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PREFACE

Chopper-controlled propulsion systems on subway cars can cause inductive 
interference with audio-frequency signaling systems, when time-varying 
magnetic flux lines emanating from chopper systems on vehicles pass through 
the rail-axle loops under the cars. When a vehicle passes over points at 
which track circuit receivers are connected to the rails, inductively 
generated interfering signals can cause track circuits to malfunction. 
Observation of such interference led directly to the establishment of the Rail 
Transit EMI Technical Working Group, under the sponsorship of UMTA/DOT.

Development of the theory of inductive interference presented in this 
report was furthered by discussions at meetings of the Rail Transit EMI 
Technical Working Group (EMI/TWG) at the DOT Transportation Systems Center in 
1979, led by EMI/TWG's founding chairman, Lou is Frasco. Many people participated 
in these discussions. The author extends sincere thanks to all members of 
that body for lending their knowledge and insights; especially to Messrs. 
Hoelscher, Matty, Nene, Phelps, Rhoton, Stark, Truman, and Vaughn, whose names 
appear in the References. The propulsion and signal manufacturers - General 
Electric, Westinghouse Electric, Garrett Corporation, Union Switch & Signal, 
and General Railway Signal - have been most cooperative in these activities. 
A special note of thanks is due to the personnel of BART, CTA, MARTA, MBTA, 
and NYCTA for their invaluable assistance in gathering field data. A final 
note of thanks for encouragement and guidance in this effort goes to the 
sponsor of the UMTA program in rail transit EMI/EMC - Ronald Kangas, Chief of 
the Design Division, UMTA Office of Systems Engineering.

Much of the material in this report comes from a University of Lowell 
Research Foundation report by F. Ross Holmstrom, "Chopper Induced Inter­
ference in Audio-Frequency Automatic Train Control Systems," final report on 
DOT Contract No. DOT-TSC-1697, March 1980. This report originally appeared in 
essentially the same form as a paper by F. Ross Holmstrom, Louis A. Frasco, 
Robert Gagnon, and Eugene T. Leonard, "Inductive Interference in Audio- 
Frequency Rapid Transit Signaling Systems Due to Chopper Propulsion Control," 
presented at the IEEE Industrial Applications Society Annual Meeting, Phila­
delphia, 5-9 Oct. 1981. The contributions of the original co-authors were 
invaluable to this report, as they were to the prior paper.
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EXECUTIVE SUMMARY

Two electronic techniques simultaneously are experiencing greater use in 
ra il transit operation in the U.S. The f irs t  is thyristor chopper control of 
rapid transit propulsion. The second is use of audio-frequency track circu its 
for automatic train control and signaling. Chopper propulsion control offeris 
greater eneryy efficiency due to elimination of series starting resistors, and 
due to its compatibility with regenerative braking. Audio-frequency track 
circu its are used easily with continuous cab signaling, which leads to greater 
operational efficiency and f le x ib ility .

However, the use of chopper-control led propulsion systems on rapid transit 
vehicles can cause inductive interference with audio-frequency signaling 
systems. Inductive interference is caused by the time-varying magnetic flux 
lines, emanating from propulsion equipment on the vehicle, passing through the 
ra il- ax le  loop under the veh icle . I t  is evidenced by observation of 
abnormally high levels of ra il-to-rail voltage observed at locations under the 
vehicle. The passage of a vehicle over a fixed point induces a transient 
interference voltage from ra il to ra il that can have significant harmonic 
content throughout the audio-frequency spectrum. The induced voltage can be 
coupled into audio-frequency track circu it receivers, and can disrupt their 
normal operation.

In the future, U.S. rapid transit vehicles w ill be powered by ac traction 
motors, with solid-state inverters and power controllers used to provide the 
power of variable frequency, current, and voltage required by the motors. 
These systems w ill offer further operating economies, but w ill share with dc 
chopper systems the potential to cause inductive interference with audio­
frequency signaling systems.

A physical model for calculating levels of inductive interference is 
developed in this report. Selected results of fie ld  observations are given, 
and methods for alleviating the problem are discussed.

vi i/ vi i i



1. INTRODUCTION

Two electronic techniques simultaneously are experiencing greater use in 
rapid transit operation in the U.S. The f irs t  is thyristor chopper control of 
ra il car propulsion LRef. 1]. The second is use of audio-frequency (AF) track 
c irc u its  for automatic tra in  control and signaling [Ref. 2 ], Chopper 
propulsion control offers greater energy efficiency due to elimination of 
series starting resistors, and due to its compatibility with regenerative 
Draking. AF track circu its are used easily with continuous cab signaling, 
which leads to greater operational efficiency and f le x ib ility . These track 
circu its also can be employed on track made up of continuously welded r a i l ,  
leading to smoother ride and lower track maintenance. Unfortunately, 
interference problems can occur when these techniques are used simultaneously.

