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ABSTRACT

AC Power Interference in railroad systems is a common problem.  This paper provides a general overview of the effects and the sources of ac interference.  The different ways energy couples into the rail systems will be explored.  Parallels are drawn to classic electromagnetic compatibility (EMC) issues.  Inductive coupling, capacitive coupling, and conducted paths are described. Application of this information to common operational issues is covered.  The steady-state interference that causes false activation of grade crossing train detection electronics is covered in detail.  Methods for identifying the different paths energy uses to couple into the rail systems, and various sources of that energy, will be explored.  Sample investigations are presented.  The paper concludes that identification of the source and path of ac interference must be known in order to develop appropriate mitigation.
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INTRODUCTION

AC Interference in railroad systems is an electromagnetic compatibility (EMC) problem.  For an EMC problem to exist three things must be present.  There must be a source of the energy.  There must be a receptor (read ‘railroad’).  And, there must be a path.  This source-path-receptor model of EMC is an important element in understanding railroad ac interference.

The current carrying conductors of power transmission lines are some of the sources; but, there are others.  The railroad signal circuit is the receptor.  And, the coupling path can be inductive coupling, capacitive coupling, or conduction.  Most railroad personnel have a complete understanding of the situation in which a transmission line induces energy into a railroad system by inductive coupling.  Unfortunately, when other sources and/or paths are involved it can be very difficult to isolate them and to develop appropriate mitigation.

The body of this paper is divided into two parts.  The first part addresses the general issues involved in ac interference including the source-path-receptor model of EMC.  The second part provides a few examples of the application of these ideas including the most common causes of interference with grade crossing train detection electronics.

PART 1 – SOURCES AND COUPLING

Why Do We Have A Problem?

AC energy in the environment is unavoidable.  What needs to be determined is why we have a problem with the energy that is present.  In very simple terms, is there too much energy, is the path too ‘good’, is the signal system too susceptible, or some combination of all of these?

In order to get started we need to know what we are looking for, and why.  There are several variables used to characterize ac interference on railroads.  Each variable has two or more possible values in each case of interference.  In order to evaluate any ac interference problem it is necessary to determine the values present.  Some of the variables and possible values are shown in Table 1.  Each combination of these variables has its own criteria for acceptance.  For example, with steady-state emergency operation of the power system regarding the survivability of personnel the common mode voltage generally considered acceptable is 50 V ac rms.  For this combination of variables, 50 V ac rms is the criteria for acceptance - the target value below which the problem is not observed.

This combination of five variables results in a five-dimensional matrix of acceptance criteria that is very difficult to draw.  Fortunately, meeting the criteria for some of the combinations inherently satisfies some of the others.  One of these simplifying facts is that we look at the worst case.  This usually means we use power system emergency values instead of normal.  Another is that steady state effects and fault effects are so different that we do two separate studies.  Also, the mode of the interference that concerns us is linked to the victim type and status.  So, we end up with the two simple matrixes shown in table 2.

But, we can see that under steady-state conditions we must insure normal rail system operation, so damage to people and equipment becomes a non-issue.  Also, under fault conditions (with high-speed fault clearing relay systems) momentarily degraded operation is tolerable, and damage is the criteria.  So, we can further reduce to the one table shown in table 3.

This gives us a pretty good idea of what we are looking for.  The next step is to fill in the boxes with measurable values that we can all live with.  Those values are dependent on the equipment involved, interpretation of various sources relating to personnel safety, and can be extremely difficult to agree upon.  Also, it now forces us to split our study two ways.  It is not possible to capture all ac interference without doing both a computer simulation based study and a measurement based study.

The first study is the kind of modeling we do for inductive coupling and capacitive coupling on computers.  These are the studies we do mostly for proposed lines.  This is a study of crosstalk – inductive coupling and capacitive coupling.  In these studies we can apply worst case scenarios to the system, and plan mitigation that addresses those cases.

The second way to study ac interference is measurement based, and involves identifying interference through conductive paths as well as crosstalk.  This is particularly important in cases of steady-state interference with equipment operation in existing corridors.  By measuring voltages in the rail circuit we can determine what type of path the energy took to get there (crosstalk or conduction).  Once the path is known, identifying the source becomes possible. Once we know the source-path-receptor combination, we can design effective mitigation.  This process is detailed in part 2 of the paper, Identifying Steady State Sources.

Crosstalk

We need to digress for a general explanation of crosstalk.  A far better explanation of this topic can be found in references such as Dr. Clayton R. Paul’s book (1).

