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INTERNATIONAL ELECTROTECHNICAL COMMISSION 
____________ 

 
RAILWAY APPLICATIONS –  

POWER SUPPLY AND ROLLING STOCK –  
TECHNICAL CRITERIA FOR THE COORDINATION BETWEEN  

POWER SUPPLY (SUBSTATION) AND ROLLING STOCK 
 
 

FOREWORD 
1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC 
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested IEC National Committees.  

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC 
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any 
equipment declared to be in conformity with an IEC Publication. 

6) All users should ensure that they have the latest edition of this publication. 

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and IEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC 
Publications.  

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of 
patent rights. IEC shall not be held responsible for identifying any or all such patent rights. 

International Standard IEC 62313 has been prepared by IEC technical committee 9: Electrical 
equipment and systems for railways. This standard is based on EN 50388 (2005). 

The text of this standard is based on the following documents: 

FDIS Report on voting 

9/1225/FDIS 9/1258/RVD 

 
Full information on the voting for the approval of this standard can be found in the report on 
voting indicated in the above table. 

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 
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The committee has decided that the contents of this publication will remain unchanged until 
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in 
the data related to the specific publication. At this date, the publication will be  

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 
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RAILWAY APPLICATIONS –  
POWER SUPPLY AND ROLLING STOCK –  

TECHNICAL CRITERIA FOR THE COORDINATION BETWEEN  
POWER SUPPLY (SUBSTATION) AND ROLLING STOCK 

 
 
 

1 Scope 

This International Standard is intended to be used to set up the requirements for the 
acceptance of rolling stock on infrastructure in the field of: 

– co-ordination of protection principles between power supply and traction units, especially 
fault discrimination for short-circuits; 

– co-ordination of installed power on the line and power demand of the trains; 
– co-ordination of traction unit regenerative braking and power supply receptivity; 
– co-ordination of harmonic behaviour. 

This standard deals with the definition and quality requirements of the power supply at the 
interface between traction unit and fixed installations. 

The standard specifies the interface between rolling stock and electrical fixed installations for 
traction, in the frame ”supply system“. The interaction between pantograph and overhead line 
and the interaction with subsystem “control-command” (especially signalling) are not dealt 
with in the standard. 

Requirements are given for the following categories of line: 

– high speed lines, 
– conventional lines. 

For classical lines, values, if any, are given for the existing European networks. A set of 
values is also specified for the future network, which is named ”target“ network. 

The following electric traction systems are concerned: 

– railways; 
– guided mass transport systems that are integrated with the railways; 

– material transport systems that are integrated with the railways. 

This standard does not apply retrospectively to rolling stock already accepted by 
infrastructure managers. However, on new infrastructure, existing rolling stock may be 
accepted by the infrastructure manager, provided there is an agreement. 

Information is given to the train operating companies on electrification parameters to enable 
them to confirm after consultation with the rolling stock manufacturers that there will be no 
consequential disturbance on the electrification system. 

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) applies. 
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IEC 60050-811, International Electrotechnical vocabulary (IEV) – Chapter 811: Electric 
traction 

IEC 60850, Railway applications – Supply voltages of traction systems 

IEC 61133, Railway applications – Rolling stock – Testing of rolling stock on completion of 
construction and before entry into service 

IEC 61992-1, Railway applications – Fixed installations – D.C. switchgear – Part 1: General 

ISO 3166-1:2006, Codes for the representation of names of countries and their subdivisions – 
Part 1: Country codes  

3 Terms and definitions 

For the purposes of this international Standard, the following terms and definitions apply. 

3.1  
high speed line 
specially built or upgraded line equipped for speeds generally equal to or greater than 
200 km/h 

3.2  
conventional line 
line on which conventional freight and passenger trains run. It is not specially built for high 
speed as defined in 3.1. 

It includes: 

• information on European networks named with their national country code  
(see ISO 3166-1); 

• future target network named ”target“, see 3.25 

3.3  
type of line 
classification of lines as a function of the parameters described in 3.4 to 3.6 

3.4  
train power at the pantograph 
active power of the train taking into account power for traction, regeneration and auxiliary 

3.5  
minimum possible headway 
interval at which trains can run as allowed by the signalling system 

3.6  
maximum line speed  
speed for which the line was approved for operation 

3.7  
contact line 
conductor system for supplying electric energy to vehicles through current-collecting 
equipment 

[IEV 811-33-01] 
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3.8  
overhead contact line 
contact line placed above (or beside) the upper limit of the vehicle gauge and supplying 
vehicles with electric energy through roof–mounted current collection equipment 

[IEV 811-33-02] 

3.9  
(traction) substation 
installation, the main function of which is to supply a contact line system, at which the voltage 
of a primary supply system, and in certain cases the frequency, is converted to the voltage 
and frequency of the contact line 

3.10  
total power factor λ 

powerapparent
poweractive=λ  

3.11  
deformation factor υ 

ϕ
λυ

cos
=  

3.12  
power factor of the fundamental wave 

wavelfundamentatheofpowerapparent
wavelfundamentatheofpoweractive

=ϕcos   

NOTE This is also the displacement factor cos ϕ. 

3.13  
different source section 
a section of a contact line to prevent successive electrical sections, differing in voltage, phase 
or frequency being connected together by the passage of current collectors  

• neutral section 
section of a contact line provided with a sectioning point at each end to prevent 
successive electrical sections, differing in voltage, phase or frequency being 
connected together by the passage of current collectors 

• [IEV 811-36-16] 
insulator section 
section of a contact line to prevent successive electrical sections, differing in voltage, 
phase or frequency being connected together by the passage of current collectors, 
formed by an insulator inserted in a continuous run of contact line 

• changeover section 
section of a contact line provided with a section in the middle to enable energization 
from either power supply source at each end by switching 

3.14  
vehicle 
general term denoting any single item of rolling stock, e.g. a locomotive, a coach or a wagon 

[IEV 811-02-02] 
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3.15  
traction unit 
general term covering a locomotive, motor coach or train unit 

[IEV 811-02-04] 

3.16  
rolling stock 
general term covering all vehicles with or without motors 

[IEV 811-02-01] 

3.17  
train 
any combination of rolling stock coupled together. It includes banking locomotives 

3.18  
normal operating conditions 
traffic operating to the design timetable and train formation used for power supply fixed 
installation design. 

