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REVERSE T R A C T IO N  C U R R E N T  M EASU REM ENT AND E V A LU A TIO N  USING  
M O D E R N  SIG N A L PRO CESSIN G  M ETH ODS

T he actual p roblem s solved fo r C zech Railw ays by R ailw ay R esearch Institute are described  in 
this paper. It deals w ith an evaluation  o f  the interference influence o f  the electrical engines which 
adversely  effects on  the o ther ra ilw ay equipm ent, above all the com m unication  and signalling  and 
in terlocking dev ices, w hat can negatively  affect fluency and safety  o f  the ra ilw ay 's transport. It was 
decided  to u tilize fo r innovation  the m odem  m ethods o f  the digital signal processing  -  ST FT  and CW T.

SZA C O W A N IE  I PO M IA R  PO W R O TNEG O  PRĄDU T R A K C Y JN E G O  
Z W Y K O R Z Y ST A N IE M  N O W O C ZESN Y C H  M ETO D PRZETW A R ZA NIA

SYGNAŁU

W  referacie  op isyw ane są  bieżące problem y Republiki C zeskiej, rozw iązyw ane p rzez Instytut 
B adaw czy  K olejnictw a. T rak tu je  on  o w pływ ie zakłóceń silników  e lektrycznych, k tóre oddzia łu ją  
negatyw nie na pozosta łe  w yposażenie  kolejow e, przede w szystkim  na urządzenia łączności i sygnalizacji 
oraz  blokady, co m oże negatyw nic w pływ ać na p łynność i bezpieczeństw o transportu  szynow ego. 
Z decydow ano się na w ykorzystan ie  d la celów  innow acyjnych now oczesnych m etod cyfrow ej obróbki 
sy g n ałó w - ST FT  i CW T.

1. IN TRODUCTION

Prerequisite for the safety assurance o f  railw ay transport is error free and reliable 
operation o f  interlocking devices. U sing interlocking devices increases railw ay transport 
safety to such level, that it is, according to long-term statistics, the safest transport together 
with air transport. T herefore it is inevitable to exclude any possibility o f  negative interference 
of the correct operation o f  interlocking system s. Electrical engines w ith m odem  m eans o f 
traction control are one o f  the m ain sources o f  interference, first o f  all due to  interfering 
effects o f  the reverse tractive current. The reverse tractive current flows from the electrical 
engine back to the pow er supply, w here the rails are exploited as the path. The w orking 
signals o f  the other railw ay system s are how ever also transm itted in this environm ent and
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therefore it is necessary  to m easure param eters o f  this current, w hether do no t contain 
com ponents, w hich could  affect adversely their function. O nes o f  the m ostly  endangered 
interlocking devices are the track circuits (TC), due to  the fact that they share a transmission 
environm ent (the rails) ju s t w ith the reverse traction current. The TC continue to be the most 
w idely used interlocking device for the train location detection on C zech R ailw ays. That is 
w hy their correct function has direct influence on railw ay transport safety and w hy this 
research w ork w as ju s t focused on them . It w as carried out in cooperation w ith workers of 
Railw ay R esearch Institute in Prague, w ho carry out the own m easurem ent and evaluation of 
the reverse tractive current in practice. This problem  is exam ined already from  the start o f the 
electrical engines operation at the end o f  the 1960s.

T arget o f  this research  w ork w as to  propose possibilities o f  innovation o f  the reverse 
tractive current m easurem ent and evaluation m ethodology. Existing procedure, used method 
and equipm ent are tributary to tim e o f  their creation, w hich is already relatively  distant and do 
no t m atch the present possibilities.