We mostly think of EMC as being a radio frequency phenomenon in printed circuit boards (PCBs).  The work of Dr. Paul, and others, is valid for electrically short lines.  A PCB that is seven inches long (source), with a two-inch long trace (receptor), and operating at RF frequencies is electrically short (less than one wavelength).  But, if you measure your distances in wavelengths, you will see that a common railroad right-of-way with a transmission line that is several miles long, with signal blocks two miles long, and operating at 60 Hz is the same problem.  The wavelength at 60 Hz is 5,000 kilometers (3,000 miles).  So, we are subject to the same physics and can use the same methods.

Crosstalk is the superposition of inductive and capacitive coupling contributions that results in unintended production of voltages at the terminals of the receptor circuits.  To limit these voltages you need to address both inductive coupling and capacitive coupling contributions.  I will make no effort to prove it here, but the impedance of the receptor circuit is what determines which coupling path is dominant.  For low impedance circuits (track circuits) inductive coupling is dominant.  For high impedance circuits (communication circuits) capacitive coupling is dominant.  

This is also why one engineer says that cable shields must be grounded at both ends, while another engineer says that cable shields must be grounded at only one end.  They are both right.  One is using low impedance circuits; the other is using high impedance circuits.  One is shielding against inductive coupling; the other is shielding against capacitive coupling.

Conduction

We now understand that crosstalk is what we usually call induction.  It is composed of magnetic induction and capacitive induction.  It is the usual path for interference from a high voltage transmission line source.

The other path is conduction.  This is just what one would think.  Examples of conductive paths for ac interference are earth currents leaking into rail circuits, interference through the power feed, downed live wires on tracks, and ground potential rise at fault locations.

The sources for conducted interference can be localized or distributed.  They are rarely from transmission lines.  Conducted interference sources are usually lower voltage electrical distribution, customer generated harmonics and residual currents, and occasionally railroad systems.  The most common path for conducted interference is the multigrounded neutral that is designed into North American distribution systems and is required by the National Electrical Safety Code (2).  A large proportion of the neutral current flows through the earth by design.  This current has a much higher harmonic content than a transmission line and is often characterized by the 3rd harmonic (180 Hz) having a higher voltage than the fundamental (60 Hz), figure 1.  When this neutral current uses the low impedance rails to get back to the source (substation transformer) problems sometimes result.  

There are utility problems that can worsen this situation.  A defective or broken neutral can divert too much current into the earth.  A blown fuse on a capacitor bank can increase the neutral current.  However, the earth current that remains when the utility system is operating correctly is part of the expected electromagnetic environment.  

Clues

From this information we can derive clues that help us characterize the sources and paths of ac interference problems.  It helps to think of the problem in layers (like an onion).  The first thing to do is to look at the problem with an eye toward the basics.  Is the victim type equipment or personnel safety?  Is the problem degraded operation or damage?  Is it steady state or transient (fault)?  Did transmission or distribution line events coincide with the problem?  Often this initial look can give you your answer – such as those caused by faults.  But, for steady-state problems it is just a start.

The next layer is to take voltage and current readings in the railroad signal circuits (receptor).  Doing this properly is a time consuming prospect.  But, too little data – like under sampling a waveform – can give a false picture.  We record voltages and currents from 60 Hz to 1000 Hz at all rail ends in the affected area and one block beyond in both directions.  At insulated joints we take all four rail ends to ground, rail-to-rail on both sides, and across both insulated joints.  From this we build a map of the energy present at each frequency.  These maps provide many more clues.  The process of following these clues is in Part 2.

Intermittent Interference

There is a subset of steady-state interference that needs a little special attention.  Intermittent steady-state interference can be particularly difficult to trace to a path and a source.  Because the best way to locate steady-state interference is through a long series of measurements, intermittent interference is difficult to capture simply because it changes before the measurements can be completed.  Sometimes these problems can be located quickly because they correspond to power system events such as capacitor bank switching.  But, often the intermittent source is a utility customer over whom we have no control.  We are currently looking for test equipment that can record all the information over time to help identify both intermittent and transient interference.  But, we haven’t found it yet. 

EMC Revisited

An IEEE definition of electromagnetic compatibility is:

Electromagnetic Compatibility (EMC) - The capability of electronic equipment or systems to be operated in the intended operational electromagnetic environment at designed levels of efficiency.

So far we have discussed how to study ac interference without tackling the tough questions about what levels need to be achieved.  These are the values that will fill the boxes in table 3.  The following is a listing of these questions, but with few answers.

· For personnel safety under fault conditions IEEE Standard 80 is used to calculate acceptable levels on a case by case basis (European standards differ in method, with similar results).

