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1. Overview

1.1 Scope

This guide provides a description of the data, techniques and procedures typically used in modeling and analysis of traction power systems.

This guide does not cover requirements for detailed design of individual components (e.g., switchgear, transformers, rectifiers, cable) which are part of the traction power system, but will result in establishment of parameters that are relevant to equipment design.

Where analysis described in this guide is similar to analyses described in IEEE 399, this document does not repeat the information in IEEE 399, but instead highlights how the IEEE 399 recommendations should be tailored to the specific requirements of a traction power system. This document also describes certain studies that are used in traction power system design, but are not usually part of commercial and industrial design.
1.2 Purpose

This guide provides a methodology and common terminology for traction power systems modeling, and is intended for application by engineers involved in the design and specification of new traction power systems, and the technical evaluation of existing traction power systems in response to re-definition of operating parameters (e.g., increase in service).
2. Normative references

The following referenced documents are indispensable for the application of this document. For dated references, only the edition cited applies. For undated references, the latest edition of the referenced document (including any amendments or corrigenda) applies.

3. Definitions

For the purposes of this draft trial-use 

 DOCPROPERTY GorRPorSTD \*Lower \* MERGEFORMAT guide, the following terms and definitions apply. The Authoritative Dictionary of IEEE Standards, Seventh Edition, should be referenced for terms not defined in this clause.
Bunching:  deviation of individual headways (between adjacent trains) compared to nominal or average headway

Design Criteria:  The written description of required system performance.  This may establish different requirements depending on status of the wayside traction power system (e.g., single contingency outage conditions, vs. operation with all equipment in service.)
Dwell time:  The period of time measured from the instant a train stops at its berth at a passenger station until the instant it resumes motion.
Headway:  The time separation between two trains both traveling in the same direction on the same track.  It is measured from the time the head-end of the leading train passes a given reference point to the time the head-end of the following train passes the same reference point.  “Nominal” headway is sometimes used to apply to design headway for a system, or average headway of a group of trains.

Track to Ground voltage:  The potential difference between track and earth at a given location (this is actually touch potential; need further discussion to distinguish vs. voltage drop from trains back to TPS negative bus; this might be a parameter for some systems.)  This definition might be superfluous considering the def of rail to ground voltage provided below.
Normal conditions:  When the traction power system configuration is not impaired by an outage to a substation or a feeder segment
OCS:  Overhead Contact System

RMS:  Root-mean-square (“thermal”) loading.  For a continuous, time varying variable (such as amperes), 
RMS loading over a time period from zero to T can be calculated as:
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For a time varying load comprised of discrete individual time periods, each of constant loading, RMS loading can be calculated as:
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Where L1, L2, L3, … are the various load steps in %, per unit, amperes, or actual load, and t1, t2, t3,… are the respective durations of these loads.
Train consist:  quantity of cars in an operating train.  This is typically a design constraint (e.g., “operation with a six-car train consist”).  [Note: Andy Jones has suggested that this definition be revised to “list of cars in an operating train” with a fine print note indicating “during modeling of rapid transit operations, cars are typically the same or similar models, and so the “consist” might reduce to the count of cars in a train.  Discussion?]
Voltage Drop:  the potential difference between two reference points  [Andy Jones has commented that this may be incorrect, because a voltage drop occurs as a result of the flow of current. A difference of potential can occur without a flow of current – as between the poles of an unloaded battery. The IEEE dictionary defines voltage drop as: (1) The difference of voltages at the two terminals of a passive impedance. (2) (supply system) The difference between the voltages at the transmitting and receiving ends of a feeder, main, or service.

Andy suggests we defer to the IEEE Dictionary whenever possible, and if a conflict arises between common usage in our field and the IEEE Dictionary, that conflict should be explained in our document.  Discussion?]
4. Analysis of Traction Power Systems
4.1 Introduction
The different analyses discussed below address different aspects of traction power system design.  Although engineering analysis may be required for more than one of these issues, it is not necessary that a single analysis address all issues concurrently.  Separate calculations, and/or separate computer simulations, may be performed to address individual design constraints.
4.2 Load Flow Analysis

Load flow analysis is generally performed to model the individual current flows, voltages, and power flows in the traction power system.  [Jay sender has proposed revision to read “Load flow analysis is generally performed to model the individual current, voltage, and power vectors in individual feeder and line segments of the traction power system, as well as the negative return voltage rise.”]
Load flow analysis generally includes the determination of the following parameters (for comparison to established criteria limits):
[Marker- this is where the group discussion ended on 21 June 2007]
Loading on traction power system elements (e.g., rectifiers, transformers, feeders, breakers, [“breakers” added per recommendation of Ed Rowe]  equipment):  For rectifiers, average loading and peak loading are generally of interest, to assess survivability of rectifier components in response to loading.  For transformers and other distribution system components, rms and peak loading are generally of interest.  RMS and average loads should generally be calculated over time periods which are greater than the thermal time constants of the equipment subject to evaluation, but not longer than the expected peak loading period duration.  Question: should we try to describe how to correlate a predicted load cycle for revenue service to the tightly controlled load cycle of RI-9?  Would this correlation be different if we were to consider transformers, vs. rectifiers, vs. cables?  Are there particular parameters or metrics (e.g., 15 second peak load, 1 minute peak load, …) that have any particular significance in a correlation effort?
Ed Rowe has suggested incorporation of the following:

The AC voltage drop in the utility system network will also affect the voltage level of the DC traction power system, particularly when one AC feeder provides power to several DC traction power substations.  For example, the substation on the end of the feeder will be most adversely affected by the AC voltage drop.

