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Abstract:  This guide describes some of the significant engineering issues and tasks that must be addressed by traction power system designers and operators.
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1.0
OVERVIEW

1.1
Scope
This guide is a reference source for engineers involved in traction power systems analysis.  It provides a description of the data required, and the techniques and procedures typically used in analysis, to establish requirements for sizing of equipment, prediction of short circuit characteristics, and assessment of traction power system performance.  [Some participants have suggested that this list should include “locating equipment”.  Discussion?]  This standard does not cover requirements for modeling or design of individual components (e.g., transformers, rectifiers, cable) which are part of the traction power system.
IEEE Standard 399-1997, IEEE Recommended Practice for Industrial and Commercial Power Systems Analysis (the Brown book) provides a good description of many of the power system studies that are necessary in traction power system engineering. Where the same sort of study is recommended in both this document and 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 required in traction power work, but are not usually part of commercial and industrial work.

1.2
Purpose
This guide describes processes for collection, evaluation, analysis, and interpretation of data between consultants, manufacturers, and clients.  It includes a description of the typical process under which design parameters and criteria for traction power system design may be established and traction power system modeling can be conducted, the responsibilities of various parties in this process, and the interpretation of results.
1.3
Application
This guide 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).
This guide may be applied for projects in which the engineering and analysis effort is conducted by organizations or entities who do not have direct financial interest in the conclusions (e.g., determination of ratings or locations of substations.)  For other situations (e.g., design-build contracts), more rigorous (or supplementary) standards and criteria will generally be required.

1.4
References
“Railroad Engineering- Second Edition” by William W. Hay, John Wiley & Sons, 1982, ISBN 0-471-36400-2 [cited for good references to tractive effort modeling of rail vehicles- equations, measurements, etc.]

“Railway Traction- Principles of Mechanical and Electrical Railway Traction”, Elsevier, 1986, ISBN 0-444-42489-X.
IEEE C57.12.59 “Guide for Dry-type Transformer Through-Fault Current Duration”

IEEE C57.109 “Guide for Liquid-Immersed Transformer Through-Fault-Current Duration”

IEEE 1012-2004 “Standard for Software Verification and Validation”
IEEE 80 “Guide for Safety in AC Substation Grounding”

IEEE 399-1997 IEEE Recommended Practice for Industrial and Commercial Power System Analysis (the Brown Book)
IEEE C37.14; IEEE Standard for Low-Voltage DC Power Circuit Breakers Used in Enclosures
ANSI C37.16; Low-Voltage Power Circuit Breakers and AC Power Circuit Protectors— Preferred Ratings, Related Requirements, and Application Recommendations
1.5 Definitions
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.

OCS

overhead contact system

RMS

root-mean-square (“thermal”) loading.  For a continuous, time varying variable [such as amperes], RMS loading over a time interval from zero to T can be calculated as:


Rms load = (( 1 / T )) * (0T L2(t) dt)1/2


For a time varying load comprised of discrete individual time intervals, each of constant loading, RMS loading can be calculated as:


Equivalent rms load = ((L12 * t1 + L22 * t2 + L23 * t3 + …Ln2 * tn) / (t1 + t2 + t3 + …))1/2
Where
L1, L2, L3, … = various load steps in %, per unit, amperes, or actual load


t1, t2, t3, … = 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”)

2.0
ANALYSIS OF TRACTION POWER SYSTEMS
2.1
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.
2.2
Load Flow Analysis

Load flow analysis is generally performed to model the individual current flows, voltages, and power flows in the wayside system.

Load flow analysis generally includes the determination of the following parameters (for comparison to established criteria limits):

Loading on wayside system elements (e.g., rectifiers, transformers, feeders):  For rectifiers, average loading and peak loading are generally of interest, to assess survivability of rectifier components in response to loading.  For transformers and feeders, rms and peak loading are generally of interest, to assess expected lifespan.  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?
Voltages to trains:  Variations in train voltage can cause variations in train physical performance.

Track (rail) voltages to ground:  Some transit systems establish limits on track rail-to-ground voltages.

2.3
Short Circuit Analysis

Short-circuit 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 electrical 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 short circuit data is then used to select fuses, breakers and switchgear ratings in addition to selecting protective relays.  The short circuit study yields the following information:

1. The magnitude of short circuit currents throughout the traction power system

2. The maximum short circuit 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 short circuit conditions.

Complex traction power systems, fed from multiple sources, and having multiple distribution paths typically requires the use of computers and specialized programs when performing short circuit analysis.  Hand calculations are suitable for estimating the operating characteristics of a few individual circuits, but accurate calculation of voltages, power flows, or short circuit 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 short circuit calculations.   

Computer programs for power system analysis use efficient numerical methods that permit a standardize step-by-step approach to setting up and solving equations.  The accuracy of the calculated fault currents depends primarily on accurate modeling of the system configuration and the system impedances used in the calculations.  Short-circuit computer models for power system analysis can be based on mesh-current and node-voltage analysis methods.  Universally, nodal analysis method is preferred.  The behavior and value of the short circuit currents can be calculated for both transient and steady-state conditions as required.  The figure below shows a typical short circuit waveform for a DC traction system:
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Refer to Figure X. 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 calculate 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 short circuit 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 short circuit current. Short circuit 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 short circuit will cause extraordinarily large currents to flow in the entire power system, the greatest current that is revealed by the short circuit study may not be a current that flows through a circuit breaker. For instance, in a dc traction power system, it is unusual to employ circuit breakers in the negative side of the circuit, but if several positive breakers are feeding a fault, the sum of those currents will end up in a negative conductor somewhere. 

