or lower, a general model was recently shown in [35], considering a Middleton Type A mixed source. The original work dates back to about 25 years ago [142] and provides some additional demonstration of the basic theory. The total power   σ 2   is the sum of the two power terms of the AWGN and impulsive source:    σ 2  =  σ G 2  +  σ I 2   ; the ratio between the two is instead called   Γ =  σ G 2  /  σ I 2   . To characterise the pulse density the impulse index A is used, that corresponds to the number of pulses per unit of time multiplied by the average duration of the single pulse: a low value of A implies higher impulsiveness with more rare separated impulses. The amplitude of the impulses is determined by the power   σ I 2  , so having a large  Γ  value with a large A value means a large proportion of AWGN power, with several small impulses that become negligible (rather than one isolated large impulse, as a small A value would have implied).



The resulting BEP based on AWGN assumption using the signal-to-interference ratio (SIR)  δ  fails to give a good estimate, when the impulsive part of the impinging noise is relevant. For this reason it is proposed to correct this estimate by means of the impulsive correction factor (ICF).



SIR can be calculated by dividing the signal power P by the sum of all the noise power terms, provided that the AWGN assumption holds:


  δ =  P   ∑  k = 1  K   σ k 2    =  P  σ  tot  2    



(52)




where   σ k 2   indicates the power of the k-th noise source and   σ  tot  2   is the total AWGN noise power. The ICF intervenes modifying the denominator of the SIR  δ :


   δ ′  =  P  I C F   σ  tot  2     



(53)







ICF is determined focusing on the most relevant noise source, that is assumed to be the dominant source of errors. The purpose of the ICF is to correct the SIR estimate for the presence of impulsive noise sources. A two-step process applicable to unequal power levels of the noise sources is described in [35]:



	
taking the power of each source   σ k 2   and the total power   σ  tot  2  , the single ICFs for each source are adjusted for the relevance of the noise source:


  I C  F  adj , k   = I C  F k  + 10   log 10   (  σ k 2  /  σ  tot  2  )   



(54)







	
for the purpose of quantifying the final effect on BEP, under the assumption that the most intense source is the relevant one, the final ICF is determined taking the largest of the adjusted ones:


  I C  F tot  = max  ( 0 ,  max k   ( I C  F  adj , k   )  )   



(55)










The work, however, does not go in the detail of how determining the power of a single noise source, when they are all active at the same time and cannot be measured individually, posing a practical issue.



The advantage of the ICF is that it is a straightforward way to adjust the well-known calculation of BEP for impulsive noise sources. The ICF then can be estimated first, from BEP simulations (that we may say corresponds to its graphical interpretation), second, from “canonical” measurements using rms and average detectors readings, and, third, from APD measurements.



BEP Simulation


The BEP simulation is arranged considering a typical binary sequence modulated and sent over a channel affected by AWGN source to which then the impulsive source is overlapped. The comparison of the generated bit sequence with the sequence at the receiver after demodulation and decision at the receiver gives the number of erroneous bits, namely the bit error rate, made corresponding to the BEP.



A series of BEP vs. SNR curves are shown in [29,30] demonstrating two points: there is a difference of   7.5   dB on the horizontal SNR axis for BEP curves corresponding to different pulse repetition frequency   f p  , provided it is less than the symbol rate   R S   of the analysed modulation; curves plotted in the   f p  -SNR plane for different assigned BEP values are linear and parallel, provided that the BEP values are in the range of   10  − 3    to   10  − 6   , that corresponds to a reasonable operation, namely errors are not too frequent nor too rare.