Power supply equipment is operated according to standard design rules. 

NOTE Standard rules may vary depending on the infrastructure manager’s policy. 

3.19  
abnormal operating conditions 
either higher traffic loads or outage of power supply equipment outside the design standard 

NOTE Under these conditions, traffic may not operate to the design timetable. 

3.20  
mean useful voltage at the pantograph  
U mean useful 

3.20.1 
U mean useful (zone) 
voltage giving an indication of the quality of the power supply in a geographic zone during the 
peak traffic period in the timetable 

3.20.2 
U mean useful (train) 
voltage identifying the dimensioning train and enables the effect on its performance to be 
quantified 

3.21  
dimensioning train 
train with the lowest mean useful voltage 

3.22  
register of infrastructure 
a single document which compiles, for each section of line, the characteristics of the lines 
concerned for all subsystems that include fixed equipment. 

This “register of infrastructure” should be drawn up by the infrastructure manager or its 
authorised representative. 
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3.23  
infrastructure manager 
any body or undertaking that is responsible in particular for establishing and maintaining 
railway infrastructure. This may also include the management of infrastructure control and 
safety systems. The functions of the infrastructure manager on a network or part of a network 
may be allocated to different bodies or undertakings. 

3.24  
new element 
generally, any new, rebuilt or modified (hardware or software) traction-unit or power supply 
component having a possible influence on the harmonic behaviour of the power supply 
system. 

This new element will be integrated in an existing power supply network with traction units, for 
example for fixed installation side: 

– transformer; 
– HV cable; 
– filters; 
– converter 

3.25  
target network 
network whose design allows the requirements of European interoperability and should avoid 
later costly investments 

4 Periods over which parameters can be averaged or integrated 

This clause is informative and refers to Annex A. 

The train operators or infrastructure managers use parameters for: 

– their dimensioning computations; 
– protection measures; 
– planning; 
– etc. 

These are effective only if they are averaged over precisely defined time spans. 

Annex A gives, for information, the periods over which those parameters should be averaged. 

5 Different source sections 

There are several types of different source sections, such as the insulator section, the neutral 
section and the changeover section, as shown in Annex E. 
5.1 AC phase separation sections 

There are four possibilities for the train to run through phase separation sections: 

a) with traction/regenerative current carried; 
b) with auxiliary load current carried; 
c) with no-load current of the transformer carried; 
d) with no power consumption. 

The choice between a) to d) shall be made by the infrastructure manager. 
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The requirements for the design of the infrastructure and rolling stock are: 

a) Traction/regenerative current carried 
 If the phase separation sections are to be negotiated with traction/regenerative current 

carried, changeover sections shall be installed in the infrastructure. See Clause E.4 for the 
information on the changeover section. 

 Changeover operation of supplied power for the changeover section shall be performed 
automatically in the infrastructure. 

 Trains shall allow short interruptions of supply voltage during changeover operations 
without causing any damages or failures. 

b) Auxiliary load current carried 
 If the phase separation sections are to be negotiated with auxiliary load current carried, 

sections and pantographs shall be capable of breaking auxiliary load current, and also 
making and carrying inrush current of transformers. 

 Traction/regenerative current shall be brought to zero when entering the phase separation 
section. Automatic operation is preferred; however, manual on board operation is also 
permitted. 

 Sections shall have enough length to avoid the two phases bridged by the arc of 
traction/regenerative current in case traction/regenerative current fails to become zero. 
See Clause E.1 for the information on the insulator section. 

c) No-load current of transformer carried 
 If the phase separation sections are to be negotiated with no-load current of transformer 

carried, sections and pantographs shall be capable of making and carrying inrush current 
of transformers. 

 Both traction/regenerative current and auxiliary load current shall be brought to zero when 
entering the phase separation section. Automatic operation is preferred; however, manual 
on board operation is also permitted. 

 Sections shall have enough length to avoid the two phases bridged by the arc of 
traction/regenerative current in case traction/regenerative current fails to become zero. 
See Clause E.1 for the information on the insulator section. 

d) No power consumption 
 If the phase separation sections are to be negotiated with power consumption of the train 

brought to zero, power consumption shall be brought to zero when entering the phase 
separation section. 
For high-speed lines, this shall be done automatically. 

 For conventional lines, automatic operation is preferred; however, manual on board 
operation is also permitted. 
Lowering of the pantographs is not necessary. 
See Clauses E.2 and E.3 for the information on the suitable sections. 

The infrastructure manager shall provide adequate means to allow a train that is gapped 
underneath the phase separation to be restarted. Such means, however, are not necessarily 
required for the insulator section. 

5.2 System separation sections 

The trains shall be able to move from one energy supply system to an adjacent one which 
uses a different energy supply without bridging the two systems. The necessary actions 
(opening of the main circuit-breaker, lowering of the pantographs) depend on the type of both 
supply systems as well as on the arrangement of pantographs on trains and the running 
speed. 

There are two possibilities for the train to run through system separation sections: 
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a) with pantograph raised and touching the contact wire; 
b) with pantograph lowered and not touching the contact wire. 

The choice between a) and b) shall be made by the infrastructure manager. 

The requirements for the design of the infrastructure and rolling stock are: 

a) Pantograph raised 
 If the system separation sections are negotiated with pantographs raised to the contact 

wire, provisions shall be taken in the infrastructure to avoid bridging of both adjacent 
power supply systems when the opening of the on-board circuit-breaker(s) fails, e.g. 
earthing of neutral section. 

 For High Speed lines, on rolling stock, devices shall open automatically the circuit-breaker 
before reaching the separation section and recognise automatically the voltage of the new 
power supply system at the pantograph in order to switch the corresponding circuits. 