Voltages to trains:  Variations in train voltage can cause variations in train physical performance.  [Jay Sender has commented: Train voltage typically has to stay within preset limits established within the propulsion control equipment for the traction motors to be energized.  One output of the load flow analysis is a plot of voltage vs. distance to insure train voltage stays within allowable limits.  Another aspect to consider here is line voltage during regeneration.  Equipment damage could result if the line voltage gets too high during regeneration.  San Diego Trolley has experienced this damaging effect in running mixed consists of Siemens S70 and SD100 vehicles.  We’ve determined the S70 regeneration voltage is >900 volts, probably because the basis of design is the 750V Houston system, which exceeds the SD100 equipment rating which is based on our 650 volt system.  It would be nice if the load flow analysis could include regeneration to insure the line voltage isn’t excessive and also to determine the energy savings associated with regeneration under the power module.]
Track (rail) voltages to ground:  Some transit systems establish limits on track rail-to-ground voltages.  [Jay Sender has proposed that this statement be revised to read: “Negative to ground voltage rise: Some transit systems establish limits on negative to ground voltage rise to avoid damaging neighboring utility metallic conduit through stray current.”  While I do not object to redefining the base metric, I do not believe we should be tying this requirement to a stray current conduit damage issue.  It also affects stray current damage to other utility systems, along with safety compromise to the public (particularly in public/shared rights-of-way), safety compromise to transit personnel, and possible equipment damage to the transit property’s own equipment (arcing faults).  For this reason, I suggest that we simply indicate that limits might be established, without talking about the specific reasons for doing so.  Discussion?]
[John Dellas has proposed that a section be added here, describing available train voltages along the right-of-way.  Here’s a first shot at developing such a section:]
4.3 Vehicle Voltage Profile Analysis:

The determination of train voltages (from simulation) at specified trackside locations can provide valuable design and planning information.  Generally, train voltages from simulation should be plotted against wayside track stations (or chain markers) to facilitate this task (voltages along y-axis; track locations along x-axis.)  Scatter plots (presenting a plotted point corresponding to each individual calculated train location & voltage) are one method for presenting this information; another method is to provide a graph of minimum train voltages.  For some transit systems, plots of average train voltage may also be of use.
Note: the following section (“DC Fault Analysis” and subparagraphs) re-written by Ed Rowe January 2008:

4.4 DC Fault Analysis

4.4.1 Introduction and Scope  [Benjamin Stell to provide introduction/overview (near to beginning of this document) tying this section into big picture]
Dc traction electrification is a complex system composed of both ac and dc subsystems devoted to distributing traction power to moving transit vehicles. No matter how carefully this system has been designed, faults are unavoidable. In particular, mechanical wear and damage to overhead contact systems (OCS) will cause more faults than are usually experienced in industrial and commercial systems.  As systems age, feeder cables and supporting systems also become more vulnerable to faults.
Fault studies should be performed as part of the design modeling of traction systems to determine the magnitude of the prospective currents flowing throughout the power system at various time intervals after a fault occurs.  The magnitude of the fault currents on dc traction systems will vary with time until they reach steady state condition.   Much of the behavior of fault currents is determined by the characteristics and dynamics of the power system.  During this time, the prospective system is called upon to detect, interrupt and isolate these faults.  The duty imposed on this equipment is dependent upon the magnitude of the current, which is dependent on the time from fault inception.  The fault data is then used to select fuses, breakers and switchgear ratings in addition to selecting protective relays.  The fault study yields the following information:
1.  The magnitude of fault currents throughout the traction power system
2.  The maximum fault current seen by a circuit breaker, which is one of several pieces of information necessary in order to specify a circuit breaker
3.  Voltages resulting from fault conditions.
This information is applicable to all traction power system elements.
Complex traction power systems, fed from multiple sources, and having multiple distribution paths typically requires the use of computers and specialized programs when performing a fault analysis.  Hand calculations are suitable for estimating the operating characteristics of a few individual circuits, but accurate calculation of voltages, power flows, or fault currents throughout a traction power system would be impractical without the use of computer programs.  Success in selecting and applying computer techniques requires the engineer to be familiar with the power system problem as well as many software program applications available for fault calculations.
The figure below shows a typical fault waveform for a dc traction system:  [Note: this is probably the wrong diagram; if we provide a diagram it will probably be considerably different]
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In this figure, the transient peak is the true maximum current that results from the fault. If this is the current that would flow through a circuit breaker, then the circuit breaker must be capable of interrupting this much current. A transient analysis is necessary to determine this waveform. The transient response of a simple circuit can be computed using differential equations, or software capable of transient analysis can be employed for more complex circuits.
A simpler approach is to calculate the steady-state fault current, using only the resistive elements of the circuit, and then estimate the transient peak from the steady state value. Ordinary techniques of circuit analysis can be used to find the steady-state value, and it may be possible to use a load flow program to compute the steady-state value. The application section of IEEE C37.14 provides information on determining the transient peak from the steady state value, and that is further discussed later in this document.
Circuit breakers are not the only “victims” of fault current. Fault currents also cause voltages to rise in  ground grids, unusual forces to develop between conductors, and potentially damaging heating of equipment.
It is important to appreciate that while a fault will cause extraordinarily large currents to flow in the entire power system, the greatest current that is revealed by the fault study may not be a current that flows through a circuit breaker.
Fault analysis for ac systems has been exhaustively treated in many comprehensive textbooks, articles, codes and standards. Whereas, there are many aspects of dc traction power systems that need to be studied, this section will address only those topics particular to the transit industry.
4.4.2 Types of Analysis

