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Abstract: A description of the data, techniques, and procedures typically used in modeling and 
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers. 
These notices and disclaimers, or a reference to this page (https://​standards​.ieee​.org/​ipr/​disclaimers​.html), 
appear in all standards and may be found under the heading “Important Notices and Disclaimers Concerning 
IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards 
Documents

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating 
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards 
through an accredited consensus development process, which brings together volunteers representing varied 
viewpoints and interests to achieve the final product. IEEE Standards are documents developed by volunteers 
with scientific, academic, and industry-based expertise in technical working groups. Volunteers are not 
necessarily members of IEEE or IEEE SA, and participate without compensation from IEEE. While IEEE 
administers the process and establishes rules to promote fairness in the consensus development process, IEEE 
does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of any 
judgments contained in its standards.

IEEE does not warrant or represent the accuracy or completeness of the material contained in its standards, 
and expressly disclaims all warranties (express, implied and statutory) not included in this or any other 
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness 
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness 
of material. In addition, IEEE disclaims any and all conditions relating to results and workmanlike effort. In 
addition, IEEE does not warrant or represent that the use of the material contained in its standards is free from 
patent infringement. IEEE Standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE Standard does not imply that there 
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to 
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and 
issued is subject to change brought about through developments in the state of the art and comments received 
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by any 
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or 
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate, 
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, 
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE 
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; 
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, 
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR 
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE 
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND 
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

The IEEE consensus development process involves the review of documents in English only. In the event that 
an IEEE standard is translated, only the English version published by IEEE is the approved IEEE standard.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board Operations 
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall 
not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, 
or educational courses, an individual presenting information on IEEE standards shall make it clear that the 
presenter’s views should be considered the personal views of that individual rather than the formal position of 
IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, consulting 
information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with 
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is 
important that any responses to comments and questions also receive the concurrence of a balance of interests. 
For this reason, IEEE and the members of its Societies and Standards Coordinating Committees are not able to 
provide an instant response to comments, or questions except in those cases where the matter has previously 
been addressed. For the same reason, IEEE does not respond to interpretation requests. Any person who would 
like to participate in evaluating comments or in revisions to an IEEE standard is welcome to join the relevant 
IEEE working group. You can indicate interest in a working group using the Interests tab in the Manage Profile 
and Interests area of the IEEE SA myProject system. An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with 
the provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory 
requirements. Implementers of the standard are responsible for observing or referring to the applicable 
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in 
compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and 
data ownership in the context of assessing and using the standards in compliance with applicable laws and 
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They 
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include 
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both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the 
promotion of engineering practices and methods. By making these documents available for use and adoption 
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.

Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license to 
photocopy portions of any individual standard for company or organizational internal use or individual, non-
commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, 
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400; https://​www​.copyright​
.com/​. Permission to photocopy portions of any individual standard for educational classroom use can also be 
obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time 
by the issuance of new editions or may be amended from time to time through the issuance of amendments, 
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the 
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old 
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some 
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have 
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through 
the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE. For more information 
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website. Search for standard number and 
year of approval to access the web page of the published standard. Errata links are located under the Additional 
Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to periodically 
check for errata.

Patents

IEEE Standards are developed in compliance with the IEEE SA Patent Policy.

IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure against 
interference with or from other devices or networks. IEEE Standards development activities consider research 
and information presented to the standards development group in developing any safety recommendations. 
Other information about safety practices, changes in technology or technology implementation, or impact 
by peripheral systems also may be pertinent to safety considerations during implementation of the standard. 
Implementers and users of IEEE Standards documents are responsible for determining and complying with 
all appropriate safety, security, environmental, health, and interference protection practices and all applicable 
laws and regulations.
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Introduction

This introduction is not part of IEEE Std 1653.3–2021, IEEE Guide for Rail Transit Traction Power Systems Modeling.

During development and updating of various IEEE standards and recommended practices related to rail transit 
traction power, the Rail Transportation Standards Committee of the Vehicular Technology Society recognized 
a need for a published document to describe the process of traction power system modeling. This guide 
provides an introduction to the terminology and methodology of rail transit traction power systems modeling.
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IEEE Guide for Rail Transit Traction 

Power Systems Modeling 

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, health, or 

environmental protection, or ensure against interference with or from other devices or networks. 