1.1 T R A C K  C IR C U IT S  A N D  R EV ER SE T R A C T IV E  C U R R E N T

The fundam ental purpose o f  TC is a safe detection o f  presence or on the contrary 
absence o f  the train in a given track section. It means, that the w hole line is divided into 
individual sections guarded b y  TCs. N um ber o f  the different TC types exists, but the most 
w idely used is so-called parallel TC. Parallel TC consists o f  the signal transm itter and 
receiver, that are linked by the track section (the rails) and signal current flows through the 
circuit. I f  there is no t train in the section, receiver is excited by the current and signalizes clear 
track section. W hen the axles o f  passing by train conductively connect the rails, the receiver 
will stop being excited and that m eans the section is occupied. From the TC w orking principle 
is evident, that the individual TCs have to be separated from each other, in order not to 
influence each other. T his separation m ust no t how ever inhibit the flow  o f  the reverse tractive 
current, how  is apparent from  F ig .l. The several w ays exist to achieve that and, according to 
it, the TCs are divided in the various types. From  the description is also obvious, that another 
current flow ing through the rails could falsely influence the TC receiver, w hich could for 
exam ple signalize section clearance even during the train presence. This w ould be dangerous 
state, w hich could lead  to  the railw ay accident. Therefore it is necessary to preven t this TC 
interference by  all the available resources. These precautions can be done partly  on the side of 
the own TCs and partly  on the side o f  the interference sources, w hich is generally  more 
efficient and m ostly  easier.

Fig. 1. Schem e o f  eng ine pow er supp ly , T  -  engine traction , TC x -  track  circuit, dash-dotted  line -  reverse  tractive 
current, full line -  supp ly  current
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One o f  the m ain precautions against their interfering effects is the TC operation on 
different frequencies, than norm ally occur in the reverse tractive current. C zech Railways use 
two tractive system s, d.c system  and a.c system  - 50 Hz. That is w hy the m ost w idely used 
working frequencies o f  the TCs are now adays 75 and 275 Hz and the TC receiver obviously 
has to be frequency selective. The standards, which reserve these bands for TC and set 
maximum acceptable interference lim its to occur in it, indeed exist. Briefly said, in reserved 
bands 6 8  -  82 Hz and 268 -  282 Hz the railw ay vehicles m ust not, even at any pow er supply 
failure in view , be source o f  interfering current, w hose value w ould exceed 100 mA on time 
longer than 100 ms. Tim e 100ms w as set, because it is the excitation response tim e o f  the 
most w idespread TC receiver - electrom agnetic relay o f  DSS type.

1.2 P R E S E N T  M E T H O D  O F R E V E R SE  T R A C T IV E  C U R R E N T  AN A LY SIS

The m easurem ent m ethodology o f  the reverse tractive current covers conditions and 
methods o f  the own data acquisition, m easurem ent chain configuration as well as evaluation 
methods o f  the m easured values. This w ork has been focused first o f  all on innovation o f  the 
last two m entioned fields.

Fig.2. Present measurement and evaluation ins trument chain

The present m easurem ent chain configuration is on Fig.2. The reverse tractive current is 
scanned either on the TC receiver or right on the engine, by  means o f  current measurem ent 
transformer, and recorded on m easurem ent tape-recorder. Finally, it is in laboratory replayed 
from the tape-recorder and analyzed by the analog spectrum analyser and tim e behaviour of 
the individual spectral com ponents printed on the co-ordinate plotter.

The disadvantages o f  this m easurem ent and analysis m ethod consist in real 
constructional qualities o f  the m easurem ent tape-recorder and spectrum analyser, resulting 
among others from their age. The main problem  is analog data storage (degradation), 
insufficient tim e resolution and small accuracy o f  frequency com ponent amplitude 
determination, w hich m akes it im possible to accurately evaluate param eters o f  the short-term 
events in signal. N ext there is the big tim e consum ption o f  the analysis and im possibility  of 
the overall signal spectrum  overview .

2. PR O PO SED  SOLUTIONS OF INNOVATION

The innovation proposal o f  the m easured data processing is based on the fact that real
time operation is not dem anded and, on the contrary, the financial resources allotted on the 
measurement are considerably lim ited. The own innovation then consists in replacem ent of 
the present analog processing o f  the m easured signal, done by  the m easurem ent instrum ents, 
by digitizing o f  the signal and its subsequent digital processing by m eans o f  the available 
software on the pow erful desktop computer.
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2.1 M E A S U R E M E N T  C H AIN  IN N O V A T IO N

The tw o versions o f  the new  m easurem ent and evaluation chain configuration were 
proposed.