The complete expression relating the energy per bit   E b  , the AWGN noise power density   η G  , the equivalent intensity of the impulsive source   V  I , rms    and the pulse repetition rate compared to the symbol rate, is quite complex and was demonstrated in [29]. It is reported below for a two-symbol modulation like BPSK (Binary Phase Shift Keying):


     B E P     =  1 2    f p   R S    Q     E b   η G    +   2  V  I , rms       η G     f p     cos ϕ  + Q     E b   η G    −   2  V  I , rms       η G     f p     cos ϕ            +  1 −   f p   R S    Q     E b   η G         



(56)








Determination of BEP from APD


When using the APD as a form of statistic quantification of the noise intensity to estimate the resulting BEP, the most straightforward results are for an AWGN source and in [31] the method is extended to other types of noise sources. The key point is relating the amplitude r and phase  ϕ  of the incoming signal envelope to the decision moment of the receiver [31].


  Pr  { bit  error | r , ϕ }  = Q      E b   + r cos  ( ϕ )   η    



(57)




with  η  standing for a generic power spectral density and, in particular, that of the AWGN, so   η =  η G   .



In this expression the APD comes into play for the estimation of   f r   as per (51). If the phase  ϕ  is assumed uniformly distributed over   [ 0 , 2 π ]  , then a general formula can be derived:


  B E P =  1  2 π    ∫ 0  2 π    ∫ 0 ∞  Q      E b   + r cos  ( ϕ )   η     f r   ( r )   d r  d ϕ  



(58)







In [31] the complexity is reduced by showing that by first calculating the conditional bit error probability depending on phase  ϕ  and then assuming a worst-case value of  ϕ  (that for the Binary Phase Shift Keying, BPSK, modulation is   ϕ = π  ), a general, yet simple, expression can be derived, relating the worst-case BEP to the APD calculated based on incoming power:


  B E  P  m a x   = A P  D p   (   E b   )   



(59)







BPSK is a simple binary modulation, on which all the other modulations are evaluated, deriving a slightly more complex expression, by introducing two parameters:   α =  T b  /  T s   , the ratio of the time duration of a bit and of a symbol, and  β , that weights the minimum distance between the points of the constellation of the specific modulation. A notation error can be seen in [31], for which  α  as defined here could be confused with another parameter, the ratio of pulse duration time and pulse repetition interval, that should instead receive the notation   A =  T p  / R I  . Matsumoto [32] one year later will comment on an inaccuracy of the original formula: the parameter  α  misses from the argument of the square root, that could be discovered only by analysing modulations with a number of symbols   M > 2  .


  B E  P  m a x   = α A P  D v   ( β   α P Z   )   



(60)








Determination of BEP from Measurements


The problem is approached by determining the ICF by measurements of the disturbance characteristics. A first approach appears in [30], where the ICF is estimated as the sum of an offset quantity (that depends on the type of modulation) and the impulsiveness ratio (IR) (that is determined by the said rms and average readings). To clarify, since the measurements are thought as channel or narrowband measurements, and not large sweeps over a wide frequency interval, the spectrum analyser is set to “zero span” and the right detector is selected, i.e., “rms” and “avg” detectors.


  I C F = I C  F offset  +  3 4   I R  



(61)






  I R = 20   log 10     V rms   V avg     



(62)







The value of   I C  F offset    is reported as   − 3   dB,   − 4   dB and   − 5   dB for MSK, BPSK and 64-QAM modulations, that are the most relevant for radio signalling applications in railways (with reference to the mentioned GSM-R and LTE-R systems).



Alternatively, a “peak” detector can be used and resulting readings applied as follows to estimate ICF [143]:


  I C F =  V  p k    ( Imp )  −  V  p k    ( AWGN )   



(63)




where the difference is intended between the measurement of the impulsive source and an AWGN source of equal power, as assumed for the definition of ICF. This means that in principle an additional average power measurement of the impulsive source must be provided, so to set the local AWGN to the same power level.



A weak point of this approach is related to the random nature of the measured peak value for the AWGN, in that ideally for a long enough time it can be infinite and it is in general a random variable with an average value that is larger the longer the observation time (that is the larger the number of collected samples). The CISPR 16-1-1 [139] prescribes a 2 min measurement time specifically for the disturbance originating from microwave ovens; assuming a 1 MHz sampling suitable to track samples over a 100 kHz RCS bandwidth, the number of samples is in excess of 108, that provides a crest factor (ratio of peak to rms) of about 5.5. A general rule of thumb is to assume the crest factor equal to 6.