This report describes the mechanism of inductive interference to AF 
signaling systems used in ra il transit operations, caused by ra il transit 
vehicles witn chopper propulsion control. Choppers are switching c ircu its 
composed of high-power semiconductor devices, inductors, and capacitors. In 
operation, choppers control propulsion power by pulsing the dc voltage to the 
dc traction motors on and off at a rate of a few hundred Hertz. Power is 
controlled by varying the pulse rate, the pulse width, or both. Due to the 
pulsed nature of voltage and current waveforms, harmonics of voltages and 
currents in the chopper system are produced that extend in frequency through 
the AF range, and can a ffe c t adversely the performance of AF signaling 
systems. Such interference has been observed in actual transit operation in 
the U.S.

In the future, rapid transit cars powered by ac induction motors w ill be 
used in the U.S., as they currently are elsewhere. These "ac drive" propul­
sion systems employ solid-state switching circu its to transform dc th ird-rail 
power into the three-phase ac power of variable voltage, current, and fre ­
quency, that powers the motors. The approaches outlined in this report for 
dealing with inductive interference from dc chopper propulsion control systems 
serve as a good starting point for analyzing inductive interference of the new 
ac drive systems. However, this report deals only with dc chopper systems, 
since these were the subject of actual fie ld  investigation in this program.

-1-



Inductive interference is caused by time-varying magnetic flux lines, 
emanating from propulsion equipment on the veh ic le , passing through the 
rail-axle loop under the vehicle. I t  is evidenced by the observation of 
aonormally high levels of AF ra il- to-ra il voltage observed at locations under 
the veh icle. The passage of a veh icle  over a fixed location induces a 
transient interference voltage from ra il to ra il which can have measurable 
harmonic content throughout the AF spectrum. The induced voltages are coupled 
into AF track c ircu it apparatus, and can disrupt the normal operation of such 
equipment. A physical model for calculating interference levels observed is 
developed in this report, and results of fie ld  observations are given.

To guard against conductive interference, caused by AF currents in the 
th ird  r a i l ,  chopper manufacturers take special precaution in design of 
traction power line f i l te r s ,  to reduce chopper harmonic components of current 
to acceptable levels. AF currents flowing in the running ra ils , which serve 
as the dc propulsion current return path, always have some measure of 
imbalance, leading to a d ifferentia l or circulating component. I t  was well 
known that the resulting conductive interference could affect operation of AF 
track circuits [Ref's 3 - 6j . The problem of inductive interference was less 
well anticipated.

A program to solve the problem of inductive interference was undertaken, 
and included the cooperative e ffo rts  of signal and propulsion equipment 
manufacturers, affected ra il transit systems, and the Transportation Systems 
Center of the U.S. Dept, of Transportation (DOT/TSC) under the sponsorship of 
the UMTA Office of Rail Technology LRef's 7 - 9 ] .  One product of this program 
is a set of suggested test procedures for assuring compatibility of propulsion 
and signaling systems [Ref. 10].

- 2 -



2. AUDIO-FREQUENCY TRACK CIRCUITS

H istorica lly , the AF automatic train control (ATC) systems for which 
chopper interference was reported most widely are of the type manufactured by 
General Railway Signal Co. (GRS) [Ref. 11], and the Union Switch and Signal 
Division of American Standard, Inc. (US&S) [Ref's 12, 13]. Figure 1 shows a 
schematic diagram of this type of system. The discussion that follows is 
meant to describe the most general operating principles and characteristics of 
a few types of AF track circu its . To show examples of analysis and data 
gathering techniques, data are presented on a very limited number of specific 
systems; however, these data are not specifically characteristic of other 
systems, even those bu ilt by the same manufacturers. Therefore, they should 
not be used as standards or for setting specification lim its.

For the ATC system to detect a train in a given block, an amplitude- 
modulated AF signal of specific carrier frequency is transmitted from one AF 
impedance bond (IB ) to the next, down the transmission line formed by the 
ra ils . The IB, the transmission line feeding the IB , and other components in 
the wayside bungalow comprise a tuned resonant c ircu it that passes signals at 
the desired train detection frequency. When a train enters a given block, 
reception of the train detection signal at the receiver end of the block 
ceases, causing that block's track relay to drop. Dropping of the track relay 
actuates transmission of a tra in  speed command signal at another audio 
frequency, from the transmitting IB down the ra ils  to the tra in .