The first version consists in the com puter connection to the m easurem ent tape-recorder 
instead o f  the p resen t spectrum  analyser by m eans o f  m easurem ent o r sound PC card. The 
scanning and prim ary storage o f  the signal in analog form rem ains unchanged. The advantage 
o f  this version is its relative econom ic unpretentiousness and possibility  o f  the parallel 
processing o f  the m easured data by  old and new  m ethod w ith their results com parison, which 
is though possib le only in lim ited scale due to  the m ethod differences.

In the second proposed version even the m easurem ent tape-recorder is rem oved and the 
data from the sensor are directly  digitized. The advantage is rem oval o f  the analog signal 
storage, w hich is redundant at subsequent digital processing. The relative disadvantage is 
im possibility  to carry  out m easurem ent evaluation by the present m ethod, bu t above all higher 
econom ic heftiness o f  this solution. The portable com puter (notebook), w ith PCMCIA 
m easurem ent card, o r industrial PC  is needed for digitizing and data storage, because o f the 
lim ited space and conditions, w hen m easuring on the engine. A nd m ost likely  once again the 
need o f  the pow erful desktop com puter for additional detailed analysis, because the data 
processing by the proposed m ethods is very dem anding for com puting pow er and memory 
size.

2.2 N E W  SIG N A L  PR O C ESS IN G  M E T H O D S

The aim  at evaluation o f  the reverse tractive current is to  find out m agnitude o f  its 
com ponents occuring in bands reserved to  the operation o f  the TCs. The problem  is, that it is 
so-called non-stationary  signal, w hich m eans that its param eters significantly  change in time. 
These changes happen for exam ple during accelerating period o f  the engine or its tractive 
m ode changes. So, the tim e behaviour o f  given frequency com ponents o f  the current is the 
main object o f  interest. R egarding to the to  standard requirem ents, m entioned in chapter 1.1, it 
would be necessary  to achieve tim e resolution better than 100  m s, in order to be possible 
distinguish betw een in terfering  influences, w hich can and those that cannot, influence the TC 
receiver. The am plitude resolution  should be tens, better how ever ones, o f  mA  to distinguish, 
w hether the com ponent m agnitude is b igger or sm aller than 100 mA.

The new  m ethods for the reverse tractive current param eters evaluation had to be 
chosen w ith reference to signal character and desired results. Tw o m ethods for non-stationary 
signal analysis, Short-Term  Fourier T ransform  (STFT) and C ontinuous W avelet Transform 
(CW T), w ere chosen for their features exam ination, w hether they are suitable for this 
application o r not. STFT is m odification o f  the w ell-known D iscreet Fourier Transform 
(DFT), w hich is not suitable for non-stationary signals. The C W T is one variation o f  the 
general W avelet T ransform , w hich now adays finds still w ider use at processing o f  all sorts of 
the signal, because it has very  convenient characteristics for som e applications.

2.3 PR IN C IPL E O F  ST FT A N D  C W T

STFT is based on D FT analysis o f  short signal intervals consecutively, w hich is carried 
out by shifting o f  so-called  w indow  (or w eighting) function. The inform ation about the 
frequency com ponents p resen t in signal in a given tim e interval is obtained by this process.
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The desired tim e frequency overview  o f  the signal originates by the com position o f  the all 
results. The tim e and frequency resolution o f  STFT is invariable for entire analysis and is 
dependent on w indow  length, num ber o f  points o f  DFT and sam pling rate selected in advance.

The principle o f  W avelet T ransform , illustrated on Fig.3, rests in the fact that the tim e 
weighted inform ation from  signal s(t) around the tim e b is obtained by  m eans o f  function 
<f/bia(t). The m utual correlation am ong signal and variously outstretched (param eter a) and in 
time shifted (param eter b) versions o f  so-called m other w avelet function i h s  com puted.