Implementers of IEEE Standards documents are responsible for determining and complying with all 

appropriate safety, security, environmental, health, and interference protection practices and all 

applicable laws and regulations. 

This IEEE document is made available for use subject to important notices and legal disclaimers. 

These notices and disclaimers appear in all publications containing this document and may be 

found under the heading “Important Notice” or “Important Notices and Disclaimers Concerning 

IEEE Documents.” They can also be obtained on request from IEEE or viewed at 

http://standards.ieee.org/IPR/disclaimers.html. 

1. Overview 

1.1 Scope 

This guide provides a description of the data, techniques, and procedures used in modeling and 

analysis of rail transit traction power systems. 

1.2 Purpose 

This guide provides methods and terminology for rail transit traction power system modeling. 

1.2.1 Applicability 

This guide is intended for application by engineers involved in the design and specification of new 

traction power systems, as well as and the technical evaluation of existing traction power systems in 

response to re- definition of operating parameters (e.g., increase in service). 
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1.2.2 DC versus ac traction power systems 

This guide is intended to apply primarily to dc traction power systems. However, many of the 

techniques can be applied to ac traction power system analysis. 

1.3 Word usage 

The word shall indicates mandatory requirements strictly to be followed in order to conform to the 

standard and from which no deviation is permitted (shall equals is required to).1,2 

The word should indicates that among several possibilities one is recommended as particularly 

suitable, without mentioning or excluding others; or that a certain course of action is preferred but 

not necessarily required (should equals is recommended that). 

The word may is used to indicate a course of action permissible within the limits of the standard 

(may equals is permitted to). 

The word can is used for statements of possibility and capability, whether material, physical, or 

causal (can equals is able to). 

1.4 Limitations 

While this guide establishes a methodology for determination of various parameters that may be of 

value to designers of individual traction power system components (e.g., switchgear, transformers, 

rectifiers, and cable), it does not address the detailed design process for those components. 

 

 

 

1The use of the word must is deprecated and cannot be used when stating mandatory requirements, must is used only to describe 

unavoidable situations. 

2The use of will is deprecated and cannot be used when stating mandatory requirements, will is only used in statements of fact. 
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Where analysis described in this guide is similar to analyses described in IEEE Std 399™ [B29 B26],3 

this document does not repeat the information in IEEE Std 399 [B26], but instead it highlights how 

the IEEE Std 399 [B26] recommendations should be tailored to the specific requirements of a traction 

power system. This document also describes certain studies that may be of value as part of traction 

power system design but are not usually part of commercial and industrial design. 

2. Definitions, acronyms, and abbreviations 

For the purposes of this document, the following terms and definitions apply. The IEEE Standards 

Dictionary Online should be consulted for terms not defined in this clause. 41 

2.1 Definitions 

ac traction power system: A transit system in which power is delivered from wayside to on-board 

vehicular systems via alternating current, at nominally constant (or not deliberately varied) 

frequency, at the vehicle/ wayside interface. 

auxiliary power (hotel power): Those systems, other than propulsion of the vehicle/consist that 

draw electrical energy. Examples include lighting, heating and air conditioning, and air 

compressors, etc. 

AW0: The ready-to-run vehicle, without crew or passengers. 

AW1: AW0 + crew + every seat occupied by a passenger. For U.S. transit properties, a commonly 

accepted weight per passenger for this purpose is 70.3 kg (155 lb). 

AW2: AW1 load + weight of standees at 0.251m2 (2.7 ft2) of suitable standing space per standee. 

3The numbers in brackets correspond to those of the bibliography in Annex H. 

4IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the dictionary, 

and one can be created at no charge on the dictionary sign-in page. 