Figure 2 describes the operation of the ATC track receiver into which both 
true and interfering signals are coupled. (This figure does not represent 
specific c ircu itry .) The IB is a voltage step-up transformer located at the 
tracks, that is used for impedance matching between the low track impedance (a 
few ohms at AF) and the high impedance levels of the receiver and transmitter. 
The IB is followed by a tuned multi-resonant f i l t e r .  The f i l t e r  is comprised 
of ganged shunt-resonant circuits - one c ircu it for each frequency used at a 
particular location. The impedance of the f i l t e r  has peaks at each of the 
frequencies at which a particular IB transmits or receives signals - typ ically  
three or four in number: The carrier frequencies for train detection in 
adjacent blocks, f XMT and f RCV> and one or two c a rr ie r  frequencies for
transmitting coded ATC signals to the train fCAB’

-3-
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These frequencies l ie  between 990 Hz and 7 kHz in GRS and US&S systems. 
The impedance charac te ris tics  of the c irc u its  are affected  by the the 
transmitter output impedance Z and receiver input impedance. Typical IB 
input impedances ZT , seen looking into the track terminals of the IB are 
shown in Figures 3 and 4, fo r representative examples of US&S and GRS 
equipment. ZIB peaks at each resonant frequency of the coupling f i l t e r ,  at
frequencies near each carrier frequency of signals transmitted by the IB. A 
va rie ty  of operational and engineering factors a ffe c ts  the choices the 
manufacturer makes for peak values of ZTR, and these change from one
application to another.

In normal operation, the receiver accepts a signal at frequency f  ,
Kw V

which is at the center of the passband of a 4-stage band-pass receiver f i l t e r .  
The signal is 100% amplitude-modulated at a variable code rate. The code rate 
specifies the tra in 's  allowed speed. Bursts of cab and track signal are 
interleaved, thus limiting required peak signal levels that must be generated 
by tne transmitter. Since the track receiver does not make use of code rate 
information, i t  is designed to operate with any code rate within the range 
used, typ ically 1 to 20 Hz. The received filte red  signal is amplified and 
envelope-detected to produce an ac signal whose frequency is the code rate. 
The amplitude of this signal is then sensed, and i f  i t  is su ffic ient, the 
track relay is picked up.

The receiver f i l t e r 's  -3db bandwidth is typ ically appx. 8% of the center 
frequency in existing systems. Narrower f ilte rs  can be employed. The minimum 
-3db bandwidth is twice the maximum code rate - the bandwidth required for 
passage of the first-order modulation sidebands of the amplitude-modulated 
track signal.

Because of its  design and operation, the receiver w ill respond to a broad 
variety of interfering signals whose frequencies l ie  within or su ffic iently 
near the passband of the receiver f i l t e r ,  have sufficient amplitude, and are 
of a pulsating nature. In some ATC systems, notably the GRS system installed 
on the Braintree-to-Andrew portion of the MBTA Red Line in Boston, and older 
parts of the GRS system installed on the CTA rapid transit lines, two or three 
separate pulses of AF signal must be received for the track relay to pick up.

-6-
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In more recent systems designed for minimum-headway quick-response operation, 
a single leading edge of a burst w ill cause the track re lay to pick up 
momentarily. However, the relay w ill drop again unless the signal continues 
in a pulsating manner.

Momentary l if t in g  of the track relay can give a momentary false clear 
indication, and can lead to interruption of transmission of a speed command 
signal to the tra in , which in turn can lead to momentary loss of propulsion, 
or in itia tion  of braking. The specific consequences depend on the timing and 
c ircu it characteristics of the system involved. I f  receiver f i l t e r  
characteristics and c ircu it characteristics of the IB are known, 
susceptibility of a signaling system to chopper interference at any frequency 
can be assessed.

Table 1 lis ts  typical threshold signal levels within the passband of the 
rece iver f i l t e r ,  required to pick up the track re la y , for USAS and GRS 
systems. These figures should be regarded only as order-of-magnitude 
references, since higher or lower levels would be used for specific 
applications.

The USAS data were obtained by making measurements on USAS equipment 
supplied for test operation on the MBTA Haymarket-North line in Boston. USAS 
receivers are designed to have greater sensitiv ity at higher frequencies, 
since attenuation in the ra ils  is greater at higher frequencies, and received 
signal levels consequently tend to be lower.

The GRS data were provided by GRS. They are based on calculation of 
theoretical maximum receiver sensitivity assuming that a ll component 
tolerances are taken to their lim its in the direction that increases 
sensitiv ity , and that the receiver sensitivity adjustment is  set for maximum 
sensitiv ity . These data were verified by measurements made on GRS equipment 
at the MBTA. In practice, a GRS receiver typ ica lly  is  adjusted so that the 
threshold level is  appx. 0.075 vrms (-22.5 dbv) at the track terminals of the 
IB.

-9-



TABLE 1

Threshold Signal Levels at Track Terminals of Impedance Bond 
Required to Pick Up Track Relay

US&S

(Measured for each rcvr frequency at 10 Hz
code rate, 
ra tio .)