 For conventional lines, these requirements for High Speed lines may be applied. 
b) Pantograph lowered 
 If the system separation sections are negotiated with pantographs lowered the following 

conditions apply: 
 The design of separation section between differing energy supply systems shall ensure 

that, in case of a pantograph unintentionally applied to the contact line, bridging of two 
power supply systems is avoided and switching off both supply sections is triggered 
immediately. Triggering of a short-circuit ensures the operation of insulated sections. 
– For High Speed lines, at supply system separations which require a lowering of the 

pantograph, the pantograph shall be lowered without the driver’s intervention, triggered 
by control signals. 

– For conventional lines, these requirements for High Speed lines may be applied. 
Examples of the section  length to avoid bridging by arcs are given in Clause E.4. 

5.3 Acceptance criteria 

Infrastructure, traction units and control command designers shall comply with the 
requirements of 5.1 and 5.2. 

6 Power factor of a train 

6.1 General 

The higher the power factor of a train, the better the power supply performance, therefore the 
rules below apply. 

Capacitive or inductive power from a train can be utilised to change the overhead contact line 
voltage. 

6.2 Inductive power factor 

This subclause deals only with inductive power factor and power consumption over the range 
of voltages from U min1 to U max1 defined in IEC 60850. 

Table 1 gives the total inductive power factor λ of a train. For the calculation of λ, only the 
fundamental of the voltage at pantograph is taken into account. 
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Table 1 – Total inductive power factor λ of a train 

High speed lines Conventional lines 
 

Instantaneous 
train power P at the pantograph 

MW High-speed Upgraded  Target c 

P > 6 ≥ 0,95 d  ≥ 0,95 d  ≥0,95 a  d 

2 < P ≤ 6 ≥ 0,93 d  ≥ 0,93 d ≥0,93 a  d 

0 ≤ P ≤ 2 b   b  b  

Where a train or single vehicle is stationary, with the pantograph in contact with the catenary, traction power off and 
auxiliaries in service, the total resulting power factor shall not be less than 0,8 if the active power from the overhead 
contact line is greater than 200 kW. 

The calculation of overall average λ for a train journey, including the stops, is taken from the active energy WP 
(MWh) and reactive energy WQ (MVArh) given by a computer simulation of a train journey or metered on an actual 
train. 

2

p

Q1

1

⎟
⎟
⎠

⎞
⎜
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⎝

⎛
+

=

W
W

λ  

a These values are recommended. 
b In order to control the total power factor of the auxiliary load of a train during the coasting phases, the overall 

average λ (traction and auxiliaries) defined by simulation and/or measurement shall be higher than 0,85 over a 
complete timetable journey. 

c The infrastructure manager may impose conditions, for example: economic, operating, power limitation for 
acceptance of interoperable trains having power factors below the target value. 

d It is expected that these values may be improved, respectively 0,98 and 0,95. 

 
During regeneration, the inductive power factor is allowed to decrease freely in order to keep 
voltage within limits. 

6.3 Capacitive power factor 

During traction mode, capacitive power factor is allowed in order to keep voltage within limits. 

– Within the range of voltage from Umin1 to Umax1 defined in IEC 60850, capacitive power 
factors are not limited. 

– Within the range of voltage from Umax1 to Umax2 defined in IEC 60850, a train shall not 
behave like a capacitor. 

NOTE Capacitive power factors could lead to overvoltages and/or dynamic effects and should be treated 
according to Clause 10. 

7 Train current limitation 

7.1 Maximum train current 

The maximum allowable train current including auxiliary shall be set by the infrastructure 
manager. 

Table F.1 in Annex F indicates, for information the maximum allowable train current including 
auxiliary. The levels apply both in tractive and regenerative modes. 

NOTE In order to prevent the energy subsystem from over sizing, the values given in Table F.1 are given for 
rolling stock and not for the design of the energy sub-system for continuous load. 
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7.2 Automatic regulation 

In order to facilitate stable operation on weak power supply networks or in abnormal operating 
conditions, if requested by the infrastructure manager, trains shall be equipped with an 
automatic device e.g.: part of the propulsion control system software, which adapts the level of 
the power consumption depending on overhead line voltage in steady state condition. Figure 
1 gives the maximum allowed train current as a function of the overhead contact line voltage. 

This figure does not apply in regenerative braking mode. 

 

 Imax  the maximum current consumed by the train at nominal voltage

No traction 

Imax 

Iauxiliary  

a × Un 

Current 

Overhead line  
voltage 

(1) 

Current 

A 

B

C

Umax2Umin2 

A B CCurrent level exceeded Allowable current levels 

IEC   438/09  

 (1) with regard to the setting values of the under-voltage releases, see IEC 60850, NOTE 2 of 4.1. 

NOTE The purpose of this diagram is not to design the nominal power of the train. 

Figure 1 – Maximum train current against voltage 

The value of the knee point factor “a” should be given based on an agreement among related 
organizations. 

Table 2 is given only for information.  

Table 2 – Value of factor a (informative) 

Power supply 
system 

AC 
25 000 V 

50 Hz 

AC 
15 000 V 
16,7 Hz 

DC 
3 000 V 

 

DC 
1 500 V 

 

DC 
750 V 

 

Value of a 0,9 0,95 0,9 0,9 0,8 

 
7.3 Power or current limitation device 

In order to allow a powerful traction unit to operate everywhere, on weak or electrically well 
supplied lines, and if requested by the infrastructure manager, it is necessary to install on board a 
current or power selector which will limit the power demand of the train to the electrical 
capacity of the line. This can be made through a software function within the control 
electronics.  
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The infrastructure manager shall declare the required limitation of each line in a “register of 
infrastructure”. 

This setting shall be carried out automatically. 

However, if the infrastructure has not been equipped for automatic power selection, it can be 
done manually by the drivers. 

8 Quality index of the power supply 

8.1 General 

The aim of the dimensioning study, as set out in Annex B, is to define the characteristics of 
fixed installations. 

