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Abstract 

This thesis presents effects and investigations of harmonic distortion in power supplying AC 

electric railways. The details of the system studied were provided by the supply network in the area 

of Czech Republic and Vietnam railways junction. The mainly studies focus specifically on the order 

high harmonic components and total harmonic distortion (THD) of the voltages in electric railway 

supply systems with the influence of one phase system electrified traction. Sources and effects of 

harmonic distortion with relations are also studied. The details harmonic distortions of the voltages in 

high power supply on perform 110 kV and 27 kV levels are measured with the LabVIEW program 

support. The total harmonic distortions at difference positions in real power system network are 

calculated in percentage. The results of measurements are analyzed, compared and investigated in 

conformity with the harmonic standards. Based on the real electrified railway system, modeling of 

electric high power supplying AC electric railways are created by simulation in the real power supply 

in the area Czech Republic railways junction. The research results are analyzed and investigated for 

practical application on traction power supply in Vietnam energy. The simulation is discuses on 

performed of the ATP version of the electromagnetic transient program (EMTP). In addition, the 

thesis also discusses aspects of the design considerations filtering compensation in AC electric 

railway system. The static var compensator (SVC) installation represents difference variants of the 

filtering compensation solution to reduce harmonic distortion. The simulation results acquired with the 

program are given in comparison at substations in high power supply with the data obtained from 

measuring in the traction transformer substations with the recommended limits set by the harmonic 

standards. 
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Preface 

The electric railway is in a competition with other possibilities of transportation. The 

locomotives became faster and faster and in consequence their power is growing as well. 

The high power locomotives and transmission pollute the supply system with harmonics. In 

order to ensure the power quality of the whole energy system, it is necessary to reduce this 

pollution. Strict requirements were established on the power quality of the electric supply 

network in the past. One of these requirements is in connection with the harmonic distortion. 

The harmonic distortion in power supplying AC electric railway systems are caused by the 

non-linear loads connected to the network. Harmonic distortion in the power supply is an 

increasingly important concern for power utilities because of the negative consequences that 

it produces. These consequences include decreased efficiency of the power system, increased 

neutral currents, resonant overvoltage, and the accelerated aging or malfunction of sensitive 

equipment. The increasing sensitivity of many appliances to harmonics is further 

complicated by the increased use of harmonic producing electric power. As harmonics 

propagate deeper into the power supplying and transmission systems, they affect a larger 

number of customers over a wider area. Given the negative consequences of the harmonic 

distortion, the current consumption of electric locomotives in electric railway systems tends 

to have a very dynamic character. The solutions must be taken into electric railways traction 

systems that would lead to limitation of harmonic pollution in power supplying network with 

the limits set by the relevant harmonic standards. 

Submitted work is conceived as a doctoral dissertation, harmonic distortion in high 

power supply system 110 kV are analyzed and investigated by experimentation verifies with 

the influences of AC single phase traction load. Monitored reserve effects that influence the 

superior power supply system are harmonics by the traction load system, as well as 

spreading of the harmonics to the distribution network and possible subsequent influence on 

other consumers of electricity. The work in this thesis consists of four main contents. 

The first part of this work presents an overview and the most commonly used and 

related theory of harmonic distortion, i.e. the sources, effects and causes of the harmonic 

distortion. Describing the mainly theory for measurement field and simulations, analysis of 

order high harmonics and the total harmonic distortions of the voltages. 
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The second part of this work describes the measured application that was designed to 

measure instantaneous values of electrical parameters and the data collection. The core of the 

measuring apparatus station consists of a portable PC with a USB. Software of the 

measuring application is created with LabVIEW support. Measurements in real traffic 

conditions have been carried out within this section, which is in the primary and secondary 

side of the traction transformer substations and its superior substations in distribution 

network. The purpose of the measurement was to monitor the harmonic distortion of the 

voltages levels at each node of transmission path. Analysis of measured data, evaluation of 

the harmonic distortion voltages are also given into this part of work.   

In another part of this work, transmission of the power supplying AC electric railway 

of the voltages on the 110 kV line to line are simulated. The simulation results acquired with 

the program are given in comparison at Velešín substation and its superior substations on 

110 kV site (Lipno and Škoda) in high power supply with the data obtained from measuring 

with the recommended limits set by the harmonic standards. 

The last part of this work presents practical application of the research results. A 

purpose and suggestion from the research findings of study is able to practical application in 

terms of Vietnam energy system to power supplying AC electric railways. A modeling in 

power supply of Vietnam energy system is created and investigated by simulation. The 

simulation also discusses aspects of the design considerations filtering compensation in AC 

electric railways. The static var compensator (SVC) installation represents difference 

variants of the filter compensation such as a solution to reduce harmonic distortion. 
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1 

Introduction 

1.1 General background   

Harmonic distortion is one of the major power quality issues where percentage of 

nonlinear load is high. Harmonics can be defined as sinusoidal components of the periodic 

wave or quantity having frequency that is integral multiple of the fundamental frequency. 

Harmonics are the by-products of modern electronics. They occur frequently when there are 

large numbers of personal computers (single phase loads), uninterruptible power supplies 

(UPSs), variable frequency drives (AC and DC) or any electronic device using solid state 

power switching supplies to convert incoming AC to DC. The effect of harmonic on various 

devices depends on symmetrical components of harmonics. Harmonic distortion is load 

sensitive and harmonic currents generated by nonlinear load interact with power system 

impedance and give rise to harmonic voltage distortion.  

Harmonic distortion has become an increasing concern in railway systems. The 

analysis of harmonic distortion on a rail system is essential to assess the effects on the 

adjacent distribution power network. In electric railway traction, the electrical supply system 

of a railway transmission line provides electric power of the desired characteristics (AC 

single phase, 25 kV) to the trains from the high voltage network by single phase 

110kV/27kV transformers. The single phase 25 kV, 50 Hz electrified railway systems carry 

a large number of conventional diode based on locomotives. The high power locomotives 

become main harmonic source that seriously threatens power quality [1], [2]. Therefore, 

effective measures are required to suppress harmonic cause by the electric railway load, the 

generated harmonics are significant and the line current is distorted. The current harmonic 

and power quality aspects are very complicated because of the frequent and strong transient 

regimes. Hence, some standards and recommendations have been established in order to 

avoid the potential problems caused by railway harmonics. The most used standard for 

harmonic pollution limits is IEEE 519-1992 standard. In addition to its recommendations, 

there are specific railway standards, such as IEC 61000-3-6 in European, ČSN EN 50160 

standard in Czech Republic [3]. 
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The total harmonic distortion (THD) is often used as an overall measure of the 

effective value of the harmonic components of a distorted waveform. This total harmonic 

distortion index is most often used to describe voltage harmonic distortion. Harmonic 

voltages are almost always referenced to the fundamental value of the waveform at the time 

of the sample. Because fundamental voltage varies by only a few percent, the total harmonic 

distortion of the voltage is nearly always a meaningful number [4, 183]. Variations in the 

total harmonic distortion over a period of time often follow a distinct pattern representing 

nonlinear load activities in the supplying system. The total harmonic distortion on voltage at 

point of common coupling (PCC) depends on system impedance and the current harmonic 

distortions. 

The power distribution society claims permanently to railway transport society to 

reduce harmonics current and harmonics distortion factor of the current. The objectives of 

performing survey of the harmonic pollution are to identify the harmonic distortion voltage 

levels based on experimental measurements and to provide a concrete mitigation solution. 

Modeling techniques used to simulate electrified railways are adapted to simulate harmonic 

aspects with improved computational efficiency [2], [3]. 

1.2 Research objectives 

In this thesis, the harmonic distortion is presented in power supplying for electric 

railways in conformity with the standards. Availability of harmonic distortion is measured 

and investigated on performance of power system network in Czech Republic. Proposed 

modelling for practical application by simulation following to real power system network, 

the harmonics at difference voltages positions are simulated and investigated. In addition, 

design considerations with variants of the filtering compensation in AC electric railways for 

practical application into the traction power supply in (Vietnam). Static var compensator 

(SVC) installation represents a conventional compensation solution to reduce total harmonic 

distortion. The simulation results acquired with the program are given in comparison at 

substations in high power supply with the recommended limits set by the harmonic standards. 

The objectives of this research are as follows: 

 Study of the effects of harmonic distortion at difference voltages, aims at 

characterizing the distortion, the behaviour of the load and the power system. 
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 Creation the measuring and analysing harmonic software with LabVIEW support. 

Verification of the model by measurement. 

 Evaluation of the harmonic distortion voltages on utility power supplying AC electric 

railways from measuring program to the harmonic standards. 

 Modelling of power supplying for AC electric railways, investigation of the influence 

of the one phase system electrified tractions on the supply network with ATP-EMTP 

support. Results of the simulation with program are compared with measurement 

results. In addition, based on simulation modelling, suggestion a solution by using 

static var compensator for variants filter designed in traction power supply to reduce 

the harmonic distortion of the voltages. 

 A purpose and suggestion from the work done for completion of this thesis is able to 

apply the research results for development of power electric railway systems in terms of 

Vietnam energy system in future by using modelling and characterizing of power supplying 

AC electric railway system. 

1.3 Thesis outline 

 This thesis is comprised of the following sections: 

1. Introduction 

Given an overview of the thesis, objectives of research and the mainly contents of the 

sections in the thesis. 

2. Overview of harmonic distortion 

Present the most commonly used and related theory of harmonic distortion, the 

mainly based on theory for field measurements and simulations of harmonic voltages 

and calculations the total harmonic distortion of the voltages.  

3. Harmonic distortion in AC electric railway systems 

Describes power supplying AC electric railways and proposes modeling used by 

simulation, limits of harmonic distortion in standard. Theory of static var 

compensator design considerations filtering compensation in AC electric railways. 

4. Harmonic measurements in the area traction transformer substations SŽDC Velešín  
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Based on the obtained data from measuring on 110 kV and 27 kV levels, shows the 

distortion voltages of real electrified diagram, calculations total harmonic distortion 

and compare with harmonic voltages line to line to the harmonic standards.   

5. Simulation 

Available simulated harmonic voltages at difference positions in modeling, 

comparison of simulation results with measurements and investigated results.  

6. Simulation of traction power supply in (Vietnam) (for different variants of the filter) 

Presents practical application of the research results to the power supply in terms of 

Vietnam energy electric railways used by simulation. Investigation of simulation 

results with the limits set by the harmonic standards and solutions. 

7. Conclusions and future work 

Ends the thesis with conclusions from the work done for completion of the Ph.D. 

study and also gives suggestions towards future work. 

References 

Lists of relevant references used for writing the thesis. 

Publications 

Lists of publications 

Appendix 

Additional detailed explanations are given for measurement and simulation results at 

difference voltage levels in power supplying electric railways for the thesis. 
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2 

Overview of Harmonic distortion 

2.1 Definition and Terminology 

Ideally voltage and current waveform should be sinusoidal. In the reality, when they 

are not sinusoidal, harmonics are the mathematical method to represent waveform distortion. 

A non-sinusoidal waveform can be always represented as sum of a certain number of 

sinusoidal components at multiple frequencies [5, 1]. Harmonic frequencies are integral 

multiples of the fundamental supply frequency, i.e. for a fundamental frequency of 50 Hz, 

the third harmonic would be 150 Hz and the fifth harmonic would be 250 Hz, etc. [1, 170]. 

The waveform distortion is shown in figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Any periodic signal (waveform) can be described by a series of sine and cosine 

functions, also called Fourier series [6, 5]. 
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Figure 2.1  Fourier series representation of a waveform distortion 
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The coefficients are obtained as follows: 
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Where n is an integer and 
T




2
  

T is the fundamental period time. 

The discrete Fourier transforms (DFT). 

For a discrete/sampled signal, the frequency spectrum can be obtained as follows: 
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Where N is the number of samples over the period T 

x(n) is the amplitude at each sample and k = 0, 1, 2, …, N-1. 
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Waveform distortion 

Odd harmonics give half wave symmetric distortion. 

Even harmonics give half wave unsymmetrical distortion. 

Inter-harmonics give unsymmetrical distortion between periods. 
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Individual harmonic distortion (IHD) 

Individual harmonic distortion is the ratio between the root mean square (RMS) value 

of the individual harmonic and the root mean square value of the fundamental [7, 90]. 
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Where    11 / IU  is RMS magnitude of the first harmonic of the voltage or current 

   nn IU /  is RMS magnitude of n
th

 harmonic component of the voltage or current 

The individual harmonic distortion indicates the contribution of each harmonic 

frequency to the distorted waveform, and the total harmonic distortion describes the net 

deviation due to all the harmonics. These are both important parameters. In order to solve 

harmonic problems, we require information on the composition of the individual distortions 

so that any treatment may be tailored to suit the problem. The total harmonic distortion, 

while conveying no information on the harmonic makeup, is used to describe the degree of 

pollution of the power system as far as harmonics are concerned [7, 93]. 

Total harmonic distortion (THD) 

The total harmonic distortion is often used as an overall measure of the effective value 

of the harmonic components of a distorted waveform. That is, it is the potential heating value 

of the harmonics relative to the fundamental. It is the ratio between the roof mean square 

value of the harmonics and the roof mean square value of the fundamental. The equation to 

calculate the THD is indicated below: 
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Where    11 / IU  is RMS magnitude of the first harmonic of the voltage or current 

   nn IU /  is RMS magnitude of n
th

 harmonic component of the voltage or current 
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The total harmonic distortion is a very useful quantity for many applications, but its 

limitations must be realized. It can provide a good idea of how much extra heat will be 

realized when a distorted voltage is applied across a resistive load. Likewise, it can give an 

indication of the additional losses caused by the current flowing through a conductor. 

However, it is not a good indicator of the voltage stress within a capacitor because that is 

related to the peak value of the voltage waveform, not its heating value [1, 183]. The total 

harmonic distortion value of a distorted waveform is the square root of the sum of the 

squares. The total harmonic distortion is related to the roof mean square value of the 

waveform of the voltage and current as follows: 
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Where 
LI is the peak, or maximum, demand load current at the fundamental frequency 

component measured at the point of common coupling (PCC). 

Active power, mean instantaneous power (total active power) 
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Where        nnnn IUP cos  
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Reactive power 
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2.2 Harmonics in three phase system 

For balanced conditions, system and loads fundamental voltages and currents in a 

balanced three phase system are shifted one-third of a cycle compared to each phase other. 

The basic functions are represented as follows: 
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Results in a shift for the harmonics: 
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For unbalanced conditions, symmetrical component relations are graphically 

represented in figure 2.2, which clearly shows that phase voltages AU


, BU


 and CU


 can be 

resolved into positive sequence 1



U , negative 2



U , and zero sequence 0



U  [8, 23], [9, 31]. 

 

 

 

 

 

 

 

 

 

Matrix equations of the voltages in three phase electrical system are written in the 

expanded form as follows: 
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Where 
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During load unbalance or unbalance of the power system, all harmonics and the 

fundamental can consist of any sequence component. 
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In most cases, the zero sequence components is dominating for each harmonic with 

small contribution from the other sequences, but for the tripled harmonics there can during 

some conditions be only positive or negative components [6, 12].  
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Figure 2.2  Graphical construction of the sum of three phase systems (positive sequence, 

negative sequence and zero sequence) 
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2.3 Sources of Harmonic distortion 

 Harmonic distortion is caused by non-linear load equipment or components in the 

power system. Main sources of the harmonic distortion in conventional power system are 

summarized below: 

 Devices involving electronic switching, the switching process is generally but not 

necessarily, synchronous to the ac voltage. 

 Devices with non-linear voltage or current relationship. Iron-core reactors and arcing 

loads are typical. When excited with a periodic input voltage the nonlinear load leads 

to the generation of harmonic currents. 

 In this section an overview of current waveforms from single and three phase non-

linear loads for industrial use. Common non-linear loads include motor starters, variable 

speed drives, computers and other electronic devices, electronic lighting, welding supplies 

and uninterrupted power supplies [10].  

2.3.1 Single phase loads 

 Electronic power converter loads constitute the most important class of nonlinear 

loads in power system. Equipment includes speed motor drives, electronic ballasts, and 

many other rectifier and inverter applications. The power supplies for single phase electronic 

equipment produce too much harmonic current for the wiring. DC power for modern 

electronic and microprocessor based office equipment is commonly derived from single 

phase diode bridge rectifier. There are two common types of single phase power supplies. 

Older technologies use ac-side voltage control methods, such as transformers to reduce 

voltages. Newer technologies switch power supplies use dc-to-dc conversion [4, 185] (see 

figure 2.3). 