5.2.3. Influence of the Repetition Interval (RI)


Modern RCS have reduced their target BEP values due to the increased data rate and safety relevant systems may benefit from this to achieve high safety integrity levels (SIL), namely SIL4. Low BEP values are achieved with extensive use of complex message coding and error protection. For an exigency of optimisation, error protection codes make assumptions on the occurrence of noise as isolated spikes, bursts or repeated spikes and as a consequence control codes are spread over the message length. For this reason a parameter of great importance is the repetition frequency (RF) or repetition interval (RI) of the electric arc transients. A simple demonstration is the observation of an inaccessible WLAN (based on the 802.11n protocol) when reaching a peculiar 26  μ s RI value. while keeping the applied impulsive noise power constant [144].



RF (or RI) represents the hit density of the transients caused by pantograph arcing and it has been rarely evaluated in practice. The reason are the storage requirements and the large amount of data to post-process taking into account the necessary sampling rate and the relative low duty cycle of arc transients. This was the reason for the implementation of the time-domain APD detector using one fast and one slow channel, discussed in Section 5.2.1.



	
Statistics of the recorded transients are reported in [133], observing that the dispersion of RI values may be quite large and that isolated large values may bias the RI estimate, whilst being not relevant for the evaluation of interference, because they are much larger than the bit time (BT) of RCS like GSM-R; the observed distribution is a long-tail exponential, that reveals the problem of selecting a suitable threshold to calculate statistics like the mean value, standard deviation and inter-quartile range.



	
The influence of the repetition interval on the error probability referred to the single bit (BEP) and the entire frame (FEP) was experimentally evaluated in [145], where a complete test bench was also described for the assessment of GSM-R interference from controlled repetitive disturbance signals, such as recorded impulses; the results show a linearly decaying BEP with the RI value in a log-log scale, as expected, with a null FEP thanks to the positive action of the error correcting codes until the combination of low RI values and low SNR values reaches a threshold beyond which the discarded frames increase dramatically for small further reduction of RI and SNR (see Figure 8).



	
The repetition frequency has been put in relationship with the relative speed and with the supply voltage between the electrodes; in this case the inter-electrode gap is accurately set and the dependency on the two parameters (speed and voltage) was demonstrated with a significant repeatability in [8]; dispersion of RF values pertaining to the same speed or voltage values is negligible, whereas an approximately quadratic dependency on voltage and inverse quadratic on gap length is observed, as shown in Figure 9.






With a closer look at the dependency on the inter-electrode gap of Figure 9b for an applied voltage of approximately 40 kV (corresponding to the peak value of the   27.5   kV line voltage value), it can be observed that the resulting RI values are approximately distributed between 140 and 350  μ s, included in the wider spread observed in [133].



The reason for the many low RI occurrences reported in [133] under real line conditions may be twofold: first, most of the detachments are in the order of few mm, whereas the minimum gap applied in [8] is 5 mm and the used system is more rigid than a real catenary system; second, what is observed in [133] is the impulsive energy captured by the roof-top GSM-R antenna at about 900 MHz, so that arc intermittency (i.e., the fast on-off modulation of micro arcs) cannot be excluded, although not really visible if a broadband waveform is used, as in [8]. The hypotheses of intermittency or local instability is in line with the findings in [115], where the “type-II arc” is described as due to rapid oscillations at higher speed and consequential instability.
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Figure 8. Dependency of the repetition frequency [145] on (a) BEP as a function of RI for different SNR values (the black thick curve corresponds to 0 dB); values missing for the lowest SNR and RI values refer to failed tests with loss of the communication link due to excessive errors. (b) BEP (black curves) and RBEP (plum curves) as a function of RI for different SNR values; dashed curves indicate SNR values of 0 dB and +3 dB with a 0 frame error rate (FER); solid curves are for SNR values of   − 2   dB and   − 3   dB and the non-null FER values are indicated by a number next to each dot. © 2012 IEEE. Reprinted, with permission, from [145]. 