4.4.2.1 Steady-State Fault Analysis

For a steady state fault calculation, the model built for the load flow analysis (discussed earlier) is sufficient. For the fault, a single additional circuit element of very small or zero impedance is added, and the case is run.
4.4.2.2 Transient Fault Analysis

A transient analysis will provide waveforms similar to the previous figure for whatever points of interest there are in the traction power network. Both transient current and transient voltage waveforms may be obtained.
A transient analysis is more difficult to perform than is a steady-state analysis. One reason for taking the trouble to do a transient analysis arises if the required breaker ratings, as determined by the steady-state fault analysis and its multiplier, approach the ratings of available or desired circuit breakers. In this case, a more exacting estimate of the actual transient peak is necessary.
Another reason for performing the transient analysis is to determine relay settings. This, too, is ordinarily done on a steady-state basis, but in complex or marginal cases, a more exacting model may be required.
An electrical transient occurs on a power system each time an abrupt circuit change occurs.  This circuit change is usually the result of normal switching operations, but is also caused by abnormal conditions such as the inception and clearing of system faults.  In traction power systems, transients are often generated by system traffic; for example, when a train first makes connection with another electrical section. For traction power systems, this phenomenon is an interaction between the magnetic and electrostatic energy stored in the inductance and capacitance of the circuit.  Of course, not all transient voltages and currents are troublesome.
To determine transient currents, the inductances must be considered in addition to resistances. If transient voltages are desired, one must have all the resistances, the inductances, and the capacitances, including leakages and coupling-to-earth.
In ac power systems, the inductance is usually more significant than the resistance, and in some cases, the resistance is ignored. The resistances and inductances are needed if transient current response is desired. If transient voltage response is to be examined, then one must also have the capacitances.
The reactive characteristics of the conductors are determined more by their own geometry and by the geometric relationship to each other and to earth, rather than by characteristics of the materials they are made of. For this reason, published values for inductance and capacitance are scarce and of limited value. The engineer seeking to perform a transient analysis will have to compute the self- and mutual inductances, and the capacitance to earth.
Several transient software programs exist to perform this analysis.
The following should be included in a transient model [Note: this list needs significant revisions; some deletions, some additions.]:
1.  Ac supply source impedance (obtained from the utility, or assumed at a design level fault duty.
2.  A complete model of the transformer is required, including magnetizing branches. In addition to the usual nameplate information, data from the factory test report will be required, and zero-sequence data is very useful.
3.  The rectifier: Ideal diodes may be assumed, but it is better to know the actual dynamic behavior of the diodes. Complete bridges must be assembled. Snubber circuits, if used, must be included in the model. From a fault point of view, it is conservative to ignore the interphase reactor if present.  However, if the characteristics of the interphase reactor are known, they should be included in the model.
4.  The track: All tracks modeled (if applicable).
A software model needs to simulate the effects of operation of circuit breaker(s).
4.4.3 Extent and Requirements of Fault Analysis  [This section needs editorial work/tweaking]
Since dc traction power is rectified from the utility ac system, dc fault analysis should include information on the ac power system if the necessary data is available.
Two kinds of faults are normally addressed in dc systems:
1.  Positive to negative faults
2.  Positive to ground faults. This analysis is less common.
Among the positive to negative faults, four categories are of major concern:
1.  rectifier faults
2.  close-in faults
3.  medium-distance remote faults
4.  long-distance remote faults
Transit vehicles may become fault current sources.  Therefore, electrical characteristics of vehicles should be considered.
A fault in the dc traction system creates impacts in utility ac systems as well since it can look like a large load. Therefore, it is highly desirable to analyze the utility network at the same time.
4.4.4 System Modeling and Computational Techniques

In addition to the impedance of the dc traction power system, there are several factors that affect the behavior of the fault current:
Utility AC network