1IEEE Standards Dictionary Online subscription is available at: 

http://www.ieee.org/portal/innovate/products/standard/standards_dictionary.html. 
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bunching: Deviation of individual headways (between adjacent trains) compared to nominal or 

average headways, which results in more trains in the power zone than a nominal headway would 

indicate. 

contact conductor: The part of the distribution system, other than the track rails, that is in immediate 

electric contact with current collectors of the cars or locomotives. 52 

current limit: Some trains are equipped with a current limiting function. This limits the total current 

(auxiliary and traction) into the train to this value and is not voltage dependent. This is different 

from forced performance reduction. 

dc traction power system: A transit system in which power is delivered from wayside to on-board 

vehicular systems via direct current at the vehicle/wayside interface. 

design criteria: A description of required system performance. This may establish different 

requirements depending on the status of the wayside traction power system (e.g., single contingency 

outage conditions versus vs. operation with all equipment in service). 

diode grounded: A type of traction power system where each TPSS is equipped with a diode 

connected between the negative busbar and ground that allows current to flow from ground to the 

negative busbar but not in the reverse direction. The running rails remain electrically isolated from 

ground throughout their length. 

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. 

electrically floating: A type of traction power system where there are no deliberate connections 

between the running rails or the TPSS negative busbar and ground. 

 

 

52The contact conductor is usually either a contact rail (sometimes known as a third rail), or the contact wire of an overhead contact 

system. 
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forced performance reduction: Almost all modern trains are equipped with variable voltage 

variable frequency inverters driving three-phase ac asynchronous motors. The programming for the 

inverters will vary the available torque from the motors (and hence the tractive effort at the wheels) 

automatically depending on the line voltage. This helps ensure that as the line voltage reduces so 

does train performance, which reduces the current demand by the train, and prevents a voltage 

collapse by excessive current demand. 

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. 

negative grounding device: A device that monitors the potential difference between running rail 

(negative return) and earth ground. When the potential difference reaches a predetermined value, 

the device temporarily shunts the running rail to earth ground to reduce the rail voltage to safe 

limits. Some negative grounding devices can regulate the voltage in both positive and negative 

directions. This is also known as a voltage limiting device. 

normal conditions: When the traction power system configuration is not impaired by an outage to a 

substation or a feeder segment. 

track stationing: The agreed-upon measuring of distance and location identification along the 

railroad. 

track-to-ground (rail-to-ground) voltage: The potential difference between track and earth at a 

given location. 

train consist: Quantity of cars in an operating train. This is typically a design constraint (e.g., 

operation with a six-car train consist). When this term is applied in connection with simulation and 

modeling, it may also be appropriate to establish the types of cars in an operating train (e.g., 

operation with a train consisting consist of six Type A cars plus two Type B cars). 

transit property: The organization that operates the traction power system and trains. 
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validation: The process to confirm that the underlying formulas in the load flow analysis software 

being used and the solving algorithms are accurate and can be relied on. This would be achieved by 

comparing simulated results with field results and should be documented in a validation report for 

the software. The software only needs to be validated once unless there are fundamental changes to 

its solving algorithms; at which point, it should be validated again. 

vehicle/wayside interface: The point(s) at which electrical power is transferred between the wayside 

electrical distribution network and vehicles. 63 These interface points are the location where vehicle 

contact shoes or pantographs are in touch with contact conductors and the rail/wheel contact points. 

vehicle weight: Several vehicle weights are of interest for different purposes, and are often called 

out as follows: 

— AW0: The ready-to-run vehicle, without crew or passengers 

— AW1: AW0 + crew + every seat occupied by a passenger. For US transit properties, a 

commonly accepted weight per passenger for this purpose is 70.3 kg (155 lb) 

— AW2: AW1 load + weight of standees at 0.251 m2 (2.7 ft2) of suitable standing space per 

standee 

— AW3: AW1 load + weight of standees at 0.167 m2 (1.8 ft2) of suitable standing space per 

standee 

— AW4: AW1 load + weight of standees at 0.125 m2 (1.35 ft2) of suitable standing space per 

standee 

verification: The process to check the data entered into a particular load flow analysis is correct. 

 

63The direction of power flow is usually from the wayside system to the vehicle(s) but can be from the vehicle(s) to the wayside 

power distribution system, during regenerative braking. 
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2.2 Acronyms and abbreviations 

AW added weight 

NGD negative grounding device 

OCS overhead contact system 

rms root mean square (see 3.2.8 7.1) 

TPSS traction power substation 

3. Modeling and validation 

3.1 Introduction 

Different model(s) will typically be required during system design, each one developed and tailored 

to specific issues and needs, as follows: . 