Figure 8. Dependency of the repetition frequency [145] on (a) BEP as a function of RI for different SNR values (the black thick curve corresponds to 0 dB); values missing for the lowest SNR and RI values refer to failed tests with loss of the communication link due to excessive errors. (b) BEP (black curves) and RBEP (plum curves) as a function of RI for different SNR values; dashed curves indicate SNR values of 0 dB and +3 dB with a 0 frame error rate (FER); solid curves are for SNR values of   − 2   dB and   − 3   dB and the non-null FER values are indicated by a number next to each dot. © 2012 IEEE. Reprinted, with permission, from [145].
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Figure 9. Dependency of the repetition frequency [8] on (a) applied voltage, (b) inter-electrode gap. Reproduced with permission from [8]; published by MDPI, 2022. 
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The APD detector provides the distribution of the amplitude over the channel bandwidth, but in reality fails to characterise the time distribution, e.g., the repetition frequency values and their variability.



A joint time–frequency transform is able to retrieve the power spectrum distribution over time [119] with any kind of periodicity, but it is computationally unattractive, especially for long time intervals.



A more complete characterisation is possible if APD is complemented by the evaluation of the time distribution of interfering transients. In [146] the overall assessment is carried out by evaluating the APD for a single code block (assuming that all bits of a block are equally affected, that’s reasonable if Forward Error Correcting code and interleaving methods, such as turbo codes or low-density parity check codes, are used). This part is followed by the comparison of RI with the code block duration, evaluating a long-term error rate.



Geng et al. [146] introduce the pulse duration distribution (PDD) index in addition to the APD index for a thorough characterisation of interference caused by repetitive and time-varying impulsive disturbance. The proposed theoretical approach is able to cover all the three cases when the time interval between pulses (one instance of RI) is longer, approximately equal and shorter than the code block length; this allows the application of the method to slower and faster communication channels, passing from the older GSM-R with data rate of a hundred kbps to the newer LTE-R and WLAN systems with data rates in the order of a few tens Mbps. Results of simulations with RI between 10% and 100% of block time duration in [146] are consistent with those reported in the Figure 10 of [119].





5.3. Interference to External RCS


External radio systems may be assimilated to the RCSs operating in the ETS premises and the same methods may be used to assess performance reduction as caused by electromagnetic emissions. The larger distance ensures that disturbance intensity will be lower; in addition, most of the radio victims perform non-safety-relevant functions, that reduces the criticality of the assessment. Conversely, there are important functions, such as aviation radio assistance and in particular instrument landing system (ILS) services, that have emerged as possible victims and deserve a specific analysis.



As pointed out in [147], ETSs are a necessity to link airports with the cities they serve and can be found in close proximity to the airport services, despite the required electromagnetic protection zone of about 10 km radius around airports, taking the runway as the centre.



One of the first works to question the effect of an ETS located at 300 m from an airport runway [148] concluded that there was no active nor passive interference to the radio beacon. Conclusions were based on the assumption of free space propagation and an estimate of the source intensity based on previous measurements (the line subjected to analysis in fact was to be electrified in the near future). The electric field value taken as reference was, however, quite low, using an empirical formula of   E = 61.46 − 10.46  log 10   ( f )   , with the frequency f expressed in MHz. The considered reference values are very low as the standard EN 50121-2 itself indicates limits about 30 dB μ V/m higher, although measured with a peak detector, whereas the values considered in [148] were quasi-peak. As a remark, the discrepancy between peak and quasi-peak readings may be variable depending on the nature of the measured disturbance, and assuming always the 20 dB reported in the CISPR 12 [149] does not have a solid ground and could bring in general to gross errors, as commented in [132], although for incoherent unmodulated pulses, as in the case of the electric arcs, a 10 dB to 15 dB difference is probably correct.