These installations should allow the most severe conditions, as specified in the design 
timetable, to be satisfied through: 

– the densest operating period in the timetable, corresponding to peak traffic; 
– the characteristics of the different types of train involved, taking account of the selected 

traction units. 

The quality index U mean useful is calculated by simulation and can be verified by ad hoc 
measurements on a critical train. 

8.2 Description 

Mean useful voltage is calculated by computer simulation of a geographic zone (zone under 
study) which takes account of all trains scheduled to pass through the zone in an appropriate 
period of time corresponding to the peak traffic period in the timetable. This given period of 
time shall be sufficient to take account of the highest load on each electrical section in the 
geographic zone. 

Account shall be taken of the electrical characteristics of the infrastructure and each different 
type of train in the simulation. 

The fundamental voltage at the pantograph of each train in the geographic zone is analysed 
at each simulation time step. For a.c. systems, the r.m.s. values of the fundamental voltage is 
used. For d.c. systems, the mean voltage is used. This time step in the simulation shall be 
short enough to take into account all events in the timetable. 

The voltage values from the simulation are used to study: 

a) Umean useful (zone) 

 This is the mean value of all voltages analysed in the simulation and gives an indication of 
the quality of the power supply for the entire zone. 

 All trains in the geographic zone, over the peak traffic period considered, are included in 
this analysis whether they are in traction mode or not (stationary, traction, regeneration, 
coasting) at each simulation time step. 

b) Umean useful (train) 

 This is the mean value of all voltages in the same simulation as the geographic zone study 
but only analysing the voltages for one particular train at each time step where the train is 
taking traction load (ignoring steps when the trains is stationary, regenerating or coasting). 

 The mean value of these voltages gives a check on the performance of each train in the 
simulation and as a result, identifies the dimensioning train, the train whose ability to 
accelerate is most constrained by weak voltage. 
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8.3 Values for Umean useful at the pantograph 

The minimum values for mean useful voltage at the pantograph under normal operating 
conditions are given in Table 3. 

Table 3 – Minimum U mean useful at pantograph (V) 

High Speed lines Conventional lines  
 Power supply system a) 

Zone and train Zone and train 

a.c. 25 000 V 50 Hz 22 500 22 000 

a.c. 15 000 V 16,7 Hz 14 200 13 500 

d.c. 3 000 V 2 800 2 700 

d.c. 1 500 V 1 300 1 300 

d.c. 750 V NA 675 

NA: not applicable. 

a) No values are known for other power supply systems quoted in IEC 60850. 
 
8.4 Relation between Umean useful and U min1  

The power supply shall be electrically designed in such a way that the simulations of U mean 
useful under normal operating conditions, never generate momentary voltage values (r.m.s., 
mean values) at the pantograph of any train lower than the limit U min1 for traffic 
corresponding to the type of line concerned (see Clause 9). 

8.5 Acceptance criteria 

The electrification system design shall guarantee the ability of the power supply to achieve 
the specified performance in 8.3 and 8.4. Therefore, it shall be considered acceptable if the 
requirements of 8.3 and 8.4 are fulfilled. It is the choice of the infrastructure manager to wish to 
have this study made or not. 

9 Type of line and electrification system 

The infrastructure manager shall declare the route parameters in terms of: 

– line speed; 
– minimum possible headway; 
– maximum train power. 

10 Harmonics and dynamic effects 

10.1 General 

The harmonic characteristic of the power supply and the rolling stock in the railway system 
determines overvoltages in the power supply circuit (overhead contact line and return circuit) 
and stability in this system. In order to achieve electrical system compatibility under steady 
state and dynamic conditions, harmonic overvoltages shall be limited below critical values. 
With protection devices installed, overvoltages cause an interruption of normal operation and 
are more critical from the operation point of view than from safety and security aspects. 

The following physical effects cause overvoltages: 

a) Overvoltages caused by system instability 
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 Modern railway vehicles with inverter propulsion and auxiliary of systems as well as static-
tie frequency converters are generally active devices which are capable of transferring 
energy from one frequency component in the spectrum to another. Their transfer 
behaviour is largely determined by the inverter controllers as well as by the passive 
elements. 

 Controllers have to be tuned or the impedance behaviour of the passive components 
(power supply network, vehicles) shall be optimised in such a way that for all operating 
conditions a stable behaviour results. In a non-stable system, physical values such as 
voltages or currents, either tend towards infinity and cause a shutdown in reality. In non-
linear systems, they can also continuously (steady state) oscillate on one or several 
frequencies. 

 Stability questions are always related to feedback loops in a system, especially through 
one or several controllers of one or several electrical subsystems. There is no explicit 
excitation source, necessary to generate oscillation. This has to be distinguished from 
case b) described below, where both an excitation source and a transmission/amplification 
path exist. 

 Normally, the oscillations caused by instabilities are in the frequency range of up to about 
500 Hz which is the bandwidth of the relevant controllers. 

 Low frequency oscillations below and around supply frequency strongly involve non-linear 
characteristics of modern converter systems. Higher frequency instabilities can be 
investigated with linear mode. 

b) Overvoltages caused by harmonics 
 Static inverters, both phase angle controlled and forced commutated ones, installed on 

rolling stock or on fixed installations power supplies produce current and voltage 
harmonics which can be represented by current or voltage sources in a simplified manner. 
Every type of converter generates a typical current or voltage spectrum. The converter, 
combined with passive elements such as transformers and filters, shows a source 
behaviour and a typical internal impedance. 

 All power supply systems have resonances, due to the resonances of transmission lines 
and cables, some also due to passive filter components. This leads to an amplification of 
harmonics injected by converters into the power supply system. An amplification or partial 
suppression occurs both at the location of the converter, due to the line impedance seen 
from the converter, and between the converter's location and other locations in the 
network. It consists in a transfer behaviour of the power supply itself. 

 An amplification of strong harmonics may lead to significant overvoltages, either at the 
vehicle's location or at a completely different location in the network. 