Vh a (t)

S(t)

t

Signal Constituent wavelets of different scales and positions

Fig.3. Principle o f  W avelet Transform

The m ain d iversity  o f  W T against FT (STFT) can be seen from Fig.3, and rests in the 
shape o f  the constituent functions, the signal is decom posed on. The fundam ental o f  FT is the 
signal decom position on harm onic functions with various frequencies, w hereas W T 
decompose signal on shifted and extended or com pressed versions o f  the basic m other 
wavelet. The W T constituent functions have effectively lim ited tim e duration, zero mean 
value and have tendency to be irregular and asym metrical in contrast to the FT constituent 
functions, w hich have infinite tim e duration, are sm ooth and have determ inistic shape. The 
different characteristics o f  W T result from this difference. At look on these pictures it is 
intuitively evident, that the local signal characteristics m ay be better described by wavelets, 
which have also local scope and also m akes sense, that fast changes in signal can be better 
analyzed by  irregular and often sharply varying w avelets than by sm ooth harm onics. There is 
bigger quantity  o f  different W T constituent functions with different characteristics. For m ore 
info about W T, see [1], [2], [3],

The W T presents im proved access, com pared to STFT, in effort to obtain tim e and 
frequency inform ation contained in signal. Essentially, it is the w indow  technique with 
variable region size, w hich results in flexible changes o f  tim e and frequency resolution 
according to  w hat frequencies are analyzed, w hat is often convenient. In direction to higher 
frequencies frequency resolution is decreasing and tim e resolution on the contrary is rising. 
This described difference betw een them  is illustrated on Fig.4.
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S T F T W T

Af, f Af, f

At, t At, t

Fig.4. Differences in t im e resolut ion A t and frequency resolution A f

Both m ethods how ever underlie the H eisenberg uncertainty principle, w hich is 
generally expressed b y  form ula:

A / * A t =  const.

This form ula says, that it is no t possible to  achieve arbitrarily  small values o f  both 
resolutions at once. In o ther w ords, w hen tim e resolution is m ade sm aller (i.e. im proved) and 
is thus m ore precisely identified  the m om ent, when the given event occurred, then the 
accuracy o f  the frequency determ ination, the event appeared at, is reduced and vice versa.

2.4 B R IE F  D E S C R IP T IO N  O F M AT LA B  PR O G R A M

The program  M atlab, version 6 , w as selected for processing and analysis o f  the acquired 
data. It is very well know n as universal and pow erful m athem atic system . It can be used in 
m any application areas, because to  the own program  kernel, w hich is able, above all, to carry 
out operations and calculations w ith m atrices, are, in addition, available specialized 
application toolboxes. For signal processing there is available Signal Processing Toolbox 
(includes function for STFT com putation) and also W avelet Toolbox for the W T execution.

A lucid ity  o f  the results display o f  these tim e-frequency transform s is generally 
problem atic, because the spectrum  form s generally  3-D structure w ith axes: tim e, frequency 
and am plitude o f  the particular spectrum  com ponents. M atlab offers w ide possibilities of 
results visualization, including 3-D diagram s. N evertheless for com plicated spectrum , it is 
naturally difficult the m ere orientation in 3- D diagram, let alone the m easurem ent o f  required 
param eters. H ow ever, there exist possibilities how to im prove this lucid ity  even in Matlab, 
e.g. by  various types o f  2-D  diagram s w ith th ird  proportion expressed e.g. by  colour. The 
various spectral cuts are also very useful at the spectrum  param eters exam ination.

2.5 IL L U S T R A T IO N  OF A N A LY SIS  R ESU L TS

The reverse tractive current analysis results are shown for illustration here, using both 
m ethods, for d.c. traction engine. STFT analysis results are on Fig.5. The overall signal 
spectrum  is on the left low er part o f  the figure and the tim e behaviour o f  the spectral 
com ponents 75 and 275H z is on the right.
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Fig .5. A nalysis results using STFT

• 1*1

Fig.6. T im e behav iou r o f  the tw o spectrum  com ponents using C W T

The tim e behaviour o f  the spectrum  com ponents 75 and 275H z obtained by C W T are 
shown for com parison on Fig.6 .

j j j
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2.6 BOTH METHODS FEATURES SUMMARY

An analysis o f  the testing and also real signals proved that non-stationary  signals can be 
analyzed by both m ethods, but both o f  them  have its benefits, disadvantages and limitations.