· For personnel safety under steady-state conditions the Blue Book (3) from 1977 says 60 V ac rms, but most people use 50 V ac rms.  The Blue Book Task Force is currently revisiting this.  (OSHA Standard 1910.303 (g)(2)(i) states, “… live parts of electric equipment operating at 50 volts or more shall be guarded against accidental contact…”)

· For equipment survivability under fault conditions it is generally true that equipment with surge protective devices (SPD) will survive if the system is designed for personnel safety.  However, this is not always true.  One question is whether the SPD can be sacrificial under fault conditions.  Some installations have included a fuse link of wire on the track lead to protect the SPD under repeated surges, and therefore, the equipment.

· For equipment operation under steady state conditions the same Blue Book (3) value of 60 V ac rms applies.  This value appears to be independent of frequency, source, and path.  With substantial 180 Hz conducted interference in many places, it is questionable whether equipment such as grade crossing constant warning devices can operate properly, “… in the intended operational electromagnetic environment ...”

This last item is where we sometimes run into problems.  If 50 V ac rms rail-to-ground is allowable, then how much rail-to-rail voltage should we expect in the intended operational electromagnetic environment?  This is dependent on circuit balance.  In a circuit consisting of two exposed rails, unbalance less than 10 percent is difficult to achieve reliably.  This means that rail-to-rail voltages up to 5 V ac rms are to be expected.  The level of 180 Hz in conducted interference is often greater than the level of 60 Hz.  So, about 3 V ac rms at 180 Hz is to be expected as part of the normal environment.  Yet, the current technology of grade crossing train detection equipment sometimes has false activations when the on-frequency ac interference reaches level of 20 to 50 millivolts.  This level of susceptibility is too low to always assure undegraded operation in the intended electromagnetic environment.  (Note: This comparison is further complicated by the fact that constant warning time devices are susceptible to changes in these voltages.  They tend to ignore a stable interference signal as might be applied in a laboratory test.)

Further supporting this point are AREMA C&S Manual Parts 3.1.20 (4) and 3.1.26 (5) which state, “System shall operate properly on tracks having up to 5 volts ac rms at 60 Hz rail-to-rail voltage when used with the appropriate accessories”, and 8.2.1 (6) which states, ”System shall operate on tracks having up to 10 volts ac rms at 60 to 180 Hz sinusoidal rail-to-rail voltage when used with operating frequency and appropriate accessories specified by manufacturer.”  One manufacturer states in their equipment operating manual that 60 Hz levels above 0 dB (1.0 V rms) or 180 Hz levels above –15 dB (0.178 V rms) can interfere with operation.  These levels are clearly well below the levels present in the intended operational electromagnetic environment.

Part 1 Summary

We now have a general idea of what the source-path-receptor model of electromagnetic compatibility is all about, and why we need to identify the path and the source.  In the second part of this paper some examples will be explored in greater detail.

PART 2 – IDENTIFYING STEADY-STATE SOURCES

The object of any study of ac interference is to identify the source and the path of the energy to facilitate cost effective mitigation.  When the path is inductive coupling or capacitive coupling proven computer models can be used to test worst case situations and design appropriate measures.  But, frequently energy is present on the railroad systems that cannot be accounted for from these inductive paths.  It is the necessary to use measurements of actual voltages and currents to identify the other paths and sources.

Method

A method for plotting voltages on tracks has been developed and has proven effective for identifying the means of coupling and sources of rail circuit unbalance.  Figure 2(a) shows voltage gradients on a single rail over several blocks that is exposed to inductive coupling.  Because the rail is basically ungrounded, the voltages to ground at each end of any block are approximately equal in magnitude and 180 degrees out of phase from each other.  While the graph shows ‘+’ and ‘-‘ on the voltage axis, these represent the relative phasing of the induced voltage (with an arbitrary reference).  From the graph it can be seen that, for this situation of inductive coupling, the magnitude of the voltage across an insulated joint is approximately the sum of the magnitudes of the rail-to-ground voltages on each side.  This relationship is important for developing these graphs.

These voltage plots are built from a series of individual readings of ac voltage magnitude.  Figure 3 shows a data sheet with some of the readings filled in for 60 Hz.  The reading must be taken with a spectrum analyzer or frequency selective voltmeter.  The readings for each frequency (60 Hz, 180 Hz, etc.) are then plotted separately.  This is because the sources and paths for one frequency can be different from another frequency.  Also, it is important to take readings in the blocks experiencing problems and one complete block beyond in each direction.