Rectifier type. A conventional diode rectifier is not able to limit the fault current, whereas a thyristor rectifier can.
Locations and electrical characteristics of all vehicles in the system
Prefault system current.  Current cannot change instantaneously, due to system inductance
Impedances and reactances of other feeder and network components
In compliance with IEEE Std.946 (IEEE Recommended Practice for the Design of Dc Auxiliary Power Systems For Generating Stations), a dc fault program will calculate the total fault current, current contributions, and time constant of the system. These sources can be modeled as a constant current source or a constant voltage source behind an impedance. The ac system equivalent impedance should also be considered.
4.4.5 Prefault System Loads
It is customary to assume a 1.00 per-unit prefault voltage for every traction dc busbar. If prefault voltage profile is a concern, a prefault load flow study should be performed.
4.4.6 Computer and Software Solutions [Note: we need some wordsmithing here and some edits to the table; maybe deleting the recommendations for the different options.]
Theoretically, computer solutions for dc traction system faults would be very similar to the computer solution for ac system faults. Running vehicles should be treated as rotating machines. Overhead contact wires and/or third rails should be treated as the feeders in the ac transmission and distribution system, but mutual coupling is ignored. Running rails should be treated as the return path for fault current.
Commercial-grade software for ac system analysis on personal computers has been steadily improving in availability, variety and computational power since the early 1980s. All programs rely on matrix techniques and require the analyst to provide accurate system data in order to produce accurate results.
Although dc analysis modules are sometimes available in commercial software, these modules are either designed for extra-high-voltage (EHV) dc power transmission systems or control/protection battery power supplies. No dc module is devoted to traction system fault analysis due to the very limited market. In fact, computational techniques for a dc traction system are identical to EHV dc power transmission systems and control/protection battery systems.
There are few software packages available for dc traction power system analysis, and they have all been developed by the engineering consultancies themselves. These packages are generally far less complex than ac system analysis software.  The following table lists desirable features for dc traction power system fault analysis.
Suggested Features for the Development of  Dc Traction System Fault Analysis Programs
	Analytical features
	Very desirable
	Desirable
	Optional

	System with ac network
	
	Yes
	

	Ac network with more than one voltage level
	
	
	Yes

	Multiple dc power sources
	Yes
	
	

	Ground faults in dc system
	Yes
	
	

	Positive to negative faults in dc system
	Yes
	
	

	Arcing faults
	
	
	Yes

	Simultaneous faults
	
	
	Yes

	Complex arithmetic
	
	Yes
	

	Interface with power flow study
	
	Yes
	

	Current in all phases of ac network
	
	Yes
	

	Contribution from moving vehicles
	Yes
	
	

	Contribution from all dc power sources
	Yes
	
	

	Input data report
	Yes
	
	

	Protection coordination interface
	
	Yes
	

	Voltage in every busbar
	Yes
	
	

	Current in every branch
	Yes
	
	

	Data input of every equipments (including vehicle)
	Yes
	
	

	Per-unit of equipment data
	Yes
	
	

	Steady state and transient value 
	Yes
	
	

	Saturation data of running rails
	
	Yes
	

	Detail of rectification data input
	
	Yes
	

	Comprehensive analysis report output 
	Yes
	
	


4.5 Contingency Analysis

Traction power systems are generally expected to provide reliable service under a multitude of conditions.  Failures or outages of equipment should not generally result in significant interruption of service.  It therefore is important for the designers of traction power systems and components to realistically and accurately accommodate such conditions.
Contingency analysis can begin with an effort to itemize expected troublesome conditions.  Originating conditions can be classified as to expected likelihood and duration.  For each such condition, the allowable traction power system response can be defined.
Examples of failure/outage conditions, or aberrant operational conditions, are:  [these lists can be expanded….]
Failure of a traction power system component (e.g., an overheated and therefore de-energized rectifier transformer, or a feeder breaker in a not-closable condition)
Loss of a utility feeder (or losses of multiple utility feeders)
Complete de-energization of a substation (e.g., during maintenance)

Unexpected “bunching” of trains in a track area, leading to highly localized system loading

Special operations (e.g., increased service conditions due to special events)

Examples of response limits to such conditions might include the following (note: these examples are generally unrelated to the specific examples provided above):
No impact on traction power system performance

Reduced voltage to trains

Reduced voltage to trains, but with a concurrent reduction in system performance (e.g., reduction in acceleration, train consist, or speed, or increase in system headway)

Establishment of time limit(s) for operation with the aberrant operating conditions

These statements then constitute a significant part of the design criteria for the traction power system, and can be considered as part of a strict reliability analysis.
4.6 Cable Ampacity Analysis MAYBE THIS WILL BE CHANGED TO MORE OF A “CABLE CURRENT ANALYSIS.”  [Andy Jones has commented: Something should be done to break this down into two components: (1) what current needs to be transported, and (2) what capacity does a particular cable installation have to carry current. “Ampacity” is defined by the IEEE dictionary as “Current-carrying capacity, expressed in amperes, of a wire or cable under stated thermal conditions.” That speaks to (2). Part (1), the determination of what ampacity is required is different, is usually an output of the load flow analysis.]