ST FT:

+ com putation speed, m em ory dem andingness 
+  line spectrum  (in ideal case)
+ tim e and frequency resolution relation can be set in certain lim its 
+ relatively  non-problem atic broadband analysis 
+  d.c. com ponent com putation

no t com pletely sufficient tim e resolution
- inaccurate spectrum  com ponent localization in tim e 

spectrum  “truncation” in tim e domain
alw ays analysis o f  the w hole spectrum  range, till the N yquist frequency

C W T :

+ tim e resolu tion , m agnitude determ ination accuracy 
+  signal changes determ ination accuracy
+ possibility  o f  the analysis o f  the only partial frequency range o f  the signal 
+  possib ility  o f  the analysis o f  the only partial tim e range o f  the signal 

com putation speed, m em ory dem andingness
- overlap o f  the neighbouring com ponents, necessity  o f  the signal filtration 

unsuitability  o f  the broadband analysis
- im possibility  o f  the d.c. com ponent com putation 

necessity  o f  div id ing o f  the longer signal on shorter parts 
m ore com plicated analysis procedure

The m ain exam ined param eters o f  these m ethods w ere an accuracy o f  the signal 
com ponent am plitudes determ ination and m axim um  attainable tim e and frequency resolution 
in the bands o f  our interest, as w as described in chap.2.3. Using STFT it is possib le to  achieve 
tim e resolution about 300m s w ith required frequency resolution at least 3H z, accuracy of 
am plitude determ ination achieves only about 90%  o f  actual value. These values are invariable 
for the entire spectrum . W hen using CW T, on the contrary, both resolutions change according 
to analyzed frequency and at search o f  its tim e resolution lim it we had to, in com pliance with 
theory, focus on the low est frequencies. It can be claim ed, that for band o f  our interest (from 
50Hz above) is the C W T  tim e resolution better than 100ms. The C W T frequency resolution, 
unlike the STFT, w here it is possib le to  set arbitrarily by ratio  o f  sam pling rate and o f  the 
num ber o f  points calculated by  DFT, decreases approxim ately logarithm ically  w ith growing 
analyzed frequency. It cannot be influenced by any w ay, but it resulted that it is sufficient 
m inim ally up to  the 500H z. T his problem  can be eventually solved, for signals containing 
only relatively  narrow  band o f  the high frequencies, by conversion to  the low er band using 
digital m ixing. The C W T am plitude determ ination accuracy can be basically  achieved 100%. 
The C W T is from  standpoint o f  the m ain param eters m ore suitable m ethod for the reverse 
tractive current analysis. It has how ever other inconvenient characteristics, w hich m ake its 
usage m ore difficult. STFT has on the contrary som e substantial benefits. T herefore the 
com bination o f  both m ethods w ith utilization o f  their strong features appears as optim al for 
analysis, w ith m utual results com parison and verification in m axim um  ratio , as possible.
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STFT can be utilized for obtaining o f  quick overview spectrum  im age and long-term 
components detection, w hereas C W T  for detailed analysis o f  the chosen critical signal parts.

The com parison o f  com putational dem andingness between STFT and C W T is surely on 
behalf o f  STFT. T hanks to  m uch greater dem andingness o f  CW T it is necessary to  divide 
longer signals and analyze it in parts. Obviously, the dem andingness is affected by required 
analysis punctuality  and the range o f  the frequencies, for which is the analysis done. This can 
be in part com pensated by utilization o f  benefits o f  W T local operation, when can be analyzed 
only interesting part o f  signal, as in tim e, as well as in frequency area, w ithout results 
distortion increase o r resolution decrease. Second aspect is considerable m em ory 
demandingness, w hich partly  also is connected w ith used program M atlab. In this program  
every real num ber occupies 8 Bytes o f  m em ory and complex then 16 Bytes. Both m ethods o f  
analysis, but firstly CW T, com e up w ith considerably big m atrices o f  resulting coefficients.

The inconvenient STFT feature is the tim e shift o f  the com puted spectrum  to the left,
i.e. some spectrum  "advancing " in tim e, caused by that first w indow  is sym m etrical around 
the time Os. The related problem  is the tim e spectrum truncation com pared to  the original 
signal. The spectrum  truncation  is because the last spectrum point can be com puted, once the 
window end reaches the signal end. Both problem s are related to the selected duration o f  the 
weighted w indow  and partial elim ination o f  them  both rests in an extension o f  the signal 
duration by  the zero values com pletion on its beginning and end.