A specific case of a railway line with a discontinuity in the catenary causing persistent sparking at each train passage was analysed in [150]. The electric field emissions were measured at 10 m distance finding peak values much higher than those in [148] in the range 70 MHz to 200 MHz. The noise signal coupled into the aircraft ILS antenna was then estimated with a worst-case reasoning, assuming the lowest antenna factor. Such noise together with a simulated ILS signal (a carrier frequency of 75 MHz is modulated with the two ILS modulations at 90 Hz and 150 Hz) was fed to a real ILS receiver with a controlled signal-to-noise ratio. The results showed that the ILS input filter and the demodulation process are quite immune to external disturbance, with a receiver output (named “difference in depth modulation”) well within the International Civil Aviation Organisation limit of 0.5%.



Two new studies have been recently published both providing more experimental results of electric arc radiated emissions (already reported in Table 2) and evaluating the chances of interference to the ILS system. Xiao et al. conclude that the orientation of the beams of the airport radio system is relevant, that is detemrined by the aircraft position at the time of the communication depending on the function of the radio system. In this way the Marker Beacon function (operating at 75 MHz) would not be disturbed, whereas there are some constraints on separation distance to ensure some margin for the Localiser (operating at 108 MHz to 112 MHz) and Glide-Slope functions (operating at 328 MHz to 335 MHz). Tang et al. [151], instead, prefer to specify a speed reduction of the disturbing train, having noticed that electric arc emissions are proportional to speed.





6. Electric Arc Detection


The number of observed electric arcs is indicated as a direct index that assesses the quality of current collection in the standard EN 50367 [152], at its sec. 7.3, `Percentage of arcing’. Since long ago the detection of electric arc occurrence and the evaluation of its frequency have been recognised as a measure of the quality of current collection and as a diagnostic means of both the pantograph and the catenary.



6.1. Ultraviolet Emissions


Electric arcs can be detected by measuring the light emissions (mostly blue and ultraviolet), as experimentally investigated in particular about 20 years ago in Italy [40,41,153] and recently verified as part of the MyRailS project [154]. Electric arc emissions are well positioned in the blue and ultraviolet, as common to copper-copper and copper-graphite emissions: a first group of values (   250.5   nm,   254.4   nm and   271.3   nm for Cu II) is located in the UV-C interval, whereas lines at   324.7   nm and   327.4   nm for Cu I are located midway between UV-B and UV-A, the remaining between 427.3 and   521.8   nm giving an intense blue colour [155]. The UV-C interval is particular attractive (in line with the choice made in [40]), because of the lower background noise of about   0.05    μ W/cm2 compared to an expected ten times higher electric arc emission.




6.2. Image Recognition


Image processing techniques applied to video streaming from roof-top cameras [43,44,156,157,158,159] have found significant interest for being non-intrusive and providing additional information for documenting the circumstances, besides exploiting a wide range of algorithms for image processing and recognition. In addition hardware has become particularly cheap and under continuous improvement. Many studies exploit visible light cameras and are based mainly on one of two basic image processing techniques: edge detection [42] or homogeneous intensity or colour areas [43].



An alternative light channel is used for instance in [44], by exploiting infrared images (in addition to images taken in normal visible light) with the objective of detecting the local temperature increase rather than the burst of light emission. An advantage of of infrared, as well as ultraviolet, image capturing is the relative insensitivity to variable daylight conditions. Besides then a straightforward thresholding of the intensity image map to locate the cluster of pixels corresponding to the heat or light spot, a convolutional neural network is used feeding it with images taken in various environmental light conditions, to further suppress the effects of scene lighting. The infrared channel provides useful information, but it is not exempt from failures: the authors show a few confounding cases of back light in a night scene taken for an arc event, as well as an arc occurring at the very end of the pantograph sliding arm is not detected (in this latter case we could say that such arcing should not occur because such extreme relative position of catenary and pantograph is hazardous.