— During initial design, and prior to commencement of construction for a new transit system, 

analysis can establish preliminary locations for substations and can confirm the feasibility of 

proposed system characteristics [(e.g., overhead contact system (OCS) conductor types/sizes, 

nominal and minimum system voltages, and substation ratings]. , etc.). 

— As the design is finalized, modeling is of value to confirm and finalize system and equipment 

characteristics, and to develop engineering estimates of relevant system performance 

characteristics (e.g., energy consumption, and vehicle run times). 

— For evaluation of existing systems in response to changes in operations levels or deployment 

of new vehicles with new performance characteristics, modeling serves to identify areas of the 

traction power system that may require capacity upgrade. 

— Modeling can be performed at any time to evaluate new or previously unforeseen changes in 

operations levels or outages or reconfiguration of the wayside traction power distribution 

system. 
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— Modeling can provide a valuable tool to quantify the performance characteristics of new 

technology systems. 

3.1.1 Purpose of modeling 

Modeling is generally performed with the intent of assessing traction power system performance 

and reliability. Some of the issues that can be addressed via modeling are described as follows 

below. 

3.1.1.1 Quality of power delivered to trainsets 

Modeling can provide some indication of the range of voltages that will be delivered to trains during 

operations. Comparison of these voltage ranges can be made against train voltage limits (high, 

intermediate, or low). Low-voltage criteria must be met to help ensure continuous operation of 

trains. Operation of trains at voltages in the intermediate-to-low voltage range can result in reduced 

vehicle performance (i.e., reduction in available acceleration and/or top speed). 

3.1.1.2 Overloading assessment of wayside equipment and feeders 

Modeling can provide assessment of expected loading (long time, short time, and instantaneous) on 

wayside equipment, which can be compared against withstand ratings of equipment, short -term or 

instantaneous ratings of equipment, and relay settings. 

3.1.1.3 Establishment of operational restrictions 

Modeling can be used to evaluate proposed operational restrictions in situations where the traction 

power system is operating in a reduced capacity (e.g., under selected equipment outages). If analysis 

of a minor reduction in system performance (e.g., a reduction in speed in the vicinity of an impaired 

substation) indicates that system operations can be maintained, but that system operations cannot be 

maintained without the performance reduction, then the operations restriction might be considered 

as a viable option when compared against capital upgrades of the wayside system that would 

otherwise be required to maintain full performance. 
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3.1.1.4 Energy management 

Modeling can be used to evaluate or compare the energy consumption of different technologies, 

system configurations, and operating strategies/policies. 

3.1.2 Baseline criteria 

Baseline criteria should be established and verified prior to modeling. Examples of baseline criteria 

to be considered may include the following; these should be collectively established by the transit 

property and the modelers: 

— Applicable criteria or requirements of the user/owner (e.g., desired train service levels, 

acceptable train voltage ranges, and specific outage conditions to be evaluated) 

— Maximum allowable temperature limits of equipment 

— Temperature ratings (short term and continuous) for insulation systems 

— Environmental conditions for analysis (e.g., ambient temperature and, climate) 

— Vehicular performance capabilities and limitations, including performance limitations that 

may result at low train voltages 

— Wayside civil alignment information 

— Electrical distribution network characteristics 

— Operations levels 

— Contingency failure/outage conditions 

— Maximum ceiling voltage for regeneration (if regeneration is to be evaluated as part of the 

simulation process) 

— Other minimum or maximum voltage levels (associated with reduced vehicle performance, or 

minimum vehicle cutout voltage, or otherwise established as design criteria limits) 
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3.1.3 Validation of software 

Any software used for the undertaking of load flow analysis should be validated. The validation 

exercise only needs to be undertaken once to prove the underlying algorithms in the software are 

correct. Validation against field recorded data is preferred, but validating it against another 

validated software or hand calculations is acceptable where this is not possible. The validation of the 

software would only need to be redone if there is a fundamental change to the solving algorithms. 

Validation is best undertaken using simple scenarios to reduce uncertainties and unknown 

variables. Ideally, validation would be undertaken during maintenance hours with limited trains on 

the system where train movements can be known exactly and mimicked in the simulation of the 

modeling process is desirable. A suggested validation process is described in Annex A. 