 

 

 

 

 

 
Figure 2.3  Single phase two-pulse diode rectifier 
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The input diode bridge is directly connected to the ac line, eliminating the 

transformer. This results in a coarsely regulated dc voltage on the capacitor. This direct 

current is then converted back to alternating current at a very high frequency by the switcher 

and subsequently rectified again. Personal computers, printers, copiers, and most other single 

phase electronic equipment now almost universally employ switch mode power supplies. 

2.3.2 Three phase loads 

Three phase rectifiers are used for higher power applications. The rectifying topology 

is similar to single phase rectifiers but with a front end for connection of three phases. The 

rectifier can either be controlled or non-controlled and can consist of diodes, thyristors or 

transistors (see figure 2.4) [6, 22], [4, 193]. 

 

 

 

 

 

 

 

 

 

The six-pulse rectifier bridge produces harmonics at 6n +/- 1, i.e. at one more and one 

less than each multiple of six. In theory, the magnitude of each harmonic is the reciprocal of 

the harmonic numbers. The magnitude of the harmonics is significantly reduced by the using 

of a twelve-pulse bridge. This is effectively two six-pulse rectifier bridges, fed from a star 

and a delta transformer winding, providing a 30 degrees phase shift between them. The 

amount of reduction depends on the matching of the converters and is typically by a factor. 

The twelve-pulse configuration harmonics remain unchanged. Not only is the total harmonic 

of the current reduced, but also those that remain are of a high harmonic order making the 

design of the filters much easier. A further increase in the number of pulses to twenty four, 

achieved by using two parallel twelve-pulse units with a phase shift of 15 degrees, reduces 

the total harmonic of the current [5, 3]. 

Figure 2.4  Three phase six-pulse diode rectifier 
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2.4 Effects of Harmonic distortion 

2.4.1 Introduction 

Once the harmonic sources are clearly defined, they must be interpreted in terms of 

their effects on the rest of the system and on personnel and equipment external to the power 

system. Each element of the power system must be examined for its sensitivity to harmonics 

as a basis for recommendations on the allowable levels [11], the mainly effects of voltage 

and current harmonics within the power system. 

 Amplification of harmonic levels resulting from series and parallel resonances.  

 Reduction in the efficiency of the generation, transmission and utilization of 

electrical energy.  

 Ageing of the insulation of electrical plant components with consequent shortening of 

their useful life.  

 Malfunction of system or plant components.  

Harmonics increase the equipment losses and thus the thermal stress. Tripled 

harmonics result in the neutral carrying a current which might equal or exceed the phase 

currents even if the loads are balanced. This dictates the dreading or oversizing of neutral 

wires. Moreover, harmonics caused resonance might damage the equipment. Harmonics 

further interfere with protective relays, metering devices, control and communication 

circuits, and customer electronic equipment.  

Harmonic effects fall into two basic categories: short-term and long term. Short term 

effects are usually the most noticeable and are related to excessive voltage distortion. On the 

other hand, long term effects often go undetected and are usually related to increased 

resistive losses or voltage stresses. Short term effects can cause nuisance tripping of sensitive 

loads. While voltage distortions of 5% are not usually a problem, voltage distortions above 

10% will almost always cause significant nuisance tripping or transformer overheating. 

Over and above mechanical fatigue due to vibrations, the main long-term effect of 

harmonics is heating. Capacitor heating is due to two phenomena, conduction and dielectric 

hysteresis. Heating is due to additional losses in machines and transformers, additional losses 

in the stators (copper and iron) and principally in the rotors (damping windings, magnetic 

circuits) of machines. Heating of cables and equipment are increased carrying harmonic 

currents, resulting in temperature rise.  
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2.4.2 Harmonic effects on capacitor banks 

Harmonic effects on capacitor banks are: 

 Capacitors are overloaded by harmonic currents mainly because of the decrease in 

their reactance. 

 Harmonics increase the dielectric losses. 

 Capacitors create resonance circuits which amplify the harmonics. 

IEEE Standard for shunt power capacitors (IEEE Standard 18-1992) specifies the 

following continuous capacitor ratings [12]: 

 135% of nameplate kVAR. Reactive power does not exceed 135% of rating. 

 110% of rated roof mean square of the voltage (including harmonics but excluding 

transients). roof mean square of the voltage does not exceed 110% of rated voltage. 

 180% of rated roof mean square of the current (including fundamental and harmonic 

current). Peak current does not exceed 180%. 

 120% of peak voltage (including harmonics). Peak voltage does not exceed 120% of 

rated voltage. 

2.4.3 Harmonic effects on transformers 

Transformers are designed to deliver the required power to the connected loads with 

minimum losses at fundamental frequency. Harmonic distortion of the current, in particular, 

as well as of the voltage will contribute significantly to additional heating. To design a 

transformer to accommodate higher frequencies, designers make different design choices 

such as using continuously transposed cable instead of solid conductor and putting in more 

cooling ducts. As a general rule, a transformer in which the current distortion exceeds 5% is 

a candidate for harmonics [4, 211]. There are three effects that result in increased 

transformer heating when the load current includes harmonic components. 

 Roof mean square of the current. If the transformer is sized only for the kVA 

requirements of the load, harmonic currents may result in the transformer RMS 

current being higher than its capacity. The increased total RMS current results in 

increased conductor losses. 
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 Eddy current losses. These are induced currents in a transformer caused by the 

magnetic fluxes. These induced currents flow in the windings, in the core, and in 

other conducting bodies subjected to the magnetic field of the transformer and cause 

additional heating. This component of the transformer losses increases with the 

square of the frequency of the current causing the eddy currents. Therefore, this 

becomes a very important component of transformer losses for harmonic heating. 

 Core losses. The increase in core losses in the presence of harmonics will be 

dependent on the effect of the harmonics on the applied voltage and the design of the 

transformer core. Increasing the voltage distortion may increase the eddy currents in 

the core laminations. The net impact that this will have depends on the thickness of 

the core laminations and the quality of the core steel. The increase in these losses due 

to harmonics is generally not as critical as the previous two. 

2.4.4 Harmonic effects on motors 

Motors can be significantly impacted by the harmonic voltage distortion. Harmonic 

voltage distortion at the motor terminals is translated into harmonic fluxes within the motor. 

Harmonic fluxes do not contribute significantly to motor torque, but rotate at a frequency 

different than the rotor synchronous frequency, basically inducing high frequency currents in 

the rotor. The effect on motors is similar to that of negative sequence currents at fundamental 

frequency [4, 216]. 

The effects of harmonics on rotating machines can be summarized as follows:  

 If non-sinusoidal voltages are applied to electrical machines, they may cause overheating 

besides the normal operating conditions,  

 As a result of this additional heating, copper and iron losses may increase further.  

 Pulsating torques should produce due to the interaction of harmonics generated 

magnetic fields and fundamental ones.  

If the magnetic flux of the field system is distributed perfectly sinusoidal around the 

air gap, then the electro motor force generated in each full pitched armature coil can be 

expressed as follow. 

  tNftE  sin..2         (2.19) 
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However, flux is never exactly distributed in this way, particularly in silent pole 

machines. For a three-phase synchronous generator operating in a harmonic environment, we 

would first need to provide a brief review of the induced electro motor force, winding 

distribution and coil pitching. One form of electromagnetic induction is the generation of a 

voltage because of a relative motion between a magnetic field and current carrying 

conductor moving perpendicular to the magnetic field, the induced electro motor force in a 

three-phase synchronous generator is: 

     1101 ..44,4 wkNfE          (2.20) 

The equation should be modifies to include the n
th

 harmonics 

       nwnnn kNfE ..44,4         (2.21) 

Where  

E(1)/E(n)  is the fundamental or n
th

 component of the roof mean square generated 

voltage 

f0/f(n)  is the fundamental or n
th

 harmonic frequency, f(n) = nf0 

N  is the number of turns per phase,  

Ф(1)/Ф(n)  is the fundamental or n
th

 component of the flux per pole,  
 

 1
h

h n
n   

h(n) is n
th

 harmonic flux density content in p.u of the fundamental. 

kw(1)/kw(n)  is the winding factor at the fundamental or n
th

 harmonic frequency. 

Voltage total harmonic distortion can be expressed as follow: 
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Calculation the fundamental component for voltage in the presence of full pitched 

coils, get a bit bigger fundamental component compared with the chording coils, yet using 

fractional pitching has the advantage of reducing harmonic voltage thus resulting in an 

improved voltage waveform. 
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3 

Harmonic distortion 

in AC electric railway systems 

3.1 Description of AC electric railway systems 

3.1.1 Introduction 

The knowledge of railway and steam engines has been around since the sixteenth 

century. Wagon roads for English coalmines using heavy planks were first designed and 

built in 1633. Mathew Murray of Leeds in England invented a steam locomotive that could 

run on timber rails in 1804 and this was probably the first railway engine [13]. Although 

railway and locomotive technologies were continually developed, the first electrified railway 

was introduced in the 1880s. As a result of this revolution, the traction motor and the power 

supply system have become important parts of modern electrified railways. 

In the past, DC power supplies (1.5 kV from the early 1900s and 3 kV from the 

1930s) were mainly used because of ease of control. However, difficulties of DC motor 

commutation, limitations of feeding distance and expensive power supply equipment led to 

the restrictions on the use of DC mainline railways [14]. Using a high voltage AC power 

transmission system, long distance feeders have become possible. Until recently, AC/DC 

converters fed DC motors were used, with the converters fed from the AC supply through a 

traction transformer. The advantage of DC motors is simple torque speed control. There exist 

different operating frequencies that are used in electrified railways in various parts of the 

world. Low frequency high voltage transmission networks, 15 kV at 16.7 Hz and 12 kV at 

25 Hz, are used to feed AC commutation motors in some central European countries [15]. 

Around the 1950s, electrified railways at the industrial frequency 50 Hz were established. 

Thus far, a single phase feeding system with 25 kV at 50 Hz has become the world standard 

of mainline railway electrification [16]. 

When analyzing the influence of electrified railways on power network, special 

attention must be paid to the system by which the railways in question are electrified. 

Traction current systems can be divided into three big groups. 
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 Direct current (DC) traction systems  

 Alternating current (AC) traction systems with industrial frequency 50 (60) Hz. 

 Alternating current traction systems with lower frequency 16.7 (25) Hz. 

Electric railway traction is considered one of the most preferred means of 

transportation due to its advantages such as being economical, environment friendly and 

having fast acceleration and deceleration, etc. In Czech Republic has been using electric 

traction fed by 25 kV, 50 Hz single phase AC traction system from three phase utility 110 

kV power supply line systems. The biggest one phase appliances include 25 kV, 50 Hz 

electrified traction. These are the electrified tracks including to 3 kV DC system (1705 km), 

25 kV AC system, 50 Hz (1307 km), 1.5 kV DC system (26 km). For power supplies 400 kV 

lines (3508 km of which 1,145 km double and multiple lines), 220 kV lines (1910 km of 

which 1,039 km double and multiple lines), 110 kV lines (83 km of which 77 km double and 

multiple lines) (source ČEPS,a.s) [17]. 

Illustration map of distribution and transmission networks in Czech Republic is shown 

in figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

▬▬  1.5 kV 

▬▬  3 kV 

▬▬  25 kV, 50 Hz 

Figure 3.1  Illustration map of distribution and transmission networks in Czech Republic  

(source ČEPS,a.s) 
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3.1.2 Power supply system 

The main function of AC railway power supply systems is to deliver electric energy to 

the electric locomotives that are connected to the system [18, 23]. Electric railways 25 kV 

traction networks at 50 Hz can be directly fed from the electric utility network by 

transformer substation using. Simplified electric power railway system can be shown in 

figure 3.2. Adjacent sections are supplied from different phases of the three phase network to 

ensure approximately equal the loading. The track neutral and switchgear to ensure 

continuity of feeding after faults or outages by protective insulation individual transformers 

or catenary sections and reconnecting them in a different configuration [19, 205]. Figure 3.2 

shows the electrical power supplying AC electric railways. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The practical details of AC power feeding are concerned with maintaining the quality 

of the supply. On the traction side, catenary feeding systems using booster transformers and 

autotransformers have been developed to improve transmission efficiency. On the utility 

side, special consideration must be given to three phases network unbalance, power factor, 

harmonics and protection. 

Figure 3.2  Simplified diagram of power supplying AC electric railways 
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The electrified railway traction network consists of contact lines, feeder lines and 

conductors like rails. At every certain interval, a traction transformer is installed into the 

traction system. At the end of both power supply arms of the traction transformer, one 

section post is installed. Many factors affect the selection of power-supply schemes, the most 

commonly used power supply schemes are 1x25 kV and 2x25 kV. The configuration of the 

connection schemes are being such as single phase connection, V-connection, or Scott 

connection. Each connection scheme has different impact on the power system but also 

different investment, operation and maintenance costs. The configurations of the single 

phase and V-connection are shown in figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

To simple the calculation and simulation, the transformers can be assumed to ideal. 

Hence no impedance exists in the transformers and therefore no voltage drop and loss is 

incurred. According to this assumption, the traction load and transformers in the railway 

substation are simply represented by their equivalent loads. In general, the connection of 

transformers in the traction substations is worked out between two phases of the high voltage 

network when the single phase connection scheme is adopted. The major disadvantage of the 

single phase connection is the great extent of voltage imbalance if the power supply system 

is small relative to the traction loads [20]. The V-connection scheme can be used to reduce 

the unbalance caused by the single phase traction loads. However, this connection scheme 

requires three high voltage conductors, and requires a neutral section at substation. 

U1 
U2 
U3 

U1 
U2 
U3 

Figure 3.3  Traction transformer connection schemes 

a) Single phase connection 

b) V - connection 
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3.2  Harmonic in AC electric railway traction 25 kV, 50 Hz  

Traction network and electric locomotive in electrified railways are supplied by 

electric power supply three phase utility. AC railway systems operating at high voltage (25 

kV or 50 kV) and network frequency (50 or 60 Hz) are currently the best choice for new 

track design, thanks to their reliability and efficiency. However, AC railway systems are 

connected to the national power grid by single phase transformers and consequently the three 

phase voltage vendors on the public system result unbalanced. Moreover, single phase 25kV 

electrified railway systems carry a large number of conventional thyristor based locomotives, 

which draw current rich in harmonic content [21], [22].  

The locomotives can be using DC traction motor or AC three phase motor. Currently, 

many of the locomotives still in service based on DC traction motors. Figure 3.4 show the 

electric locomotive with DC traction motor [23]. 

 

 

 

 

 

 

 

 

 

 

Electric traction fed by 25 kV, 50 Hz single phase AC supply fed from the state 

utilities. The traction substations feeding power to the contact wire that are taken power from 

any two phases of the power utility transmission lines. They have an input voltage of 

400/220/110 kV, which is step down to single phase 25kV using traction transformers. This 

25 kV fed to the locomotive through the pantograph fitted on the locomotive. The 

locomotive consists of a traction transformer, which receives the 25 kV and steps down to 

1000V. The tap changing traction transformer has two secondary, each feeds an uncontrolled 

Figure 3.4  Electric locomotive with DC traction motors 
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converter which rectifies the input into dc and fed to dc motors through smoothing reactors 

[22]. There are six DC series motors in a locomotive, of which three are in parallel and fed 

by each of the diode rectifier block. The speed of the locomotive is controlled by adjusting 

the taps of the on load tap changer and also by varying the field of the motor. 

In the early stage, train drives were mainly of tap changer type, not so rich in 

harmonics. Harmonic increased with the introduction of thyristor type drive. With the 

advances of power electronics, the speed and traction force of new drives are much enhanced 

but the harmonics are much increased. Usually, the train load is of lagging power factor and 

rich in 3
rd

 harmonics. Passive filters can provide reactive compensation at 50Hz and also 

absorb harmonics of n = 3 and higher orders. 

The schematic diagram of a typical high speed railway AC traction motor is shown in 

Figure 3.5 [23], AC single phase 50 Hz (after rectification) becomes three phase AC with 

variable voltage and variable frequency supplying three phase motors.  

 

 

 

 

 

 

 

 

 

 

Electric locomotive includes three major parts, four quadrant AC to DC using modern 

pulse width modulated (PWM) converter, inverter and three-phase traction motor. When the 

locomotive operation conditions are defined, pulse width modulated converter input voltage 

is determined. And pulse width modulated converter harmonic contents generated during the 

pulse width modulated processes. Pulse width modulated converter fed locomotives generate 

current harmonics which propagate along traction line. The traction line is distributed at high 

frequencies, so the injected harmonics may cause resonances [24], [25]. 