In general such video based classification methods have significant accuracy. In particular, Huang et al. [44] underline the added value of information fusion, showing that classification based on visible light and infrared light taken separately achieves 89.0% and 94.5%, respectively, but information fusion of the two is able to achieve 97.5% overall accuracy.




6.3. Electromagnetic Emissions


Electromagnetic emissions of electric arc are not always a nuisance and an interesting application is that of detection and location of arc events, as recently proposed in [38,39] by exploiting electromagnetic radiated emissions:




	
Gao et al. [38] propose a Hilbert fractal antenna to measure the e.m. emissions of a laboratory electric arc setup, identifying frequencies (at 18 MHz and 60 MHz to 100 MHz in the present case) with significantly larger amplitude and characteristic of the arc phenomenon. The generality of such “characteristic frequencies” is demonstrated by showing that they are related to the arc specific resistance (the arc resistance normalised by its geometry) and the permittivity of air; even changing the inter-electrode gap the resonant characteristic frequency kept almost constant at the said 18 MHz. It is then proposed to exploit such arc signature for arc detection in real conditions.



	
Paoletti [39] solves elegantly the problem of the location of the pantograph arc by using two co-located shielded loop antennas, with their plane oriented at   ± 45 deg   with respect to the symmetry axis of the pantograph aligned with the train axis. The azimuthal angular position is found as the solution of a maximisation problem by taking the squared distance-weighted sum of the magnetic-field components measured by the two antennas. The search is one-dimensional, as it is known that the electric arc occurs at the pantograph contact strip. A remarkable accuracy of   8.6   mm was achieved in a real test at 400 km/h.








It can be acknowledged that methods based on e.m. field measurements may be more expensive in terms of hardware and might have some issues of installation on the roof top, whereas cameras have become quite small and robust.



More traditionally, the direct byproducts of the electric arc can be looked as conducted emissions, namely pantograph voltage and current [37,160,161,162]. Information is then extracted in various ways:




	
from classification of simple spectral properties (e.g., uncommon harmonic components) to projection in more complex spaces (such as using the S-transform or wavelets [160]) by considering voltage and current waveforms;



	
analysis of waveform features during arc occurrence, such as zero-current intervals and jagged voltage profile [37];



	
analysis of peculiar ETS responses, such as resonances, as caused by the electric arc seen as a discontinuity [161,162].








The use of the pantograph electrical quantities, although intrusive and in principle with a non negligible cost of the sensors and data acquisition, is again capturing interest for its possible combination with monitoring to prevent interference to track circuits [163,164] and, most of all, for optimisation of energy consumption onboard trains [154,165]. Simple algorithms with limited computational effort should be preferred for the possibility of embedding in the harmonic current monitor and energy meter devices (as evaluated for a similar task of detecting incipient traction line resonances in [102]).





7. Conclusions


The electrical and electromagnetic behaviour of electric arcs occurring at the sliding contact for current collection in railways has been discussed, comparing references spanning about 80 years.



The overall topic has been divided into: physical principles, arc modelling for static and dynamic behaviour, electrical effects at low frequency on the traction line and connected systems (such as substations and rolling stock), electromagnetic effects at higher frequency causing radiated electromagnetic emissions and disturbance to radio communication systems, and finally detection of arc occurrence.



Electric arc models and their applications have been thoroughly discussed in Section 2.2. Different formulas for static arc modelling have been proposed in a hundred years, for AC and DC phenomena, often customised on a set of experimental data and thus with quite a different behaviour, depending on the type of electrodes and their separation. Dynamic arc models were proposed initially about 80 years ago and have now reached a level of maturity that hardly other models will be found to improve the state of the art and be easily embedded in a circuit simulator. In general, they predict quite well the electric arc behaviour, although all necessitate a complex fine tuning of the numerous parameters to the specific experimental data, so that there is no general recipe to cover a wide range of arcs. It must be also recognised that even the electric arc phenomenon itself under constant conditions manifests a certain degree of variability in the order of a tens of %, for which model accuracy cannot be better. So, increasing the number of test cases and experimental results and improving the criteria for selection of parameters and fitting accuracy are two possible directions of research that would bring added value to the large number of available dynamic arc models.