Validation of the software does not need to be undertaken for every project the load flow analysis 

software used and would add unnecessary cost to a project if this was required. However, agencies 

may have specific reasons for requiring a full validation exercise to be done for a new model, despite 

using software that has previously been validated. 

Comparing the output of the load flow study to actual operations is difficult. In operations, railroad 

service is subject to constant variations in station dwell, vehicle load, wind affecting the power 

drawn by the trains, weather and passenger loads affecting auxiliary power supply loading, rail 

adhesion conditions, and utility voltages which are impossible to address in modeling. However, 

one must allow for these unknowns. At present, no analytical basis for recommending a tolerance is 

known. It is the judgment of the working group of this guide that a 10% discrepancy between the 

following quantities is to be expected and should be allowed for: 

— Worst-case instantaneous train voltage (modeled versus observed in operation) 

— Energy drawn by a train in the course of a single trip over the railroad 

— Station-to-station run times and/or end-to-end run time 
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3.1.4 Verification of data 

Verification differs from validation as verification is about checking the data that have been inputted 

into a simulation, not about specifically confirming the accuracy of the underlying algorithms of the 

software. No matter how accurate or validated the software is, if the incorrect data are entered into 

the model, the results of that model will be wrong. 

Verification would cover the calculating of numerical values from information provided as well as 

where those values are used and that the values have been correctly inputted into the simulation 

model. Verification would normally be covered by a company’s quality assurance procedure that 

would require the simulation model to be checked by an engineer prior to use. 

3.1.5 Commonalities between models 

The modeling techniques addressed in this guide generally require preparation of electrical network 

model(s) to describe the system and to facilitate analysis. The electrical network(s) require 

information to describe individual components of the distribution system, including feeders and 

equipment (e.g., transformers and, rectifiers). Power sources (generally utility sources, but also 

possibly regenerating vehicles) must be included in the model. It may be necessary to model 

vehicles as nonlinear loads for load flow analysis of the distribution system. When conducting short 

-circuit analyses, faults may be modeled as nodes in the system, or possibly as low-impedance 

connections. 

3.2 Train operations and wayside network modeling 

3.2.1 Purpose 

Train operations and wayside network modeling is performed to determine the relevant 

performance parameters of a wayside electrical distribution system when providing power to trains. 

These parameters can then be compared to equipment and criteria ratings to determine whether if 

the wayside system provides an acceptable quality of power and reliability, as well as and other 

purposes. For a typical report of train operations and wayside network modeling, see Annex B. 
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3.2.2 Background and legacy modeling approaches 

Calculations of current flow in and voltage at the load are is fundamental to the design of traction 

power systems, from the earliest use of electric traction. These calculations are straightforward to 

perform for simple radial fed loads. For small networked loads and generators, various manual 

techniques were developed to simplify the arithmetic. As these networks became larger, these 

techniques became laborious and calculation approximations were made as described by De 

Koranyi [B11]. In many cases, these approximations were acceptable because the input data and load 

data were of limited accuracy. 

Analog Analogue models were developed, and these proved to be very powerful and were used 

until computer programs started to become available. Even so, these analog analogue models also 

used approximations to limit the physical size of the model and the amount of work to set up the 

model. These models could even perform transient analysis. The accuracy was again only as good as 

the input data on the line impedances, loads, generators, and motor starting current. Despite these 

apparent limitations, robust networks were regularly designed. 

Digital computer-based models can perform complex calculations quickly and accurately and in 

very large quantities. All these calculations can be very useful,; but just like earlier modeling 

techniques, they are still only as accurate as the input data. 