50% duty cycle, 1:40 IB turns

f rev V. during on-portion of burst
Hz volts rms dbv*

1590 .054 -25.4
2670 .056 -25
2870 .035 -29
5190 .020 -34

GRS

(Calculated assuming 1:25 IB turns ra tio , 
6 db rcvr f i l t e r  attenuation, and assum­
ing a ll tolerances are taken in direction 
that increases sens itiv ity .)

f rcv VIB durin9 on-portion of burst
Hz volts rms dbv*

All .017 -35
freq's

★
■ 20 >°9l 0<Vrn,s>

- 1 0 -



3. CHOPPER INTERFERENCE GENERATION: THE CHOPPER CIRCUIT

The e a r lie s t  U.S. observation of chopper interference with AF track 
circu its was made in 1978 in Chicago during CTA testing of CTA 2400 Series 
cars manufactured by Boeing-Vertol and equipped with General E lectric  (GE) 
chopper-controlled dc propulsion systems. Similar observations were made in 
Atlanta during pre-revenue operation of MARTA cars manufactured by Franco- 
Beige and powered by Garrett chopper systems [Ref. 14]. Subsequent 
observations of qualitatively similar chopper interference signals were made 
of experimental NYCTA R-46 cars manufactured by Pullman and powered by GE 
choppers [Ref. 15], and of BART cars manufactured by Rohr and powered by 
Westinghouse E lec tric  choppers.*

I t  was observed at CTA and MARTA that' interference signals had 
characteristics and amplitudes that occasionally caused .a track relay to pick 
up momentarily while a tra in  was passing over an IB . In terference of 
sufficient amplitude to pick up a track relay was not observed before the 
train reached this point, or after i t  was clear of this point, but only while 
i t  was over the point. Based on these observations and other supporting 
tests, i t  became clear that the interference in question is inductive in 
origin. Signals observed at NYCTA and BART were qualitatively similar to 
those seen at MARTA and CTA. The sources of the inductive interference are 
the inductive elements of the chopper propulsion system on the car.

Figure 5 shows the physical configuration of track, car, and IB that leads 
to generation of inductive in terference. Pulsed magnetic flux  from the 
"chopper box" containing the chopper control c ircu itry , typ ically mounted 
under the car, passes downward through the closed loops formed by the ra ils ,  
car axles, and IB leads. The time-varying magnetic fluxes $^(t) and $2(t) 
produce emfs with polarities as shown:

* l , 2 ( t ) = d * l , 2 ( t ) / d t  = Vl , 2 ( t )  ( 1 )

* T.C. Matty, R. Rhoton & W. Truman, Westinghouse E lectric  Corporation 
Transportation Systems Divsion, West M ifflin , PA., private communication.

-11-



GENERATION OF INDUCTIVE INTERFERENCE

f — I  M :  m  f

J L  iW  MAGNETIC FLUX i
f  / I
' MAGNETIC FLUX W

J— _JV
dl-

TUNED RESONANT-CIRCUIT 
IMPEDANCE BOND

TO BUNGALOW

FIGURE 5. C on figu ra tion  o f car and s ig n a lin g  equipment 
lead ing  to In d u c tiv e  chopper In te r fe re n c e .
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Figure 6 shows a simplified diagram of a typical rapid-transit chopper 
operating in the propulsion mode. (Different c ircu it connections, not shown, 
are used in regenerative braking modes.) Prior to gating on the main thy­
ristor T , the commutation capacitor is charged to the dc line voltage V ,̂ 
Dy transient current flowing through line f i l t e r  reactor l_L , Cc , commutation 
reactor L^, commutation diode D ,̂ motor smoothing reactor L^, and the motor.

The main thyristor TM is gated on to in itia te  a motor voltage. pulse. 
i>ince the voltage across then becomes zero, the commutation thyristor 
then becomes forward-biased by amount V, . Motor current through T , L ,  and 
the motor then rises. To turn off voltage applied to and the motor, T̂  is 
gated on, thus transferring  the voltage across T̂  to L^. A commutation 
current pulse then starts in the clockwise direction through the closed loop 
formed by C ,̂ TM> Tc> and L . This pulse is a sinusoid with frequency 
f = 1/[2tt/(L C ) ] ,  typ ically appx. 10 times the chopper repetition frequency.

C w w

The commutation current pulse reverses polarity after the f ir s t  
quarter-cycle, and flows in the reverse direction through T^, driving the 
total current through T̂  to zero, allowing T̂  to turn off. With T̂  o ff, Cq 
once more charges as before.

The main producers of interference are the commutation reactor L and the 
motor smoothing reactor L^. The spectral characteristics of interference 
produced by these components is dependent on their current waveforms. The 
commutation reactor has greatest potential for interference generation, since 
its peak current exceeds the motor current, and since its  voltage and current 
waveforms are rapidly time-varying and rich in harmonics.