Concerning cable sizing, there are two issues to be addressed in planning a traction power system:

1. How much current needs to be transported over a particular circuit, and

2. How much current can a particular cable installation transport, given the circumstances of its construction, that is, what is the ampacity of a particular cable installation?

A load flow analysis will determine how much current is going to flow in each of the conductors of the circuit analyzed. These conductors include the rectifier-to-bus conductors, the conductors connecting the track breakers to the catenary or contact rail, and the conductors connecting the running rails (or 4th rails where used) to the substation return bus. 

Instantaneous values are not normally of interest. Instead, the root-mean-square value of the current over some period of time is used. The time period over which the rms value is computed needs to be no less than the time required for the cable installation to reach its maximum steady-state temperature. The time required is specific to the installation, however, broadly speaking, this time constant for a buried duct bank may be tens of hours, while the time constant for a cable-in-conduit (conduit being in air) or a cable-in-air may be tens of minutes.

Ampacity is always a concern for service and feeder conductors, for catenary wires conductors, and for buswork. At first glance, the ampacity of conductor rails, running rails, and catenary conductors may not seem important, as the running rail selection is dictated by track design, and the catenary or contact rail conductor selections are usually mandated by voltage drop. However, the heat dissipated in the conductors and rails may be of concern for tunnel ventilation studies, and in any event, the load flow study must analyze the complete circuit.

IEEE Std 399 provides a good overview of cable ampacity studies for typical industrial and commercial applications. There are some significant differences between industrial and commercial (and for that matter, typical utility) applications on the one hand, and traction applications on the other. These differences include:

4.6.1 Frequency and phase.
IEEE Std. 399 and much of the engineering literature address the application of power cables in balanced three phase alternating current systems at either 50 or 60 Hz. IEEE and others publish ampacity tables for three phase circuits in frequently-used physical arrangements, such as three conductors in ducts. Traction applications are almost always two wire arrangements – a positive and negative conductor for direct current, and for single-phase ac systems, a catenary feeder and a rail feeder. (Autotransformer electrifications require a third conductor, but autotransformer electrifications are still single phase systems.)

•
Two wires rather than three in a bundle generally means that each wire of the two wire system can carry more current than can each wire of a three wire system, as the mutual heating of the third wire is absent.

•
In ac work, there will be less field cancellation in a single phase system than is true in a three phase system, and induced current heating effects from the single phase system are more pronounced, which can diminish the ampacity.

 For DC applications, the only source of heat in a cable is the ohmic heating of the conductor. For AC applications, there are additional heat sources in the sheath and the dielectric loss. Other factors being equal, the DC ampacity of a cable will be slightly greater than the AC ampacity.

These differences may render cable ampacity tables of limited use to the traction power engineer. Two papers that specifically address dc cables for traction service are: 

•
Stell, R. W. B., Cable Rating Considerations for Direct Current Traction Power Systems. Proceedings of the American Public Transit Association 2003 Rapid Transit Conference.

•
Stell, R. W. B., Cable Ampacity Tables for Direct Current Traction Power Systems. Proceedings of the American Public Transit Association 2005 Rapid Transit Conference.

The second paper specifically addresses cables in multi-way duct banks, for various load factors and concrete or soil thermal resistivity values. For cable-in-air and cable-in-conduit, no published tables specific to dc traction are known, and data for single phase ac circuits are scarce. Manual calculations for some cases are practical, and some examples are shown at the end of this section.

4.6.2 Ambient temperature. 

Above-ground traction cable installations do not generally encounter any conditions that are unusual when compared to commercial-industrial-utility applications. Subway systems, however, are likely to run at ambient temperatures significantly above the figure used by published tables for cables-in-air or cables-in-ground. For example, cable ampacity in a subway system with tunnel ambient temperature of 49 degrees C will be greatly reduced when compared to ampacity of cables in a more common ambient temperature of 25 degrees or 30 degrees C. 

4.6.3 Number of conductors. 

Low voltage dc systems often require parallel conductors in order to provide adequate ampacity. Parallel conductors are not unknown in industrial or utility systems, but are less used. Two conductors in close proximity will have a total ampacity that is less than the sum of each conductor alone, because of mutual heating. The benefit of one more conductor diminishes quickly as the number of conductors increases.

4.6.4 Software Considerations

There are commercially available computer programs which perform cable ampacity calculations. The traction power engineer interested in such products should ensure that they are in fact capable of analyzing the conductors and arrangements of conductors that are used in traction systems. Some conflicts that have been noted include:

•
An assumption on the programmer’s part that the positive (or catenary) feeder has the same conductance as the negative (or rail) feeder. Most contact rails have far better conductivity than most running rails. Most catenary has significantly worse conductivity than most running rails. Either way, the positive wire can have a different conductivity than the negative wire. Also, most traction power systems have more sectionalizing in the positive (or catenary) side of the circuit than on the negative (or rail) side, which leads to a greater number of conductors in the positive side. That results in unbalanced conductivity between the positive and negative sides of the circuit.