When a train is in motoring mode and its voltage falls below a certain specified level, the power 

drawn by the train will be reduced; when this voltage reaches the minimum system voltage level, 

the motoring power is automatically reduced by the train to a selected value (forced performance 

reduction). Similarly, when a train is in regenerative braking mode and its voltage is above a certain 

specified level, its output power to the traction power system will be reduced; when this voltage 

reaches the maximum specified voltage level, the regenerative braking feedback to the traction 

power system will be reduced to zero (diversion of regenerated power to onboard resistors, where 

installed, or utilization of friction braking where no onboard resistor is installed). The simulation 

software should accurately model these interactions. 
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The reduced available power to a train may reduce the acceleration of the train (e.g., when going up 

a gradient) and have an impact on the train’s run time. This will most likely happen during severe 

contingency scenarios when an entire substation is out of service or a feeder is out of service (single-

end feeding). The impact will be localized. Ideally the modeling software should link the train 

movement simulation to the traction power simulation. Such a feedback loop (shown as the “train 

position loop” in Figure 1) is useful in assessing the impact of the traction power system on the real 

operational performance of train movements. To achieve this objective, the train movement 

simulation should also accurately reflect the state of train control systems, which govern the 

interactions between trains. For the evaluation of the traction system performance, the simulation 

can be performed with or without the train position loop. 

 
(New) 

Figure 1—Traction power load flow flowchart 
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A load flow program used for the analysis of a traction power system differs from what is used for 

industrial or utility purposes because the loads (the trains) move. The nodes, and the impedances 

between nodes, have to be redetermined with every timestep. The software used for railroad load 

flow purposes therefore may use several loops, as follows: 

a) Determine train position. 

b) Determine power required by train. 

c) Determine voltage at train. 

d) If the voltage is low enough to affect the tractive effort of the train, redetermine power. 

e) If the voltage is low enough to affect the tractive effort of the train, redetermine train position. 

The engineer should choose the software that has the capability to provide the required accuracy as 

recommended in this guide while meeting the design requirements of the project. 

3.2.3 Process 

Train operations and wayside network modeling are is typically performed according to the 

following sequence: 

a) Vehicle data collection and model development: Available tractive effort versus vs. speed for 

tractive vehicle(s) is determined. This data might also include variations in tractive effort as a 

function of voltage at the vehicle/wayside interface. Subsequently, this data can be used to 

develop a performance profile (speed versus vs. time, and acceleration versus vs. time, for 

acceleration from a stationary position to maximum speed) for operation of a multicar train 

consist on level tangent (straight) track. This would be established for a fixed loaded train 

weight (and, if necessary, at different voltages at the vehicle/ wayside interface). Typical 

equations and procedures applicable to this process can be found in Railroad Engineering 

[B18], 2nd Edition [B16]. Collection of data regarding vehicles should also include data 

describing auxiliary power requirements. 
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In some cases, the acceleration (or speed) versus vs. time performance profile may already be 

established (for a given load or train weight) on level tangent track. This may allow for 

determination of the available tractive effort versus vs. speed. 

The criteria for analysis should include definition of the vehicle passenger loading (passenger 

weight) to be applied during analysis. Vehicle weight AW2 or AW3 is commonly used for 

traction power modeling, although the loaded vehicle weight(s) to be utilized in modeling 

should be established early in the modeling process by the transit agency property. If these 

this criteria are is based on loaded vehicle/train weights that which are different from the 

loaded weight applicable to the initial data described earlier above, then the data (tractive 

effort versus vs. speed, speed versus time, and/or acceleration versus time) must be adapted 

or revised to reflect the actual weight that is to be modeled. 

b) Modeling of operation according to specific civil alignment/route characteristics: Data are is collected 

describing the civil track plan and profile for the actual rail system that is to be analyzed. This 

would include data such as grades, curves, alignment, station stops, and speed limits. 

Physical performance (speed/location versus vs. time) for operation of trains on the transit 

system can then be determined based on headways and/or train schedules. 

Train control methodology must also be considered in developing the model. Different 

methodologies such as automatic train operation (ATO), coasting, speed stepping, or braking 

methods will generate different results. 

c) Electrical network model development and analysis: An electrical model of the wayside traction 

power system is then developed, including utility source impedances and characteristics. In 

conjunction with train locations and loads as described above, corresponding train power 

consumption (including power consumption associated with propulsion, and with auxiliary 

on-board vehicle loads) can then be determined. Network analysis can also determine 

currents and voltages (as time-varying functions) in the wayside system. 

If necessary, interactions between train performance and system voltages (e.g., dependencies 

between tractive effort and train voltage) can be determined by simultaneous or iterative 

calculations that consider these parameters. 
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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. 74 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 Annex A. 