Figure 7 shows idealized waveforms of current through Lu and L_, and the 
time derivative of resulting magnetic fluxes. The time derivative of flux 
has a Fourier series expansion of the form

oo

* M(t )  = y a cos(2rrnf t) M ' L , n v m 'n = l
( 2 )

where an = (2A/nTr)sin(nir6) (3)

and where f  = chopper repetition frequency and 5 = duty cycle.
-13-



FIGURE 6. A chopper c i r c u i t  showing w ir in g  fo r  p ropu ls ion  
mode. Power feed to +VL is  from th ird  r a i l  or 
ca te n a ry , and ground re tu rn  is  to running r a i l s .
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$

FIGURE 7. Id e a liz e d  waveforms o f motor smoothing re a c to r  
f lu x  $M( t ) ,  commutation re a c to r  f lu x  $ ^ ( t ) ,  
and corresponding emf's $M( t )  and $c ( t ) .
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The derivative of commutation reactor flux has a Fourier series expansion 
of the form

V tJ = E - 9n) (4)
n = l

where

bn = (-2B/rr){nf2/ ( f2 - n2f2)} sin(Tr nfm/fc ) , and

6 =  n irfin

(5)

Figure 8 illustrates the fact that l_M and Lc jo in tly  produce rich harmonic 
components of $ (t) for frequencies from fm to well above fc . Heinzerling & 
McElhenny have analyzed the spectra of inductive interference from choppers 
with different c ircu itry  and consequently different current waveforms than 
discussed here, and have obtained qualitatively similar results [Ref. 16].

Other sources of magnetic flux are the other inductors in the c ircu it , 
e lectrical leads, braking resistors, and other power systems used for 
generating fie ld  currents ( i f  separately excited motors are used) and 
auxiliary power. Often these other power systems are chopper-controlled. 
However, Lc and l_M of the propulsion system have been found to be the largest 
contributors to inductive chopper interference in most instances.

Equations (2) - (5) above indicate that inductive interference has an 
harmonic line spectrum characterized by individual components at discrete 
frequencies. This picture is complicated in practice by the fact that when a 
car starts from rest and motor back emf is  small, very small duty cycles must 
be used to hold motor current to allowable values. Since minimum duty cycle 
with forced commutation is ( m̂/^c )» some chopper systems control starting 
current by in it ia l ly  sweeping f  upward from a low starting value to a normal 
operating value. Others control starting current by pulse skipping - leaving 
out a variable portion of motor current pulses in a pattern that is  repetitive 
in the short term but variable in the long term. Either procedure complicates 
the spectrum.
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b) Fo u rie r c o e f f ic ie n ts  o f

FIGURE 8. Amplitudes of Fo u rie r s e r ie s  components o f 
* M( t )  and $c ( t ) ,  fo r  the case f Q = 10 f m 
and 5 = 0 .5 .
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A ll rapid tra n s it  choppers also control power by varying 5, thus 
influencing the relative strength of individual harmonics as illustrated by 
Eqn. (3). In addition, a ll harmonic components obviously vary in amplitude 
with the passage of a car past a fixed point.

Field observations indicate, however, that whereas the spectral character­
is tics  of interference signals vary, they vary slowly compared to the receiver 
response time, which is  the inverse of receiver f i l t e r  bandwidth.
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4. CHOPPER INTERFERENCE GENERATION: THE RAIL CIRCUIT

The rail-axle loops are characterized by their loop impedances 
Zi 2(di 2»f)* The impedance of the IB leads is noted by Zb l( f ) .  The emfs, in 
conjunction with the impedances, yield the Thevenin equivalent source voltage 
and impedance, written in the frequency domain as

The characteristics of can be estimated as follows: A pair of running 
ra ils  of standard 143.5 cm (56.5") gauge has series loop impedance that above 
1 kHz is  p ractica lly  a ll inductive (phase angle is  greater than 80 °), with 
inductance of appx. 1.4pH per meter of length. Thus, Z<j has the approximate 
behavior

Z$( f )  = jf[0.01 + O.OOgd^/ldj + d2)] ohms (8) 

where d̂  and d2 are in meters and f  is in kHz.

The above re la tio n  neglects wheel-rail contact resistance , which is  
negligibly small when current is being conducted by the contacts. I t  also 
neglects ra il- to-ra il ballast shunting admittance, which is negligibly small 
for a ll except the d irtie s t ballast conditions.