Figure 3.5  Electric locomotive single phase AC powering three phase motors 
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3.3 Modeling approach of power supplying AC electric railways 

The work in this thesis focuses on examining harmonic distortion of the voltages due 

to influence of the AC industrial frequency traction system 25 kV, 50 Hz on high power 

distribution network [28]. The modeling approach for the work in this thesis based on the 

power distribution network in area of Czech Republic electric railways junction, the electric 

power to the railway network is fed from 110/27 kV transformer substations. High voltage 

network 400 kV and 400/121 kV transformer Dasný supplies to the Velešín substation and 

its superior substations 110 kV (Lipno and Škoda) based real power supply. Electrical 

locomotives are usually designed in a way that alternate voltage 25 kV is decreased by 

traction transformer substation. The analysis and investigations focus on three substation 

positions Lipno, Škoda and Velešín on perform of distribution network 110 kV three phase 

system with influence of single phase AC electric railway traction.  

The power supply for electric railway system is shown in figure 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.6  Electrical diagram of power distribution system network 
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3.3.1 Transformer parameters 

 High voltage power supply is represented by AC source voltage 400kV at Dasný. The 

high power 400 kV and 400/121 kV transformer substation have very low internal 

impedance, and that is why 400/110 kV transformers can be considered an ideal voltage 

sources for simulation. The modeling approach has high power distribution transformer at 

Dasný substation and the traction transformer substation at Velešín. The parameters of 

transformers are given in table 3.1. 

Table 3.1  Parameters of transformers at Dasný and Velešín substations 

Transformers 

Parameters 
Dasný Velešín 

Nominal apparent power Sn = 250 MVA Sn = 12.5 MVA 

Primary voltage 400 kV 110 kV ± 8x2% 

Secondary voltage 110 kV ± 8x2% 27 kV 

Short voltage uk = 13.2% uk = 11.9% 

No load current i0 = 0.45% i0 = 0.4% 

No load state lose P0 = 165 kW P0 = 14 kW 

Short state lose Pk = 630 kW ± 15% Pk = 104 kW ± 15% 

  

 The values of resistance, reactance and impedance for typical transformers can be 

expressed as follows: 
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3.3.2 Power transmission line parameters 

 The power supply using in this work is analyzied on perform three phase electric 

transmission system, the parameters of all the lines in modelling are given in table 3.2. 

Electric power transmission line has three constants resistance, inductance and capacitance 

distributed uniformly along the whole length of the line system. The resistance and 

inductance form the series impedance. The capacitance existing form a conductor to neutral 

and shunt path throughout the length of the line. Therefore, capacitance effects introduce 

complications in transmission line calculations [29]. 

Table 3.2  Parameters of lines 110 kV 

Lines L (km) Rk (/km) Lk (mH/km) Cpk (nF/km) 

1361 6.2 0.156 1.245 9.92 

1348 3.3 0.156 1.25 9.92 

1363 5.02 0.156 1.25 9.9 

1365 48.4 0.156 1.245 9.92 

1370 26.3 0.156 1.245 9.92 

1368 28.5 0.156 1.245 9.92 

1369 27.7 0.118 1.245 9.93 

1373 3.1 0.118 1.25 9.92 

1367 24.3 0.118 1.245 9.93 

1360 8.3 0.156 1.245 9.93 

1380 8.6 0.156 1.245 9.92 

1362 6.4 0.118 1.248 9.9 

1364 4.2 0.118 1.248 9.9 

1374 35.6 0.156 1.25 9.9 

1366 18.1 0.156 1.245 9.9 

 

The resistance values have taken into the modeling simulation due to including the 

influence of the temperature coefficient of resistance. The values of resistance in the three 

phase line system are determined at the temperature of 50 degree Celsius (50
0
C). In three 
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phase line system, the resistance between phases to phase is extremely large. The resistance 

in phase as follows the formula: 

  kkkk RtRR 12.1.1     []      (3.5) 

where  

 is the temperature coefficient of resistance,  = 0.004 per one degree Celsius. 

Inductances in electric power line transmission system can be calculated as follows 

the formula below [30]: 

rkkr

s

k L
r

a
L  05.005.0ln2.0   [mH/km]    (3.6) 

where  as is geometric mean distance between phases 

  r is geometric mean radius of the line 

Lkk is inductance in phase k. 

  µr is magnetic permeability of metal, µr = 1 

Capacitance in three phase high power line 110 kV system are represented by the 

conductance between conductors and between conductor to ground and accounts for the 

leakage current at the insulators. It is very small in case of overhead lines [30]. The 

capacitance for transmission can be determined as follows: 

ikkkpk CCC 3  [nF/km]       (3.7) 

where   

Ckk is capacitance between phase k and ground 

       Cik is capacitance between phase i and phase k 

The capacitance values in electric power transmission line system can be derived as 

follows table 3.3 [30, 50]. 

Table 3.3  Indicative values of capacitance in electric transmission line 

Networks 10 kV to 110 kV 220 kV 400 kV 

Cpk [nF/km] 8  10 12 14 

Ckk [nF/km] 4  6 6 6 

Cik [nF/km] 0.8  1.4 2 2.7 
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3.4 Reducing Harmonic distortion solution 

Many methods of reducing harmonic distortion in power supply systems through the 

use of filters, such as passive filter, multi section filters, and active filters. Passive filters 

have always been considered as a good solution to solve harmonic current problems. 

Different methods based on either active or passive filtering can be used to reduce the 

harmonic distortion of the pantograph current of electric traction vehicles. Active filters have 

become an attractive harmonics mitigation solution in recent years. Modern active filters are 

superior in filtering performance, smaller in physical size, and more flexible in application, 

compared to traditional passive filters. However, even nowadays, the costs involved are 

quite high, especially at high voltage operation [31]. 

In this thesis a performance of the static var compensator (SVC) is available to reduce 

the harmonic distortion, which is a combination of passive filter compensators (FC) and 

thyristor controlled reactor (TCR) [32], the static var compensator technique has shown a 

promising solution to the improvement of harmonic distortion of electric railways. The 

compensator topology and relevant parameters should be given enough attention on 

engineering application to obtain an optimal effect. The static var compensator used in 

electrified railway is a combination of passive filters and thyristor controlled reactor (FC + 

TCR) is shown in figure 3.7. 
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Figure 3.7  Installed SVC in traction transformer substation 
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In order to improve harmonic distortion, the static var compensator is fixed in an-ding 

traction transformer substation. There are two problems for the power quality management, 

harmonic control especially the 3
rd

, the 5
th

 and the 7
th

 harmonics, dynamic reactive power 

compensation. Static var compensator is the equipment that can adjust reactive power 

quickly according to the variation of the load, so that it can improve the power factor and 

sustain the level of the bus bar voltage constantly. If harmonic filters are embedded in the 

static var compensator, it can suppress the harmonic distortion caused by nonlinear traction. 

The passive filters can provide a fixed compensation capacity for the reactive power, while 

the thyristor controlled reactor can absorb continuously controlled reactive power with a 

lagging power factor. So the coordination of thyristor controlled reactor and filter branches is 

necessary for the traction power supply system [32], [33], [34]. 

The state of the thyristor controlled reactor is decided by the trigger pulse of the 

thyristor. While the trigger angle of the thyristor is different with the changing value of the 

reactive power that the traction load needs. So the transient process of thyristor controlled 

reactor cannot be presented by analytical formulas. And the features of thyristor controlled 

reactor can only be given in simulation process [36]. The branches of filter compensators 

which can inject the reactive power into the traction net and filter certain harmonics, are 

made up of a fixed capacitor and a series inductance.  Although the load impedance is 

changing for the different working conditions, different locations of the locomotives, all the 

changing factors can be converted to the side of the voltage. 

The choice of the passive filter parameters should fulfill the condition. The reactive 

power that the passive filter branches supply must be bigger than reactive power traction 

loads. In order to restrain the value of the harmonics according to the specific situations of 

the traction substation and the conditions of the economy, the parameters of the series 

inductors are carefully regulated [35], [36]. The field measured data in an-ding traction 

substation shows that the traction load has notable the 3
rd

, 5
th

 and 7
th

 harmonic contents. In 

order to avoid the magnification of the harmonic components, the series inductor in each 

filter branch should be chosen to satisfy as follows the equation [34]. 
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where h is the high harmonic order in the branch filters. The actual parameters in an-ding 

can be selected as 3 = 0.115, 5 = 0.043, 7 = 0.023.  
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The reactive power supplied by filter compensator can be calculated as follows: 

2.UCQC           (3.9) 

 The reactor resistance is found as follows: 

Q

X
R n           (3.10) 

where  
C

L
XXX CLn   

  Q is filter quality 

  L is inductance [H] 

  C is capacitance [F] 

When the reactive power QF of the load changes, we can adjust the trigger angle of the 

thyristor controlled reactor to control its reactive power QL absorbed. When QF increases, the 

QL should decrease. When QF decreases, the QL should increase. So, the total reactive power 

QS supplied by the power system keeps equal to be approximate zero. 

CLFS QQQQ          (3.11) 

3.5  Harmonic distortion limitation 

3.5.1 The IEEE Std. 512-1992 standard 

The IEEE Std. 519-1992 standard in the USA [37] and ČSN EN 50160 standard in 

Czech Republic provides guidelines for maximum voltage harmonic distortion at the point of 

common coupling (PCC). The IEEE Std. 519-1992 standard for maximum harmonic 

distortion limits is shown in table 3.4. 

Table 3.4  Voltage harmonic distortion limits from IEEE Std. 519-1992 

Bus voltage at PCC 
Individual voltage 

distortion (%) 
Total harmonic voltage 

distortion (%) 

69 kV and below 3 5 

69 kV through 161 kV 1.5 2.5 

161 kV and above 1 1.5 
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Limiting the voltage distortion at the point of common coupling is the concern of the 

utility. It can be expected that as long as facility harmonic current contribution is within the 

IEEE 519 limits the voltage distortion at the point of common coupling will also be within 

the specified limits. The most used standard for harmonic pollution limits is IEEE 519-1992 

standard. In addition to its recommendations, there are specific railway standards, some 

general standards that may be applied to railway systems, such as IEC 61000 series. 

3.5.2 The IEC 61000-3-6 standard 

IEC 61000-3-6 standard specifies limits of harmonic voltages for equipment 

connected to medium voltage (MV), high voltage (HV), and extra high voltage (EHV) 

supply systems [38]. The standard argues that emission limits for individual equipment 

connected to the HV systems should be evaluated on the voltage distortion basis. This is to 

ensure that harmonic current injections from harmonic producing equipment do not result in 

excess voltage distortion levels. Planning levels for harmonic voltage expressed in the 

percentage of the fundamental voltage for HV, and EHV systems are given in tables 3.5. 

Table 3.5  Planning levels for harmonic voltage harmonic (in percent of fundamental) for high 

voltage and extra high voltage systems from IEC 61000-3-6 standard 

Odd harmonics 
Even harmonics 

Not multiple of 3 Multiple of 3 

Order h 
Harmonic 

voltage (%) 
Order h 

Harmonic 
voltage (%) 

Order h 
Harmonic 

voltage (%) 

5 2 3 2 2 1.6 

7 2 9 1 4 1 

11 1.5 15 0.3 6 0.5 

13 1.5 21 0.2 8 0.4 

17 1 > 21 0.2 10 0.4 

19 1   12 0.2 

23 0.7   > 12 0.2 

25 0.7     

> 25 0.2+0.5x25/h     
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3.5.2 The ČSN EN 50160 standard 

ČSN EN 50160 standard lists the characteristics of low and high voltage electrical 

energy. For both voltage levels, it provides allowed limits of harmonic distortion [39]. This 

deviates from the general practice, which is to express harmonic voltage components as 

percentage values relative to the fundamental. It is also mentioned that to the fundamental 

component of the voltage indicating the total harmonic distortion under normal working 

conditions, over a week’s interval to the 95% limits. The maximum harmonic distortion 

limits of the ČSN EN 50160 standard is shown in table 3.6. 

Table 3.6  Voltage harmonic distortion limits from ČSN EN 50160 Standard 

network 
Individual voltage 
distortion (%Un) 

Total harmonic voltage 
distortion (max THD %) 

110 kV 2  2.5 

220 kV 1.5  2 

400 kV 1  1.5 
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4 

Harmonic measurements in the area 

Traction transformer substations SŽDC Velešín 

4.1 Description of measuring apparatuses 

4.1.1 Description of measuring hardware 

Measuring apparatus that was used to scan instantaneous values of the voltage and 

current is designed for long term monitoring. The whole equipment consists of an industrial 

computer, a data acquisition converter, card, input transducers, cables, and specialized 

software. The center of the equipment is a laptop computer with Pentium Core 2 Duo 

processor, 1 GB RAM memory and 120 GB hard drive, with the Windows Vista. The 

apparatuses at measurement location in traction transformer are shown in figure 4.1. 

 

Figure 4.1  Measuring apparatuses at measurement location 
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Using multifunctional USB DQA interface by National Instruments. Its input 

impedance is 10G/100pF, analog input resolutions is 16 bits and maximum sampling rate 

250 kS/s (250000 samples/second) for measuring one channel. When measuring more 

channels, this value must be divided by their number. The AD converter has 16 input 

channels. The voltages and currents were measured by LEM sensors or clip on ammeters. 

4.1.2 Description of the intended program to measure the traction substation 

The software for measuring electrical quantities in the traction transformer substation 

was created in LabVIEW 8.5 by National Instruments [40]. The software application uses 

continual recording of the quantities, making it possible to effectively choose different 

diagnostic methods of post processing the obtained data. Front panel of measurement 

program is shown in figure 4.2.  

 

Figure 4.2   Front panel created measurement application 

The data are readied on the principle of continuous shooting for the actual measuring 

voltage and current signal in the resident background, and the reading program values from 

the memory circular loop that can be further processing. Circular buffer is divided into two 

parts. In the first interval measurement card records the reading data, and the processing 

software already measured the values from second part, the values are assessed in the second 
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interval measurement card overwrites the measurement data from the first part. For the 

proper measurements is necessary to set up some type of control elements before each 

measurement. In particular, a sampling rate, number of samples per channel, period of output 

and input readings on each channel (usually depending on measuring transformer outputs) or 

harmonic limit for the calculation of harmonics and total harmonic distortion. Moreover, it is 

useful in the descriptions of each of the measured channels for easier orientation in the 

evaluation. Diagram created in virtual instrument is shown in figure 4.3 [41]. 

 

Figure 4.3   Block diagram created a virtual instrument application 

Measured data are taken into the storage in text file form by the format "YYYY-MM-

DD_hh-mm-ss.txt", which indicates the year, month, day, hour, minute, and second of 

opening file. Each set includes six hours of recording, this means that the recording current 

file is closed and then a new file is created after every six hour. This method is chosen a 

better overview of large amounts of data, using the above method of storage the data can 

prevents the risk of losses. 

Measured values of each channel are stored by rows in the text file. At the beginning 

of each line is the date and time of reading (depending on system configuration). Following 

to the lime are the effective values of all channels, voltage unbalance coefficient calculated 

from the first three channels as well as harmonic distortion. Individual values are separated 
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by a tab. To preview histories of the measured voltages and currents can be used the 

measurement type display waveform graph. Control dial allows selecting the displayed 

channel or all channels simultaneously display (selected option 0). Preview can be disabled 

to measurement (especially on older PCs), to prevent this processor and do not increase the 

risk of a system crash. To stop it, press the "STOP". 

4.1.3 Accuracy of the instruments and sensors 

All measurements made in every science are inexact, it is impossible to measure 

anything physical exactly, all readings are approximations. Accuracy of measurements 

carried out is expressed by the measurement errors. Error analysis is a basic condition for 

increasing the measurement accuracy. Measured value is differs with the actual value, actual 

measured value is a part of measurement value. Difference of these values is called the 

absolute error. Absolute error is defined as follows formula [42]: 

AM XX           (4.1) 

where  XM   is measured value  

XA  is actual value 

When indicating the accuracy of the measurement, the most commonly method is 

used relative or relative measurement error. Relative error can be expressed as either a 

fraction of the measured quantity or as a percentage, with the latter most common. It does 

not have units. 

MX


   or %100

MX


      (4.2) 

In practice, the result of the measurement is the sum or the product of several 

measured values. In the case of the sum of two variables, the sum of absolute errors of input 

variables is presented following to the equation: 

      YXYXf  ,         (4.3) 

In the case of a product (proportion) of two variables, the relative error of the result is 

given by the sum of the relative errors of input variables, following to the equation. 

      YXYXf  ,         (4.4) 
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The measured value with the measuring chain (MTP + LEM + measurement card, 

etc.), the measurement error must be adjusted to consider each part as a source of potential 

errors. It is the sum of the relative errors of each part to the relation. 

       n  ...321        (4.5) 

Application of the accuracy measurement 

 Instrument current transformers and instrument voltage transformers that are installed 

in the traction transformer substation are 0.5 accuracy class [43]. 