 The supply system has resonance peaks due to its distributed parameters - inductance 
and capacitance per unit of length. The resonance behaviour is changed by the presence 
of traction units. These resonance peaks can cause huge resonant currents and voltages. 
The ratio between maximum and minimum current recorded along the overhead contact 
line at specific resonance frequencies could exceed 100. For four-quadrant converter 
vehicles the harmonic currents at the pantograph of a vehicle can be increased about 3 
times due to resonance phenomena in the power supply network. 

c) Other phenomena 
 Further technical phenomena, which have to be considered for the electrical systems 

compatibility between power supply and rolling stock, are: 
– multiple zero-crossings; 
– voltage spikes and sags, transients; 
– variations of the phase of supply voltage; 
– low frequency oscillations. 

 From conducted interference point of view, the following effects can become relevant: 
– wheel slip/slide; 
– auxiliary load; 
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– dynamic events; 
– harmonics from the auxiliary converter; 
– modulations product from different converters; 
– ice or frost. 

10.2 Acceptance procedure for new elements 

An acceptance procedure shall be carried out for introduction of any new element , as defined 
in 3.24. 

Compatibility between existing traction units and existing power supply, and new element(s) 
shall be checked towards the phenomena described in 10.1. 

Involved bodies or parties are: 

– the owner(s) of existing infrastructure or infrastructure manager; 
– the operator(s) of existing traffic; 
– the purchaser/owner of the new traction unit(s) or infrastructure equipment; 
– the manufacturer supplier of the new traction unit(s) or infrastructure equipment. 

A general specification for rolling stock or power supply, which avoids overvoltages in any 
situation, might be very conservative and impossible to fulfil. Therefore, a process as 
described in 10.3 shall be applied to check compatibility (compatibility study). 

10.3 Compatibility study 

The compatibility study, or compatibility case, is a process to demonstrate the compatibility of 
the new rolling stock or the new infrastructure component with the existing traction units and 
power supply network. This process is shown in Figure 2 and explained in Table 4. 

The amount of work to be done depends on the risk of the integration of a new element in 
view of the phenomena described in 10.2. If the integration is - based on earlier experiences - 
without any risk, this shall be documented in the plan, which is the only process step in this 
case. 

The flow chart is applicable to rolling stock and also to fixed power supply components. 
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1 Plan for compatibility check 
 

COMPATIBILITY STUDY 
       

 2 
Characterisation of 

existing power supply

3 
Characterisation of existing 

rolling stock 

4 Characterisation of 
existing operation 

conditions 

 

        

   5 Characterisation of overall 
rail system/network    

        

   6 Theoretical analysis of 
overall rail system/network 

   

        

   7 Acceptance criteria for new 
elements 

   

       Existing rail 
system 

        
       

   8 Design/engineering of new 
element 

 New element 

        

   9 Characterisation of new 
elements    

        

   10 Theoretical analysis of new 
element    

        

  
 

11 
Testing in lab/test track  

  

        
        

        

   12 Test plan for compatibility 
study 

  Testing 

        

 13 Testing in lab/test 
track 

  14 Test on real rail system  

         

  

No 

15 Test confirm compatibility? 

Yes

16 

 

End of 
compatibility 

check 

 

       

Numbers refer to the steps described in Table 4.    

Figure 2 – Procedure for compatibility study of harmonics and dynamic effects 
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Table 4 – Description of steps 

No Title Description Concerned party 

1 a Plan for compatibility check The plan for a specific compatibility check when 
introducing a new element in an existing railway 
system defines the scope of the analysis, and 
the precise tasks and responsibilities. The plan 
shall be agreed between all parties involved. 

Nomination of the organisation in charge of the 
compatibility study 

Organisation in charge of 
the compatibility check 

To be agreed between the 
parties defined in 10.2 

2 Characterisation of existing 
power supply 

Characteristics of the existing power supply 
system, information relevant to the compatibility 
with vehicles (see Tables D.1 and D.2). 

Normal feeding arrangements, emergency 
feeding arrangements 

Infrastructure manager 

3 Characterisation of existing 
rolling stock 

Characterisation of existing rolling stock 
operating on the network, information relevant to 
the compatibility with the power supply system 
information (see Tables D.3 and D.4) 

Operator/owner of rolling 
stock 

4 Characterisation of existing 
operation conditions 

Information about the operation of the existing 
system: number of trains in service, typical 
timetables, normal feeding arrangements, 
emergency feeding arrangements 

Infrastructure manager 

5 Characterisation of overall rail 
system/network 

This is the combination of the information from 
steps 2, 3 and 4. It may be necessary to define 
different scenarios 

Infrastructure manager 

6 Theoretical analysis of overall 
system/network 

Investigation of compatibility aspects for 
different scenarios. In a first step: confirm 
compatibility of the existing system. In a second 
step: test potential new elements , check what 
characteristics they need to fulfil to maintain 
compatibility of the system 

Infrastructure manager 

7 Acceptance criteria for new 
element 

The result from the theoretical investigations in 
step 6 are the particular acceptance criteria for 
new  element. The particular acceptance criteria 
shall be understandable and measurable when 
designing and testing a new element. In future, 
these criteria shall be set up for all networks in 
identical form 

Infrastructure manager 

8 Design/engineering of new 
element 

Design of new  element, considering also the 
acceptance criteria defined in step 7 

Supplier of the new element 

9 Characterisation of new 
element 

The new element shall be modelled with respect 
to its compatibility with other vehicles and power 
supply elements. This model after validation in 
step 15 shall allow an amendment of the 
characterisation of the existing railway as 
required in steps 2 and 3 

Supplier of the new element 

10 Theoretical analysis of new 
element 

At an early stage of the design, it should be 
checked in a theoretical analysis, for example 
using computer models, that the new element 
can meet the acceptance criteria 

Supplier of the new element 

a The meaning of new element is given in 3.24. 
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Table 4 (continued) 

No Title Description Concerned party 

11 Testing in lab/test track Once the first equipment (vehicle or power supply 
equipment) is built, it is  tested in the laboratory or 
on a test track to verify that it meets the 
acceptance criteria as predicted by the theoretical 
analysis in step 10. This set of tests can be part 
of a type test of the new element. 