Figure 9 i l lu s t r a te s  the resu lting  equivalent c ir c u it  re la tin g  ca r­
generated magnetic flux to interference voltage into the IB. In spite of the 
fact that the transfer function

is strongly frequency dependent, the effect of the relationship between ZTD 
and Z$ on this transfer function is simplified in practice by the fact that 
frequency ranges of interest are very narrow ones that l ie  adjacent to where 
ZIB has its  maximum values, typ ically between 0.15 and 0.5 ohms in magnitude

vs( f )  = ( V 2 " V l )/(Z1 + Z2} ( 6 )

(7)

(VIB/VS) = ZIB (f)/CZIB (f )  + ZS( f ) ] (9)
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*1

Z1(dr f )  Z2(d2,f )

---- >— « ----- — -J------- ----- — "
BOND RCVR RCVR TRACK

FILTER RELAY

(a )

Zs=( Zl I l Z2)+Zbl

FIGURE 9. (a )  C ir c u it  fo r  source of in d u c tive  in te r fe re n c e ;
and, (b ) i t s  Thevenin e q u iv a le n t .
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(c f. F ig 's  3, 4). Therefore, between 1 and 7 kHz, voltage division between
and Z<» attenuates Vs by an amount between 0 and 9 db at or near receiver 

frequencies.

The greater value above is illustrated by assuming that 6^ = d2 = 10 m, 
f  = 7 kHz, Zs = j 0.385 ohms from Eqn. (8 ), and Zjg = 0.15 + jO ohms. Then,

(VIB/VS)db = 20 lo910*t°-15/t0-15 + J0-385)]| = -9 db (10)

A variety of factors influences the behavior of V^(t). The specific 
contributions of fluxes and to and $2 depend upon the structure, 
placement, and orientation of components. Construction of the chopper box 
determines properties of eddy currents that can partia lly  cancel the effects 
of currents in leads and components. The magnitude and phase relations of the 
various harmonic components of a ll flux sources depends on the mode of car 
operation. And f in a lly , the variation of #2, Z j, and Z2 with car position 
causes to have a time-varying peak-to-peak amplitude, as is  discussed in 
the following section.
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5. OBSERVATION AND RECORDING OF CHOPPER INTERFERENCE SIGNALS

Examination of Figure 9 and Eqn. (9) shows that in the absence of a track
c ircu it load, the Thevenin equivalent source voltage appears as the rail-to-
ra il voltage. This fact makes possible the observation and recording of V by

S
use of instrumentation with suffic iently high input impedance. Knowledge of
the frequency and time properties of V_, coupled with behavior of Z , ZTD, and

S 5 IB
other track c ircu it operating characteristics, then can be used to predict the 
response of track circu its to interference.

Figure 10 shows the instrumentation that has been used to observe and 
record V . The capacitor, resistor, and transformer protect the recording 
instruments from high-energy transients and imbalances due to propulsion 
currents in the ra ils . Tap changes on the transformer allow adjustment of 
signal level at recorder and spectrum analyzer input to match the dynamic 
ranges of these instruments. Lower cutoff frequency of the coupling c ircu it 
is 18U Hz - well below frequencies of interest.

The tape recorder meets IRIG Intermediate Band, Direct Record standards, 
and has record-playback response that is f la t  within 2 db from 70 Hz to 60 kHz 
when operated at 15 in/sec. The broad bandwidth allows capture of the 
transient characteristics as well as the frequency characteristics of signals.

The Fast Fourier Transform (FFT) spectrum analyzer has real-time response 
up to 20 kHz, but is typ ica lly  employed in the 0-10 kHz mode. In this mode, 
i t  takes 1024 signal samples in each 40 msec sampling time window and calcu­
lates and displays the the magnitudes of the lowest 400 of 512 FFT components. 
Operation is called "real-time" since there are no time intervals between 
sampling time windows. The FFT analyzer's built-in Hann weighting function is 
used to suppress the spurious effects that otherwise arise when the sampling 
time window is not an integer multiple of signal periods long. [Ref. 18]

Sometimes the FFT analyzer is operated in the "MAX" mode, in which the 
maximum rms amplitude arising at each displayed frequency, for any sampling 
time window during a run, is stored and displayed. Such operation makes 
possible rapid determination of worst-case data across the spectrum. At other
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times the analyzer is operated in the "E/l" mode, in which FFT spectra for 
signals in each sampling time window are consecutively calculated and 
displayed during the course of a run. This mode of operation allows direct 
observation of the time behavior of spectral characteristics.

Use of the tape recorder allows detailed analysis of interference signals 
in the laboratory. To assess va lid ity  of taped data, MAX-mode FFT spectra are 
recorded in the fie ld  by photos of the FFT analyzer's display or by means of 
an analyzer-driven X-Y plotter, and compared with similar spectra generated 
from tape in the lab. Amplitude calibration of the data gathering system is 
performed by injecting sine wave signals of known frequency and amplitude at 
the track terminals, measuring their amplitude at tape input, and playing them 
Dack in the lab.