 Voltage LEM sensors LV 25 - P, deviation stated by the manufacturer for an 

environment temperature of 25°C and power supply voltage of ±15 V, is 0.8 % 

(traction transformer station meets these requirements) [44]. 

 Voltage LEM sensors LV 25 - NP, deviation stated by manufacturer for an 

environment temperature of 25°C and power supply voltage of  ±15 V, is 0.5%.  

 Current LEM sensors LA 25 - NP, deviation stated by the manufacturer for an 

environment temperature of 25°C and power supply voltage of ±15 V, is 0.5% [45]. 

 Current LEM sensors LA 55 - P, deviation stated by the manufacturer for an 

environment temperature of 25°C and power supply voltage of ±15 V, is 0.65 % 

(traction transformer station meets these requirements) [46]. 

 Clip on ammeters MN38 with a bandwidth of 0 - 100 kHz and a range of 10 and 100 

A have error respectively 1 %. 

 Error of the AD converter can be found on the manufacturer’s website. For case 

(input range), it is ± 1.47 mV, i.e. ± 0,074 %., and for card range ±1 V, it is ±1.9770 

mV, i.e. ± 0.1977 %. 

Total error when measuring alternating voltage is: 

%374.1074.05.08.0 U        (4.6) 

Total error when measuring alternating current with an LEM sensor LA: 

%224.1074.065.05.0 LEMI        (4.7) 

Total error when measuring alternate current with a clip on ammeter: 

%7.12.015.0 clipI         (4.8) 
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4.2 Traction transformer substation 

Measurements were carried out at the traction transformer substation in Czech 

Republic. Harmonic measurement results are investigated on performed high power supply 

110 kV for three positons of the network, that are Velešín substation and its superior 

substation Lipno and Škoda. Traction transformer substation 110 kV and 27 kV at Velešín 

are shown in figure 4.4 and figure 4.5. 

 

Figure 4.4  Traction transformer substation 110 kV Velešín 

 

Figure 4.5  Traction transformer 27 kV and filters compensation system at Velešín substation 
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Availability of measurement has been scanned instantaneous values of voltage and 

current on performed power supplying electric railways of period one week. Block electrical 

diagram of measuring process in the traction transformer substation is shown in figure 4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6  Electrical diagram of a traction transformer substation 
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4.3 Measurement results in Traction transformer substations 

4.3.1 Measurement results at Velešín substation 

Measurements were carried out at the traction transformer substations in Czech 

Republic period of one week from 11
th

 July, 2011 to 17
th

 July, 2011. Total harmonic 

distortions are calculated on perform 110 kV traction transformer substations based on 

obtained data of order harmonics of the voltages for all of the period of one week with 

influence of single phase electric traction railways. Illustration of total harmonic distortions 

of the voltages line to line in high power supply 110 kV at Velešín substation are shown in 

figure 4.7. 

 

Figure 4.7  Total harmonic distortions of voltages (THDU) 110 kV at Velešín substation 

In high power supply at Velešín substation, the maximum the total harmonic 

distortion of voltage line to line U12 in period of one week is THDU12(%) = 2.3512%, for 

voltage line to line U23 is THDU23(%) = 2.1676%, and maximum result for voltage line to 

line U31 is THDU31(%) = 2.2312%. 

Based on these values, the total harmonic distortions of the voltages are calculated to 

the 95% limits following to the standards (95 percent value during a measurement period of 

one week). These results are shown in figure 4.8.  

Values of total harmonic distortion of the voltage to the 95% limits on voltage line to 

line U12 is THDU12(%) = 0.7717%, on the voltage line to line U23 is THDU23(%) = 0.6939%, 

and for voltage line to line U31 is THDU31(%) = 0.6534%. While the limit set by the IEEE 
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Std. 519-1992 standard in the USA (see table 3.4) and the ČSN EN 50160 standard in Czech 

Republic (see table 3.6) provides guidelines for maximum voltage harmonic distortion at the 

point of common coupling (PCC) on 110 kV distribution network must be less than 2.5%. 

While the maximum of total harmonic distortion voltage on 110 kV at Velešín substation to 

the 95% is THDU12(%) = 0.7717% less than 2.5%. Hence evaluation of the measured data 

results in information that the harmonic distortion of the voltages on the measured high 

power supplying electric railways at Velešín substation meets specified conditions by 

standards for the operation of distribution systems. 

 

Figure 4.8  Total harmonic distortion voltages (THDU) to the 95% limits at Velešín substation 

 

Figure 4.9  Total harmonic distortions of voltage (THDUS) on secondary 27 kV at Velešín substation 
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Figure 4.9 shows the total harmonic voltage at secondary transformer 27 kV in period 

of one week from 11
th

 July, 2011 to 17
th

 July, 2011. The maximal total harmonic distortion 

is THDUS(%) = 6.9689% and the value to the 95% limit is 2.87%. evaluation of harmonic 

distortion on 27 kV supply traction, the limit of value following to the IEEE Std. 519-1992 

standard is less than 5%. Hence the harmonic distortion of the voltages on the measured 27 

kV at Velešín substation also meets specified conditions by standards for the operation of 

distribution systems. 

4.3.2 Measurement results at Lipno 

Illustration of total harmonic distortions of the voltages on the measured high power 

supplying electric railways in period of one week in 110 kV traction transformer at Lipno 

substation are shown in figure 4.10. 

The maximum of total harmonic distortion of voltage line to line U12 in period of one 

week at Lipno substation is THDU12(%) = 2.199%, for the voltage line to line U23 is 

THDU23(%) = 2.1685%, and for voltage line to line U31 is THDU31(%) = 2.1582%. 

 

Figure 4.10  Total harmonic distortions of voltages 110 kV at Lipno 

Values of total harmonic distortion of the voltages at Lipno substation to the 95% 

limits on voltage line to line U12 is THDU12(%) = 0.724%, on the voltage line to line U23 is 

THDU23(%) = 0.707%, and for voltage line to line U31 is THDU31(%) = 0.6592%. The 

maximal value to the 95% is THDU12(%) = 0.724% less than 2.5%. The measured results 



 

- 44 - 

show that the harmonic distortion of the voltages on high power supplying electric railways 

at Lipno substation meets specified conditions by standards for the operation of distribution 

network. The total harmonic distortions of the voltages at Lipno are shown in figure 4.11. 

 

Figure 4.11  Total harmonic distortion voltages (THDU) to the 95% limits at Lipno 

4.3.3 Measurement results at Škoda 

The total harmonic distortions of the voltages on the measured high power supply 110 

kV in period of one week at Škoda substation are shown in figure 4.12. 

 

Figure 4.12  Total harmonic distortions of voltages at Škoda 
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In high power supply distribution network at Škoda substation, the maximum total 

harmonic distortion of voltage line to line U12 in period of one week is THDU12(%) = 

2.2608%, for voltage line to line U23 is THDU23(%) = 2.1985%, and for voltage line to line 

U31 is THDU31(%) = 2.2378%. 

Total harmonic distortion of the voltage to the 95% limits on voltage line to line U12 is 

THDU12(%) = 0.7028%, on the voltage line to line U23 is THDU23(%) = 0.659%, and for 

voltage line to line U31 is THDU31(%) = 0.6438%. These values are shown in figure 4.13. In 

there the maximum of total harmonic distortion voltage at Škoda substation to the 95% is 

THDU12(%) = 0.7028% less than 2.5%. Hence the harmonic distortion of the voltages on the 

measured high power supply at Škoda substation meets specified conditions by harmonic 

standards. 

 

Figure 4.13 Total harmonic distortion voltages (THDU) to the 95% limits at Škoda 

4.3.4 Comparison of Harmonic distortion between substation positions 

Comparison of total harmonic distortion (THDU) of voltages line to line U12 for all 

three substations  is shown in figure 4.14. For voltage line to line U23 and voltage line to line 

U31 will be shown in appendix at the end of this thesis. 

The total harmonic distortion voltages line to line to the 95% limits all of three 

substations are shown in figure 4.15. There is a small difference that the total harmonic 

distortion on the voltage line to line is more than the total harmonic distortion on other 
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voltages. However, viewed from the spectrum presented other levels of total harmonic 

distortions of the voltages at Velešín substation and its superior substations (Lipno and 

Škoda) which are very approximate. 

 

Figure 4.14  Comparison of total harmonic distortion voltages (THDU) in period one week on 110 kV 

supply at Velešín substation and its superior substations (Lipno and Škoda) 

 

Figure 4.15  Comparison of total harmonic distortion voltages (THDU) to the 95% limits on 110 kV 

side at Velešín substation and its superior substations (Lipno and Škoda) 

The total harmonic distortions of voltage (THDU) in high power supplying electric 

railways 110 kV are calculated for three positions. Measurements were given for period of 
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one week at Velešín substation and its superior substations (Lipno and Škoda). Calculation 

results are given in table 4.1.   

Table 4.1  Total harmonic distortion voltages (THDU) to the 95% limits for all three substations on 

the measured 110 kV high power supply 

Total harmonic 
Distortion 

Substations 
THDU12(%) THDU23(%) THDU31(%) 

Lipno 0.724 0.707 0.6592 

Velešín 0.7717 0.6939 0.6534 

Škoda 0.7028 0.659 0.6438 

4.4 Statistics analysis 

4.4.1 Statistical characteristics 

Statistical characteristics are used for various types of variables and representation the 

larger statistical groups of the harmonics from measuring. In addition can be used graphs for 

better plasticity descriptions of variables analysis [47]. 

Median    
n

x

x

n

i

i
 1        (4.4) 

Mode 



x  For discrete variable mode 


x  is defined as value of the most frequency 

of the variable. But by the continuous variable we think of mode 


x  as 

value around which is the most concentration of variable values. Then 

mode 


x  is defined as center of the short. 

Quartiles When division is into four parts the values of the variation 

corresponding to 25%, 50% and 75% of the total distribution. 

Lower quartile x0.25   It divides a sample of data so that 25% of values is less than this 

quartile, i.e. 75% is bigger (or equal). 

Median x0.5  It divides a sample of data so that 50% of values is less than median 

and 50% of values is bigger (or equal) 
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Upper quartile x0.75  It divides a sample of data so that 75% of values is less than this 

quartile, i.e. 25% is bigger (or equal) 

inter-quartile range  IQR = x0.75 - x0.25       (4.5) 
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 = 0 ... variable values are distributed symmetrically round the mean 

 > 0 ... there predominate values less than mean by the variable 

 < 0 ... there predominate values greater then mean by the variable 
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 = 0 ... Kurtosis corresponds to normal distribution 

 > 0 ... "peaked" distribution of the variable 

 < 0 ... "flat" distribution of the variable 

Minimum xmin  xmin = x0, i.e. 0% of values are less than minimum 

Maximum xmax  xmax = x1, i.e. 100% of values are less than maximum 

Statistical characteristics of the total harmonic distortion that obtained from measured 

order harmonic at Velešín substation and its superior Lipno substation and Škoda substation 

are calculated by used descriptive statistics in MS excel for variables and representation the 

larger statistical groups of the harmonics from measuring. Statistical total harmonic 

distortion values at all three substations are calculated and given in the table 4.2, table 4.3, 

and table 4.4. 
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Table 4.2  Statistics description of total harmonic distortion voltages at Velešín substation 

Charateristics THDU12(%) THDU23(%) THDU31(%) THDUS(%) 

Mean 0.4825 0.4569 0.4164 1.4877 

Standard Error 0.0003 0.0002 0.0002 0.0015 

Median 0.4407 0.4345 0.3959 1.2067 

Mode 0.3682 0.3857 0.2919 1.1894 

Standard Deviation 0.1758 0.1441 0.1441 0.8405 

Sample Variance 0.0309 0.0208 0.0208 0.7064 

Kurtosis 27.9337 49.8639 60.8643 6.5343 

Skewness 4.1581 5.7512 6.635 2.605 

Range 2.1483 1.945 2.0095 6.2756 

Minimum 0.2029 0.2226 0.2217 0.6933 

Maximum 2.3512 2.1676 2.2312 6.9689 

Count 333626 333626 333626 333626 

Table 4.3  Statistics description of total harmonic distortion voltages at Lipno 

 THDU12(%) THDU23(%) THDU31(%) 

Mean 0.4959 0.4874 0.4495 

Standard Error 0.0002 0.0002 0.0002 

Median 0.4775 0.4754 0.4369 

Mode 0.4661 0.4862 0.4431 

Standard Deviation 0.1387 0.1335 0.1275 

Sample Variance 0.0192 0.0178 0.0163 

Kurtosis 46.4738 51.2843 66.88 

Skewness 5.3439 5.728 6.9036 

Range 1.9818 1.9245 1.9194 

Minimum 0.2172 0.244 0.2388 

Maximum 2.199 2.1685 2.1582 

Count 333254 333254 333254 
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Table 4.4  Statistics description of total harmonic distortion voltages at Škoda 

 THDU12(%) THDU23(%) THDU31(%) 

Mean 0.4393 0.4095 0.3884 

Standard Error 0.0003 0.0003 0.0003 

Median 0.4179 0.3885 0.3683 

Mode 0.3315 0.2974 0.4939 

Standard Deviation 0.1602 0.1517 0.1553 

Sample Variance 0.0257 0.023 0.0241 

Kurtosis 43.0364 50.0986 52.9057 

Skewness 5.1859 5.7773 6.0124 

Range 2.056 1.9993 2.0614 

Minimum 0.2048 0.1992 0.1764 

Maximum 2.2608 2.1985 2.2378 

Count 333626 333626 333626 

4.4.2 Histogram of Total harmonic distortion 

In statistics, a histogram is a graphical representation showing a visual impression of 

the distribution of data. It is an estimate of the probability distribution of a continuous 

variable. A histogram consists of tabular frequencies, shown as adjacent rectangles, erected 

over discrete intervals (bins), with an area equal to the frequency of the observations in the 

interval. The height of a rectangle is also equal to the frequency density of the interval, i.e., 

the frequency divided by the width of the interval. The total area of the histogram is equal to 

the number of data [48]. Histogram may also be normalized displaying relative frequency 

and density of total harmonic distortion in transformer traction substation shows the 

proportion of each of value on the voltage, with the total area equaling one. In presented 

histogram of total harmonic distortion at transformer substation, the variants of the total 

harmonic distortion value (VTHD) are considered on the horizontal axis, and the vertical axis 

considers the variable density frequency. However using the second vertical axis for 

cumulative frequency follows percent. Figure 4.16 presents an example of harmonic 

distortion voltages line to line U12 at Velešín substation such as histogram, which serves to 

summarize the measurement results both temporally and spatially, from this total harmonic 

http://en.wikipedia.org/wiki/Statistics
http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Continuous_variable
http://en.wikipedia.org/wiki/Continuous_variable
http://en.wikipedia.org/wiki/Frequency_%28statistics%29
http://en.wikipedia.org/wiki/Rectangle
http://en.wikipedia.org/wiki/Normalization_%28statistics%29
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distortion to the 95% can be graphically determined. This value can be thought of as a 

statistic to 95% of probability in the temporal distribution limited by number of a week [49]. 

 

Figure 4.16  Histogram of total harmonic distortion voltage (THDU12) on primary traction 

transformer 110 kV including cumulative frequency at Velešín substation 

 Figure 4.17 shows histogram of values total harmonic distortions on primary traction 

transformer side 110 kV for all three voltages line to line at Velešín substation. Variants of 

total harmonic distortion values for voltage line to line U12 (from 0.2029% to 2.3512%, and 

the value of inter-quartile range IQR = 0.2372%) opens a little wider than other voltages but 

view the values of total harmonic distortion of voltages are very approximate. 

 

Figure 4.17  Histogram of total harmonic distortion voltages (110 kV) at Velešín substation 
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 Figure 4.18 shows the histogram of total harmonic distortion and the distribution of 

95% value of voltage on the secondary traction transformer 27 kV site at Velešín substation. 

The mean value for total harmonic distortion value (VTHD) is 1.4877%, computing the VTHD 

to the 95% presented in the histogram gives up the system, which is 2.87% exceeded the 

limits established by harmonic standards. 

 

Figure 4.18  Histogram of total harmonic distortion voltage (THDUS) on secondary traction 

transformer 27 kV including cumulative frequency at Velešín substation 

 Histogram of values total harmonic distortion voltages 110 kV at Lipno are shown in 

figure 4.19.  

 

Figure 4.19  Histogram of total harmonic distortion values on voltages 110 kV at Lipno 
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Variants of total harmonic distortion values for voltage line to line U12 at Lipno (from 

0.2172% to 2.199%, for voltage line to line U23 is (0.244% to 2.1685%), and for voltage line 

to line U31 is (0.2388% to 2.1582%). 