Supplier of the new 
element 

12 b Test plan for compatibility 
study 

A plan is made to define the tests necessary to 
confirm as far as possible and reasonably: 

that the new element meets the acceptance 
criteria; 

that the acceptance criteria are sufficient to 
guarantee the compatibility, make sure that the 
test reflects the reality, 

The tests shall demonstrate also the correctness 
of the simulations done in step 10 and shall be 
limited to critical cases 

Organisation in charge of 
the compatibility study 

To be defined in step 1 

13 b Testing in lab/test track Tests will be performed in the laboratory or test 
track. These tests shall demonstrate that the 
acceptance criteria are met. A failure to meet the 
acceptance criteria means necessary modification 
of the new element by the supplier. 
This series of tests is part of a type test of the 
new element. 

The tests shall demonstrate also the correctness 
of the simulations done in step 10 and shall be 
limited to critical cases 

Organisation in charge of 
the compatibility study 

14 Tests on real rail system Tests on the real system shall give confidence 
that the acceptance criteria are sufficient to 
guarantee compatibility within the system after 
introduction of the new elements. If these tests 
show compatibility problems despite the 
compliance of the new equipment with the 
acceptance criteria, this means that the 
acceptance criteria were not sufficient. 

This set of tests is part of a type test of the new 
element. 

The tests shall demonstrate also the correctness 
of the simulations done in step 10 and shall be 
limited to critical cases 

Organisation in charge of 
the compatibility study 

15 Tests confirm compatibility? If both sets of tests are successful, then 
compatibility of the new element with the existing 
system has been demonstrated. This is to be 
documented in a compatibility report 

Organisation in charge of 
the compatibility study 

16 c End of compatibility check With the successful completion of the 
compatibility study, the new element becomes 
part of the existing railway system. The 
responsibility for its compatibility does no longer 
lie with the supplier of the new element 

Infrastructure manager 

b The test plan will define if both steps 13 and 14 or only one should be performed. 
c Seen from the compatibility point of view. 
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The result is a document describing the theoretical analysis and the measuring proof to 
ensure that the vehicles and infrastructure are compatible in terms of conducted interference 
currents and stability. 

10.4 Methodology and acceptance criteria 

The overall acceptance criterion for overvoltages and stability is that no overvoltage higher 
than 30 kV peak for 15 kV – 16,7 Hz networks, 40 kV peak for 20 kV – 50/60 Hz networks and 
50 kV peak for 25 kV – 50/60 Hz networks will occur on the overhead contact line in any point 
of the power supply network with voltage U defined in IEC 60850 below or equal to Umax2. 
This value is the peak value of the distorted voltage waveform. 

These overall acceptance criteria can always be applied. 

Since the overall acceptance criteria can only be applied to the complete power supply 
system including new element(s), it is beneficial to give design guidelines for the new 
element(s) which reduce the risk of failure in the compatibility study. 

11 Coordination of protection 

11.1 General 

Compatibility of protective systems between traction unit and substation shall be verified. 

11.2 Protection toward short-circuits 

The breaking capacity of the circuit-breaker for a particular electrification system will 
determine whether or not faults can be cleared by the traction unit circuit-breaker. 

Informative Annex G gives Table G.1 which sets the maximum CL-rail short circuit level as 
European practice. 

Table 5 sets out the action for internal faults within a traction unit. 

Table 5 – Action on circuit-breakers at an internal fault within a traction unit  

When any internal defect fault occurs within  
the traction units 

Sequence of tripping for: Power supply system 

Substation feeder circuit-breaker Traction unit circuit-breaker 

a.c. 20 000 V and 25 000 V-
50/60 Hz 

Immediate tripping a   Immediate tripping 

a.c. 15 000 V-16,7 Hz Immediate tripping a  

Primary side of the transformer: 
Tripping shall be staged c  
 
Secondary side of the transformer:  
Immediate tripping 

d.c. 750 V, 1 500 V and 3 000 V Immediate tripping b   Immediate tripping 
a The tripping of the circuit-breaker should be very rapid for high short-circuits currents. As far as possible, the 

traction unit circuit-breaker should trip in order to try to avoid the substation circuit-breaker tripping. 
b When the current of the short-circuit is very high, the tripping of circuit-breakers in the substations should be 

very rapid, and thereby prevents the traction unit circuit-breaker clearing faults on it. 
c If breaking capacity of the circuit-breaker allows it, then tripping is immediate. Then, as far as possible, the 

traction unit circuit-breaker should trip in order to try to avoid the substation circuit-breaker tripping. 

 
NOTE New and modernised traction units should be equipped with high speed circuit-breakers capable to break 
maximum short-circuit current in the shortest possible time. 
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11.3 Coordination of the circuit breakers on loss of line voltage and re-energisation 

There are two possibilities of coordination of the circuit breakers on loss of line voltage and 
re-energisation: 

a) associated with the opening/closing operation of the traction unit circuit breakers 
b) not associated with opening/closing operation of the traction unit circuit breakers 

The choice between a) and b) shall be made based on an agreement among related 
organizations. 

The requirements for the design of the infrastructure and rolling stock are: 

a) With the opening/closing operation of the traction unit circuit breakers 
 The traction unit circuit breakers shall trip automatically within 3 s after the loss of line 

voltage. 
 If the auto-reclosing systems are equipped for circuit breakers in the substation, the 

substation circuit breakers may only be re-closed after the tripping of the circuit breakers 
on the traction units present in the zone supplied by the substation. 

 On re-energisation, the traction unit circuit breaker shall not reclose within 3 s of the line 
being re-energized. 

b) Without the opening/closing operation of the traction unit circuit breakers 
 On detection of loss of line voltage, the traction unit shall be stopped immediately (e.g., 

stop of the gate- signal output for the converters, opening of the contactors on the 
secondary side of the traction unit circuit breakers). The tripping of the traction unit circuit 
breaker is not necessary unless any internal fault occurs within the traction units. 