N ext disadvantage o f  C W T  is its unsuitability for broadband analysis in one 
computation run  (over 3 decades and m ore), otherw ise said for large range o f  the scales a. 
The reason is, that it is necessary to  choose small step o f  the com puted scales sequence to get 
reasonable analysis punctuality  on high frequencies (within the scope o f  available frequency 
resolution). M atlab allow s to choose only linear sequence w ith invariable step, w hich m eans 
that for low  frequencies is the analysis too m uch detailed. This uselessly lengthens out 
computation and very m uch increases results file size and also m em ory dem andingness for 
processing. So, it is suitable to  divide the band o f  interest on subbands and for each o f  them 
choose suitable step, in order to the analysis w as appropriately detailed. This procedure on the 
other side som ew hat com plicate the results processing and display.

A "wave" generation in spectrum  is the next inconvenient CW T feature. Spectrum  is not 
line as w ith FT, because it is in principle computation o f  correlation o f  the analyzed signal 
with the given w avelet. T hat is w hy the W avelet spectrum is not line even for sine signal (as 
with FT), but som e "wave" w ith m axim um , w hich m atches the frequency and am plitude o f 
existing com ponent. It w as proved, that the big signal com ponent creating big "wave" will 
cover eventual near sm all com ponent, that w ould be how ever distinguished w ithout its 
presence. This behaviour is inadm issible for our application, where one o f  the m easurem ent 
and analysis difficulties is very big ratio  betw een current w orking com ponent am plitude (d.c. 
or 50Hz) and interfering com ponents amplitudes. The d.c. com ponent cannot be in principle 
computed using W T because o f  the tem porary duration o f  com m on w avelet function. It would 
mean the infinite w avelet dilatation alias com putation for scale a =  +oo, w hich is no t possible. 
Nevertheless it w as proved, that its presence in signal unaffects the correct com putation o f  the 
other spectrum  com ponents. But the signal filtration is necessary w hen tractive current 
working com ponent is 50Hz. From perform ed analyses, it resulted that after rem oval 
dominant frequency com ponent, it can be determ ined am plitude as well as tim e behaviour o f 
the originally  covered com ponent. This filtration need is inconvenient from standpoint o f  the 
possible signal param eters affection nevertheless it can be done very well thanks to the 
possibility o f  the digital processing and no t in real-time.
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3. R ESEA RC H  W O RK  RESULTS

The tw o versions o f  the m easurem ent and evaluation chain configuration innovation 
w ere proposed. A t this m om ent, the first version appears as m ost suitable thanks to 
com patibility w ith existing m ethod. Second version can, under certain conditions, become 
suitable solution in the future thanks to som e its described benefits. The m ain obstruction of 
its usage now  is its econom ic dem andingness and incom patibility w ith present m ethod.

The m ain focus and resu lt o f  this w ork is how ever pieces o f  know ledge summary 
resulting from perform ed detailed feature analysis o f  the chosen m odem  m ethods o f  non- 
stationary signal analysis - STFT and CW T. The com parison o f  their characteristics and their 
convenience for this application was done, see chap. 2.6. The practical procedure o f  acquired 
data analysis w ith M atlab utilization, including obtaining required results in comprehensible 
form, was also w orked-out. The own application, in form o f  graphical user interface (GUI) of 
M atlab, w as w ritten for easier data evaluation and results processing, because it did not exist 
for STFT and existing GUI for C W T  turned out to be insufficient for this application. This 
GUI creation allows to  perform  the data analysis faster, and basically even w ithout knowledge 
o f  the M atlab program  control, w hich was before unavoidable.

This w ork is no t the end o f  innovation o f  the reverse tractive current measurement 
m ethodology, because is it long-term  process, even only thanks to  substantial touch o f the 
railw ay transport safety. It is necessary  to obtain m ore and m ore experience w ith real data 
evaluation before possib le replacem ent o f  the existing m ethodology. Finally, the modification 
o f  relevant standards w ill also have to be im plem ented.

This research w ork is based upon w ork sponsored by the M inistry  o f  Education of the 
Czech Republic under research and developm ent project LN00B084.
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