•
Number of conductors in a raceway. One or three conductors per raceway is often assumed, since that arrangement is typical of three phase systems. Traction systems often require other numbers of conductors per raceway.

•
All conductors of a circuit in a raceway. In alternating current work, it is axiomatic that a single raceway, if metallic, carry all the conductors of one circuit. If the “hot” conductor is in one conduit and the “neutral” conductor in an adjacent metallic conduit, there will be transformer action between the two conduits, resulting in severe heating of the conduits and an equally severe power loss in the line. In direct current traction work, by contrast, it is almost unheard of to run the positive and negative conductors together, for fear of a line-to-line fault.

•
Duct banks are often assumed to be either entirely in earth or to have three sides in earth, with only the top exposed to air. In subway construction, it is often necessary to have duct banks with two or three sides exposed to air. Since the subway case is a different thermodynamic problem than the fully buried case, the traction power engineer should be sure that a cable analysis program can handle the duct bank design that is under consideration.

A final point to be considered is that of “load factor,” the ratio of average to peak load.  [Mike Dinolfo comment: let’s state that this is a ratio of average to peak load “over a 24 hour period” since that’s how ICEA defines it.  Also- should we consider that this ratio is better defined as a ratio of “rms to peak load”?  I believe that a “rms to peak” ratio is more appropriate for calculating overall cable heating, and that the ICEA “average to peak” ratio is a “bad” metric to work with to begin with.  Discussion?]  [Andy Jones has commented:  The goal here is that the steady state temperature of the conductor shall not exceed some design limit. The time required to heat the cable can vary widely, depending on the installation. Cables in a duct bank that has three sides in earth may take tens of hours to reach their ultimate temperature. Cables in air, or in conduit which is in air, may take minutes to reach their ultimate temperature with the same current. “Peak” and “average” are therefore not terribly helpful, because one must have specific information regarding the thermal time constant of the specific installation in order to get anywhere. Perhaps the best thing to do here is just explain all of this.]     If a cable carries the same current continuously, then the load factor is unity. If cable carries a constant amount of current for 12 hours of the day and no current for the other 12 hours of the day, then the load factor is 0.5. If the concrete or earth surrounding the cable have adequate mass, then the heat capacity of that mass can cool the cables so that short-term peaks above the continuous ampacity rating of the cable can be carried without damage to the cable insulation system. 

Substantial concrete ductbanks may have thermal time constants measured in hours or days, and if the peak service period of the railroad is less than the thermal time constant of the ductbank, then the cables in the ductbank may be able to carry the peak currents for the relatively short daily peaks, even though the same cables in the same ductbank could not safely carry those currents continuously.

It should be appreciated, however, that cable-in-air or cable-in-conduit installations, as distinct from cable-in-ductbank, have very short thermal time constants, measured in tens of minutes. It is not likely that a traction system will be able to rely on load factor to diminish the size of cable installations of this nature.
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4.7 Grounding Analysis

Analysis and design of grounding system(s) should be performed in accordance with IEEE 80.  [Surprise!  John Dellas has pointed out that IEEE 80 provides a specific disclaimer: “No attempt is made to cover the grounding problems peculiar to DC systems.”  So: any suggestions on how to develop this section??]  [Andy Jones has suggested that an AIEE committee report “Recommended Grounding Practices for Single-Polarity D-C Structures” (Oct 1957) may be of value in developing this section.]

4.8 Substation rating, spacing, and placement

The determination of required size (ratings) and locations for substations involves many tradeoffs between often conflicting requirements.  To a limited degree, an increase in substation quantity can compensate for insufficient substation capacity, and an increase in substation capacity can compensate for insufficient substation quantities.

The construction cost of increased substation capacity is generally much less than the cost of increased substation quantity, so most system designs will attempt to provide for larger individual substation ratings, in order to maximize substation spacing.  However, this approach quickly leads to diminishing returns, and substation spacings will generally approach a design maximum that is strongly correlated to voltage drop limits.  Longer substation spacings will also promote higher track-to-ground voltages, and greater stray currents.  Other requirements (e.g., real estate availability) may also dictate specific substation locations.

4.9 SYSTEM MODELING

Traction power system modeling is typically performed with the following process:

a.  A vehicle model is developed.  In conjunction with wayside track alignment data (grades, curves, alignment, station stops, speeds), physical performance (speed/location vs. time) can be determined for train movement.

b.  Electrical power consumption of trains can be predicted based on the physical performance profile.

c.  An electrical model of the wayside traction power system can be developed, including utility source impedances and characteristics.  In conjunction with train locations and loads (based on anticipated schedule or headways), network analysis of the wayside system can be performed to determine currents and voltages.  Both short-time (e.g., approximately one second) and/or longer-time (from hours to days) periods for analysis/simulation may be required depending on the parameter to be evaluated.