Figure 4.20 shows histogram of values total harmonic distortions on primary traction 

transformer side 110 kV for all three voltages line to line at Škoda. Variants of total 

harmonic distortion values for voltage line to line U12 is (0.2048% to 2.2608%), for voltage 

line to line U23 is (0.1992% to 2.1985%), and for voltage U31 is (0.1764% to 2.2378%).  

 

Figure 4.20  Histogram of total harmonic distortion values on 110 kV voltage at Škoda 

4.4 Conclusions 

Measurements were carried out at the traction transformer substation in Czech 

Republic. Harmonic measurement results are investigated on performed high power supply 

110 kV and 27 kV sites in area the Velešín substation, its superior substation Lipno and 

Škoda. Total harmonic distortion of the voltages are calculated on perform 110 kV traction 

transformer substations based on obtained data in order harmonics of the voltages for in the 

period of one week with influence of single phase electric traction railways.  

The calculation results achieved from measuring period of one week in high power 

supply shown that the maximum the total harmonic distortion of voltage line to line U12 at 

Velešín substation was THDU12(%) = 2.3512%, for voltage line to line U23 was THDU23(%) 

= 2.1676%, and maximum result for voltage line to line U31 was THDU31(%) = 2.2312%. 

The maximal value at Lipno for voltage line to line U12 was THDU12(%) = 2.199%, for the 
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voltage line to line U23 was THDU23(%) = 2.1685%, and for voltage line to line U31 was 

THDU31(%) = 2.1582%. In high power supply distribution network at Škoda substation, the 

maximum total harmonic distortion of voltage line to line U12 in period of one week is 

THDU12(%) = 2.2608%, for voltage line to line U23 was THDU23(%) = 2.1985%, and for 

voltage line to line U31 was THDU31(%) = 2.2378%. 

The total harmonic distortions of the voltages were calculated to the 95% limits 

following to the standards (95 percent value during a measurement period of one week). 

Values of total harmonic distortion of the voltage to the 95% limits on voltage line to line 

U12 at Velešín substation was THDU12(%) = 0.7717%, on the voltage line to line U23 is 

THDU23(%) = 0.6939%, and for voltage line to line U31 was THDU31(%) = 0.6534%. Values 

of total harmonic distortion of the voltages at Lipno to the 95% limits on voltage line to line 

U12 was THDU12(%) = 0.724%, on the voltage line to line U23 was THDU23(%) = 0.707%, 

and for voltage line to line U31 was THDU31(%) = 0.6592%. Total harmonic distortion of the 

voltage to the 95% limits at Škoda on voltage line to line U12 was THDU12(%) = 0.7028%, on 

the voltage line to line U23 was THDU23(%) = 0.659%, and for voltage line to line U31 was 

THDU31(%) = 0.6438%.  

The values of total harmonic distortion of the voltages to the 95% limits were given in 

comparison for all three substations. The maximal value from comparing on perform 110 kV 

power supply was total harmonic distortion voltage line to line U12 at Velešín substation, 

which was THDU12(%) = 0.7717%. The total harmonic distortion to the 95% on the voltage 

27 kV at secondary traction transformer at Velešín substation was THDUS(%) = 2.87%. 

While the limit set by the IEEE Std. 519-1992 standard in the USA (see table 3.4) and the 

ČSN EN 50160 standard in Czech Republic (see table 3.6) provides guidelines for maximum 

voltage harmonic distortion at the point of common coupling (PCC) on 110 kV distribution 

network must be less than 2.5%, and for 27 kV voltage must be less than 5%. Hence 

evaluation of the measured data results in information that the harmonic distortion of the 

voltages on the measured high power supplying electric railways in area the Velešín 

substation, its superior substation Lipno and Škoda meets specified conditions by standards 

for the operation of distribution systems. With regard to the measurements can be taken into 

other lines, we can conclude that generalize for the entire railway network in Czech 

Republic. 
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5 

Simulation 

5.1 Introduction to the ATP-EMTP 

 Simulation for power electric railway traction system is discussed in the ATP version 

of the Electromagnetic Transient Program (EMTP). ATP-EMTP mostly used universal 

program for digital simulation of electromagnetic transients in power systems has extensive 

modeling capabilities. Besides actual simulation module there exist several non-simulation 

supporting routines, which can be used to general data like computation of parameters to 

represent multi-phase, multi winding transformers in the time domain simulation [50]. 

Schematic overview of available simulation modules and supporting routines and their 

interaction is shown below in figure 5.1. 

 

Figure 5.1  Modules of ATP-EMTP (sources [50])
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The ATP-EMTP simulation system consists of various separate supporting programs 

(pre and post processors), data initialization files besides the actual main program 

(TPBIG.exe or ATPWNT.exe). Besides other alternatives ATPDraw can be used as a 

simulation center, which provides an operating shell for other ATP-EMTP components. 

ATPDraw is a graphical to generate ATP input data file. It assists create and edit the model 

of the electrical network to be simulated. In the program the user can construct an electric 

circuit, by selecting predefined components from an extensive palette. The preprocessor then 

creates the corresponding ATP input file automatically in correct format. 

Figure 5.2 gives a functional overview of the tradition use of ATP-EMTP program. 

ATP components that are communicating via disk files, while the product of the simulation 

can be used as input for the main program. The structure of the program components is 

rather difficult, so having a user shell which supervises the execution of separate programs 

and input or output flows is a great advantage [50]. 

 

Figure 5.2  Schematic description of the ATPDraw user shell 
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Run ATP command makes it possible to use ATPDraw as the center of a powerful 

simulation environment, i.e. from which other components of the ATP package are launched. 

Besides standard run ATP command users can add other external commands (e.g. TPPlot, 

PCPlot, PlotXY, etc.) to the existing program items under the ATP menu (see figure 5.3). 

 

Figure 5.3  ATPDraw for windows 

5.2 Modeling in ATP-EMTP 

Below is presented a generalized procedure for performing a simulation for the power 

supplying AC electric railways based on the real power distribution network in Czech 

Republic (see figure 3.6). High voltage power is represented by AC source voltage 400kV 

and transformer 400/121 kV at Dasný substation. The high power supply and electric power 

transmission line system are given by three phase system (see section 3.3). The traction 

transformer (traction transformer at Velešín substation) and locomotives are given by single 

phase. For the single phase traction loads, the current harmonics spectrum includes all the 

odd harmonics, the most important ones being the low ones, i.e. 3
rd

, 5
th

 and 7
th

 harmonic 

component. Harmonic distortions are taken by traction vehicles is high, it is very common 

for total harmonic distortion.  
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In this simulation, the detail study focuss on simulation results of voltages line to line 

110 kV three phase system with influence of single phase traction loads. The simulation 

modeling in the ATP-EMTP is given in figure 5.3. 

 

The electrical locomotives are usually designed in a way that alternate voltage 25kV is 

decreased by traction transformer. Locomotives are run under the contact line system. It 

could be represented by frequency consumers and harmonic generators (see table 5.1) 

Table 5.1  Current harmonics sources of single phase traction loads 

 
Order harmonic currents 

1st 3rd 5th 7th 9th 11th 13th 15th 17th 19th 

Frequency 
[Hz] 50 150 250 350 450 550 650 750 850 950 

Harmonic 

currents [A] 
178.27 11.32 3.47 9.3 6.15 4.22 2.45 2.49 2.82 3.05 

Figure 5.4  Modeling for simulation 
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At the contact point, the locomotives could be represented by frequency consumers 

and current harmonic generators. Based on harmonic distortion of the fundamental current 

and order high harmonic component of currents, the locomotives for this simulation are 

considered by the harmonics of the fundamental harmonic component current and in order 

from 2
nd

 high harmonic component to 19
th

 high harmonic component current such as single 

phase traction loads, the power single phase traction load for simulation is 5 MVA. 

The parameters of electric power transmission line system for simulation have given 

by π parameter mode three phase systems including the series impedances and shunt 

capacitances, these values are determined following to the section 3.3.2 theory. Values of 

transmission line for simulation are given in tables 5.2. 

Table 5.2  Parameters of transmission lines system 110 kV 

Lines 
L  

(km) 

Rkk  

(/km) 

Lkk  

(mH/km) 

Lik 

(mH/km) 

Ckk  

(nF/km) 

Cik 

(nF/km) 

 1361 6.2 0.175 1.195 0.05 5.72 1.4 

1348 3.3 0.175 1.2 0.05 5.72 1.4 

1363 5.02 0.175 1.2 0.05 5.7 1.4 

1365 48.4 0.175 1.195 0.05 5.72 1.4 

1370 26.3 0.175 1.195 0.05 5.72 1.4 

1368 28.5 0.175 1.195 0.05 5.72 1.4 

1369 27.7 0.132 1.195 0.05 5.73 1.4 

1373 3.1 0.132 1.2 0.05 5.72 1.4 

1367 24.3 0.132 1.195 0.05 5.73 1.4 

1360 8.3 0.175 1.195 0.05 5.73 1.4 

1380 8.6 0.175 1.195 0.05 5.72 1.4 

1362 6.4 0.132 1.198 0.05 5.7 1.4 

1364 4.2 0.132 1.198 0.05 5.7 1.4 

1374 35.6 0.175 1.2 0.05 5.7 1.4 

1366 18.1 0.175 1.195 0.05 5.7 1.4 
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5.3 Simulation results 

5.3.1 Simulation results at Velešín substation 

Simulation results are represented harmonic of the voltage in three phase system under 

influence of single phase traction load following to the real power electric railway traction in 

Czech Republic (see figure 3.6 and figure 5.4). The traction loads are represented by the 

harmonics of the currents in order from 1
st
 harmonic component to 19

th
 high harmonic 

component. In modeling for simulation, the harmonic components of the currents connecting 

to the voltage line to line U12 at the point of common coupling of the traction transformer. 

The simulation results focus on harmonic of voltages line to line at three position substations 

110 kV in modelling. Based on that, the total harmonic distortions are calculated and 

investigated at 110 kV transformer substations. Obtained results are given in comparisons 

with data obtained by measuring at Velešín substation and its superior substations 110 kV 

(Lipno and Škoda).   

The waveform of the harmonic voltages line to line of U12, U23, and voltage U31 on 

perform 110 kV at Velešín substation are shown in figure 5.5 (in figures shows the 

waveform of the harmonic of the voltages, the red line is represented the voltage line to line 

U12, the green line is represented the voltage line to line U23, and the blue line is represented 

the voltage line to line U31). 

 

 

 

 

 

 

 

 

 

 

Figure 5.5  Waveform of the voltages line to line at Velešín substation by simulation 
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Figure 5.6 shows the high harmonics on 110 kV conneting to the distribution network 

of the voltages line to line U12, U23, and U31 in order from 2
nd

 harmonic component to 40
th

 

harmonic component at Velešín substation.  

 

Figure 5.6  Harmonic components of voltages in order from 2nd harmonic to 40th harmonic 

component at primary 110 kV Velešín substation by simulation 

Depending on the type of traction load connecting to the voltage line to line U12 of 

power system 110 kV distribution network, the harmonic components of the voltage line to 

line U12 is mostly increasing. The large increase ones of the amplitude of the voltages are 5
th

 

and 7
th

 harmonic component, it can be due to the influence of the single phase nonlinear 

loads connected to the network. The 5
th

 harmonic of the voltage is 550.14 V, based on that, 

the individual harmonic distortion is IHDU(%) = 0.46%, the 7
th

 harmonic voltage is 1151.3 V 

(IHDU(%) = 0.97%). The largest increase harmonic of voltage line to line U23 is also the 7
th

 

harmonic is 575.92 V (IHDU(%) = 0.5%), for line to line U31 is 575.37 V at 7
th

 harmonic 

component (IHDU(%) = 0.49%). Both of harmonic values for three phase system of the 

voltage line to line after the 21
th

 harmonic component are very less.  

Figure 5.7 shows the total harmonic distortion at Velesin substation. the maximum 

total harmonic distortion by simulation is on the voltage line to line U12 supplying for the 

traction load. It is due to the mostly influence of single phase traction load to the voltage line 

to line U12. The total harmonic distortion of voltage line to line U12 is THDU12(%) = 

1.2787%, for the voltage line to line U23 is THDU23(%) = 0.636%, and for the voltage line to 

line U31 is THDU31(%) = 0.6372%.  
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Figure 5.7  Total harmonic distortion of voltages at Velešín substation by simulation 

5.3.2 Simulation results at Lipno 

Order high harmonic of the voltages line to line on three phase system from 2
nd

 

harmonic component to 40
th

 harmonic component at Lipno are shown in figure 5.8. The 

large increase ones of the amplitude of the voltages at Lipno are also the 5
th

 and 7
th

 harmonic 

components, the highest harmonic voltage is 7
th 

of the voltage line to line U12, the individual 

harmonic distortion is IHDU(%) = 0.987%, and for all harmonic voltages, the harmonics 

after 21
th

 are very less.  

 

Figure 5.8  Harmonic components of voltages at Lipno by simulation 
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The total harmonic distortion of voltage line to line U12 is THDU12(%) = 1.2316%, for 

the voltage line to line  U23 is THDU23(%) = 0.6138%, and for the voltage line to line U31 is 

THDU31(%) = 0.618%. The maximum toatal harmonic distortion on voltage line to line U12, 

these values are shown in figure 5.9. 

 

Figure 5.9  Total harmonic distortion of voltages at Lipno 

5.3.3 Simulation results at Škoda 

High harmonic voltages line to line U12, U23, and U31 from 2
nd

 harmonic component 

to 40
th

 harmonic component at Škoda are shown in figure 5.10.  

 

Figure 5.10  Harmonic components of voltages at Škoda by simulation 
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The total harmonic distortion in power supply 110 kV at Škoda of the voltage line to 

line U12 is THDU12(%) = 0.9074%, for the voltage line to line  U23 is THDU23(%) = 0.4529%, 

and for the voltage line to line U31 is THDU31(%) = 0.4522%, the maximum total harmonic 

distortion is value on the voltage line to line U12. The values of total harmonic distortion at 

Škoda are shown in figure 5.11. 

 

Figure 5.11  Total harmonic distortion of voltages at Škoda by simulation 

5.3.4 Comparison of harmonic distortion between substations 

The simulation results shows that, all three substation positions have harmonic voltage 

line to line U12 of power system 110 kV distribution network is mostly increasing of 

harmonic voltage due to the single phase connected to the system. The difference in the 

amplitude between three phase due to unbalance caused by single phase traction loads. The 

larger increase ones of the amplitude of the harmonic voltages typically also include the low 

order odd harmonics such as the 5
th

 and the 7
th

 harmonic component, the highest harmonic of 

voltage amplitude is the 7
th

 harmonic component and the harmonic after the 21
th

 harmonic 

component are very less in all of substation positions. In general, the single phase nonlinear 

loads cause higher distortion of the 5
th

 and 7
th

 harmonics. In fact that the 5
th

 harmonic is 

lower than the 7
th

 can be due to lower negative sequence impedance in electrical machines or 

can be long line resonance causing a change in the amplitude along the line. The 3
rd

 and 9
th

 

voltage harmonics (see figure 5.12) are smaller than the 5
th

 and 7
th

 voltage harmonics, they 

show a rather constant level with no obvious load variations. 
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Figure 5.12 shows high harmonic of the voltages line to line U12 in the comparison of 

three substation positions order from 2
nd

 to 40
th

 harmonic components by simulation. 

 

Figure 5.12  Comparison of harmonic components of voltages (U12) by simulation 

 The total harmonic distortion of the voltages for all three positions Lipno, Velešín, 

and Škoda by simulation are shown in figure 5.13. The highest total harmonic distortion 

level at Velešín substation due to unbalance caused by single phase traction loads, it also can 

be totally different compared to another point of the line and between the phase unbalances.  

 

Figure 5.13  Comparison of total harmonic distortion of the voltages (THDU) for all three substations 

by simulation 
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5.4 Measurements and simulation results 

In this research are analyzed aspects of simulation and measurement results, 

propagation of harmonics and total harmonic distortion in power supply system for all of 

three substations in Czech Republic. Viewed from the spectrum presented in tables form 

with relevant data, levels of total harmonic distortion simulated and measured which are very 

approximate. One such comparison, helps on recognition of the propagation of harmonics 

and their flows in the power system, respectively in the nodes where are simulated and 

measured. The importance of simulations and measurements is recognition of the parameters 

and load characteristics of transmissions, the level of injection by their harmonics in the 

respective traction transformer substations. The continuous monitoring of system elements, 

finding the location of injections, as well as the reconfiguration of the power system by 

intake of component for mitigation of harmonics constitute a necessity in simulation and 

measurement methods of harmonics in continuity. Measurements and simulations were 

carried out in the time domain and the frequency domain to determine the total harmonic 

distortions. 