MAX-mode spectra taken d irectly in the fie ld  and taken from tape in the 
lab typ ically agree within 2 db at any chopper harmonic frequency. Much 
useful information also is gained by simply listening to interference signals 
played through an audio amplifier and speaker, and by observing them in real 
time on an oscilloscope.

As a ra il car passes the measuring point, the ra il- to-ra il voltage is 
observed to be a burst of pulses of complex and changing shape, that grows and 
decays in amplitude. The growth and decay can be explained by examination of 
Eqn. (6j and Figure 5: When dĵ  is small, typ ically w ill be small, and
w ill be small, both of which cause V$ to be small. A similar situation occurs 
when d̂  is small. V<. w ill tend to be larger when d̂  and d2 are nearly equal, 
provided the contributions to V<. from ^  and $2 are in phase.

Three snapshots of voltage waveform taken at successive times during the
passage of a MARTA car past a measuring point are shown in Figure 11. In Fig.
11 (a j, the voltage pulse due to l_M is an upward-going square wave with a
triangular portion added after the turnoff point. The pulse due to L is aC
downward-going cosine wave. Between (a) and (b), the l_M contribution inverts 
due to passage of LM past the measuring point. Note that LM was an air-core 
solenoid with ve rt ic a l ax is . .  Between (b) and ( c ) ,  the Lq contribution 
inverts when Lq, also a vertically-oriented air-core solenoid, passes the
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RAIL-TO-RAIL VOLTAGE AT THREE DIFFERENT TIMES 
DURING PASSAGE OF MARTA CAR

i------------  5 msec ----------

(vs(t) IS  IN ARBITRARY UNITS. 
UNITS ARE SAME FOR (a)-(O.)

FIGURE 11. Waveforms of op en-c ircu i t  r a i l - t o - r a i l  vo ltage 
during passage of a car .
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measuring point. Duty cycle is small but increasing slightly in these photos, 
since the car was accelerating from rest.

Figure 12 shows an FFT spectrum calculated from one 40 msec sampling 
window during the passage of the above car (lower curve), and the MAX-mode 
spectral display resulting from the passage of the entire four-car train 
(upper broken curve). I t  is apparent that individual spectral lines change 
amplitude as the train passes, and spectral shape changes as well. To avoid 
smearing of the MAX-mode display by frequency sweeping, the spectrum analyzer 
was started after f  had reached its  final value of 400 Hz.

Time variation of individual spectral lines can be observed by playing 
interfering signals through a narrow-band f i l t e r  that passes one line, and 
observing the amplitude of its  envelope as a function of time. The ninth 
chopper harmonic for the above run was selectively observed by use of a f i l t e r  
with 100 Hz bandwidth and 3600 Hz center frequency. A. standard frequency- 
domain spectrum analyzer operated in the unswept mode served as f i l t e r  and 
detector.

The behavior of rms amplitude vs. time is shown in Figure 13. Passage of 
each car causes a burst of signal. The amplitude of each burst is scalloped 
oy changing duty cycle. Note that as the last car in the train got to the 
measuring point, the train reached the speed at which 100% duty cycle can be 
used, and the choppers stopped chopping.

Figure 12 shows amplitude levels that are significantly greater than 
receiver thresholds throughout the 1-7 kHz range. In fact, during operation 
of MARTA trains over track circu its while the above data were being taken, 
momentary lift in g  of track relays was observed in those locations in which 
chopper harmonics fe l l  within receiver f i l t e r  passbands.
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6. DIAGNOSIS AND REDUCTION OF CHOPPER INTERFERENCE

Manufacturers of chopper-controlled propulsion systems ("chopper 
manufacturers") have employed a variety of techniques to estimate anticipated 
levels and diagnose sources of chopper interference while chopper systems are 
s t i l l  in development and before they are mounted on cars. The primary one was 
developed by Rudich [Ref. 11], who used aluminum tubes of 1.5-2.0 cm dia. to 
simulate car axles and aluminum tubes of 2.5-9.4 cm dia. to simulate running 
ra ils . The tubes were securely fastened together to form a closed rectangular 
loop whose width was the standard ra i l  gauge and whose length was the interior 
car wheelbase. The loop was positioned over or under the chopper box in the 
lab in a manner that duplicated actual geometry as depicted in Figure 5. Such 
an arrangement accurately models Zs (f)  and ( f ) as a function of dĵ  and d,,.

Matty, Rhoton, and Truman (see footnote, pg. 11) have found that the loop 
can be made shorter than the car wheelbase, provided the loop is long enough 
to capture most of the magnetic flux emanating from the chopper box, and 
provided additional compensating inductance is added to the axle tubes.