The effect of the contact force, the sliding speed and the flowing current intensity on the contact resistance, as well as on the duration of the arc and wear of the contact surfaces, have been discussed in Section 2.3 and Section 2.4. As shown, general rules are difficult to derive not only for the intrinsic difficulty of the many interacting parameters, but also because the available datasets are quite few. However, it may be concluded that electric contact resistance is smaller for larger current intensity and larger contact force. Wear increases with flowing current intensity both due to self heating (term   N W  R 2   ) and arc erosion (term   N W  R 3   ), but the flowing current has also a beneficial “lubricating effect” in reducing wear when considered combined to mechanical loading (meaning that wear increases less than the estimate provided by the two terms   N W  R 2    and   N W  R 3    taken alone).



The response to electric arc excitation of ETS components (the catenary line and its natural resonant behaviour, the onboard transformer of AC rolling stock, as well as the resonant filters installed both onboard and at TPS of DC railways) is known in principle. It has been extensively analysed for some cases focusing on DC railways, providing insight in the non-linear behaviour of substation diodes, on the combination of concomitant transients at the substation and onboard and on the consequences, especially for energy efficiency, as discussed in Section 3. In particular for the operation of the braking chopper onboard and the impact on energy efficiency, the transient response of a DC vehicle should be well understood and taken into consideration. The effect on AC rolling stock (transformer resonance, appearance of a DC component and non-characteristic harmonics, etc.), instead, should receive more attention.



For radiated electromagnetic emissions (see Section 4), results have been provided since 40 years ago, as general characterisation of expected intensity, and more recently for analysing the spectral features of emissions (finding some characteristic frequencies) and modelling of electromagnetic coupling onto roof top antennas. With some personal experience of measurements of electric arc emissions, some considerations on the influence of the setup have been provided: e.g., resonance of the pantograph circuit, of the feeding circuit in lab, etc.



For the impact on RCSs there has been a significant work in the last 10–15 years, proceeding from modelling the effect on the bit error rate of impulsive noise sources and related measurements with spectrum analysers, to the derivation of specific performance indexes (such as the APD). The implementation in the electromagnetic compatibility standards, yet, is slow: the use of the APD originally proposed for frequencies above 1 GHz, is now allowed also below it, where most of the traditional railway RCSs (TETRA, GSM-R, LTE-R) operate.



The assessment of BEP in the presence of impulsive noise has been thoroughly discussed, providing a logic flow between the various approaches and ways to quantify BEP, as references span over more than 15 years and formulations are not always easy to relate one to the other, because e.g., of implicit assumptions, some ambiguity of notation and selection of parameters, etc. To this aim the most relevant characteristics are the RCS bandwidth and operating frequency, the energy per bit and the distance between symbols of the constellation diagram.



In view of the characteristics of digital RCS, such as the way they access the physical medium (time division multiplexing) and the message bits being distributed over time, another parameter that has a great importance is the arc pulses repetition interval: compared to the timing characteristic of the message block or frame duration and of the synchronisation for the access to the channel, specific values in the order of tens of   μ s   have demonstrated to be able to degrade significantly the RCS performance or even to block its operation, revealing thus a non-linear behaviour intrinsic to the RCS itself. For modern RCS with lower BEP targets and more complex message coding schemes understanding the effect of transient repetition and statistical distribution should be more thoroughly investigated, besides a solid background of APD extensive application and of setting of relevant frequency-domain detectors. From a practical viewpoint this would improve the methods for site validation, as well as the approach for SIL demonstration, taking into account more realistic disturbance scenarios.