Comparison of high harmonics of the currents at primary 110 kV Velešín substation in 

order from 2
nd

 high harmonic to 40
th

 high harmonic components by measurement and 

simulation are shown in figure 5.14. The harmonic current 3
rd

 and 7
th

 are higher other 

harmonic components, it is cause by the harmonic current sources such as traction load. 

 

Figure 5.14  Comparison of order high harmonic currents between measurement and simulation at 

Velešín substation 
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The levels of harmonic distortion currents at between measurement and simulation is 

very approximate, the value total harmonic distortion of the current by measurement is 

THDI(%) = 10.4141%, and this value by simulation is THDI(%) = 10.038%.  

The harmonic of the voltages line to line U12 at Velešín substation are given into the 

comparison of measurement with simulation results in figure 5.15. 

 

Figure 5.15  Comparison of order high harmonic components of voltages (U12) by measurement with 

simulation at Velešín substation 

Comparison of high harmonic currents between measurement and simulation at Lipno 

in order from 2
nd

 high harmonic to 40
th

 high harmonic components are shown in figure 5.16.  

 

Figure 5.16  Comparison of order high harmonic currents of measurement with simulation at Lipno 

 



 

- 68 - 

Figure 5.17 shows the harmonic of the currents at Škoda in the comparison of 

measurement with simulation results. 

 

Figure 5.17  Comparison of order high harmonic currents by measurement with simulation at Škoda 

Both measurement and simulation results at Lipno, Velešín and Škoda substations 

shows that the higher increase ones of the amplitude of the harmonic typically also include 

the low order odd harmonics such as the 3
rd

, 5
th

 and 7
th

 harmonic component. The highest 

harmonic of current amplitude is the 3
rd

 harmonic component, and the highest harmonic of 

voltage amplitude is the 7
st
 harmonic component. As far as the differences between 

measurement results and simulation results, the most significant ones are for 3
rd

 and 7
th

 

harmonics. The 7
th

 harmonics on voltage line to line U12 by simulation higher than in 

measurement, the most is 7
th

 harmonic component. The 7
th

 harmonic amplitude of voltage 

line to lint U12 at Velešín substation by simulation is 1151.3 V (IHDU(%) = 0.97%), while 

the maximum value by measurement is 516 V (IHDU(%) = 0.45%). It is due to the influence 

of harmonic current sources such as traction loads connecting to the voltage line to line U12 

in simulation. However, the order even harmonics by measurement higher than the 

simulation results. These differences can be caused by some error in measurement, influence 

of thyristor regulation of current in the decompensating reactor. The levels of order harmonic 

voltages and total harmonic distortion on perform voltage line to line U23 and voltage line to 

line U31 by simulation and measurement which are very approximate. 

The total harmonic distortions of the voltages from the measurement and simulation at 

Velešín substation are shown in figure 5.18. The maximum total harmonic distortion of the 
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voltage by measurement is THDU12(%) = 0.9872%, and maximal value by simulation is 

THDU12(%) = 1.2787%. 

 

Figure 5.18  Comparison of total harmonic distortions of voltages between measurement and 

simulation at Velešín substation 
 

The total harmonic distortions of the voltages from the measurement and simulation at 

Lipno substation are shown in figure 5.19. The maximum total harmonic distortion of the 

voltage by measurement is THDU12(%) = 0.789%, and the maximum of total harmonic 

distortion value by simulation is THDU12(%) = 1.2316%. 

 

Figure 5.19  Comparison of total harmonic distortion voltages  between measurement and 

simulation at Lipno 
 



 

- 70 - 

The total harmonic distortions of the voltages from the measurement and simulation at 

Škoda are shown in figure 5.20. The maximum total harmonic distortion by measurement is 

THDU12(%) = 0.6839%, and for simulation is THDU12(%) = 0.9074%. 

 

Figure 5.20  Comparison of total harmonic distortions of voltages by measurement with simulation 

at Škoda 
 

In simulation the harmonic current sources connected to the voltage line to line U12 

such as single phase traction loads, the power of traction load about 5 MVA. So the total 

harmonic distortion on voltage line to line U12 all of Velešín substation and its superior 

substation Lipno and Škoda by simulation higher than by measurement. The maximum total 

harmonic distortion of the voltage by simulation at Velešín substation is THDU12(%) = 

1.2787% with the highest harmonic being the 5
th

 and 7
th

 order high harmonic voltage, at 

Lipno substation is THDU12(%) = 1.2787%, and at Skoda substation is THDU12(%) = 

0.9072%. The measurement results at Velesin is THDU12(%) = 0.9872% with both the 5
th

 

and 7
th

 harmonics again dominating, at Lipno is THDU12(%) = 0.789%, and at Škoda is 

THDU12(%) = 0.6839%. In addition, viewed from the spectrum presented other levels of 

order harmonic components and total harmonic distortion simulated and measured which are 

very approximate (see appendix for order high harmonic components of the voltage line to 

line U23 and voltage line to line U31, and see table 5.3 for the values of total harmonic 

distortions). However, simulation could be more favorable than reality measurement. These 

differences can be caused by some error in measurement, the influence of thyristor 

regulation of current in the decompensating reactor or due to the voltage distortions in the 

feeding distribution network. 
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Comparison of the total harmonic distortions of voltages line to line (THDU) in high 

power 110 kV supplying electric railways in the area Velešín substation and its superior 

substations for both of measurement and simulation are given in table 5.3. 

Table 5.3  Total harmonic distortion of the voltages (THDU) at all three substation both of 

measurement and simulation 

Substations Works 
Total harmonic distortion 

THDU12(%) THDU23(%) THDU31(%) 

Lipno 
Measurement 0.789 0.6333 0.5778 

Simulation 1.2316 0.6138 0.614 

Velešín 
Measurement 0.9872 0.7518 0.6088 

Simulation 1.2787 0.636 0.6372 

Škoda 
Measurement 0.6839 0.6119 0.5612 

Simulation 0.9074 0.4529 0.4522 

 

5.5 Conclusions 

In this research, the Electromagnetic Transient Program (EMTP) had used to establish 

the general united simulation model of the power supplying electric railways. Based on real 

modeling in Czech Republic, the simulations through harmonic transmission characteristic 

of traction network were analyzed. Harmonics of voltages line to line and order high 

harmonic from 2
nd

 harmonic to 19
th

 harmonic components were presented. The total 

harmonic distortions of the voltages were also calculated while different positions on 110 kV 

power distribution network. In modeling for simulation, the single phase traction load of 

locomotive was considered by order harmonics from 1
st
 harmonic to 19

th
 harmonic 

components connected to the voltage line to line U12. The values of the total harmonic 

distortion of the voltages line to line at Velešín substation were THDU12(%) = 1.2787%, 

THDU23(%) = 0.636%, THDU31(%) = 0.6372%. These values at Lipno were THDU12(%) = 

1.2316%, THDU23(%) = 0.6138%, THDU31(%) = 0.614%, and the values of the total 

harmonic distortion of the voltages at Škoda were THDU12(%) = 0.9074%, THDU23(%) = 

0.4529%, THDU31(%) = 0.4522%. The simulation results shows that meets specified 

conditions by harmonic standards for the operation of power supply distribution systems. 
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The simulation results were also taken in the comparison of three substations. The 

maximum value of total harmonic distortion of the voltage is being at Velešín substation on 

voltage line to line U12 with the highest harmonic being the 5
th

 and 7
th

 high harmonic. It is 

caused single phase traction load connected to power supply distribution network in the 

modeling by simulation. 

Simulation results of harmonic analysis were compared with harmonic measurement 

results at all three measuring points and for all three different voltages line to line. Both 

results of measurement and simulation were within the limits given by IEEE Std. 519-1992 

and ČSN EN 50160 standards. Measurement results for voltage total harmonic distortion are 

consistent with values of the simulation for all three measuring points. There are differences 

between measurement results and simulation results on the voltage line to line U12, where 

connected single phase traction load by simulation. In addition, all of other values are 

relatively small difference for both of measurement and simulation in distribution power 

system. In both cases at all three measurement and simulation positions, minimal values of 

total harmonic distortion of the voltages appear on the voltage line to line at Škoda, and 

maximal total harmonic distortion appears the voltage line to line U12 at Velešín substation. 

Individual voltage harmonic values for all three measuring points differ from values of the 

simulation. The order even harmonics by measurement higher than the simulation results, 

these differences can be caused by some error in measuring influence of thyristor regulation 

of current in the decompensating reactor. Differences in measurement and simulation results 

can be presented due to the lack of data. It is obvious that parameters of transformers, cables 

and lines are exactly known. The traction loads in the system however is subject to changes 

and cannot be represented exactly in calculations. Variation of the load, which is normal in 

power systems, is seen as an important part in the analysis. With good knowledge of the load 

connected to the part of power system, which is being observed and individual 

specifications, modeling for the simulation can be more detailed and therefore give better 

simulation results. 
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6 

Simulation of traction power supply in (Vietnam) 

(for different variants of the filter) 

6.1  Introduction to the traction power supply in (Vietnam) 

In the past, the consequences of over 100 years of French domination and the 

destruction of the United States were made the industry and economy of Vietnam became 

exhausted, poverty and backwardness, resource exhaustion, land devastated. After 

unification (1975) and since the innovation process (1985), Vietnam had adjustments and 

aims to basically become an industrialized country in 2020. At the present, Vietnam is 

developing country with the diversity industry. In which the electric railway traction also had 

strong interested. The first electric traction system in Vietnam had been around since 1930s 

of the sixteenth century by the French technology and construction on the use of DC 

mainline railways but it had been removed since the end of the 1980s. However, in 1998 

Vietnamese government conducted restore and adjusting the general planning of electric 

traction systems to the 2020 in some large city such as Hanoi capital, Hochiminh city, and 

Danang city. In development planning transportation Hanoi, the electric railway traction 

system consists of five main transportation routes. Route 1 is Ngochoi - Yenvien (23.8 km), 

Route 2 is Noibai - Thuongdinh (35.2 km), route 2A is Catlinh - Hadong (14 km), route 3 is 

Nhon - Hoangmai (21 km), route 4 is connected routes 1, 2, 3 and 5 (53 km), and 5 is Tayho 

- Hoalac (34.5 km). In which, the main railway traction is the number one priority in the 

capital railway system is the transmission Ngochoi - Yenvien. 

The detail research in this content focuses on analysis and investigates on traction 

power supply distribution for the route Ngochoi - Yenvien. There are five stations on this 

route, consist of: Ngochoi station, Giapbat station, Hanoi station, Gialam station, and 

Yenvien station, the traction transformer supplying to the locomotive is at Ngochoi 

substation. The traction transformer substation is supplied by Vietnam electricity (EVN) 

from two high power supply transmission transformer 230/121 kV at Hadong and Maidong 

substations. Overview of electric railway traction in area Hanoi and the transportation route 

Ngochoi - Yenvien are shown in figure 6.1 and figure 6.2 (source EVN). 
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Figure 6.1  Overview of electric railway traction in Hanoi (Vietnam) 

 
Figure 6.2  Electric traction railway Ngochoi - Yenvien in (Vietnam) 
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6.2 Traction power supply 

The traction power supply that approach for the work in this content based on the power 

distribution network in area of Hanoi (Vietnam) electric railways junction, the electric power 

to the railway network is fed from 110/27 kV transformer at Ngochoi substation. High voltage 

network 230/121 kV transformer substations from (EVN) supplies traction transformer 

substation. Electrical locomotives are usually designed in a way to the operated at the end of 

power traction line system.  

The analysis and investigations focus on perform of distribution network 110 kV three 

phase system with variants of the filter due to the influence of single phase AC electric railway 

traction. Filter compensation unit consists of three series resonance LC circuits, the passive 

filter 3
rd

 has a frequency of 150 Hz, 5
th

 has 250 Hz, and operated frequency of 7
th

 at 350 Hz. 

The power of the reactor is phase controlled by a thyristor controller, which makes it 

possible to quickly set power factor to a desired value (see section 3.4). The power supply 

using for simulation is shown in figure 6.3. 
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The parameters of transformers of power supply are given in the table 6.1 

Table 6.1  Parameters of transformers at Hadong, Maidong and Ngochoi substations 

Transformers 

Parameters 
Hadong, Maidong Traction transformer 

Nominal apparent power Sn = 125 MVA Sn = 25 MVA 

Primary voltage 230 kV 110 kV ± 6x2% 

Secondary voltage 110 kV ± 6x2% 27 kV 

Short voltage uk = 11.2% uk = 9.1% 

No load current i0 = 0.4% i0 = 0.55% 

No load state lose P0 = 115 kW P0 = 15 kW 

Short state lose Pk = 650 kW Pk = 102 kW 

  

 Parameters of transformers for typical transformers at Hadong and Maidong 

substations can be expressed as follows: 

2.210
125000

230.650
10

. 3

2

2
3

2

2





n

nk

T
S

UP
R []     (6.1)  

4.4710.
125000

230.2.11
10.

%. 22


n

nk

T
S

Uu
Z  []    (6.2)  

 The resistances of transformers 
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 The inductances of winding transformer following to the reactance. 
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f

X
L L
T


[mH]        (6.4) 

 Parameters of traction transformer 

RT = 7.9 [], XT = 87.73 [], LT = 279.26 [mH] 

 Parameters of 110 kV power transmission line from Hadong to Ngochoi 

Using overhead line of type ACSR-185/24: the length l = 35.5 km, radius is 18.9 mm, 

geometric mean radius of the line r = 14.7 mm, geometric mean distance as is 5 m, 

R(20) = 0.15425 /km,   
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  17276.012.1.1 )20()20(  RtRRk   /km 

Inductance 216.105.0ln2.0 
r

a
L s

k mH/km 

Capacitance Ck = 9.98
 
nF/km, Gk  0      

 The power line from Maidong to Ngochoi using the line GZTACSR-200:   

Rk = 0.16688  /km, 207.105.0ln2.0 
r

a
L s

k mH/km, 

Ck = 9.92 nF/km, Gk  0, l = 50.3 km 

 Parameter of traction power line 

Rk = 0.33 /km, Lk = 1.37 mH/km, Ck = 20.5 µF/km, Gk  0, l = 23.8 km 

 Parameters of filter compensation units 

Decompensation coil LD = 700 mH 

3
rd

 harmonic filter  R3F = 0.7 , L3F = 196 mH, C3F = 6.24 µF 

5
th

 harmonic filter  R5F = 0.7 , L5F = 91 mH, C5F = 4.68 µF 

7
th

 harmonic filter  R7F = 0.91 , L7F = 66.5 mH, C7F = 3.5 µF 

 Locomotive: The locomotive model could be considered by Rectifier Bridge, the 

rectifier units are single phase double way diode bridges. The traction motor has got 

series excitation. Using the motor 4 MW could be represented with a simple R-L.  

P = 4 MW, U = 27 kV, cos = 0.84 

4.176
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U

P
I L
L A        (6.5) 

1.153
L

L
I

U
Z          (6.6) 

RL = ZL.cos = 128.6         (6.7) 

XL = ZL.sin = 83.1         (6.8) 

5.264
.2


f

X
L L
L


 mH        (6.9) 
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6.3 Simulation results 

The modeling for simulation is shown in figure 6.4 follows the traction power supply 

in (Vietnam) (see figure 6.3). High voltage power is represented by AC source voltage 230 

kV and transformer 230/121 kV at Hadong and Maidong substations (from EVN). The 

traction transformer (traction transformer at Ngochoi substation) and locomotives are given 

by single phase. For the single phase traction loads, the locomotive model could be 

considered by Rectifier Bridge, the rectifier units are single phase double way diode bridges. 

The traction motor has got series excitation could be represented with a simple R-L.  

 

Figure 6.4  Modeling of traction power supply in (Vietnam) for simulation 

The simulation focus on the analysis the harmonic currents injected to the power 

system and the total harmonic distortion voltages at all three substations. The harmonic 

current causes the harmonic distortion voltages and having significance to the power quality 

problem, especially the 3
rd

, the 5
th

 and the 7
th

 harmonic current components. In this 

simulation results, the current of phase 1 is taken into the operation of traction single load, 

the locomotive is connected to the voltage line to line U12 at traction transformer substation. 