Use of the above technique allows the chopper manufacturer to observe in 
the lab the effects on interference levels of changes in component structure 
and position ing , lead dress, and chopper box construction. Ef fects  of 
spectral characteristics due to sweeping chopper frequency, pulse skipping, 
and varying duty cycle can also be observed.

Chopper manufacturers have reduced the levels of stray magnetic flux and 
the inductive coupling of chopper components with the ra i l  loop under the car. 
Methods they have used include choosing inductor designs that produce less 
stray flux, orienting inductors so that less net stray flux passes downward 
through the ra il loop, paying s tr ic t  attention to lead dress and cabling, and 
controlling operating cycles to avoid generation of harmonics between normal 
chopper harmonic lines.

Efforts have been undertaken to simulate chopper interference effects on 
signaling c ircu its . Vaughn has developed a microprocessor-based system for 
synthesizing chopper interference waveforms with known characteristics [Ref.
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13]. This system allows the signal manufacturer to examine the susceptib ility 
of track c ircu it receivers to interference signals with specific 
characteristics.

Ideally, i t  would be desirable to amplify recorded or simulated signals 
corresponding to V$ and play them directly into the track terminals of track 
circu its at signal levels corresponding to the worst that would be expected. 
However, the large peak amplitude of interference impulses contributed by the 
commutation reactor, coupled with the low magnitude of Z_ and ZTD at most 
frequencies, leads to very high le ve ls  of instantaneous current that an 
amplifier must supply to the IB input leads. One commercially available 
op-amp type power amplifier having a peak current rating of 5 amperes has been 
used for this purpose at reduced voltage levels. Signals recorded in the 
fie ld  or lab can be amplified and fed to track receiver f i l t e r  inputs where 
impedance levels are higher.

The most complete and rea lis tic  simulation of chopper interference is  one 
that involves the cooperative efforts of chopper and signal manufacturers, in 
which actual signal equipment is hooked to the rectangular loop simulating 
track and axles.

While chopper manufacturers have been investigating use of new components 
that generate less stray flux, and component orientations and c ircu it layouts 
that yield less net contribution to ^  and $£, signal manufacturers have been 
developing new track c ircu it designs that are more tolerant of interference.

One such design employs transmission of independently coded signals for 
train control and track c ircu it operation [Ref. 11]. The train control signal 
is of variable code rate and carrier frequency, and is received and decoded on 
board the train in normal fashion. The track c ircu it signal is  of fixed 
carrier frequency and fixed code rate of appx. 1 Hz. Following envelope 
detection of the track c ircu it signal at the track c ircu it receiver, a fixed- 
tuned second detector witn bandwidth of appx. 1 Hz then is  employed to 
discriminate between true and interference signals. This type of receiver 
w ill only respond to repetitive signals whose repetition rate is very near 
that of true signals. Since in this scheme the track c ircu it transmitter
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transmits the instantaneous sum of tra in  and track signals instead of 
transmitting them in interleaved bursts, the track c ircu it transmitter must be 
capable of generating approximately twice the previous peak output voltage.

Another design employs transmission of train signals and track signals in 
interleaved bursts as discussed in Sec. 2. In this scheme, the track receiver 
produces an envelope-detector output whose frequency is the code rate. This 
waveform then goes to a synchronous second detector, whose reference signal is 
the original code rate modulation waveform from the transmitter [Ref's 12, 
13J.

Both of the improved track signal detection techniques described above 
provide a much smaller effective receiver bandwidth than that provided by the 
broadDand asynchronous technique previously used. In either new technique, 
the noise bandwidth of the receiver is that of the second detector rather than 
that of the receiver f i l t e r  - on the order of 1 Hz rather than 100 Hz.

I t  should be noted that the use of these frequency-domain coding 
techniques to achieve compatible operation of choppers and audio-frequency 
track circu its was preceded by the BART signaling system, in which d ig ita lly  
encoded and decoded FSK track signals are used to mitigate the effects of 
interference [Ref. 17].
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7. CONCLUSION

Since its  original observation, the effects of inductive chopper in ter­
ference on audio-frequency track c ircu its  have become well understood. 
Knowledge of the inductive coupling mechanism and behavior of the c ircu it 
composed of car, ra ils , and track c ircu itry  paved the way for mitigation of 
chopper interference.

The cooperative ac tiv itie s  of signal and propulsion manufacturers, transit 
authorities, and other investigators have made possible the timely correlation 
of laboratory and fie ld  data, and have paved the way for solution of the 
problem of inductive chopper interference. Specific modifications to older 
techniques of propulsion system design and signaling system design have been 
developed, and these modifications have resulted In compatible operation of 
chopper-controlled propulsion systems and audio-frequency signaling systems.

Diagnostic techniques have been developed whose use w ill mitigate the 
problems of inductive interference in future rapid transit systems-[R e f. 10].
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