The occurrence of electric arcs at the sliding contact is thus an important indicator of the quality of current collection and disturbance to RCSs and to the electric system in general. Electric arc detection is receiving much attention, with solutions that exploit several characteristics of the emissions: ultraviolet, infrared and visible light emissions, both detected by directive sensors as phototubes and recognised within a video stream by means of image processing and machine learning methods; conducted and radiated electromagnetic emissions, including in the former any detectable worsening of the quality of voltage and current waveforms. Image processing methods seem the most promising for being non-intrusive and useful for a general monitoring of the train roof area. Feature extraction from low-frequency conducted phenomena is also attracting attention for a possible implementation in the monitoring hardware already onboard, including a general verification of resonance and overvoltage conditions at the same time. Such methods should definitely be adopted to fulfil the requirements of counting the number of flashes for compliance with the quality parameter of the EN 50367 [152].



With the research impetus of the last 5–10 years that has seen both consolidation of older concepts and new research directions, it is expected that the forthcoming years will bring other new excellent findings, in terms in particular of widening the available experimental data, a more complete characterisation of the electromagnetic emissions (such as a confirmation of the “characteristic frequency”), new ideas and methods for detection and quantification of occurrence, and finally a thorough quantification of impulsive noise effects on modern radio protocols, comprising effects on the overall message block and the remedial action of error correcting codes.
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Figure 1. Current-voltage characteristic with the three phases (capacitor, arcing, burning). Both the current and the electric field are normalised:    σ 0  = 1 e 4  A / ( Vm )    is the conductivity scaling factor;    T 0  = 3 e 3  degK    is the temperature scaling factor;   λ = 8 e 2  W / ( mK )    is the heat conductivity scaling factor; R is the radius of the cylinder containing the plasma column. (From [57], reproduced with permission.) 
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Figure 2. Typical voltage (blue) and current (red) AC waveforms (not to scale). 
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Figure 3. Overview of the static V-I characteristics reviewed in Section 2.2.1: inter-electrode gap values are   d = 10  mm    (top),   d = 30  mm    (middle) and   d = 100  mm    (bottom). The names of the first authors are used for the above expressions with obvious meaning. 
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Figure 5. Dynamic contact resistance   R c   (a) vs. arc current   I a   (blue and purple curves for low and medium arc current ranges) for an applied contact force of 60 N to 80 N, and (b) vs. contact force   F m   (data for graphite strip are in green and for Kasperovski strip in light brown, tested at 200 A DC [93]). 
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Figure 6. Average arc lifetime for different types of electrodes and arc current values. Hollow-cratered electrode: 200 V supply (blue) with 10 cm inter-electrode distance (solid) and shorter (about 1 cm to 2 cm, dashed); 400 V supply (red) with 10 cm inter-electrode distance (solid). Pointed electrode (green) at 1 cm inter-electrode distance [14]. 
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Figure 7. Combined onboard+TPS filter oscillation following an electric arc event in a DC rolling stock (from [26]). 
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Table 2. Parameters a and b of (49) expressed in   dB μ V / m   of the electric field equation in the 100 MHz to 350 MHz frequency interval for plain line and neutral section measurements [122,123].
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Speed km/h

	
Tang et al. [122]

	
Xiao et al. [123]




	
Normal Line

	
Neutral Sec.

	
Normal Line

	
Neutral Sec.




	
a

	
b

	
a

	
b

	
a

	
b

	
a

	
b






	
80

	
   73.19   

	
   − 12.59   

	
—

	
—

	
—

	
—

	
—

	
—




	
110

	
   76.39   

	
   − 13.59   

	
   97.44   

	
   − 15.05   

	
—

	
—

	
   142.2   

	
   − 33.1   




	
130

	
   78.56   

	
   − 14.05   

	
   98.44   

	
   − 15.15   

	
—

	
—

	
—

	
—




	
180

	
   82.15   

	
   − 14.78   

	
   100.54   

	
   − 15.32   

	
—

	
—

	
—

	
—




	
250

	
   86.15   

	
   − 15.08   

	
   106.15   

	
   − 16.00   

	
—

	
—

	
   173.2   

	
   − 44.1   




	
350

	
—

	
—

	
—

	
—

	
—

	
—

	
   197.6   

	
   − 53.3   
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