The total harmonic distortion voltages are calculated for all three voltages line to line. The 

variants and effect of SVC for analysis including six cases, only the 3
rd

 passive filter, the 3
rd

 

passive filter and TCR, the 3
rd

 and 5
th

 passive filter, the 3
rd

, 5
th

 passive filter and TCR, other 

one of the 3
rd

, 5
th

 and 7
th

 passive filter, and all the equipment of SVC. 
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6.3.1 Simulation results when the 3
rd

 passive filter and TCR are used 

Harmonic currents injected to the power system have significance to the power quality 

causes the harmonic distortion voltage in power supply, especially the 3
rd

, the 5
th

 and the 7
th

 

harmonic components. The harmonic currents of the phase 1 are presented as an example to 

the variants and effects of the filtering compensation (SVC). The harmonic currents at 

secondary site voltage 27 kV traction transformer substation are shown in figure 6.5. 

 

Figure 6.5  Harmonic currents at primary site 27 kV Ngochoi traction transformer substation when 

the 3rd FC and TCR are used 

When the SVC is not used the 3
rd

, the 5
th

 and the 7
th

 are mostly increasing of harmonic 

currents. The highest harmonic of current amplitude is the 3
rd

 harmonic component. The 

amplitude difference between the harmonic current 3
rd

 and other harmonic is sizable, the 

amplitude harmonic currents at the secondary site 27 kV at Ngochoi transformer substation 

of the 3
rd

 harmonic is 13.727 A, the value of the 5
th

 harmonic is 8.0992 A, and the 7
th

 

harmonic is 8.1608 A. When the 3
rd

 filter branch is put into operation, the 3
rd

 harmonic 

current reduces markedly. At the same time, the 5
th

 and 7
th

 harmonic currents are also 

reduced somewhat. But if only the higher order harmonic filter branches are put into service, 

the lower order harmonic currents will be enlarged. The 3
rd

 harmonic is 7.9283 A, the value 

of the 5
th

 harmonic is 5.0778 A, and the 7
th

 harmonic is 4.7342 A. When the thyristor 

controlled reactor (TCR) is used, the 3
rd

 and 5
th

 harmonics become larger since thyristor 

controlled reactor is also a harmonic source. The 3
rd

 harmonic is 6.7982 A, the value of the 

5
th

 harmonic is 6.0526 A, and the 7
th

 harmonic is 4.9918 A. 
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The figure 6.6 shows the order harmonic currents from the 2
nd

 to the 40
th

 harmonic 

current component on perform voltage 110 kV at primary Ngochoi traction transformer 

substation when SVC is not used and the 3
rd

 passive filter, thyristor controlled reactor (TCR) 

are used. The current amplitude of 3
rd

 harmonic decreased from 3.061 A to 1.5167 A. 

 

Figure 6.6  Harmonic currents at primary 110 kV Ngochoi traction transformer substation when the 

3rd FC and TCR are used 

Harmonic currents on perform 110 kV primary site at Hadong substation are shown in 

figure 6.7 with the 3
rd

, 5
th

, and 7
th

 harmonic components are mostly increasing of harmonic 

currents. The current amplitude of 3
rd

 harmonic decreased from 2.708 A to 1.3363 A. 

 

Figure 6.7  Harmonic currents at primary 110 kV Hadong substation when the 3rd FC is used 
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Figure 6.8 shows the order harmonic currents on perform 110 kV at Maidong 

substation. When the 3
rd

 FC is put into the operation, the amplitude current of the 3
rd

 is 

1.2748, and this value with influence of the TCR is 0.9572 A. 

 

Figure 6.8  Harmonic currents at 110 kV Maidong substation when the 3rd FC and TCR are used 

In modeling of power supply, the locomotive is supplied by voltage line to line U12. 

Hence, the total harmonic distortions of the voltage line to line U12 at all of three substations 

are taken into account as an example to analysis the effect of passive filters (SVC). 

Comparison of the total harmonic distortion voltages are shown in figure 6.9. 

 

Figure 6.9  Comparison of the total harmonic distortion voltages 110 kV at all three substations 

when the 3rd FC and TCR are used 
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The simulation results shows that, all of three substation positions have total harmonic 

distortion of the voltage line to line U12 is mostly increasing due to the single phase 

connected to the system. The maximal value is at Ngochoi traction transformer, it is cause 

the unbalance between three phase due to unbalance caused by single phase traction loads. 

The larger increase ones of the amplitude of the harmonic currents typically also include the 

low order odd harmonics, especially the 3
rd

, the 5
th

 and the 7
th

 harmonic components. When 

the SVC is not used, the total harmonic distortion on the voltage line to line U12 at Ngochoi 

traction transformer substation is THDU12(%) = 3.8424%, this value at Hadong substation is 

THDU12(%) = 1.8742%, and at Maidong substation is THDU12(%) = 1.701%. When the 3
rd

 

passive filter branch is put into operation, the total harmonic distortion voltages become 

lower. The total harmonic distortion of the voltage at Ngochoi traction transformer 

substation is THDU12(%) = 3.2772%, this value at Hadong substation is THDU12(%) = 

1.6302%, and at Maidong substation is THDU12(%) = 1.5161%. When the thyristor 

controlled reactor (TCR) is used, the harmonic distortions may become larger since thyristor 

controlled reactor is also a harmonic source. However, in modeling has using the 

decompensating coil to exterminate this harmonic source and improve the harmonic 

distortion, the influence of the TCR to the harmonic distortion is negligible. The total 

harmonic distortion of the voltage at Ngochoi traction transformer substation is THDU12(%) 

= 3.0816%, this value at Hadong substation is THDU12(%) = 1.5221%, and at Maidong 

substation is THDU12(%) = 1.4027%. 

6.3.2 When the 3
rd

, 5
th

 passive filter and TCR are used 

When the 3
rd

, the 5
th

 passive filter and thyristor controlled reactor (TCR) are used, the 

order high harmonic currents from the 2
nd

 to the 40
th

 components on perform voltage 27 kV 

at secondary Ngochoi traction transformer substation of the phase 1 are shown in figure 6.10. 

The 3
rd

, the 5
th

 and the 7
th

 are mostly increasing of harmonic currents. The highest harmonic 

of current amplitude is the 3
rd

 harmonic component. When the 3
rd

, and the 5
th

 passive filter 

branches are put into operation, the 3
rd

, 5
th

 harmonic current reduces markedly. At the same 

time, the 7
th

 harmonic currents is also reduced somewhat. The amplitude current of the 3
rd

 

harmonic is 6.2652 A, the value of the 5
th

 harmonic is 5.8227 A, and the amplitude current 

of the 7
th

 harmonic is 5.6759 A. When the thyristor controlled reactor (TCR) is used, the 

amplitude current of the 3
rd

 harmonic is 6.779 A, the value of the 5
th

 harmonic is 7.157 A, 

and the amplitude current of the 7
th

 harmonic is 5.2807 A. 
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Figure 6.10  Harmonic currents at 27 kV secondary site at Ngochoi traction transformer substation 

when the 3rd, 5th FC and TCR are used 

Figure 6.11 shows harmonic currents 110 kV at primary Ngochoi traction transformer 

substation for using of the 3
rd

, the 5
th

 passive filter and TCR. When the 3
rd

, and the 5
th

 

passive filter branches are put into operation, the 3
rd

, 5
th

 harmonic currents reduces lower. 

The amplitude current of the 3
rd

 harmonic is 1.3973 A, the value of the 5
th

 harmonic is 

1.2669 A. When the thyristor controlled reactor (TCR) is used, the amplitude current of the 

3
rd

 harmonic is 1.5115 A, and the amplitude current value of the 5
th

 harmonic is 1.178 A. 

 

 

Figure 6.11  Harmonic currents at 110 kV primary site at Ngochoi traction transformer substation 

when the 3rd, 5th FC and TCR are used 
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Harmonic currents at 110 kV Hadong substation are shown in figure 6.12. The 

amplitude current of the 3
rd

 harmonic is 2.3731 A, the value of the 5
th

 harmonic is 0.781 A. 

When the thyristor controlled reactor (TCR) is used, the amplitude current of the 3
rd

 

harmonic is 2.2452 A, and the amplitude current value of the 5
th

 harmonic is 0.8456 A. 

 

Figure 6.12  Harmonic currents at 110 kV Hadong substation when the 3rd, 5th FC and TCR are used 

Harmonic currents 110 kV at Maidong substation are shown in figure 6.13. The 

amplitude current of the 3
rd

 harmonic is 2.059 A, the 5
th

 harmonic is 0.593 A. When the TCR 

is used, the amplitude current of the 3
rd

 harmonic is 1.9491 A, and the amplitude current 

value of the 5
th

 harmonic is 0.728 A. 

 

Figure 6.13  Harmonic currents at 110 kV Maidong substation when the 3rd, 5th FC and TCR are used 
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Comparison of the total harmonic distortion voltages for all of three substations with 

the effect of passive filters (SVC) are shown in figure 6.14. 

 

Figure 6.14  Comparison of the total harmonic distortion voltages 110 kV at all three substations 

when the 3rd, 5th FC and TCR are used 

The results shows that, all of three substation positions have total harmonic distortion 

of the voltage line to line U12 is mostly increasing due to the single phase connected to the 

system, the maximal value is at Ngochoi traction transformer. When the 3
rd

 and 5
th

 passive 

filter branches are put into operation, the total harmonic distortion voltages become lower. 

The total harmonic distortion of the voltage at Ngochoi traction transformer substation is 

THDU12(%) = 2.7583%, this value at Hadong substation is THDU12(%) = 1.3141%, and at 

Maidong substation is THDU12(%) = 1.1738%. When the thyristor controlled reactor (TCR) 

is used, the variations of the harmonic distortion voltages are negligibled. The total harmonic 

distortion of the voltage line to line U12 at Ngochoi traction transformer substation is 

THDU12(%) = 2.6923%, this value at Hadong substation is THDU12(%) = 1.2874%, and at 

Maidong substation is THDU12(%) = 1.1486%.  

6.3.3 When the 3
rd

, 5
th

, and 7
th

 passive filter are used 

The order high harmonic currents from the 2
nd

 to the 40
th

 components on perform 

voltage 27 kV at secondary Ngochoi traction transformer substation of the phase 1 are shown 

in figure 6.15. When the 3
rd

, 5
th

 and 7
th

 passive filter branches are put into operation, the 

amplitude current of the 3
rd

 harmonic decreased from 13.727 A to 8.6254 A, the value of the 
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5
th

 harmonic decreased from 8.0992 A to 6.9473 A, and the amplitude current of the 7
th

 

harmonic decreased from 8.1608 A to 4.9612 A. 

 

Figure 6.15  Harmonic currents at 27 kV secondary site at Ngochoi traction transformer substation 

when the 3rd, 5th and 7th FC are used 

Figure 6.16 shows the harmonic currents at 110 kV primary site at Ngochoi traction 

transformer substation. The amplitude current of the 3
rd

 harmonic decreased from 3.061 A to 

1.9248 A, the value of the 5
th

 harmonic decreased from 1.8065 A to 1.1068 A, and the 

amplitude current of the 7
th

 harmonic decreased from 2.3574 A to 1.5741 A. 

 

Figure 6.16  Harmonic currents at 110 kV primary site at Ngochoi traction transformer substation 

when the 3rd, 5th and 7th FC are used 
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Harmonic currents on perform 110 kV at Hadong substation are shown on figure 6.17. 

The amplitude current of the 3
rd

 harmonic decreased from 2.708 A to 1.5792 A, the value of 

the 5
th

 harmonic decreased from 1.3175 A to 1.0201 A, and the amplitude current of the 7
th

 

harmonic decreased from 1.7069 A to 1.1257 A. 

 

Figure 6.17  Harmonic currents at Hadong substation when the 3rd, 5th and 7th FC are used 

Figure 6.18 shows the harmonic currents at 110 kV Maidong substation. The 

amplitude current of the 3
rd

 harmonic decreased from 2.7252 A to 1.2464 A, the value of the 

5
th

 harmonic decreased from 1.1809 A to 0.8701 A, and the amplitude current of the 7
th

 

harmonic decreased from 1.9737 A to 1.054 A. 

 

Figure 6.18  Harmonic currents at Maidong substation when the 3rd, 5th and 7th FC are used 
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Comparison of the total harmonic distortion of the voltages line to line U12 for all of 

three substations with the influence of the 3
rd

, 5
th

 and the 7
th

 passive filters (SVC) are shown 

in figure 6.19. 

 

Figure 6.19  Comparison of the total harmonic distortion voltages 110 kV at all three substations 

when the 3rd, 5th and 7th FC are used 

When the 3
rd

, 5
th

 and 7
th

 passive filter branches are put into operation, the total 

harmonic distortion voltages become lower significantly. The maximal total harmonic 

distortion of the voltage is at Ngochoi traction transformer substation with the influence of 

traction single phase load, which is THDU12(%) = 2.0977%, this value at Hadong substation 

is THDU12(%) = 1.0169%, and the total harmonic distortion voltage at Maidong substation is 

THDU12(%) = 0.918%.  

6.3.4 When the SVC is used 

The order harmonic currents from the 2
nd

 to the 40
th

 harmonic components of the 

phase 1 on perform voltage 110 kV at primary Ngochoi traction transformer substation with 

variants and effects of the filtering compensation (SVC) are shown in figure 6.20. When 

SVC is used, the amplitude harmonic currents significantly reduced. The amplitude current 

of the 3
rd

 harmonic component decreased from 13.727 A to 7.8708 A, the amplitude current 

value of the 5
th

 harmonic decreased from 8.0992 A to 4.6601 A, and the amplitude current of 

the 7
th

 harmonic decreased from 8.1608 A to 4.687 A. 
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Figure 6.20  Harmonic currents at secondary 27 kV at Ngochoi traction transformer substation when 

SVC is used 

Figure 6.21 shows the order harmonic currents from the 2
nd

 to the 40
th

 harmonic 

component on perform voltage 110 kV primary site at Ngochoi traction transformer 

substation. When the SVC is used, the amplitude current of the harmonic current 

components significantly reduced. The amplitude current of the 3
rd

 harmonic decreased from 

3.061 A to 1.5331 A, the value of the 5
th

 harmonic decreased from 1.8065 A to 1.0412 A, 

and the amplitude current of the 7
th

 harmonic decreased from 2.3574 A to 1.2325 A. 

 

Figure 6.21  Harmonic currents at primary 110 kV at Ngochoi traction transformer substation when 

SVC is used 
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The order harmonic currents from the 2
nd

 to 40
th
 harmonics voltage 110 kV at Hadong 

substation are shown in figure 6.22. The amplitude current of the 3
rd

 harmonic decreased from 

2.708 A to 1.6442 A, the value of the 5
th

 harmonic decreased from 1.3175 A to 0.8644 A, and 

the amplitude current of the 7
th

 harmonic decreased from 1.7069 A to 1.091 A. 

 

Figure 6.22  Harmonic currents 110 kV at Hadong substation when SVC is used 
 

Figure 6.21 shows order harmonic currents on perform voltage 110 kV site at Maidong 

substation. The amplitude current of the 3
rd

 harmonic decreased from 2.7252 A to 1.0706 A, 

the value of the 5
th

 harmonic decreased from 1.1809 A to 0.7957 A, and the amplitude current 

of the 7
th

 harmonic decreased from 1.9737 A to 0.9279 A. 

 

Figure 6.23  Harmonic currents 110 kV at Maidong substation when SVC is used 
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The total harmonic distortions of the voltages are shown in figure 6.24. The maximal 

value on the voltage line to line U12 at Ngochoi traction transformer substation, which is 

THDU12(%) = 1.8149%, this value at Hadong substation is THDU12(%) = 0.8711%, and the 

total harmonic distortion voltage at Maidong substation is THDU12(%) = 0.7833%. The results 

show that, the traction power supply meets specified conditions by standards for the 

operation of distribution systems. 

 

Figure 6.24  Comparison of the total harmonic distortion voltages 110 kV for all three substations 

when SVC is used 

6.3.5 Comparison of difference variant filters 

When the SVC is not used the 3
rd

, the 5
th

 and the 7
th

 are mostly increasing of harmonic 

currents. The highest harmonic of current amplitude is the 3
rd

 harmonic component. The 

amplitude difference between the harmonic current 3
rd

 and other harmonic is sizable .When 

the SVC is used, the amplitude harmonic currents and the total harmonic distortion of the 

voltages significantly reduced. The fact that the 5
th

 harmonic is lower than the 7
th

 can be due 

to lower negative sequence impedance in electrical machines, for low order harmonics. It 

also can be long line resonance causing a change in the amplitude along the line, compared 

to the source location. The results show that the filter effect of the passive filters (SVC) to 

harmonics is obvious. When the 3
rd

 filter branch is put into operation, the 3
rd

 harmonic 

current reduces markedly. At the same time, the 5
th

 and 7
th

 harmonic currents are also 

reduced somewhat. But if only the higher order harmonic filter branches are put into service, 

the lower order harmonic currents will be enlarged. When the thyristor controlled reactor 
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(TCR) is used, the 3
rd

 and the 7
th

 harmonic become larger since thyristor controlled reactor is 

also a harmonic source. However, in modeling has using the decompensating coil to 

exterminate this harmonic source and improve the harmonic distortion, the influence of the 

TCR to the total harmonic distortion of the voltage is negligible. Tables 6.2, 6.3, 6.4 and 6.5 

show the simulation results in power supply system for the amplitude currents of the 3
rd

, 5
th

, 

7
th

 harmonics and the total harmonic distortions of the voltages. 