3.2.4 Regenerative braking 

Regenerative braking is generally provided typically implemented on the modern transit systems as 

a standard feature. It provides to provide some degree of energy conservation by regenerating 

kinetic energy from braking trains, and distribution of this power to other loads (hotel load of the 

train, other trains on the system that are consuming power or energy storage system). With the 

correct equipment the energy can be provided to , and/or a receptive utility or transit property 

distribution network. When trains are operating with regenerative braking, this could ), or to energy 

storage systems. However, regeneration may not always be considered as part of a system model 

modeling effort for the following reasons: 

— Although regenerative braking may be inhibited on one train due to maintenance, 

regenerative braking would not, at an undetermined date in the future, need to be switched 

off across the entire fleet of trains. Modeling the system with regenerative braking switched 

off on all trains as the default scenario is, in effect, modeling a failure scenario as the usual 

scenario. See the following paragraph for further considerations. 

 

 

74For example, some software packages provide for analysis of dc traction power systems only, or of ac traction power systems 

only, as the detailed modeling processes can be considerably different. 
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— Regenerative braking can provide up to 25% or higher8 of the total system energy, although 

this depends on a number of factors, including: 

1) The ratio of the maximum regen over voltage to substation light load voltage. 

2) The headway between trains. 

3) The number of train brakes and accelerations per mile. 

4) The gradient profile. 

— Ignoring regenerative braking may lead to the requirement of more TPSS and/or higher 

utility services into the TPSS that will unnecesarily lead to overdesign and increased project 

costs. 

— Where some railway equipment cannot be properly modeled or sized without regenerative 

braking enabled, for example, Wayside Energy Storage Systems or TPSS inverters. 

— Regenerative braking can raise rail potential due to the different current flow in the running 

rails. 

— Regenerative braking will lead to higher rms currents in some wayside feeders.9 

 

 

 

 

 

8Refer to the following references: Bae et al. [B11], Mariscotti and Pozzobon [B44], Hellmund [B23], and Lu et al. [B43]. 

9This occurs as regenerated current travels back up the wayside feeder, through the dc busbar, and then down another wayside 

feeder to a train on the adjacent track. The first wayside feeder is now being heated by currents traveling in the reverse direction. 

Although this does not occur on all track feeders, some track feeders will inevitably see an increase in rms current load. 
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Although a simulation may be undertaken with regenerative braking switched on, there could be 

cases where it is preferred to run the simulation with regenerative braking switched off. This would 

be evaluated on a case- by-case basis. One example where it could be beneficial to switch off 

regenerative braking is where there is a “high” headway between trains (e.g., greater than 10 min) 

and not wanting to “mask” a potential low voltage due to the happenstance of a train braking into a 

station just as the train on the other track accelerates from the station. Then the agency or engineer 

may consider completely ignoring the benefits of regenerative braking. However, the 

interconnection of various lines on a nonlinear rail network may still mean that regenerative braking 

should be considered where individual headways are “high” but the combined headways result in a 

more frequent service. As an alternative, the agency may consider specifying a simulation is 

undertaken with regenerative braking switched off, but all substations remaining operational, as one 

of the contingency simulations. 

It should be appreciated that if the “normal” case modeled depends on trains using regenerative 

braking, then that implies that the operator will maintain regenerative braking capacity on 

substantially all of the trains. 

⎯ A network model that considers regeneration may be more complex than a model that ignores 

regeneration and therefore may not be available for analysis 

⎯ Accurate modeling of regeneration requires additional data to properly describe the 

performance of the regenerating trains during braking and the characteristics of the receptive 

load(s) 

⎯ The benefit of regeneration might be intentionally ignored during design to provide a more 

robust system because loads on wayside system components are generally greater when the 

effects of regeneration are ignored5 

Where If the primary goal during modeling is to develop an estimate of overall system energy 

consumption, then the impact of regenerative braking needs to should be included when trains are 

operating with regenerative braking. 

5 Where a receptive utility or transit property distribution network is present, it is possible that consideration of regeneration 

actually results in computation of higher load on wayside feeder(s), but this situation is not commonly encountered. 
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