If necessary, interactions between trainset performance (e.g., dependencies between tractive effort and train voltage) can be determined by simultaneous calculations including the effects of a, b, and c above.

d.  Evaluation of long term voltages and currents can be made to assess parameters described under "Contingency Analysis" above.

Computer modeling of a rail transit system in this manner generally requires specialized software, and different software packages may be suitable for analysis of some transit systems but not others.  The user of software should be sufficiently knowledgeable of the software performance to describe in detail the algorithms and calculations performed by the software, so that suitability for use on a particular transit system can be assessed.  In addition, the software should have capabilities for detailed data printout at intermediate stages of calculations so that the correctness of the algorithms and processes can be evaluated.  Additional verification/validation against measured data can also be performed, as described in Appendix A.  

4.10 Input Parameters

Input parameters for analysis include the following:  [add davis coefficients etc etc]

Vehicle/trainset physical performance envelope and electrical power consumption (including dependency of vehicle performance and power consumption on system voltage)

Wayside electrical distribution system lump component models

For AC traction power systems, physical line configurations to assess mutual coupling

Vertical/horizontal track alignments

Impedances and/or resistances of wayside system components (e.g., cable feeders, rectifiers, transformers, buswork, OCS systems, tracks, rails, cross bonds, impedance bonds, utility feeders)

Train performance levels- civil speed limits or train control speed commands, headway(s), train consist(s), loaded train weights, dwell times at stops

4.10.1 Signaling system

Information regarding the signaling system should be provided to facilitate sufficiently accurate simulation of train locations and electrical characteristics as a function of time.

4.10.2 Train scheduling

Schedules of train operations (departures), and nominal (and/or abnormal) headways should be utilized as input data for simulation.  Train bunching may require consideration.  External traffic on shared rights-of-way may require consideration also.

4.10.3 Wayside electrical distribution system

The wayside electrical distribution system should be modeled to a sufficient level of detail to facilitate computation of individual current flows in all wayside system elements that are sized according to the simulation analysis.  This will generally require that equivalent resistances and/or impedances be known for utility feeders, cables, transformers, rails, and OCS components.

[Discussion (not discussed on 13 Feb):  Should “standard” values of resistance in ohms/foot be established for various components, e.g. various rail configurations?  Should temperature adjustments be mentioned or described?]  [Andy Jones has commented: typical values can be very helpful. However, we need to have some basis for stating that these values are “typical.” How much variation is there in the chemistry of steel rails, for instance, as that has a considerable impact on the resistance per unit length of a rail. I can also provide some references on skin effect values, which for irregular shapes such as rails can be astonishingly high.]

4.10.4 Vehicles

Vehicle parameters (electrical and mechanical) to be utilized in simulation include:

Available tractive effort and/or mechanical power capabilities as a function of speed (for one or more known traction power distribution voltages)

Dependency of vehicle/trainset performance on variations in available traction power system voltage

Auxiliary load

Propulsion system electrical-to-mechanical power conversion efficiency

Braking performance, including regeneration

Stopping point for IEEE meeting discussions on 13 February 2008

4.11 Format standardization of computer input and output data

This guide suggests that software programs for traction power system modeling should permit printing of summary input data and output data in a format that will include the following information.  This information is recommended to facilitate comparison between different software packages and systems:

Vehicle/trainset data- available propulsion power vs. speed

Wayside electrical resistances (and reactances, if applicable)

Substation voltage regulation characteristics

Vehicle propulsion system power conversion efficiency

Headways, train consist(s), and/or schedules utilized in simulation

Vehicle auxiliary load(s)

Etc. etc.  This section requires work but is a possible topic of conversation.

Annex A 
(informative)
Software Validation against Measured Data
Primary responsibility for appropriate verification & validation of software lies with the original software developer, and/or the software user
, as part of sound engineering practice, and is not addressed in this appendix.  This appendix only addresses supplemental validation of the proposed software, if required by the transit property, before or during the application of software as part of a modeling effort.  While this appendix provides general guidelines for a supplemental simulation software validation effort, it is not considered sufficient to fully define such an effort.  If validation is desired, then the consultant and transit property should refine and expand on these guidelines to establish a more definitive validation effort.

This appendix provides an example of a process for conducting a validation, as a joint effort involving the consultant/engineer and the transit property.  Any such acceptance of the validation effort by the transit property should not relieve the consultant from assuming primary responsibility for selection and application of the simulation software as part of the simulation/modeling task.

It should be emphasized that a validation effort can require considerable commitment of manpower and resources from both the consultant and the transit property to be of value.  The extent of the required validation effort should be agreed to early in the simulation/modeling effort, and subject to periodic re-evaluation and refinement.

A supplemental validation as described in this appendix should be approached as a collaborative effort involving shared interests and benefits between the consultant and the transit property.