Conduction

Figure 2(b) is a plot of conducted interference.  The voltage can follow a pattern from high to low over several blocks with drops across insulated joints.  In this case the data will show that the voltage across the insulated joint is the difference between the rail-to-ground voltages instead of the sum.

Sample

Figures 4(a) and 4(b) are plots of the data from figure 3.  When plotting the data, start at one insulated joint.  Plot the rail-to-ground value of one rail end.  It doesn’t matter whether it is plotted above or below the line, as long as the convention is consistent from there on.  When plotting the voltage on the other side of the joint, look at both the rail-to-ground and across-the-joint values to determine whether it should be plotted on the same side as the first point, or on the other side.  It is easy to make a mistake doing this.  It takes practice to get it right consistently.  It is important to review the plots to insure that all voltage values agree with the plot.  In other words, all rail-to-rail, rail-to-ground, and insulated joint voltages should be accurately represented.  Where doubts exist, flexible current probes can be used to measure the current in the rail without disrupting the circuit.

Unbalance

There are rarely cases that result in a completely non-ambiguous plot.  The sample problem in figures 4(a) and 4(b) could have a couple of explanations.  The South joint on the East rail could be subjected to conducted interference, or the joint resistance may have broken down.  The fact that the North joint on the same rail is subject to induction would cause the joint failure to appear more likely.  The West rail appears to be grounded at or near the South end of the block.  However, this could be misleading.  It is also possible that the insulated joint on the East rail is failed and the differential with the induced ac on the West rail causes current to flow through the front end of the electronics (~10 Ohms), reducing the voltage magnitude on the West rail.

This particular example highlights the need to measure voltages in the blocks beyond the problem.  If we had measurements at the far ends of both outside blocks, it would probably be clear as to whether the path is inductive or conductive.

Solve the Problem

One message that can be derived from the plots from different problems is that mitigation that can solve one problem will have no effect on some other problems.  For example, mitigation to reduce the inductive coupling from a transmission line, figure 2(a), will have no effect on conductive coupling, figure 2(b).  This is particularly important if the problem is false activations of grade crossing systems where both transmission lines and distribution lines are present.  It is not uncommon for the 60 Hz component of interference to couple through an inductive path from the transmission line while the 180 Hz component of interference couples conductively from the distribution line and the earth.  In such a case any mitigation applied to the transmission line could fail to address the real problem.

It is also important to understand that an unbalance in the victim circuit will transform any common mode noise into differential mode noise.  In other words, a relatively low rail-to-ground voltage of 10 Volts can become a relatively high rail-to-rail voltage of 10 Volts if an inadvertent ground exists.

Conclusion

A comprehensive explanation of how to apply this method in a variety of situations is beyond the scope of this paper.  However, this method, together with an understanding of how energy flows through a distributed network of impedances, can help identify the paths and sources of interference in many cases.  Also, if rail circuit unbalance is contributing to the problem, this method will help identify the location and nature of the anomaly.

In any case, it is absolutely necessary to identify the paths and sources of the interference in order to design effective mitigation.

TABLE 1

Variables Characterizing AC Interference

Variable



Alternative Values

----------------------
-------------------------------------------------------

Waveform

steady-state


fault (transient)

Power system status
normal



emergency

Victim Type

personnel safety


equipment

Victim status

non-degraded operation

survivability

Mode


common mode


differential mode

TABLE 2

Criteria Matrixes

	STEADY STATE
	Personnel Safety
	Equipment

	Non-Degraded Operation
	Common Mode
	Differential Mode

	Survivability
	n.a.
	n.a.


	FAULT
	Personnel Safety
	Equipment

	Non-Degraded Operation
	n.a.
	n.a.

	Survivability
	Common Mode
	Common Mode


TABLE 3

Simplified Criteria Matrix

	CRITERIA
	Personnel Safety
	Equipment

	Steady-State - Non-Degraded Operation
	Common Mode
	Differential Mode

	Fault             -                     Survivability
	Common Mode
	Common Mode


FIGURE 1

Distribution Neutral Spectrum 
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FIGURE 2(a)

Voltage Gradients from Induction
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FIGURE 2(b)

Voltage Gradients from Conduction
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FIGURE 3

Measured Voltage Data for Insulated Joints at Both Ends of a Block
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FIGURE 4(a)

Sample Data Plot – West Rail Voltage Gradients
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FIGURE 4(b)

Sample Data Plot – East Rail Voltage Gradients
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FIGURE 5(a)

Failed Insulated Joint Voltage Gradients
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FIGURE 5(b)

Grounded Rail Voltage Gradients
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