 If the auto-reclosing systems are equipped for circuit breakers in the substation, the 
substation circuit breakers shall reclose immediately, if any, after the tripping of the circuit 
breakers on the faulty traction units. 

 On re-energisation, the traction unit shall be able to restart immediately after re-
energisation of the line. 

The following notes are related to both possibilities: 

NOTE 1 See IEC 60850, 4.1, Note 2 for detection of loss of line voltage. 

NOTE 2 The time delay on re-energisation allows for testing of the line for persistent short-circuit. 

NOTE 3 If circuit breakers are to be reclosed in more than one substation, coordination of the re-closing timing 
between substations may be necessary. 

11.4 D.C. electrification systems: transient current during closure 

This provision is only applicable to d.c. traction units fitted with an input filter. 

When the circuit breaker of a traction unit is going to be closed, with the input filter (if fitted), 
the transient current should not cause the protection devices in the substations to trip 
unnecessarily. The requisite information (e.g., di/dt and/or peak value allowed for the 
transient current) shall be obtained from the infrastructure managers concerned when vehicle-
mounted filters are being designed. 

Informative Annex H gives Table H.1 which sets values for the di/dt differential of the transient 
current on closure of the traction unit circuit breaker as European  practise. 

11.5 Acceptance criteria 

Traction units shall be designed in accordance with the requirements as given in: 
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– Table 5, 
– 11.3 and 11.4 (for d.c.). 

The electrification system shall guarantee that the power supply achieves the requirement of 
11.3. 

If any, the line test system shall satisfy the requirements in 11.3. 

12 Regenerative braking 

12.1 General conditions on the use of regenerative braking 

12.1.1 Traction unit conditions 

Trains shall not continue to use their regenerative brake if 

– there is a loss of supply voltage or a contact line-rail/earth short-circuit on the same 
section fed by the substation, 

– the contact line fails to absorb the energy, 
– the line voltage is higher than Umax 2 (see IEC 60850, 4.1). 

If feedback energy absorption by other consumers is not available, rolling stock shall revert to 
other brake systems. 

NOTE If regenerative energy is about the same level as traction load of other rolling stock, regenerative rolling 
stock may not be able to detect the loss of line voltage and continue to use regenerative braking. 

12.1.2 Power supply system conditions 

For  a.c. High Speed lines power supply system shall be designed in such a way that 
regenerative braking can be used as a service brake and able to exchange power seamlessly 
either with other trains or by any other means. The substation control and protection devices 
in the power supply system shall allow regenerative braking. 

For Conventional lines, power supply systems may be designed in such a way that 
regenerative braking can be used as a service brake and able to exchange power seamlessly 
either with other trains or by any other means. The substation control and protection devices 
in the power supply system can then allow regenerative braking.  

12.2 Acceptance criteria 

Traction units shall comply with the requirements of 12.1.1. 

13 Tests 

The tests given in Table 6 are applicable if the technical requirements shown in Table 6 are 
applied. 
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Table 6 – Tests 

Title 
Technical 

requirement 
clause 

Traction units Fixed 
installations 

Test 
methodology 

clause 

Different source sections 5 X X 14.1 

Power factor of a train 6 (Table 1) X  14.2 

Train current limitation 7 X  14.3 

Quality index of the power supply 8  X 14.4 

Harmonics and dynamic effects 10 X X 14.5 

Coordination of protection 11 X X 14.6 

Regenerative braking 12 X X 14.7 

 

14 Test methodology 

14.1 Neutral sections 

14.1.1 Tests for traction unit 

At the design phase, compliance to the functional requirements described in 5.1 and 5.2 shall 
be demonstrated by checking the electrical diagrams, at traction voltage level and control 
command level. 

Type test: 

The compliance with the sequences described in 5.1 and 5.2 shall be demonstrated by 
checking the control command diagrams of the traction unit at design phase. 

Routine test: 

Tests on a line which is equipped on the infrastructure side to provide control signals to the 
traction unit shall be performed to demonstrate compliance to the sequences described in 5.1 
and 5.2. 

14.1.2 Tests for infrastructure 

At the design phase, compliance to the functional requirements described in 5.1 and 5.2 shall 
be demonstrated by checking the electrical diagrams, at traction voltage level and control 
command level. 

14.2 Power factor 

Type test for traction unit: 

At the validation phase of the traction unit, on line measurements are performed at any point 
of curve tractive effort versus speed. The consumed power including auxiliary, the traction or 
braking modes have to be recorded. Sufficient data shall be obtained in order to verify 
Table 1. 

The values of the power factor shall be checked on board of the train with a feeding system 
not limiting the performance of the train. The results of the on line measurement shall comply 
with 6.2 and 6.3. 
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14.3 Train current limitation 

At the design phase, compliance to the functional requirements described in 7.2 and 7.3 shall 
be demonstrated by checking the electrical diagrams, at traction voltage level and control 
command level. 

Type test for traction unit: 

The tests or checks shall be performed:  

– at the design phase, by checking the functions of the control command of the traction unit; 
– at the validation phase, by on line measurement. If necessary, outage of a substation may 

be initiated to achieve low overhead line voltage. 

The results of the on line measurement shall comply with the requirements of 7.2 and 7.3. 

14.4 Quality index of the power supply 

14.4.1 U mean useful (zone) 

What When How Acceptance condition 

Simulation     

On a defined zone of the 
power supply system 

After each 
simulation 

Using the simulation results of the 
trains in the considered zone and 
calculation with definition in 8.2. 

The value is greater than the 
values given in the relevant 
column “Zone and train” of 
Table 4. 

 
14.4.2 U mean useful (train) 

What When How Acceptance condition 

Simulation     

For a defined train in the 
simulation timetable – 
mostly the dimensioning 
train 

As a result of 
simulations 

Using the simulation results of the 
train calculation with definition in 8.2. 

The value is greater than the 
values given in the relevant 
column "Zone and train" of 
Table 4.  