2.3.1 Steady-State Short Circuit Analysis

A steady state short circuit analysis is typically considered an extension of the load flow analysis, and should be performed on DC traction systems to determine the magnitude of steady-state fault current imposed on the dc feeder breakers for various fault placements. The preferred ratings for dc circuit breakers for traction service are as noted in ANSI C37.16.  The prospective peak (or transient) short circuit duty will be of greater concern for heavy rail transit systems with multiple rectifier substation sources, each spaced closely to each other, and with a robust distribution system of multiple tracks and equalizers.  

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

Once the model is built and the fault currents calculated, an examination of each feeder breaker steady state short circuit duty should be examined.  Although the steady state current is not the current that the circuit breaker will interrupt, it does form a basis for calculating prospective peak current that the breaker must be capable of breaking. During a fault, there will be an initial transient peak that is greater than the steady state current, and the circuit breaker must be capable of interrupting the peak of the transient portion. IEEE Standard C37.14 contains application information for low voltage DC circuit breakers, and advises that the steady state breaker current should be multiplied by 1.65 to find the transient peak current.  It should be noted that the multiplier cited in IEEE C37.14, is not an accurate representation of total transient peak short circuit current from multiple source traction power systems, rather represents the transient contribution from one substation, and should only be used as a guide for examining transient analysis.  

2.3.2 Transient Short Circuit Analysis

A transient analysis will provide waveforms similar to Figure X 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 trouble 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 short circuit analysis and its multiplier, exceed 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 at inception and clearing of system faults.  In traction power systems, transients are often generated by train 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.

In DC power systems, steady-state solutions are obtained using the resistances alone. If transient currents are desired, the inductances must also be considered. 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; in some cases, the resistance is ignored. The resistances and inductances are needed if transient current response is desired. If transient voltage response is desired, 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. These are often formidable tasks all by themselves.

Several transient software programs exist, such as the Alternative Transients Program (ATP) form of the Electromagnetic Transients Program (EMTP).  EMTP is widely used in the power engineering field; a description may be found at http://www.emtp.org/. The graphical preprocessor ATPDraw is useful for generating the model code.  
The transient model should be built up as follows:

· AC Supply source impedance (obtained from the utility, or assumed at a design level short circuit duty. 

· 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. 
· 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 short circuit 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.
The track: All tracks modeled. 
It should be noted the software model may not provide an explicit circuit breaker as a circuit element. Instead, time controlled switches must be used. The closing and opening times of the switches can be set to any desired time. Closing and opening times of the switches should be determined to clearly show the transient current impact of particular switches operating. This is adequate in so far as determining the prospective fault current is concerned.
2.4
Contingency Analysis

Modeling of traction power systems is typically required to facilitate engineering assessment of proposed traction power systems- specifically, to determine if proposed traction power systems can provide electrical power of suitable quality to operating trains, and do so with a desired level of survivability and reliability.
Traction power systems are generally expected by the public 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 should begin with an effort to itemize expected troublesome conditions.  These conditions could include equipment or system failures within the traction power system, or aberrant events originating from outside of the traction power system.  Originating conditions should also be classified as to expected likelihood and duration.  For each such condition, the allowable traction power system response should be defined.

Examples of failure/outage conditions, or aberrant operational conditions, are:

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

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

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.

2.5
Cable Ampacity Analysis

The load flow analysis will establish what current will flow over each conductor in the electrical network. It is necessary to perform a cable (or conductor) ampacity study in order to determine size and type of conductor will safely conduct that current under the conditions of the installation.

Ampacity is always a concern for service and feeder conductors, for catenary wires, and for buswork. At first glance, the ampacity of conductor rails and running rails may not seem important, as the running rails are dictated by track design and the conductor rails are usually chosen for voltage drop. However, the heat dissipated in the conductor and running 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:

2.5.1
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.

· The ohmic heating of the conductor is obvious. Less obvious is that there may be induced currents on the shield, where employed. Also, a cable is by its nature a capacitor, and in ac work, a capactive current will flow between conductors of a bundle or of a multi-conductor cable, and between each conductor and ground. These currents cause ohmic heating of the insulation and jacket, and that heating can be significant. For this reason, the dc ampacity of a given cable will be greater than the ac ampacity of the same cable, because in dc applications with negligible ripple there is no sheath or insulation loss to deal with.

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.

2.5.2
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 for cables-in-air or cables-in-ground. One subway system has a tunnel ambient temperature of 49 deg. C, which dramatically reduces cable ampacity when compared to a typically assumed ground temperature of 25 deg. C.

2.5.3
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.
2.5.4
Contingency Rating

Utility engineering often accepts diminished equipment life, especially of cables and transformers, in return for avoidance of investment to deal with contingencies. Traction systems, however, are often specified to keep the worst defined contingency from resulting in temperatures that diminish insulation life.
2.5.5
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. 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.
2.6
Grounding Analysis

Analysis and design of grounding system(s) should be performed in accordance with IEEE 80.

2.7
Substation sizing 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.  Other requirements (e.g., real estate availability) may also dictate specific substation locations.
3.0
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.  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.  
3.1
Input Parameters

Input parameters for analysis include the following:

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, transformers, buswork, OCS systems, tracks, rails, utility feeders)

Train performance levels- speeds, headway(s), train consist(s), loaded train weights, dwell times at stops
3.1.1
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.
3.1.2
Train scheduling

Schedule of train operations (departures), and/or nominal headways, should be utilized as input data for simulation.
3.2
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:  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?]
3.3
Vehicles

Vehicle parameters 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
3.4
System component impedances

[??????]
4.0
OPTIMIZATION OF TRAIN SCHEDULING

[????????]

5.0
ENERGY CONSERVATION AND MANAGEMENT

[????????]
APPENDICES

Appendix A:  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."

Appendix B:  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)

� 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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