The validation process as described in this appendix consists of measurement of parameters on the transit property's operating system (for controlled non-revenue test conditions, and/or for known in-service operating conditions), and comparison of the measured parameters against output data from the consultant's simulation
.  Subsequent adaptation of the core simulation software, revision of the simulation input data followed by re-simulation, or re-interpretation of the simulation output data can be performed by the consultant until an acceptance or rejection of the software is made by the transit authority.  Any such acceptance of the software by the transit authority would only be a conditional acceptance of the software's functionality for the intended purpose, but would not constitute a blanket acceptance by the authority of the consultant's ongoing or subsequent use or application of the software.  Furthermore, the acceptance by the transit authority could be subject to withdrawal in the event of subsequent discovery of significant inaccuracies or other deficiencies in the software.

Comparison of simulation results against measured data for the purpose of validation can be subject to certain pitfalls:

* Uncertainties or variabilities in operations that cannot be predicted nor simulated in advance
 will generally contribute to discrepancies between measured and simulated data.  It is difficult to separate the effects of these discrepancies from other differences arising from actual deficiencies in the software.

*  The cost in time, materials, electrical energy, and personnel resources to conduct instrumented tests may dictate that (a) the instrumented tests be of very limited duration and scope, (b) the tests be conducted on a system that is less chaotic than would be experienced during peak period revenue operation (perhaps operating during non-revenue periods), and/or (c) the tests be conducted on a system operating at reduced operations levels compared to the ultimate system that will be modeled.

Considering these difficulties, the following test program is suggested.

1.  First, instrument a single train to measure energy consumption (at the rails/OCR interface) and operate the train on the transit system (either during non-revenue, or revenue periods).  Make measurements of station-to-station runtimes (in seconds) for comparison against simulation data.  Conduct simulations concurrently with tests.  Make comparisons between measured system performance and simulated results.  Example metrics to be compared are (a) average energy consumption for individual station-to-station runs, and (b) individual station-to-station runtimes.

Resources permitting, validation can optionally proceed to a more involved level:

2.  Secondly, instrument wayside traction power substations (as many as possible, subject to financial and other constraints) for collection of electrical and other performance data.  Conduct simulations concurrently with tests.  Make comparisons between measured system performance and simulated results.  Example metrics to be compared are (a) average power consumption at individual substations, (b) rms loads on selected wayside distribution system components and equipment, (c) schedules of operation and/or headways
, (d) train voltages, and (e) station-to-station runtimes.

Any validation effort should include effort to resolve inconsistencies between measured and simulated data.

The determination of actual metrics to be assessed in the validation effort, and the allowable deviations between measured and simulated data, should be established jointly between the consultant and the transit property.  It may not be possible to establish allowable acceptance limits for accuracy of simulations in advance.

The validation effort should be documented in report(s) as agreed upon between the consultant and the transit property.

Organizational structure and roles of validation participants:

The observation, instrumentation, measurement, and collection of real-world data on the transit system, for utilization in the validation effort, will necessarily require technical, managerial, and financial support
.  Managerial and financial support will be provided by the transit property.  The preferred source for technical support is also from the transit property but can be provided by the consultant if necessary.

It is recommended that the validation effort occur according to the definition of "Integrated" validation as described in Annex C of IEEE 1012-2005 (with the consultant operating in the role of the "development organization", and the transit property operating in the role of "integrated IV&V organization").  It is recognized that this approach recognizes the possible benefits of, but does not mandate, technical independence between the "development organization" and the "integrated IV&V organization.

Annex B 
(informative)
Contents of Typical Report
The following is a summary description of the contents of a typical simulation report.  This standard suggests but does not mandate this format for reports:

Report cover/title page (including task identification, client, and date of report)

Table of Contents

Executive Summary (including overall management-level description of findings and conclusions)

Introduction (describing purpose of report and issues/questions addressed)

Operations and Criteria (the underlying assumptions applicable to the modeling effort related to operations levels, failure criteria, etc.  To the extent that specific design criteria standards of the transit property are applicable, they should be stated or referenced here.)

Results and Discussion (presentation of technical findings)

Conclusions and Recommendations

Appendices (Charts, graphs, tables, input and output data as appropriate)
Draft Trial-Use 
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� Such as per IEEE 1012 “Standard for Software Verification and Validation”.  While portions of IEEE 1012 are referenced for information within this document, it is not the intent of this document to require conformance with IEEE 1012.


� Alternate possible methods for validation include (a) verification of software output data against that of another software package that is already considered to be of adequate quality for the intended function, with comparable input data sets, or (b) comparison of software output data against results of manual calculations.  Either method requires that a suitable range of test cases be established.  Both methods require that the software be capable of producing intermediate data printouts that allow for checking/verification of individual subroutines within the software.


� Examples include repeat station-to-station runtimes that vary, even with automatic train control and a fixed train load, for no known reason, or variations in station dwell time due to variations in passenger boarding.


� The headway or schedule of operations for trains may be a metric that the transit property will need to provide to the consultant, to be utilized as input data for the validation simulation effort.


� Ref: IEEE 1012-2005 Annex C "Definition of independent V&V" Table C.1.
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