Ad hoc measurement    

On a train motive power 
unit. 

This measurement is done 
within the context of traffic 
as listed in Clause 9. The 
measurement is done on a 
critical or dimensioning 
train from the simulated 
service. 

Several measurements 
should be made on the 
same train, in order to 
verify the convergence of 
the results and their 
validity. 

As far as possible, the 
reference timetable is the 
one used for the simulation. 
If not, a new simulation with 
the actual timetable is 
made 

 

In response to 
problems or for 
validation 
purposes 

Voltage recorder devices for the 
fundamental frequency or 

digital data loggers with a frequency 
range greater/equal 2 kHz averaging 
over 1 s 

measurement period: traction period of 
train 

calculation with formula hereinafter. 

From the recorded data, the following 
values or curves are be calculated. 

The curve of voltage against time 

 

The value of Um is greater 
than the values given in the 
relevant column “Zone and 
train” of Table 4 and verify 
that the recorded values 
(mean value or r.m.s.) of the 
voltage at the pantograph are 
not lower than U min1. 
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What When How Acceptance condition 

NOTE These 
measurements could, for 
example, be made on a day 
by day basis 

 The mean value Um expressed as  

∑
=

=
N

i
iU

N
U

1
m

1
 

where N is the number of measured 
time steps in traction periods. 

This formula is used only for traction 
period 

 

 
14.4.3 Relation between U mean useful and U min1  

What When How Acceptance condition 

Simulation     

 After each 
simulation 

Using the simulation results of each 
train considered in the zone, the test 
is made only if U mean useful at the 
pantograph is higher than the values 
given in 8.3. 

Check that the voltage at the 
pantograph of each train is 
never lower than U min1 as 
given in 8.4. 

 
14.5 Harmonics and dynamic effects 

For this assessment, 10.3 and 10.4 give all necessary information. 

The tests shall demonstrate also the correctness of the simulations done in step 10 and shall 
be limited to critical cases. 

The instrumentation system used for the recording of the peak value of the distorted voltage 
waveform, shall have an adequate frequency range. The r.m.s. value of the power frequency 
voltage shall also be recorded accordingly with the peak value of the distorted voltage 
waveform. 

14.6 Coordination of protections 

14.6.1 Protection toward short-circuits and action on circuit-breakers 

The logical sequences of the opening triggering of the traction unit circuit-breaker shall be 
verified: 

– at the design phase by checking the functional electrical diagram of the traction unit; 
– in response to problems or for validation when the traction unit is in service, by making a 

short-circuit test on board and checking that, respectively to Table 8, the different circuit-
breakers trip in the correct sequence. 

14.6.2 Coordination of the circuit breakers on loss of line voltage and re-energisation 

Test in any new substation: 

When the tests before putting into service are performed, the requirements of 11.3 shall be 
verified. 

If any, the line test system shall perform the test sequence within a specified time. 

Test for the traction unit: 
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At the design phase of a traction unit, the requirements of 11.3 shall be verified by checking 
the electrical diagrams. 

Routine test: 

Tests on line shall demonstrate the conformity to the requirements of 11.3. 

14.6.3 DC traction units: Transient current during closure 
– At the design phase, the requirements of 11.4 shall be verified by checking the electrical 

design of the traction unit. 
– Type test for the traction unit: 
– At on line test phase, the traction unit shall perform the following sequence of tests: 

a) check that the on board filter is discharged; 
b) close the main circuit breaker and record the waveform of the main circuit breaker 

current. 
– The characteristics of this inrush current shall be in accordance with the allowable values 

obtained in 11.4.and Annex H. 

14.7 Regenerative braking 

14.7.1 Traction unit 

At the design phase, compliance to the requirements of 12.1.1 of the control command of the 
traction unit shall be verified. 

Type test and routine test: 

Before putting into service, compliance to the requirements of 12.1.1 shall be verified in 
accordance with Clause 9 of IEC 61133. 

Therefore, during tests on line, (be it operated line or a test line), contact line shall be 
energised or de-energised from the substation. 

Tests on line shall demonstrate that during braking mode of the traction unit, that the value of 
U max2 at the pantograph is not exceeded. 

14.7.2 Substation 

The substation control and protection devices shall allow feed back energy to the supplying 
network and/or energy absorption apparatus. The analysis of the connecting diagrams allows 
the assessment. 

Where required, combined system tests shall be undertaken to verify correct operation of the 
substation protection with regenerative traction unit on line. 
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Annex A  
(informative) 

 
Integration periods over which parameters can be averaged 

 
 

A.1 General 

The train operators or infrastructure managers use parameters for 

– their dimensioning computations; 
– protection measures; 
– planning; 
– etc. 

These are effective only if they are averaged over precisely defined time spans. The subject 
of this annex is the definition of the periods over which these parameters should be referred 
with the aim of achieving a simple comparison of these parameters for the different sections 
of a single railway, or of different railways. 

A.2 Reference time period over which parameters can be averaged or 
integrated 

Table A.1 – Integration period 

Function Duration Comments 

Protection 
< 100 ms until 300 ms for a.c. 

<   30 ms until 100 ms for d.c. 

Clearance of short-circuits faults 
depending on the intensity of the short-
circuit current 

Back up protection 200 ms to 3 s Clearance of fault on back-up protection 

1  s to 5 s At supply points and individual overhead 
line. Applicable to computer simulations, 
effect on feeding arrangements and 
assessment of back-up protection Peak load current 

1 min RMS average current for calculation of 
thermal loading on equipment 

Thermal overloading 
30 s to 20 min 

preferred value: 10 min 

RMS. average current for calculation of 
thermal loading on equipment 

Energy metering period 10 min, 15 min or 30 min Average current or power for definition of 
the demand on the supply authority 

Long-term loading 1 h, 2 h Conventional parameter to define long-
term railway load 

Energy consumption 1 day, 1 week, 1 month, 1 year 

Average energy consumption, used by 
electricity suppliers to study, for example 
railway power requirements or when 
purchasing electricity 
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