Table 6.2  The amplitude currents of the 3rd, 5th, 7th harmonics and total harmonic distortions of the 

voltages line to line at secondary 27 kV Ngochoi traction transformer substation 

Content 
Harmonic currents (A) 

THDUS(%) 
3rd

 5th
 7th

 

Without SVC 13.727 8.0992 8.1608 6.1873 

The 3rd FC 7.9283 5.0778 4.7342 5.1721 

The 3rd FC and TCR 6.7982 6.0526 4.9918 5.1233 

The 3rd and 5th FC 6.2652 5.8227 5.6759 3.971 

The 3rd, 5th FC and TCR 6.779 7.157 5.2807 3.6512 

The 3rd, 5th and 7th FC 8.6254 6.9473 4.9612 3.3232 

SVC is used 7.8708 4.6601 4.687 3.1637 

Table 6.3  The amplitude currents of the 3rd, 5th, 7th harmonics and total harmonic distortions of the 

voltages line to line at primary site 110 kV Ngochoi traction transformer substation 

Content 
Harmonic currents (A) Total harmonic distortions (%) 

3rd
 5th

 7th
 THDU12(%) THDU23(%) THDU31(%) 

Without SVC 3.061 1.8065 2.3574 3.8424 1.9164 1.9093 

The 3rd FC 1.5167 1.3504 0.8906 3.2772 1.6382 1.6307 

The 3rd FC and TCR 2.1588 1.687 2.0951 3.0816 1.5334 1.529 

The 3rd and 5th FC 1.3973 1.2669 1.2989 2.7583 1.3806 1.3745 

The 3rd, 5th FC and TCR 1.5115 1.178 1.5966 2.6923 1.3408 1.3369 

The 3rd, 5th and 7th FC 1.9248 1.1068 1.5741 2.0977 1.0515 1.0468 

SVC is used 1.5331 1.0412 1.2325 1.8149 0.9049 0,9033 
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Table 6.4  The amplitude currents of the 3rd, 5th, 7th harmonics and total harmonic distortions of the 

voltages line to line at Hadong substation 

Content 
Harmonic currents (A) Total harmonic distortions (%) 

3rd
 5th

 7th
 THDU12(%) THDU23(%) THDU31(%) 

Without SVC 2.708 1.3175 1.7069 1.8742 0.9367 0.935 

The 3rd FC 1.3363 1.2246 1.1705 1.6302 0.8156 0.8137 

The 3rd FC and TCR 1.5156 1.0814 1.2838 1.5221 0.7602 0.7587 

The 3rd and 5th FC 2.3731 0.781 1.3718 1.3141 0.6577 0.6564 

The 3rd, 5th FC and TCR 2.2452 0.8456 1.6424 1.2874 0.6431 0.6421 

The 3rd, 5th and 7th FC 1.5792 1.0201 1.1257 1.0169 0.509 0.5084 

SVC is used 1.6442 0.8644 1.091 0.8711 0.435 0.4352 

Table 6.5  The amplitude currents of the 3rd, 5th, 7th harmonics and total harmonic distortions of the 

voltages line to line at Maidong substation 

Content 
Harmonic currents (A) Total harmonic distortions (%) 

3rd
 5th

 7th
 THDU12(%) THDU23(%) THDU31(%) 

Without SVC 2.7252 1.1809 1.9737 1.701 0.8502 0.8489 

The 3rd FC 1.2748 0.8657 1.1407 1.5161 0.7585 0.767 

The 3rd FC and TCR 0.9572 0.9379 1.1777 1.4027 0.7008 0.6996 

The 3rd and 5th FC 2.059 0.593 1.2853 1.1738 0.5874 0.5865 

The 3rd, 5th FC and TCR 1.9491 0.728 1.5377 1.1486 0.5739 0.5732 

The 3rd, 5th and 7th FC 1.2464 0.8701 1.054 0.918 0.4595 0.459 

SVC is used 1.0706 0.7957 0.9279 0.7833 0.3912 0.3916 

 The results in the tables show that when the SVC is not put into operation, the value of 

harmonic distortion voltages for both of primary 110 kV and secondary 27 kV site at Ngochoi 

substation are all beyond the harmonic standards. When the SVC is put into service, the results 

of voltage distortion become lower significantly, and they satisfy the limits set by the IEEE 

Std. 519-1992 standard in the USA (see table 3.4) and the ČSN EN 50160 standard in Czech 

Republic (see table 3.6) provides guidelines for maximum voltage harmonic distortion on 110 

kV distribution network must be less than 2.5%, and for 27 kV voltage must be less than 5%.  
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6.4 Conclusions 

This content presented the performance of the SVC, which is a combination of passive 

filters and thyristor controlled reactor, based on the traction power supply in (Vietnam) 

electrified railway. The different operational manners of the compensator were given into the 

comparison. The detail research focuses on analysis and investigates on traction power 

supply distribution for variants of the filter. The simulation through harmonic transmission 

characteristic of traction network was analyzed. Harmonic currents in order high harmonic 

from 2
nd

 harmonic to 19
th

 harmonic components were presented. The total harmonic 

distortions of the voltages were also calculated while different positions on 110 kV power 

distribution network and on the voltage 27 kV site at the traction transformer.  

In the simulation obtained results, when the SVC was not used the maximal value of 

the total harmonic distortion on the voltages line to line primary 110 kV site at Ngochoi 

traction transformer substation was THDU12(%) = 3.8424%, with the 3
rd

, the 5
th

 and the 7
th

 

harmonic currents were mostly increasing, it is due to the influence of single phase traction 

load connected to the distribution network. The total harmonic distortion on the secondary 

27 kV site at traction transformer substation was THDUS% = 6.1873%. This value at superior 

Hadong substation was THDU12(%) = 1.8742%, and the maximal value of the total harmonic 

distortion of the voltages on 110 kV site at Maidong substation was THDU12(%) = 1.701%. 

When SVC was used, the maximal value of the total harmonic distortion voltages on the 

primary 110 kV site at Ngochoi traction transformer, which was THDU12(%) = 1.8149%, for 

the secondary 27 kV site was THDUS% = 3.1637%. This value at Hadong superior substation 

was THDU12(%) = 0.8711%, and the maximal value of the total harmonic distortion of the 

voltages on 110 kV site at Maidong substation was THDU12(%) = 0.7833%.  

According to the results achieved, the used of SVC had effect on the harmonic 

suppression, the reactive power compensation, reducing the voltage fluctuation and the 

improvement of harmonic distortion. With the rapid development of electrified railways, the 

problem of low power quality caused by traction loads has become more and more 

concerned. With the development of power electronics technology, the use of SVC has 

shown good prospects in the future. Simulation results at all three substations when the SVC 

was used shows that the traction power supply meets specified conditions by standards for 

the operation of distribution systems.  
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7 

Conclusions and Future work 

This thesis presented harmonic distortion in high power supplying for electric 

railways in conformity with the harmonic standards. Availability of harmonic distortion were 

measured and investigated on performance of power system network in the area traction 

transformer substations SŽDC Velešín in Czech Republic. Proposed modelling for practical 

application by simulation following to real power system network, the harmonic distortions 

at difference voltages positions were simulated and investigated for variants of the filtering 

compensation in AC electric railways. The simulation results acquired with the program 

were given in comparison at difference substations in high power supply with the 

recommended limits set by the harmonic standards. The harmonic standards were used for 

evaluation the harmonic distortion in this work including the IEEE Std. 519-1992, the IEC 

61000-3-6, and the ČSN EN 50160 standards. 

The thesis can be classified into four main contents: The first part presented an 

overview and the most commonly used and related theory of harmonic distortion, describing 

the mainly theory for measurement field and simulation. The second part analyzed and 

investigated the obtained data from measuring with the LabVIEW support. Another part 

created modeling following to the real power supplying AC electric railway with the ATP-

EMTP support. The last part of this work presented practical application of the research results 

for traction power supply in (Vietnam) including the variant filter to reduce the distortion.  

The thesis solved main problems: 

Describing generally technical approach used for analysis the harmonic distortion in 

field measurement and simulation, applied equipment and software for the investigation and 

improvement power quality in the operation of the traction power supply. 

Investigation of the obtained data from measuring carried out at the traction 

transformer on performed high power supply 110 kV and 27 kV sites in the area Velešín 

substation, its superior substation Lipno and Škoda substation in Czech Republic. Total 

harmonic distortions of the voltages were also calculated in the period of one week with 

influence of single phase electric traction railways to the 95% limits follows to the standards. 
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Modeling the high power supplying AC electric railways based on the real power 

supply in the area Velešín substation in Czech Republic with the Electromagnetic Transient 

Program (EMTP) support. The simulations through harmonic transmission characteristic of 

traction network were analyzed. Harmonics of voltages line to line and order high harmonic 

from 2
nd

 harmonic to 19
th

 harmonic components are simulated and investigated. The total 

harmonic distortions of the voltages were also calculated while different positions on 110 kV 

power distribution network. 

Simulation of traction power supply in (Vietnam) for variants the filter compensation 

(SVC), which is a combination of passive filters and thyristor controlled reactor. The 

different operational manners of the compensator were given into the comparison of the 

harmonic currents and the total harmonic distortion voltages.  

The outstanding results achieved in this thesis: 

For the investigation of obtained data from measuring, the measured and calculated 

results shows that  the maximal value of total harmonic distortion voltage to the 95% limits has 

been on voltage line to line U12 at Velešín substation, it was THDU12(%) = 0.7717%. This 

value at Lipno was THDU12(%) = 0.724%. The maximum of total harmonic distortion voltage 

to the 95% limits at Škoda was THDU12(%) = 0.7028%. The maximal value from comparing 

on perform 110 kV power supply was total harmonic distortion voltage line to line U12 at 

Velešín substation, which was THDU12(%) = 0.7717%. The total harmonic distortion to the 

95% on the voltage 27 kV at secondary traction transformer at Velešín substation was 

THDUS(%) = 2.87%. While the limit set by the IEEE Std. 519-1992 standard in the USA and 

the ČSN EN 50160 standard in Czech Republic provides guidelines for maximum voltage 

harmonic distortion at the point of common coupling (PCC) on 110 kV distribution network 

must be less than 2.5%, and for 27 kV voltage must be less than 5%. Hence evaluation of the 

measured data results in information that the harmonic distortion of the voltages on the 

measured high power supplying electric railways in area the Velešín substation, its superior 

substation Lipno and Škoda meets specified conditions by standards for the operation of 

distribution systems. With regard to the measurements can be taken into other lines, we can 

conclude that generalize for the entire railway network in Czech Republic. 

In the simulation, the Electromagnetic Transient Program (EMTP) had used to 

establish the general united simulation model of the power supplying electric railways base 

on real modeling in Czech Republic. Harmonic currents and voltages line to line and order 

high harmonic from 2
nd

 harmonic to 19
th

 harmonic components were simulated and 
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investigated. The mostly increasing for the 3
rd

, 5
th

 and 7
th

 harmonics, they had an important 

significance to the power quality caused strongest distortion in power supply. In this work, 

the total harmonic distortions of the voltages were also calculated while different positions 

on 110 kV power distribution network. The single phase traction load of locomotive was 

represented by fundamental harmonic current sources and in order high harmonics from 2
nd

 

harmonic to 19
th

 harmonic components connected to the voltage line to line U12. The 

maximal value of the total harmonic distortion of the voltages line to line at Velešín 

substation was THDU12(%) = 1.2787%. The maximum of this value of the voltage line to line 

at Lipno substation was THDU12(%) = 1.2316%, and the maximal value of the total harmonic 

distortion of the voltages at Škoda was THDU12(%) = 0.9074%. The simulation results were 

also taken in the comparison of three substations, the measurement with simulation results. 

There were differences between measurement results and simulation results on the voltage 

line to line U12, where had connected single phase traction load by simulation. In both cases 

at all three measurement and simulation positions, minimal values of total harmonic 

distortion of the voltages appeared on the voltage line to line at Škoda, and maximal total 

harmonic distortion appeared the voltage line to line U12 at Velešín substation. The order 

even harmonics by measurement were higher than the simulation results, these differences 

could be caused by some error in measuring influence of thyristor regulation of current in the 

decompensating reactor. The simulation results shown that met specified conditions by 

harmonic standards for the operation of power supply distribution systems. 

Results achieved from simulation of traction power supply in (Vietnam) for variants 

of the filter compensation shown that, when the SVC is not used the maximal value of the 

total harmonic distortion on the voltages line to line on 110 kV site in power supply was at 

Ngochoi traction transformer substation, which was THDU12(%) = 3.8424%, with the 3
rd

, the 

5
th

 and the 7
th

 harmonic currents were mostly increasing. The total harmonic distortion on 

the secondary 27 kV site at traction transformer substation was THDUS% = 6.1873%. They 

were all beyond the harmonic standards. When SVC is used, the maximal value of the total 

harmonic distortion voltages on the 110 kV site was THDU12(%) = 1.8149%, for the 

secondary 27 kV site was THDUS% = 3.1637%. These values became lower, and they 

satisfied the limits set by the IEEE Std. 519-1992 standard in the USA and the ČSN EN 

50160 standard in Czech Republic. According to the results achieved, the used of SVC had 

effect on the harmonic suppression, the reactive power compensation, reduced the voltage 

fluctuation and had the improvement to the harmonic distortion.  
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A purpose and suggestion for future work from the work done for completion of this 

thesis is able to apply the research results for development of power electric railway systems 

in terms of Vietnam energy system. Using modelling and characterizing of power supplying 

AC electric railway from results achieved for diversified operation of difference traction 

power supply. With the rapid development of electrified railways, the problem of low power 

quality caused by traction loads should be more concerned, the used of filtering 

compensation (SVC) to deal with this problem had been attempted application in traction 

power supply (Vietnam) railway such as an example, which also shown its effectiveness. 

With the development of power electronics technology, the use of filtering compensation has 

shown good prospects in the future.  
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APPENDIX 

 

 

Figure A1. Comparison of total harmonic distortion voltage (U23) for all of three substations by 

measurement 

 

Figure A2. Comparison of total harmonic distortion voltage (U31) for all of three substations by 

measurement 
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Figure A3.  Histogram of total harmonic distortion voltage U23 at Velešín substation 

 

Figure A4.  Histogram of total harmonic distortion voltage (U31) at Velešín substation 

 

Figure A5.  Histogram of total harmonic distortion voltage (U12) at Lipno 
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Figure A6.  Histogram of total harmonic distortion voltage (U23) at Lipno 

 

Figure A7.  Histogram of total harmonic distortion voltage (U31) at Lipno frequecy 

 

Figure A8.  Histogram of total harmonic distortion voltage (U12) at Škoda 
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Figure A9.  Histogram of total harmonic distortion voltage (U23) at Škoda 

 

Figure A10.  Histogram of total harmonic distortion voltage (U31) at Škoda 
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Figure A11.  Harmonic waveforn of the voltages line to line U12, U23, U31 at Lipno by simulation 
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Figure A12.  Harmonic waveform of voltages line to line at Škoda by simulation 

 

Figure A13.  Comparison of  order high harmonic voltages (U23) all three substations by simulation 

 

Figure A14.  Comparison of  order high harmonic voltages (U31) all three substations by simulation 
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Figure A15.  Comparison of order high harmonic voltages (U23) between measurement with 
simulation at Velešín substation 

 

Figure A16.  Comparison of harmonic voltages (U31) by measurement and simulation at Velešín 

 

Figure A17.  Comparison of high harmonic voltages (U12) by measurement and simulation at Lipno 
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Figure A18.  Comparison of high harmonic voltages (U23) by measurement and simulation at Lipno 

 

Figure A19.  Comparison of high harmonic voltages (U31) by measurement and simulation at Lipno 

 

Figure A20. Comparison of  harmonic voltages (U12) between measurement with simulation at Škoda 
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Figure A21. Comparison of  harmonic voltages (U23) between measurement with simulation at Škoda 

 

Figure A22. Comparison of  harmonic voltages (U31) between measurement with simulation at Škoda 
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